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PURPOSE
To evaluate the accuracy of three-tesla (3T) magnetic resonance imaging (MRI) in determining deep 
myometrial invasion (DMI) in endometrial cancer (EC) cases and to reveal possible causes of dis-
crepancy.

METHODS
Patients with EC who underwent preoperative pelvic MRI examination at a tertiary hospital were 
independently and blindly reviewed for DMI by two radiologists with differing levels of expertise. 
On MRI, the invasion of the endometrial mass into the myometrium was defined as superficial or 
deep (<50% or ≥50%) and was compared with the gold standard pathology reports, evaluated us-
ing the same criteria. Cases with discrepancies between MRI and pathology were re-evaluated, and 
the causes of the discrepancies were identified.

RESULTS
A total of 226 patients were included. The sensitivity, specificity, positive predictive value, negative 
predictive value, and accuracy of MRI in detecting DMI were calculated as 77%, 93%, 84%, 88%, and 
87%, respectively. In cases where radiology and pathology results were incompatible, expansile 
masses were found in 38%, myomas located near the lesion in 27%, masses located in the uterine 
horn in 21%, and in 14%, a specific cause explaining the error could not be identified.

CONCLUSION
MRI is the definitive diagnostic method for determining DMI. Awareness of these causes of discrep-
ancy in MRI reporting can increase the value of the examination and contribute to patient man-
agement.

CLINICAL SIGNIFICANCE
This study highlights that 3T MRI has a high accuracy (87%) in detecting DMI in EC and demon-
strates that analyzing misinterpretations can enhance reliability in patient management.

KEYWORDS
Causes of discrepancy, deep myometrial invasion, diagnostic accuracy, endometrial carcinoma, 
magnetic resonance imaging

Endometrial cancer (EC) is the most common gynecological cancer in developed coun-
tries. The majority of cases occur in individuals aged between 60 and 70 years.1-3 EC is catego-
rized into two histopathological subtypes: type 1 (80%–85%) and type 2 (10%–15%). Type 1 
is estrogen-dependent and primarily affects younger women in the premenopausal or peri-
menopausal period. It consists of grade 1–2 endometrioid adenocarcinomas. In contrast, type 
2 EC affects older women in the postmenopausal period. Histologically, it includes grade 3 
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endometrioid adenocarcinomas and other 
rare subtypes.4-7 Approximately 67% of pa-
tients present with early-stage disease, and 
at this stage, the 5-year survival rate is 81%.8 
The prognosis depends on several factors, 
including histological type and grade, deep 
myometrial invasion (DMI), cervical invasion, 
and lymphovascular invasion.

The International Federation of Gynecol-
ogy and Obstetrics (FIGO) classification sys-
tem used for staging EC is a surgical staging 
procedure involving total hysterectomy with 
bilateral salpingo-oophorectomy, along with 
a thorough examination of the omentum, 
peritoneum, and intra-abdominal contents. 
Magnetic resonance imaging (MRI) is not in-
cluded in the formal staging system for EC; 
however, it plays a critical role in treatment 
planning and determining the most ap-
propriate initial therapy.3 According to the 
classification updated by FIGO in 2023, DMI–
defined as infiltration of 50% or more of the 
myometrium–is one of the criteria for stage 
IB EC. Additionally, a new stage IC category 
was introduced for aggressive histological 
subtypes, provided the tumor is confined 
to a polyp or the endometrium. According-
ly, the prognostic significance of DMI, a key 
factor in EC treatment and outcomes, has in-
creased.9-12 DMI is a predictor of extrauterine 
disease and lymph node metastasis. Lymph 
node metastasis occurs in 30% of DMI cases, 
compared with only 5% in cases of superfi-
cial myometrial invasion (SMI).13,14

In this context, lymph node metastasis–
the strongest predictor of recurrence–is as-
sociated with DMI. Lymphadenectomy may 
be considered for grade 3 and other high-risk 
EC cases. Additionally, in patients with grade 

1–2 tumors, lymph node dissection may be 
considered if DMI is present.15 However, it has 
been shown that systematic lymphadenec-
tomy does not improve overall survival 
in early-stage disease. Moreover, lymph-
adenectomy may lead to complications such 
as lymphedema and lymphocysts; therefore, 
it should be avoided in low-risk patients.16,17 
Identification of DMI through preoperative 
MRI assessment is thus clinically substantial 
for surgical planning.

In the literature, studies comparing MRI 
with intraoperative frozen section evaluation 
and postoperative pathological evaluation 
for determining DMI have reported high sen-
sitivity, specificity, and accuracy for MRI, sup-
porting its use as a superior diagnostic tool. 
MRI is the recommended imaging modality 
for preoperative radiological evaluation in 
EC.9,16,18-20 However, to our knowledge, no 
studies have specifically focused on the un-
derlying causes of diagnostic errors in MRI.

One objective of this study is to evalu-
ate the sensitivity, specificity, and accuracy 
of three-tesla (3T) MRI in detecting DMI by 
comparing its findings with postoperative 
pathological evaluations in cases of EC. An-
other goal is to identify the causes of dis-
cordant results by re-evaluating cases with 
incorrect radiological assessments through a 
secondary review.

Methods

Patient selection

This retrospective study was approved 
by the Ondokuz Mayıs University Clinical Re-
search Ethics Committee (protocol number: 
2022/450, date: 13.10.2022). The require-
ment for informed consent was waived due 
to the retrospective nature of the study. Pa-
tients with a pathological diagnosis of EC 
who underwent pelvic staging MRI between 
January 2016 and June 2022, and who subse-
quently underwent hysterectomy as part of 
surgery following the MRI, were eligible for 
inclusion (n = 240).

Cases with tumors extending beyond 
the uterus and serosa (n = 8) and those with 
artifacts hindering proper evaluation due 
to intestinal peristalsis or hip prosthesis (n 
= 5) were excluded. Additionally, cases in 
which the interval between MRI and surgery 
exceeded 1 month (n = 2) were also exclud-
ed. The remaining patients underwent sur-
gery within 1 month after MRI. The study 
workflow is summarized in the flowchart  
(Figure 1).

Multiparametric magnetic resonance imag-
ing protocol

To reduce artifacts caused by peristalsis, 
the patients were instructed to fast for 6 

Figure 1. Flowchart of the study. MRI, magnetic resonance imaging.

Main points

•	 Three-tesla magnetic resonance imaging 
(MRI) has a high accuracy (87%) in detecting 
deep myometrial invasion in endometrial 
cancer (EC).

•	 Identifying misinterpretations in imaging 
can improve diagnostic reliability and en-
hance patient management.

•	 MRI-based assessment of myometrial inva-
sion can aid in preoperative planning, po-
tentially reducing unnecessary extensive 
surgeries.

•	 Understanding the limitations and pitfalls 
of MRI interpretation is crucial for radiol-
ogists and clinicians in optimizing patient 
outcomes.

•	 A systematic approach to image analysis 
and error reduction can lead to better deci-
sion-making in EC management.
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hours and to empty their bladders approxi-
mately half an hour before the examination. 
All examinations were performed using a 
3T MRI scanner (Philips Ingenia, Nether-
lands) with a 16-channel torso coil. The pa-
tients were scanned in the supine position. 
High-resolution oblique axial and coronal 
images, sagittal T2-weighted images, axial 
T1-weighted images, axial diffusion-weight-
ed images, and dynamic contrast-enhanced 
3D T1-weighted images were obtained. For 
contrast-enhanced imaging, 0.1 mmol/kg of 
gadoteric acid was intravenously injected at 
a rate of 2 mL/s using a power injector, and 
images were acquired at 30, 60, 90, and 120 
seconds. Imaging parameters are summa-
rized in Table 1.

Image analysis

All images were independently analyzed 
by an abdominal radiologist with 20 years of 
experience and a general radiologist with 5 
years of experience in abdominal/pelvic MRI 
interpretation. Both were blinded to the his-
topathological results. Preoperative MRI stag-
ing was performed according to the revised 
2023 FIGO criteria. The degree of myometrial 
invasion was primarily assessed on high-res-
olution T2-weighted images obtained at a 
specific angle. Correlation was then made 
with non-angled diffusion-weighted imag-
ing and contrast-enhanced series. The com-
ponent of the endometrial lesion invading 
the myometrium was measured in millime-
ters and normalized to the myometrial thick-
ness (Figure 2). It was documented whether 
myometrial invasion was <50% or ≥50%. 
During comparison of MRI results with histo-
pathological findings, cases with discordant 
assessments were re-evaluated jointly by the 
two radiologists, and reasons for discrepan-
cies were identified.

Histopathological examination

All pathological examinations were per-
formed by an expert gynecological patholo-
gist. Diagnoses were determined according 
to the 2014 World Health Organization clas-
sification of tumors of the uterine corpus. In 
the hysterectomy specimens, the depth of 
tumor invasion into the myometrium and 
the corresponding myometrial thickness 
were measured microscopically in a manner 
consistent with MRI assessment. DMI was 
considered present when the depth of inva-
sion was ≥50%.

Statistical analysis

Statistical analyses were performed using 
the Statistical Package for the Social Sciences 
version 22.0 (IBM, New York, USA). Descrip-
tive statistics were expressed as numbers 
and percentages for categorical variables 
and as mean, standard deviation, minimum, 
and maximum for continuous variables.

The chi-square test was used to assess 
differences between categorical variables. 
The sensitivity, specificity, positive predictive 
value (PPV), negative predictive value (NPV), 
and accuracy of MRI in detecting the depth 
of myometrial invasion were calculated. A P 
value of <0.05 was considered statistically 
significant.

Results
A total of 226 patients with EC were eli-

gible for the study. The mean age of the pa-
tients was 60 ± 10 years (range: 36–94 years). 
The average size of mass lesions was 27 ± 14 
mm (range: 10–92 mm). Following histo-
pathological evaluation, 25% of patients had 
endometrial adenocarcinoma, endometri-
oid type, grade 1 (n = 58); 42% had grade 2 
(n = 94); 11% had grade 3 (n = 24); and 22% 

had other less commonly observed histo-
pathological diagnoses (n = 50).

According to EC types, the mean age of 
152 patients (67%) with type 1 was 58 ± 9.5 
years, and the mean age of 74 patients (33%) 
with type 2 was 64 ± 9.7 years.

In type 1 EC, 24.4% (n = 38) of patients 
had DMI and 75.6% (n = 114) had SMI. In 
type 2 EC, 56.6% (n = 43) had DMI and 43.4% 
(n = 33) had SMI. The difference between 
type 1 and type 2 with regard to DMI was sta-
tistically significant (P < 0.001). There was no 
statistically significant difference between 
type 1 and type 2 clinical classifications re-
garding discordant results between MRI and 
histopathology in detecting DMI (P = 0.307).

According to histopathological examina-
tion, DMI was detected in 77 patients (34%), 
whereas 149 patients (66%) had SMI. 

Table 1. Magnetic resonance imaging protocol for imaging of endometrial cancer

TR
(ms)

TE
(ms)

ST
(mm)

SS
(mm)

FOV
(mm)

FA
(degrees)

Matrix b value
(s/mm2)

T2 TSE sagittal 3000–5000 90 5 1 300 90 300 × 264

T2 TSE oblique coronal 3000–5000 90 3 0.3 200 90 308 × 252

T2 TSE oblique axial 3000– 5000 90 3 0.3 200 90 308 × 253

mDIXON–IP/OP axial 3.2 TE1: 1.12
TE2: 2 3 -1.5 350 none 196 × 144

DWI axial 5704 77 5 0 375 none 124 × 106 0, 200, 800

mDIXON axial (contrast-enhanced,  
fat-suppressed)* 3.2 TE1: 1.13

TE2: 2 3 -1.5 350 none 200 × 165

*0.1 mmol/kg gadoteric acid was administered intravenously with a power injector at a rate of 2 mL/sec.
TR, recovery time; TE, echo time; ST, slice thickness; SS, slice spacing; FOV, field of view; FA, flip angle; TSE, turbo spin echo; IP, in-phase; OP, out-of-phase; DWI, diffusion-weighted 
imaging.

Figure 2. The long vertical line perpendicular 
to the plane and parallel to the inner border of 
the myometrium illustrates the thickness of the 
myometrium, whereas the short line represents 
the depth of extension of the mass into the 
myometrium in millimeters. A ratio of 0.5 or greater 
between the depth of extension and the thickness 
of the myometrium indicates deep myometrial 
invasion.
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On MRI, 70 patients (31%) were found to 
have DMI, whereas 156 patients (69%) had 
SMI. In 11 patients with SMI on histopatho-
logical evaluation, MRI was interpreted as 
DMI. In 18 patients with DMI identified on 
histopathological evaluation, MRI was incor-
rectly interpreted as not having DMI, leading 
to understaging (Table 2). MRI had a sensi-
tivity of 77%, specificity of 93%, PPV of 84%, 
NPV of 88%, and an accuracy of 87% in de-
tecting DMI.

In 197 of 226 patients evaluated with MRI, 
the results were compatible with pathology 
in terms of DMI. In 29 patients with discrep-
ant results, we investigated the causes of dis-
crepancy through secondary retrospective 
evaluation (Table 3).

In 11 patients with incorrect staging on 
MRI, mass lesions were observed, causing 
thinning of the myometrium due to expan-
sion. As a result, six of these patients were 
understaged and five were overstaged (Fig-
ure 3).

Eight patients had fibroids located in con-
tact with or within 1 cm of the endometrial 
mass. Uterine fibroids disrupted the homo-
geneous structure of the myometrium, mak-
ing it difficult to determine the extent of the 
lesion’s invasion. As a result, six patients were 
understaged and two were overstaged (Fig-
ure 4).

In 6 patients, the mass lesions were lo-
cated in the uterine horn. The thinning of 
the myometrium at the level of the uterine 
horn made it difficult to determine the depth 
of myometrial invasion. As a result, three 

patients were understaged and three were 
overstaged (Figure 5).

In MRI evaluations of 4 patients where 
misclassification occurred, we could not 
identify any substantial factor that might 
have caused the discrepancy. We classified 
the cause in this group as “personal factors” 
(Figure 6).

We analyzed the frequency of previously 
identified factors leading to erroneous eval-

uations in the 197 cases where radiology and 
pathology results were consistent. Expansive 
masses were observed in 19 cases, masses 
near the uterus in 8 cases, and masses in the 
uterine horn in 5 cases. The frequencies of 
these findings were statistically significant 
in the group with erroneous evaluations 
(P < 0.001). The interobserver agreement in 
MRI evaluation was assessed using Cohen’s 
kappa coefficient, which was calculated as 
0.831, indicating excellent agreement.

Table 2. Comparison of magnetic 
resonance imaging with pathology in the 
detection of deep myometrial invasion

Pathology

MRI

SMI DMI Total

SMI 138 18 156

DMI 11 59 70

Total 149 77 226

MRI, magnetic resonance imaging; SMI, superficial 
myometrial invasion; DMI, deep myometrial invasion.

Table 3. Causes of discrepancy between magnetic resonance imaging and pathology with regard to deep myometrial invasion in patients 
with endometrial cancer

Causes Understaged Overstaged Total

Expansile lesions 6 5 11

Myoma associated with mass 6 2 8

Mass located in the uterine horn 3 3 6

Personal factors 3 1 4

Figure 3. In a 69-year-old patient with a mixed tumor consisting of grade 1 endometrial adenocarcinoma 
of the endometrioid type and undifferentiated carcinoma, a mass lesion causing expansion in the uterine 
cavity is observed on MRI (white arrows). On DWI, the mass shows high signal intensity (a), whereas in T2-
weighted oblique axial sections (b), it shows slightly higher signal intensity than the muscle. The lesion was 
concluded to have SMI, but pathological evaluation revealed DMI. MRI, magnetic resonance imaging; DWI, 
diffusion-weighted imaging; SMI, superficial myometrial invasion; DMI, deep myometrial invasion.

a b

Figure 4. In a 63-year-old patient with a pathological diagnosis of grade 1 endometrial adenocarcinoma 
of the endometrioid type, the contrast-enhanced series (a) shows a weakly enhancing endometrial mass 
relative to the myometrium in the arterial phase and heterogeneous subserosal myomas at the uterine 
fundus. On T2-weighted oblique axial series (b), a mildly hyperintense mass lesion is observed; on DWI (c), a 
high signal intensity mass is seen. Based on MRI evaluation, the lesion was concluded to have DMI; however, 
the pathological evaluation showed SMI. DMI, deep myometrial invasion; DWI, diffusion-weighted imaging; 
MRI, magnetic resonance imaging; SMI, superficial myometrial invasion.

a

b c
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Discussion
In this study, which was conducted with 

EC cases, we compared MRI and histopa-
thology results for determining DMI and 
successfully identified DMI with MRI in most 
patients, consistent with other studies in the 
literature.

In most cases where we misidentified 
myometrial invasion on MRI, there were mass 
lesions causing expansion. A mass lesion ex-
panding within the uterine cavity results in 
thinning of the myometrium. In thin myome-
trium, it is expected that there will be a high-
er likelihood of measurement errors than 

in the normally thickened myometrium. In 
other studies, a frequently mentioned factor 
contributing to DMI evaluation errors is the 
presence of an expansile mass. Our review of 
the literature also identified postmenopaus-
al atrophic myometrium as a potential error 
factor in some studies. In our cases, howev-
er, the error factors did not include isolated 
atrophic myometrium.

Lesions located in the uterine horn have 
also been identified as error factors in other 
studies. Myometrial thickness is low at the 
horn level, and its flexibility is limited. There-
fore, even small masses can cause expansion 

and may hinder accurate evaluation. Subse-
rosal or intramural myomas can disrupt the 
homogeneous structure and zonal anatomy 
of the myometrium, leading to possible mi-
smeasurement of myometrial thickness and 
incorrect determination of DMI. Although 
some studies have cited the presence of ade-
nomyosis as an error factor, it did not appear 
in the cases where we made incorrect stag-
ing.4,6,21-25

In a recent study, Liyanage et al.26 ana-
lyzed 235 women with EC and reported that 
MRI detected DMI with an overall accuracy 
of 86%, sensitivity of 72%, and specificity of 
91%. They also showed that the presence of 
subserosal or intramural leiomyomas or ad-
enomyosis reduced sensitivity while leaving 
specificity essentially unchanged.

In the literature, apart from the present 
study, there are numerous studies compar-
ing preoperative MRI with postoperative his-
topathological assessment in cases of EC in 
terms of DMI. In these studies, the sensitivity 
of MRI in detecting DMI ranged from 50% to 
91%, specificity from 72% to 94%, accuracy 
from 77% to 93%, PPV from 63% to 92%, and 
NPV from 81% to 92%.9,16,19,27-31 In our study, 
although the sensitivity rate is lower than in 
some studies, we observed high specificity 
and accuracy rates.

In the 2023 revision of the FIGO staging 
system, stage 1 was further detailed, and ad-
ditional subcategories were introduced. In 
this classification, both the presence of DMI 
and the aggressiveness of the histological 
subtype are taken into consideration.12 In our 
study, we found that aggressive histological 
subtypes did not negatively affect the accu-
racy of MRI assessments.

We demonstrated the high accuracy of 
MRI in determining myometrial invasion in 
EC cases, consistent with previous studies. 
We believe that considering the error factors 
identified in this study during MRI evaluation 
can enhance the reliability of the examina-
tion. Accordingly, recognizing MRI–pathol-
ogy mismatches is essential: overstaging 
can expose patients to unnecessary lymph-
adenectomy, whereas understaging may 
delay adjuvant therapy, potentially affecting 
survival. Since DMI is an important marker for 
determining the risk of lymph node metasta-
sis, it can assist in deciding whether lymph-
adenectomy should be performed prior to 
surgery. This approach may help prevent 
unnecessary lymphadenectomy and its asso-
ciated complications.

Figure 6. In a 64-year-old patient with a pathological diagnosis of high-grade mixed carcinoma, a mildly 
hyperintense endometrial mass lesion is observed on T2-weighted sagittal (a) and oblique axial (b) series, 
and it appears as a high signal intensity lesion on diffusion-weighted imaging (c). Based on the MRI 
examination, the lesion was concluded not to exhibit DMI. However, pathological evaluation confirmed 
DMI. No specific factors were identified on MRI that could explain the incorrect assessment. MRI, magnetic 
resonance imaging; DMI, deep myometrial invasion.

a

b c

Figure 5. In a 54-year-old patient with a pathological diagnosis of grade 2 endometrial adenocarcinoma of 
the endometrioid type, a mildly hyperintense mass lesion is observed on T2-weighted oblique axial series 
(a), and a high signal intensity mass is seen on diffusion-weighted imaging (b), located in the right uterine 
horn and causing expansion at this level. Based on the MRI examination, the lesion was interpreted as not 
having DMI. However, the pathological evaluation revealed the presence of DMI. MRI, magnetic resonance 
imaging; DMI, deep myometrial invasion.

a b
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In the literature, several studies have in-
vestigated the success of MRI in determin-
ing DMI, and as we mentioned in our article, 
various factors contributing to errors have 
been discussed. However, we did not find 
any other studies that specifically analyzed 
the causes of MRI errors and provided statis-
tical data on these factors. Based on our lit-
erature review, our study includes one of the 
largest patient groups, which we consider a 
strength.

Our study has some limitations. First, it 
is a retrospective study. Second, in our MRI 
protocol, T2-weighted series were acquired 
in oblique axial and coronal views, but dif-
fusion-weighted and dynamic contrast-en-
hanced series were not obtained in oblique 
planes. This may be considered a limitation, 
as it reduces the contribution of contrast-en-
hanced and diffusion-weighted sequences in 
determining DMI. 

In conclusion, MRI has high accuracy in 
determining DMI in EC cases. However, erro-
neous interpretation of myometrial invasion 
may occur due to large expansile lesions, 
accompanying large myomas, and lesions lo-
cated in the horn. We think that these factors 
should be mentioned in the radiology report 
when present, as they may act as misleading 
factors in evaluating DMI. This would enable 
more reliable treatment planning for the pa-
tient based on MRI findings.

Footnotes
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A B D O M I N A L  I M A G I N G
O R I G I N A L  A R T I C L E

PURPOSE
To date, no study provides definitive evidence for the pathogenesis of congenital absence of the 
vas deferens (CAVD). This study aims to evaluate the vas deferens (VD), particularly the intra-ab-
dominal part and accompanying seminal vesicle (SV) pathologies, in search of an explanation for 
the pathogenesis of the disease using magnetic resonance imaging (MRI) in patients clinically di-
agnosed with CAVD.

METHODS
MRI scans of patients admitted to our center with clinically diagnosed unilateral CAVD (CUAVD) 
or bilateral CAVD (CBAVD) in the infertility clinic were retrospectively evaluated. SV hypoplasia, SV 
agenesis, the distal part of the VD close to the ampulla, and the intra-abdominal part of the VD were 
investigated. Additionally, the association of CAVD and SV pathologies was assessed.

RESULTS
Clinically and confirmed with scrotal sonography by evaluating the proximal part of the VD, 32 
patients (62.7%) had CBAVD, and 19 patients (37.3) had CUAVD. In MRI, the intra-abdominal part of 
the VD was visible in 52.9% of all patients. The association between the intra-abdominal part of the 
VD and CAVD was statistically significant in the CBAVD patient group compared with the CUAVD 
group (Bonferroni-adjusted P value = 0.006). The intra-abdominal part of the VD dilatation is a new 
finding in CAVD and was not found in patients with CUAVD. Only 2 out of 51 patients (3.9%) had a 
standard SV. 

CONCLUSION
In the assessment of CAVD and accompanying SV pathologies, detailed findings are obtained by 
MRI even in the evaluation of the intra-abdominal part of the VD. Preliminary findings in this study 
are consistent with the theory of acquired vasal agenesis in CBAVD.

CLINICAL SIGNIFICANCE
The detailed findings of an MRI may contribute to a better understanding of the disease.

KEYWORDS
Congenital absence of vas deferens, infertility, magnetic resonance imaging, seminal vesicle, vas 
deferens

Congenital absence of the vas deferens (CAVD) is one of the critical etiological causes 
of male infertility.1 It is frequently observed in young and middle-aged men. Bilateral 
CAVD (CBAVD) has been identified in approximately 1.3% of infertile men, and unilat-

eral CAVD (CUAVD) has been detected in 1% of cases.2 Specifically, in cases of CBAVD, a mu-
tation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene associated with 
cystic fibrosis is frequently detected, and the majority of these cases exhibit CAVD.3 To date, 
no study provides definitive evidence or a clear explanation for the mechanism of CAVD. In 
recent years, studies have focused on the genetic etiology of CAVD. More than 2.000 CFTR 
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mutations have been identified as closely as-
sociated with CBAVD.4 Although it has been 
suggested that CFTR and ADGRG2 mutations 
are the genetic cause of the majority of CAVD 
cases, a precise genetic diagnosis cannot be 
established in 10%–20% of patients with 
CBAVD and 60%–70% of patients with CUA-
VD.4,5 Embryologically, the seminal vesicle 
(SV) originates from the ampulla of the vas 
deferens (VD) as a diverticular structure. Due 
to the interrelated developmental mecha-
nisms of the VD and SV during embryolog-
ical life, SV pathologies are also commonly 
observed in cases where CAVD is detected.6 
The most common SV pathologies are agen-
esis and developmental disorders. The most 
frequently observed clinical finding in these 
patients is azoospermia; however, in cases 
with unilateral vasal agenesis, oligospermia, 
normospermia, and spontaneous fertiliza-
tion are possible.7 

Physical examination and scrotal ultraso-
nography can evaluate the proximal part of 
the VD. In cases where the etiology of infer-
tility is being investigated in men, various 
radiological imaging methods are used to 
evaluate the intra-abdominal and distal part 
of the VD and SV structures, especially in cas-
es where post-testicular pathologies leading 
to obstructive azoospermia are considered 
as a preliminary diagnosis.8,9 Transrectal ul-
trasound examination is often the initial 
approach.9 However, transrectal ultrasound 
cannot evaluate the intra-abdominal part 
of the VD. Moreover, the examination may 
cause discomfort for the patient; when pa-
tients are informed about how the transrec-
tal ultrasound procedure will be performed, 
they may not accept it. In recent years, stud-

ies have been published emphasizing the 
importance of magnetic resonance imaging 
(MRI) and computed tomography (CT) in 
SV and VD imaging.10,11 However, SV and VD 
structures in men investigated for the etiol-
ogy of infertility have rarely been evaluated 
using CT.6 Patients investigated for infertility 
are mostly young men, and the use of CT in 
these patients may not be appropriate due 
to radiation exposure. MRI does not involve 
exposure to ionizing radiation and has supe-
rior soft tissue resolution compared with CT.8 
It has several essential features, including its 
exceptional ability to detect the intra-ab-
dominal part of the VD, higher resolution, 
and superior soft tissue contrast, which allow 
for a more detailed evaluation of SV mor-
phology.8,12 Despite the significant advantag-
es of MRI in CAVD, there is a limited number 
of studies in the literature on the use of MRI 
in demonstrating CAVD and possibly associ-
ated SV pathology.8,13,14

This study aims to evaluate the intra-ab-
dominal part of the VD and accompanying 
SV pathologies in search of an explanation 
for the pathogenesis of the disease using MRI 
in patients clinically diagnosed with CAVD.

Methods
The Institutional Review Board approval 

for this single-center retrospective study was 
obtained from the Erciyes University Ethics 
Committee (decision number: 2023/171, 
date: March 8, 2023). Informed consent was 
waived for retrospective analysis.

Study population

All participants were infertile patients 
who applied to the infertility clinic. The study 
exclusion criteria were as follows: (1) prior 
pelvic surgery, (2) prior scrotal infection, (3) 
patients with uncertain diagnosis, or (4) poor 
image quality in the MRI. The MRI images 
were of patients who refused transrectal 
ultrasound examination to investigate the 

etiology of obstructive azoospermia and oli-
gospermia. The diagnosis of CAVD was made 
clinically and by using scrotal ultrasonogra-
phy. The MRIs of patients with clinically di-
agnosed CUAVD or CBAVD between January 
2016 and January 2023 were retrospectively 
evaluated.

Magnetic resonance imaging examinations

The MRI was performed using a 1.5-T sys-
tem (Signa, GE Medical Systems; Milwaukee, 
USA) with a 16-channel body coil, without 
the use of an endorectal coil and contrast 
material. The images were evaluated on 
T2-weighted sequences in axial, coronal, and 
sagittal planes (Table 1). CUAVD, CBAVD, SV 
hypoplasia, SV agenesis, the distal part of the 
VD close to the ampulla, and the intra-ab-
dominal part of the VD were investigated. 
Normal range of the SV length and diameter 
was defined as 22–38 mm and 11–19 mm, 
respectively.15 Normal diameter of VD in the 
ampulla was defined as 3–5 mm.15 SV hypo-
plasia was defined as a maximum diameter 
of the SV being < 50% of normal or < 5 mm.16 
VD dilatation was described as a maximum 
diameter of the VD being > 5 mm.15 The prev-
alence of these clinical conditions and the as-
sociations of CAVD and SV pathologies were 
examined. Imaging analysis was performed 
by two radiologists (H. İ., Ö. K.) using the cen-
ter’s picture archiving and communication 
system (Sectra Workstation IDS7, Teknikrin-
gen, Sweden) in consensus. Each radiologist 
was blinded to the clinical diagnosis. Mea-
surements were made in axial, coronal, and 
sagittal planes, and the maximum diameter 
and length of the SV and the maximum di-
ameter of the VD were evaluated for the di-
agnosis (Figure 1).

Power analysis

A post-hoc power analysis based on the 
Pearson chi-squared test used to evaluate 
the primary hypothesis indicated a statistical 

Main points

•	 Magnetic resonance imaging (MRI) provides 
detailed findings for the assessment of con-
genital absence of the vas deferens (CAVD) 
and accompanying seminal vesicle pathol-
ogies, including the evaluation of the in-
tra-abdominal part of the vas deferens (VD). 
This study identified the intra-abdominal 
part of the VD dilatation as a new finding.

•	 In the MRI of the patients with CAVD, the in-
tra-abdominal part of the VD was observed 
in more than half of all patients.

•	 The association between the intra-abdomi-
nal part of the VD and CAVD was statistically 
significant in the bilateral CAVD (CBAVD) 
patient group compared with the unilateral 
CAVD (CUAVD) group. The intra-abdominal 
part of the VD dilatation was not found in 
patients with CUAVD. These preliminary 
findings may shed light on the pathogene-
sis of the CBAVD.

Figure 1. A 25-year-old patient with bilateral vasal agenesis and azoospermia. The T2-weighted sagittal (a), 
axial (b), and coronal (c) images show the intra-abdominal part of the left vas deferens dilatation (black 
arrows). Diagnosis was made by measuring the maximum diameter of the vas deferens.

a b c
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power of 0.835 at an alpha level of 0.05 and 
an effect size of 0.411. Power analyses were 
conducted using PASS 11.0 (NCSS Inc., USA). 

Statistical analysis

Statistical analyses were performed using 
TURCOSA (Turcosa Analytics Ltd., www.tur-
cosa.com.tr) statistical software. Differences 
in MRI findings between patients with CUA-
VD and CBAVD and the relationship between 
SV pathologies and CAVD were assessed us-
ing Pearson’s chi-squared test, Fisher’s exact 

test, and age-adjusted logistic regression 
analysis. Data are summarized as frequen-
cies, percentages, and corresponding confi-
dence intervals. Confidence intervals of the 
estimated proportions were calculated using 
the Wald or Fisher approach based on the 
small-sample assumption (npq ≥ 5). Odds 
ratios were calculated using 95% confidence 
intervals; P values were adjusted using the 
Bonferroni approach to control for multiple 
testing. Adjusted P values of < 5% are consid-
ered statistically significant. 

Results
Fifty-one patients were included in the 

study. The mean age of the patients was 
29.53 ± 5.36 years. Clinically and confirmed 
with scrotal sonography by evaluating the 
proximal part of the VD, 32 patients (62.7%) 
had CBAVD, and 19 patients (37.3%) had CUA-
VD. The clinical and radiologic characteristics 
of the patients are shown in Table 2. In one 
case, the VD was palpable at the scrotal level 
as a blind-ending tubular structure, whereas 

Table 1. Technical data of the imaging protocol used on the 1.5-T MRI system

T2-weighted axial imaging T2-weighted coronal imaging T2-weighted sagittal imaging

FOV 240 240 240

Matrix 352 × 352 352 × 352 288 × 288

TE (ms) 141 168 147

TR (ms) 3.470 6.862 3.175

Section thickness (mm) 3 3 3.5

Number of sections 23 20 20

NEX 4 4 1.5

Bandwidth (kHz) 62.5 62.5 50

Slice gap (mm) 0.5 0.5 1 

Acquisition time (min) 5.28 10.06 1.37

MRI, magnetic resonance imaging; FOV: field of view, TE: echo time; TR, repetition time; NEX, number of excitations.

Table 2. Clinical and radiologic characteristics of the patients (n = 51)

Parameter Findings

Agenesis status

• Unilateral, n (%) 19 (37.2)—Right: 8 (42.1%), Left: 11 (57.9%)

• Bilateral, n (%) 32 (62.8)

Right testicular volume, median (min–max), mL* 18 (2–28)

Left testicular volume, median (min–max), mL* 18 (2–24)

Right epididymal morphology

• Normal, n (%) 38 (74.6)

• Absence of the epididymal body and tail, n (%) 13 (25.4)

Left epididymal morphology

• Normal, n (%) 36 (70.6)

• Absence of the epididymal body and tail, n (%) 15 (29.4)

Renal agenesis

• Present, n (%) 10 (19.6)—Right: 5 (50), Left: 5 (50)

• Absent, n (%) 41 (80.3)

Semen analysis

• Oligospermia, n (%) 4 (7.8)

• Azoospermia, n (%) 47 (92.2)

Genetic findings

• Normal karyotype, n (%) 28 (54.9)

• Abnormal karyotype, n (%) 12 (23.5)

• Not available, n (%) 11 (21.6)

*One patient had both congenital vasal agenesis and Klinefelter syndrome, and the testicular volumes in this case were 2 mL on each side.
Epididymal and vasal structures were classified based on imaging and physical examination findings. Renal agenesis status was confirmed radiologically. Testicular volumes are 
presented as median and range. min, minimum; max, maximum.



 

252 • May 2026 • Diagnostic and Interventional Radiology İmamoğlu et al.

in another case, it was palpable as a fibrotic 
band. In all other patients, the VD could not 
be identified at the scrotal level. All patients 
with oligospermia had CUAVD. Renal agene-
sis was detected in 5 cases in the CUAVD pa-
tient group (26.3%) and 5 cases in the CBAVD 
group (15.6%). In MRI, the intra-abdominal 
part of the VD was seen in 52.9% of all pa-
tients. The intra-abdominal part of the VD 
was found in 22 (68.7%) of the patients with 
CBAVD (Figure 2). In patients with CUAVD, 
the intra-abdominal part of the VD was de-
tected in 5 patients (26.3%) (Figure 3). The as-
sociation between the intra-abdominal part 
of the VD and CAVD was statistically signifi-
cant in the CBAVD patient group compared 
with the CUAVD group (Bonferroni-adjusted 
P value = 0.0066) (Table 3). The CBAVD pa-
tient group had a 6.168 (1.737–21.905)-fold 
increased risk of an intra-abdominal part of 
the VD as compared with the CUAVD patient 
group. The intra-abdominal part of the VD 
dilatation was found in 5 patients (% 15.6%) 
with CBAVD (Figure 4), whereas no intra-ab-
dominal part of the VD dilatation was found 
in patients with CUAVD (Bonferroni-adjusted 
P value = 0.2870) (Table 3).

 In 49 patients with CAVD (96.1%), ac-
companying SV hypoplasia and/or agenesis 

was detected. Among the 32 patients with 
CBAVD, bilateral SV agenesis was found in 
15 patients (46.8%). Ipsilateral SV agenesis 
was found in 17 of 19 patients (89.4%) with 
CUAVD. Only 2 patients (3.9%) had a normal 
SV; 1 patient had CBAVD, and the other had 
CUAVD.

Discussion
In the MRI of the patients with CAVD, the 

intra-abdominal part of the VD was observed 
in more than half of all patients. Unlike the 
few similar studies on this subject in the lit-
erature,13 our current study showed a higher 
detection rate of the intra-abdominal part of 
the VD in patients with CBAVD than in those 
with CUAVD. Furthermore, this study identi-
fied the intra-abdominal part of the VD dila-
tation as a new finding. 

Two separate theories have been pro-
posed for the pathogenesis of CAVD. The 
first theory suggests that CAVD occurs as a 
result of an organogenesis disorder. This the-
ory is supported by the high prevalence of 
renal agenesis observed simultaneously in 
CUAVD.4 In this study, the incidence of renal 
agenesis was proportionally higher in the 
CUAVD patient group. The second theory, 

more closely associated with CFTR variants, 
proposes that acquired vasal agenesis devel-
ops over time, with an increase in fluid vis-
cosity and development of obstruction and 
degeneration in the lumen of the VD.17 The 
association with cystic fibrosis in CBAVD cas-
es is well known.18 Conversely, literature data 
indicate that normal VD is detected in cases 
with CFTR gene expression in fetal life.19 Ad-
ditionally, experimental studies on animals 
without cystic fibrosis gene mutation have 
shown that defects occurred in the SV and/
or VD secondary to obstruction and inflam-
mation.18-20 In the present study, the CBAVD 
patient group had a 6.168 (1.737–21.905)-
fold increased risk of intra-abdominal part of 
the VD as compared with the CUAVD patient 
group, and although not statistically signifi-
cant, a high rate of intra-abdominal part of 
the VD dilatation was found in CBAVD. The in-
tra-abdominal part of the VD dilatation was 
not found in patients with CUAVD. We think 
these preliminary findings, along with some 
of the literature data above, may be related 
to the theory of acquired vasal agenesis in 
CBAVD. 

Table 3. The association of the intra-abdominal part of the VD and CAVD

Variables CAVD
Bonferroni-adjusted 
 P value

Age-adjusted OR 
(95% CI)CBAVD (n = 32) CUAVD (n = 19)

Intra-abdominal VD

 Present 22 [68.8% (95% CI: 51.3%–82.1%)] 5 [26.3% (95% CI: 11.5%–49.1%)] 0.0066† 6.168 (1.737–21.905)

 Absent 10 [31.2% (95% CI: 17.8%–48.7)] 14 [73.7% (95% CI: 50.9%–88.6%)]

Intra-abdominal VD dilatation

 Present 5 [15.6% (95% CI: 6.4%–32.2%)] 0 [0.0% (95% CI: 0.0%–17.7%)] 0.2870‡ NC

 Absent 27 [84.4% (95% CI: 67.8%–93.6%)] 19 [100.0% (95% CI: 82.4%–100.0%)]

Data values are presented as n (%). † P value is calculated using the Pearson chi-squared test. ‡ P value is calculated using Fisher’s exact test. Percentages are presented with their 
95% confidence intervals. Significant P values are shown in bold. VD, vas deferens; CAVD, congenital absence of the vas deferens; CUAVD, congenital unilateral absence of the vas 
deferens; CBAVD, congenital bilateral absence of the vas deferens; OR, odds ratio; CI, confidence interval; NC, not computed due to zero counts. 

Figure 2. A 24-year-old patient with bilateral vasal agenesis and azoospermia. The T2-weighted axial (a) and 
coronal (b) images show the intra-abdominal part of the left vas deferens (black arrows). 

a b

Figure 3. A 35-year-old patient with left vas deferens 
agenesis and azoospermia. The T2-weighted 
coronal image shows the bilateral distal part of the 
vas deferens close to the ampulla (white arrows). 
Although the right seminal vesicle (SV) of the same 
patient appears normal (thick black arrow), agenesis 
is present in the left SV (thin black arrow).
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SV pathologies (agenesis, hypoplasia) 
were found in 90%–100% of CAVD cases in 
the literature.6,9,13,21 In the current study, this 
rate was 96.1%, which is consistent with the 
literature data. Among the 32 patients with 
CBAVD in this study, bilateral SV agenesis 
was found in 15 patients (46.8%). In the lit-
erature, the detection rate of bilateral SV 
agenesis in patients with CBAVD has been 
reported to range widely, from 9%–83%.13,21-24 
This wide range may be attributed to varia-
tions in the number of patients examined, 
diagnostic methods, and diagnostic criteria 
for SV pathologies in different studies. In the 
CUAVD group, SV agenesis on the same side 
was found in 17 out of 19 patients (89.4%).  
A similar rate was found in a study conducted 
by AbdElnaser et al.22 (70.45% for right CUA-
VD–SV agenesis association and 80% for left). 
There is a close embryological relationship 
between VD and SV.6,9,25 This process may 
play a significant role in the development of 
SV pathologies. 

In this current study, only 2 patients 
(3.9%) had a standard (both morphology and 
size) SV;1 patient had CBAVD, and the other 
had CUAVD. Previous studies have reported a 
normal SV rate of 6.4%–55% in CAVD.18,21,26,27 
MRI was not used in these studies to detect 
SV pathologies. This may be the reason for 
the difference between the current study 
and these studies. With the increased use of 
MRI in patients with CAVD and accompany-
ing SV pathologies, these rates can be deter-
mined more accurately.

The current study has some limitations, 
the most impactful of which is the limited 
number of patients. Nevertheless, the find-
ings of this study can be confirmed and gen-
eralized through multicenter prospective 
studies with a large number of patients. The 
second limitation is selection bias from in-
cluding only patients who refused transrec-

tal ultrasound. Studies examining all patients 
may yield more accurate and different re-
sults. The third limitation is the retrospective 
design of this study, which results in a lack 
of genetic evaluation. Although CFTR muta-
tion analysis was performed in a subset of 
our cases, the testing methods have evolved, 
and in some instances, patients who were 
initially reported as mutation-negative were 
later found to harbor CFTR mutations upon 
re-evaluation with updated techniques. Be-
cause of this inconsistency, we refrained from 
including these heterogeneous genetic data 
in the final analysis; however, we shared the 
genetic data in a subset of patients in Table 2. 
This limitation, along with the retrospective 
design, prevents us from definitively distin-
guishing congenital agenesis from acquired 
obstruction. Nevertheless, we included avail-
able clinical data, such as renal anomalies 
and semen analysis, to provide additional 
context. The fourth limitation is the use of 
1.5-T MRI without an endorectal coil and in 
the absence of a standardized measurement 
protocol in this subject. Since there was no 
3-T MRI in our hospital when patient imaging 
started, a 1.5-T MRI system was used. An en-
dorectal coil was not used because patients 
in this study did not want uncomfortable 
procedures, such as a transrectal probe or an 
endorectal coil. A higher field strength, such 
as 3-T with an endorectal coil, may improve 
spatial resolution and provide better exam-
ination for SV and VD.

In conclusion, MRI provides valuable in-
formation on CAVD and associated SV pa-
thologies. Our findings are consistent with—
but do not prove—the theory of acquired 
vasal agenesis in CBAVD. Given the absence 
of uniform genetic testing and the evolving 
nature of CFTR mutation analyses, these re-
sults should be interpreted with caution. Fur-
ther prospective, multicenter studies with a 
larger cohort, standardized genetic testing, 

and comprehensive clinical correlation are 
required to confirm these preliminary find-
ings.
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Solitary plasmacytoma: a rare and unusual tumor of the liver

Dear Editor,

We read with interest the review article by Stanietzky et al.1 entitled “Unusual liver tumors: 
spectrum of imaging findings with pathologic correlation” in the recent issue of Diagnostic 
and Interventional Radiology. In this article, the authors provide both textual and visual por-
trayals of hepatic neoplasms that are both unusual and rare. The authors also discussed the 
subject of “solitary plasmacytoma” under the subtitle of “Multiple myeloma and solitary plas-
macytoma” and stated that this rare lesion has variable imaging findings. In this context, we 
would like to share the liver imaging findings of our case that was histopathologically diag-
nosed as “hepatic solitary plasmacytoma.”

A 50-year-old woman presented with diffuse abdominal pain that had intensified at the 
right upper quadrant for around 3 months. Aside from laparoscopic cholecystectomy, her 
medical history was unremarkable, and her physical examination was normal. Hemogram, 
liver function, and renal function test results were in normal range. Erythrocyte sedimentation 
rate was 33 mm/h (normal: 0–25 mm/h). Viral hepatitis markers and tumor markers (alpha 
fetoprotein, CEA, CA 15-3, CA19-9, CA125) were negative.

The patient subsequently underwent contrast-enhanced dynamic computed tomography 
(CT) of the liver. A hypervascular hepatic mass at segment 2 that showed progressive wash-
out was detected on CT (Figure 1). For further characterization of the hepatic lesion, mag-
netic resonance imaging of the upper abdomen was performed using a 3.0-T system, which 
showed a solid hepatic mass with thin septations and irregular lobulated borders, measuring  
4.5 × 3.5 cm at segment 2. The lesion was hypointense on T1-weighted images and hyperin-
tense relative to the liver on T2-weighted images (Figure 2a). The lesion remained hyperin-
tense on the diffusion weighted images obtained, with a b-value of 1,000 s/mm2. It was slight-
ly hyperintense on the apparent diffusion coefficient map, except for a small hypointense 
component located at its lower part (Figure 2b, c, d). On dynamic imaging performed follow-
ing intravenous injection of a hepatospecific contrast agent, the mass showed early enhance-
ment in the arterial phase and progressive wash-out in the venous phases (Figure 2e, f ). The 
lesion was hypointense relative to the liver on hepatobiliary phase (Figure 2g).
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Figure 1. (a) Arterial phase axial computed tomography image demonstrates a hypervascular hepatic mass 
(arrow) at segment 2. (b) The lesion shows washout (arrow) at portal venous phase. 
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Based on the imaging findings, the differ-
ential diagnosis included hypervascular liver 
lesions. Hepatocellular carcinoma was not 
considered the primary diagnosis due to the 
absence of a history of chronic liver disease. 
The lesion’s morphology and hepatobiliary 
phase images were not typical for focal nod-
ular hyperplasia. The lack of intralesional fat 
made the diagnosis of hepatic adenoma less 
likely. As the imaging findings were non-spe-
cific and inconclusive, and a possible hyper-
vascular metastasis could not be ruled out, a 
liver biopsy was deemed appropriate.

Ultrasound-guided fine needle aspiration 
biopsy result was compatible with plasma-
cytoma (Figure 3). The definitive diagnosis 
was made via immunocytochemical analysis 
of cell block material. Immunocytochemical 
study showed that tumor cells were strongly 
positive for CD38 and CD138 antibodies and 
displayed lambda monoclonality. 

Serum electrophoresis showed immuno-
globulin G (IgG) monoclonal gammopathy. 
The free light chain assay ratio was abnormal 
(free kappa/free lambda ratio: 0.25; normal, 
0.26–1.65). The immunofixation of the serum 
showed IgG lambda monoclonal gammop-
athy. Concentrated urine immunofixation 
(×50) revealed the presence of lambda light 
chain. 

The imaging findings of the entity known 
as “solitary plasmacytoma” are nonspecific.2-4 
Based on our observations, it can be stated 

Figure 3. Fine-needle aspiration cytology of hepatic 
mass. Isolated atypical plasma cells and two non-
neoplastic hepatocyte clusters with cytoplasmic 
bile pigments can be seen in the background (May–
Grünwald–Giemsa stain).
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Figure 2. (a) Axial T2-weighted, fat-suppressed (SPAIR) turbo spin echo magnetic resonance image shows 
a hyperintense hepatic mass (arrow) at segment 2. (b) Axial diffusion weighted image at b = 1,000 s/mm2 

and (c) apparent diffusion coefficient (ADC) map display slightly hyperintense mass (arrow). (d) On the ADC 
map immediately caudate to this slice, a small hypointense component was present at the lower part of the 
lesion (arrow). Axial T1-weighted fat-suppressed gradient-recalled echo VIBE images during (e) arterial and 
(f) portal venous phases show a hepatic lesion that demonstrates arterial enhancement with washout in 
the venous phase (arrows). (g) The lesion appears to be hypointense (arrow) on hepatobiliary phase. SPAIR, 
spectral attenuated inversion recovery.
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that, in the relevant clinical setting, it would 
be appropriate to keep the possibility of 
plasmacytoma in mind in the differential di-
agnosis of an arterially enhancing liver mass.
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Dear Editor,

Thank you for the opportunity to review this fascinating case. Solitary hepatic plasmacy-
tomas are exceptionally rare tumors, with only a small number described in the literature.1 
This case is an outstanding example demonstrating this rare entity on multiphasic computed 
tomography and magnetic resonance imaging. The imaging features are variable, and the 
tumor often resembles a metastasis or a primary hepatic neoplasm.2,3 In this case, the mass 
demonstrates hypervascularity with progressive washout and an area of restricted diffusion 
that could easily be mistaken for other, more common neoplasms. Pathologic confirmation is 
required in almost every case. However, as the authors state, the diagnosis should be consid-
ered as a remote possibility in liver masses with atypical presentations. 
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ABSTRACT
Foundation models (FMs) represent a significant evolution in artificial intelligence (AI), impacting 
diverse fields. Within radiology, this evolution offers greater adaptability, multimodal integration, 
and improved generalizability compared with traditional narrow AI. Utilizing large-scale pre-train-
ing and efficient fine-tuning, FMs can support diverse applications, including image interpretation, 
report generation, integrative diagnostics combining imaging with clinical/laboratory data, and 
synthetic data creation, holding significant promise for advancements in precision medicine. How-
ever, clinical translation of FMs faces several substantial challenges. Key concerns include the in-
herent opacity of model decision-making processes, environmental and social sustainability issues, 
risks to data privacy, complex ethical considerations, such as bias and fairness, and navigating the 
uncertainty of regulatory frameworks. Moreover, rigorous validation is essential to address inherent 
stochasticity and the risk of hallucination. This international collaborative effort provides a compre-
hensive overview of the fundamentals, applications, opportunities, challenges, and prospects of 
FMs, aiming to guide their responsible and effective adoption in radiology and healthcare.

KEYWORDS
Artificial intelligence, deep learning, foundation models, ChatGPT, large language models, medical 
imaging, radiology

You may cite this article as: Akinci D’Antonoli T, Bluethgen C, Cuocolo R, Klontzas ME, Ponsiglione A, Kocak B. Foundation models for radiology: fundamentals, 
applications, opportunities, challenges, risks, and prospects. Diagn Interv Radiol. 2026;32(3):259-272.

Artificial intelligence (AI), particularly deep learning (DL), has demonstrated consider-
able efficacy in medical image analysis across various imaging modalities.1,2 Tradition-
ally, however, AI models in healthcare have been mostly developed for narrow tasks 

that are highly specific and limited. The recent emergence of foundation models (FMs) rep-
resents a significant paradigm shift.3,4 These large DL models exhibit broad adaptability to a 
wide range of downstream tasks with minimal task-specific modification.5,6

A notable example of FMs is represented by large language models (LLMs), optimized for 
language-centric tasks, such as summarization, translation, and answering questions.7 Al-
though LLMs primarily process text, the broader category of FMs can encompass multiple 
modalities, including text, images, audio, and a diverse spectrum of unstructured data.8,9 This 
inherent multimodality aligns well with the diverse data types encountered in modern medi-
cine, such as imaging, clinical narratives, laboratory results, and genomic information.10-12

Although current radiology workflows predominantly utilize task-specific models, the mul-
timodal capabilities of FMs make them particularly promising for this field, offering potential 
support across various interpretative and non-interpretative scenarios (Figure 1).13,14 The ca-
pabilities of LLMs have already been explored for several radiology-related tasks, including 
report generation,15 multilingual report translation,16 information extraction from free-text 
reports,17 and the assessment of domain-specific radiological knowledge.18 Despite growing 
interest, the use of FMs in radiology is still in the early stages, with ongoing active research 
and development.13,14,19-21
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To facilitate the development and poten-
tial adoption of FMs, this narrative review 
synthesizes current knowledge about FMs 
and aims to provide a comprehensive over-
view of FMs in the context of radiology. It in-
troduces the fundamental concepts behind 
FMs, examines their potential applications 
in radiology, highlights emerging opportu-
nities, outlines key challenges, and suggests 
future directions in both research and prac-
tice. 

Fundamental concepts of foundation mod-
els

FMs mark a fundamental shift within the 
conceptual hierarchy of AI (Figure 2), mov-
ing beyond conventional, narrowly focused 
AI systems. They are a class of large-scale AI 
models developed through training on vast 
and diverse datasets.3 A defining feature is 
their pre-trained nature; unlike convention-
al models engineered for a single, narrow 
task (e.g., solely lung nodule detection or 
lung segmentation), FMs serve as versatile 
base models (created through pre-training), 
adaptable to numerous downstream ap-
plications (through fine-tuning, continued 
training on smaller, task-specific datasets). 

This inherent adaptability results from 
several key characteristics (Figure 3). First, 
the pre-training stage of FMs usually lever-
ages self-supervised learning, allowing the 
model to learn rich data representations 
from the data itself (e.g., by solving pretext 
tasks, such as predicting masked portions of 
an image or a text) using unstructured, unla-
beled, or weakly labeled data (Figure 4).22,23 
This contrasts sharply with conventional 
methods, which typically require significant 
amounts of high-quality (manually) labeled 
data for each distinct task, a major bottle-

neck due to cost and expert time. Although 
FMs still require labeled data for fine-tuning, 
the reliance on specific data for each applica-
tion can be substantially reduced compared 
with conventional AI methods (Figure 5).

Second, the reduced need for labeled 
data allows FM development on a large scale, 
referring to model size, computational re-
sources, and dataset size.24 This scale enables 
the models to learn more generalizable and 
robust representations that, in turn, support 
the scalability of the FMs themselves (larger 
models become feasible with more training 
data, and more generalizable representa-
tions apply to more possible downstream 
applications). This differentiates FMs from 
conventional models, which often exhibit 
limited generalizability beyond the precise 
conditions (e.g., patient populations or tasks) 
for which they were trained. Additionally, 
scaling models has led to the emergence of 
functionalities beyond the explicit training 
objectives,3 such as instruction following, ca-
pabilities unprecedented (or at least hardly 
detectable) in smaller-scale models.25-27

Finally, self-supervised learning and the 
scale of FMs equip them with strong transfer 
learning capabilities.28-31 The general knowl-
edge acquired during the resource-intensive 
pre-training phase can be effectively uti-
lized for new, specific tasks through minimal 
fine-tuning. This facilitates few-shot learning 
(where only a small number of task-specific 
examples are provided) and zero-shot learn-
ing (using no examples),32-34 where models 
adapt with substantially less specific data 
than conventional approaches demand. For 
instance, an FM pre-trained via self-super-
vised learning on large chest X-ray datasets 
may be fine-tuned for rib fracture detection 
using only dozens of cases, whereas a con-
ventional model may require thousands to 
reach comparable performance.

Developing multimodal foundation mod-
els

FMs first took shape in natural language 
processing (NLP) in the form of LLMs, such as 
Generative Pre-trained Transformer (GPT)-4 
(OpenAI) and Claude (Anthropic). Although 
FMs can be unimodal, focusing exclusively 
on one data type, such as text (in the case 
of LLMs) or images,35,36 a development of 
particular importance for radiology is their 
potential to be multimodal by being able 
to process and integrate diverse data types, 
including images [e.g., X-rays,37-40 computed 
tomography (CT),41,42 and magnetic reso-
nance imaging (MRI)43], text (e.g., reports and 

other electronic health record documents), 
and potentially many more (Figure 1).

Key concepts and modules of FMs con-
cerning radiological applications are present-
ed in Figure 6. Although architectures vary, 
the transformer design is a frequently used 
backbone.44 Its central feature, the attention 
mechanism, allows it to focus on specific el-
ements of the input sequence. This enables 
the model to capture long-range depen-
dencies and contextual relationships within 
data effectively, which gave rise to its initial 
success in NLP and subsequent adaptation 
for vision and multimodal scenarios.45,46 A 
key concept in handling diverse inputs is the 
use of modality-specific encoders.47 These 
components compress high-dimensional 
inputs (such as CT scans or text reports) into 
lower-dimensional embeddings (i.e., numer-
ical vector representations), capturing essen-
tial features (e.g., tissue density, anatomical 
structures, radiological terms). Common en-
coder architectures include vision transform-
ers and convolutional neural networks for 
images, and transformers for processing text 
data. To enable the model to understand re-
lationships across different data types, tech-
niques such as contrastive learning are often 
employed during pre-training (Figure 7). For 
instance, the model learns that a specific 
chest X-ray and its corresponding report de-
scribe the same case. Model weights are ad-
justed so that the embeddings for a matching 
image–report pair are pulled closer together 
in a conceptual “shared space,” whereas em-
beddings for unrelated pairs (e.g., the same 
chest X-ray paired with a report from a differ-
ent patient) are pushed further apart to learn 
meaningful cross-modal associations. The 
Contrastive Language–Image Pre-Training 
(CLIP) model is a dual neural network trained 
on a variety of image and text data pairs and 
is an early example of FMs created this way.45

After the individual encoders have pro-
cessed their respective inputs, fusion mod-
ules are used to combine this information, 
which can happen in several ways (Figure 8). 
Mechanisms such as cross-attention are par-
ticularly powerful here, allowing the model 
to weigh dynamically the relevance of dif-
ferent parts of one modality based on the 
content of another–for example, attending 
to specific words in a report when analyzing 
a corresponding slice in a CT scan.

Finally, decoders transform these fused 
representations into desired outputs, which 
could range from generating text (e.g., re-
port summaries) and predicting classes or 
outcomes to segmenting relevant image 

Main points

•	 Foundation models (FMs) are versatile arti-
ficial intelligence (AI) systems pre-trained 
on large, diverse datasets, enabling them to 
adapt to many tasks with minimal fine-tun-
ing.

•	 FMs with multimodal capacities offer pow-
erful tools for complex radiological applica-
tions, such as report generation and diag-
nostic decision-making.

•	 FMs have the potential to democratize AI in 
healthcare by requiring less local data for 
fine-tuning, helping under-resourced cen-
ters.

•	 Major challenges to FM use in imaging in-
clude stochasticity, hallucinated outputs, 
transparency, bias, sustainability, and regu-
lations.
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regions, depending on the specific applica-
tion. Adapting existing FMs to a specific task 
can be achieved through full fine-tuning 
(updating all model parameters) or less com-
putationally expensive parameter-efficient 
fine-tuning techniques that update only a 
small number of parameters (Figure 9).48

These characteristics make FMs versatile, 
adaptable, and data-efficient AI models that 
can integrate multimodal data and capture 
long-range dependencies within high-di-
mensional data and across different modal-
ities that may elude narrower models. This 
uniquely positions FMs to tackle complex 
problems from the field of radiology by pro-
viding potentially richer, more contextual-
ized insights that reflect clinical reality better 
than conventional AI models.47

Applications in radiology

Creating a radiology-specific FM from 
scratch could be highly cost-intensive, as ra-
diology consists of a wide range of imaging 
modalities, including X-rays, ultrasound, nu-
clear imaging, and MRI, that have significant 
variations in their underlying technologies 
and data characteristics.49 Nevertheless, re-
cent advances have shown promising path-
ways to adapt or fine-tune general-purpose 
models for domain-specific tasks and mo-

dalities, leading to a growing number of suc-
cessful applications in radiology.

One core application is medical image 
segmentation, which aims to delineate re-

gions of interest, such as lesions or organs, 
automatically. DL models, especially those 
using the nnU-Net architecture, have shown 
high accuracy in normal anatomical seg-

Figure 1. Foundation models in radiology with diverse inputs to perform various interpretative and non-interpretative tasks through training and adaptation. CT, 
computed tomography; MRI, magnetic resonance imaging; AI, artificial intelligence; EHR, electronic health record. 

Figure 2. Oversimplified conceptual hierarchy, illustrating the relationship and progression of key domains 
in artificial intelligence towards foundation models with multimodal capabilities. AI, artificial intelligence.
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Figure 3. Summary of three key characteristics of foundation models.

Figure 4. Simplified multimodal self-supervised learning examples. (Top left) Contrastive learning aligns paired image-text embeddings [e.g., brain magnetic 
resonance imaging (MRI) and report], usually by minimizing the distance between positive pairs and maximizing the distance between negative pairs. (Middle left) 
Masked self-prediction reconstructs masked regions of an image or text using cross-modal context. (Bottom left) Cross-modal generation predicts one modality 
from another (e.g., full text reports from image embeddings). (Top right) Text-only prompt-based learning uses a natural language query (e.g., “What abnormality 
is visible?”) to guide generative outputs based on an MRI image input. (Bottom right) Multimodal prompt-based learning uses both current and baseline imaging 
along with text prompts (e.g., “Compare current scan to baseline”) to support complex clinical tasks, such as disease progression assessment or change detection. 
The baseline image serves as a visual prompt.
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mentation tasks.50-52 However, the challenge 
arises when it comes to pathologies, where 
separate models need to be trained for each 
one of them; for example, a model trained for 
liver tumor segmentation cannot be directly 
applied to the lung tumor or prostate cancer 
segmentation tasks. 

In April 2023, the Segment Anything Mod-
el (SAM) was introduced, demonstrating the 
potential for a single model to handle various 
segmentation tasks across different domains 
without needing retraining or fine-tuning.53 

Despite this, SAM’s performance on com-
plex medical segmentation tasks, such as 
those involving the pancreas and spine, has 
not been satisfactory.51,54,55 Vision FMs, such 
as SAM, can serve as starting points, which 
are then adapted into modality/task-specific 
FMs (e.g., Medical SAM 2) optimized by lever-
aging the unique characteristics of medical 
imaging modalities.37,56,57

Another notable development is Uni-
verSeg, a single task-agnostic model trained 
using a large and diverse set of open-access 
medical datasets.58 This model can general-

ize to the anatomies and segmentation tasks 
that were not in the training set or were never 
seen by the model previously. Notably, Uni-
verSeg significantly outperformed existing 
few-shot methods across all held-out data-
sets. However, it is important to note that the 
model was only applied to two-dimensional 
data and single-label segmentation, and its 
performance for three-dimensional medical 
image data remains unclear.

FMs have also shown promise for lesion 
identification and characterization in differ-
ent clinical scenarios.19,59 For example, CXR-
Base was developed using a large collection 
of unlabeled chest X-ray images through 
self-supervised learning.59 This approach was 
sequentially applied to both natural images 
from ImageNet-1k and chest X-ray images 
from various public datasets, encompassing 
a total of 1.1 million chest X-ray images. The 
model demonstrated good performance 
across multiple datasets from different cen-
ters for diagnosing diseases such as corona-
virus disease 2019, pneumonia, and tubercu-
losis.

Radiology report generation and compre-
hension represent further promising areas 
for multimodal FMs. In the task of generating 
radiology reports, these models can identify 
abnormalities within images from various 
modalities while incorporating the patient’s 
medical history and clinical examination 
findings.60 By integrating both text and imag-
es, these models can generate precise radiol-
ogy reports, help standardize report quality 
by detecting inconsistencies or omissions, 
and subsequently reduce the workload for 
radiologists.61 Additionally, these models can 
generate reports in multiple languages and 
adjust the complexity of the language to suit 
the target audience, providing detailed con-
tent for specialists and simplified versions for 
general practitioners.16,62

For the comprehension task, physicians 
can also use multimodal models to enhance 
case comprehension by engaging in text-
based dialogues that focus on specific image 
sections, allowing for detailed descriptions 
of those areas.63 Furthermore, the reports 
generated by FMs can offer preliminary diag-

Figure 5. Comparison of conventional artificial intelligence (AI) and foundation models (FMs). Conventional AI requires large, labeled datasets tailored to each 
specific task and produces models limited to that task. For example, Task A (e.g., lung nodule detection on chest X-ray) and Task B (e.g., lung opacity classification) 
each require separate models trained on task-specific labeled data. In contrast, FMs are pre-trained on massive unlabeled data and can be adapted to various 
downstream tasks using smaller labeled datasets. FMs also support zero-shot learning, where the model performs new tasks, such as Task C (e.g., pneumonia 
detection) and Task D (e.g., pleural effusion identification) without fine-tuning or labeled data. Instruction tuning allows the model to learn from instruction–output 
pairs (i.e., prompt > output or prompt + image > output) and match expected outputs by adjusting itself when errors occur. This enables it to perform complex tasks, 
such as Task E (e.g., automated lung report generation) and Task F (e.g., triage of abnormal chest findings) without needing labeled examples for each. 
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noses, supporting radiologists and clinicians 
in their decision-making process.64 These 
models can potentially propose treatment 
options or recommend additional diagnostic 
tests, enhancing the overall clinical workflow 
for personalized medicine.65

Opportunities for radiology

Building on the capabilities outlined 
above, the adoption of FMs in radiology 
presents several strategic opportunities (Fig-
ure 10). 

A key opportunity lies in the ability to 
fine-tune pre-trained FMs with smaller, local 
datasets.66 This can reduce the inequalities 
related to the availability of data,67 democra-
tizing access to these applications for health-
care systems with limited data or access to 
infrastructure. The lower reliance on large 
datasets can allow their use in centers with 
limited funding or limited population cover-
age, which prevents the collection of a high 
number of cases. 

Fine-tuning the models with local data-
sets can mitigate biases related to underrep-

resented population characteristics or local 
peculiarities related to equipment or radio-
logical protocols. At the same time, leverag-
ing their pre-training on large datasets, FMs 
trained on diverse populations can provide 
more equitable care recommendations, re-
ducing diagnostic errors in underrepresent-
ed groups such as children, ethnic minorities, 
or patients with rare conditions.68

To further address data imbalance, tech-
niques such as synthetic data generation can 
be used. FMs have the potential to create 
synthetic medical images, such as CT scans, 

Figure 6. Key concepts and modules of foundation models, with respect to radiological applications. CT, computed tomography; MRI, magnetic resonance 
imaging; AI, artificial intelligence.



 

Foundation models for radiology • 265

MRIs, and X-rays, that resemble real-world 
data.69,70 These artificially generated datasets 
can serve as valuable supplements to exist-
ing image collections, particularly when ac-
cess to patient data is restricted due to priva-
cy issues or limited availability. By generating 
variations of medical images, these models 
can help address imbalances in datasets, ef-
fectively representing a broader spectrum of 
pathologies.

The ability to build upon pre-trained 
backbones has the potential to shorten the 
innovation-to-implementation cycle signifi-
cantly. Researchers can build on top of mod-
els trained to capture broad medical imaging 
features and clinical context, rather than cre-
ating new models from scratch.71 Reducing 
the duration of the innovation-to-implemen-
tation cycle can accelerate the development 
of novel applications, simplify cross-institu-
tional collaborations, and allow innovations 
developed in academic settings to be rapidly 
tested and adapted in hospitals, startups, or 
public health agencies.

FMs also offer unique educational bene-
fits. Automatically annotating synthetic or 
real images with detailed descriptions, such 
as the identification of lesions, tumors, or an-
atomical landmarks, can help radiology res-
idents and healthcare professionals quickly 
understand complex images. Furthermore, 
FMs can enhance educational content by 
not only annotating images but also offering 

Figure 7. Simplified illustration of contrastive learning. Paired medical images and reports are encoded into embeddings (i.e., numerical vector representations), 
which are trained to attract matching pairs and repel mismatched ones. This process aligns similar representations in the shared embedding space to improve 
cross-modal understanding.

Figure 8. Simplified illustration of multimodal fusion strategies. Illustration of early, intermediate, and late 
fusion methods for combining medical images and their respective reports. Intermediate fusion (i.e., hybrid 
or deep fusion) is more common in foundation models due to its flexibility and effectiveness in capturing 
cross-modal interactions. CT, computed tomography.
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detailed explanations of pathologies, their 
clinical importance, and treatment options, 
creating an engaging and interactive learn-
ing experience.21

Moreover, patients will be empowered as 
their health data, such as their medical his-
tory and imaging results, could be translated 
into personalized, simplified explanations of 

their condition, treatment options, and pos-
sible outcomes with FMs, thus helping pa-
tients gain a clearer understanding of their 
specific health situation.72,73

FMs introduce a new paradigm in preci-
sion medicine by enabling the integration of 
diverse data types, such as the combination 
of diagnostic images, omics, clinical, and lab-
oratory data.10 Radiologists interpret images 
in light of clinical information and questions 
and combine or harmonize these different 
types of information without much effort in 
their day-to-day jobs. However, existing AI ap-
plications have been inherently less accurate 
than radiologists, wherever such data harmo-
nization was required. With the advance of 
FMs, there has been a significant leap towards 
the combination of multimodal data, which 
enables more accurate prognostication, risk 
stratification, and treatment planning.74

Beyond data integration, FMs also have 
the capacity to support complex diagnostic 
reasoning in uncertain or ambiguous clinical 
situations. In real clinical practice, radiolo-
gists often deal with cases that are not clear-
cut, where the diagnosis is not obvious, and 
decisions have to be made with incomplete 
information, taking into account follow-up 
data. FMs can execute different tasks that 
can help in these situations by offering in-
sights that take the full clinical context into 
account, rather than just giving a simple yes/
no answer.47 Such models can be trained on a 
variety of tasks representing real diagnostic 
scenarios, where the radiologist is present-
ed with imaging examinations that depict a 
series of pathological conditions and require 
complex reasoning. 

To provide a perspective on emerging 
opportunities, a comparative overview of 
conventional AI (single or multimodal), mul-
timodal FMs, radiologist interpretation, and 
a combined radiologist-FM approach is pre-
sented in Table 1.

Challenges and risks for radiology

As discussed so far, although FMs hold 
promise for transforming radiology, they also 
introduce multifaceted challenges. Radiolo-
gists must remain aware of these issues and 
proactively address them to ensure the safe, 
ethical, and effective implementation of FMs 
in radiology (Figure 11). 

One of the main concerns is the stochastic 
nature of these models, where their outputs 
may vary every time they are executed, and 
another is that they can generate plausi-

Figure 9. Simplified overview of adaptation methods for pre-trained models. Linear probing updates only 
the classifier, fine-tuning updates the classifier and optionally parts or all of the pre-trained model, whereas 
parameter-efficient fine-tuning (e.g., LoRA) inserts low-rank matrices (A and B) without updating original 
weights.

Figure 10. Potential opportunities of foundation models in radiology. FM, foundation models.
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ble-sounding yet incorrect or entirely fabri-
cated information (a phenomenon known 
as “hallucination”).7 Beyond these inherent 
issues, FMs present several broader challeng-
es, especially in radiology and healthcare in 
general. These include challenges related to 
sustainability, transparency, ethics, cyberse-
curity, privacy, standardization, and valida-
tion.

Another concern is sustainability and en-
vironmental impact, as the development and 
deployment of FMs are highly resource-in-
tensive. They demand vast computational 
power, energy, and even water. For example, 
generating a single image with a generative 
AI model can consume the equivalent of 
half a smartphone’s battery charge,75 while 
producing 10–50 medium-length chatbot 
responses may require up to half a liter of 
fresh water (Figure 12).76 Since radiology al-
ready depends on energy-intensive imaging 
equipment, implementing these models in 

radiology could further exacerbate environ-
mental burdens.77,78 Addressing these issues 
and promoting sustainable practices are 
essential to reducing the environmental im-
pact of FMs in radiology.

FMs often operate as “black boxes,” pro-
ducing outputs without providing clear ex-
planations of their reasoning processes.79 In 
radiology, transparency and explainability 
are critical. Diagnostic decisions made by ra-
diologists must be evidence-based to guide 
treatment plans and ensure patient safety. If 
a radiologist cannot justify a diagnosis aid-
ed by these tools, their trust in this decision 
may be undermined. Implementing models 
with reasoning capabilities, such as OpenAI’s 
GPT o1 series, or adopting frameworks that 
are designed to facilitate reasoning may help 
improve trust in model outputs.80

Moreover, FMs are prone to perpetuat-
ing or even amplifying biases present in 
the training data, which can contribute to 

healthcare disparities.67 In addition, unequal 
access to such technologies may further dis-
advantage under-resourced institutions.67 
The legal framework surrounding AI in ra-
diology is also still evolving, and questions 
about liability, especially in cases where di-
agnostic errors result from following or ig-
noring AI-aided recommendations, remain 
unresolved.81 Clear ethical guidelines and 
legal standards are needed to navigate these 
challenges responsibly. 

Training FMs requires large datasets that 
may contain sensitive patient information. 
This raises substantial privacy concerns; 
therefore, ensuring rigorous data ano-
nymization practices during the model train-
ing, as well as not using patient data directly 
as input during model implementation, is 
essential.79 FMs may also pose cybersecuri-
ty threats, and these tools could be exploit-
ed by malicious actors to extract sensitive 
patient data through techniques such as 

Table 1. Comparative overview of hypothetical glioma diagnostic pathways using conventional artificial intelligence, multimodal foundation 
models, radiologist interpretation, and a combined radiologist–FM approach, with an optimistic perspective

Aspect Conventional AI (single or 
multimodal)

Multimodal FM Radiologist (human) Radiologist + multimodal FM

Inputs

Brain magnetic resonance 
imaging only + structured 
clinical data (e.g., age, 
simple symptoms)

MRI + clinical notes (e.g., seizures, 
cognitive decline) + structured 
labs (e.g., IDH status if known) + 
prior imaging

MRI + full clinical history + 
prior scans + surgical reports, 
pathology if available

Same as FM (MRI + notes + labs + 
prior imaging)

Processing

Task-specific detection/
classification (e.g., 
identification of mass, 
segmentation of lesion, 
basic grading)

Integration of MRI patterns 
+ textual symptoms + past 
treatments to predict diagnosis, 
with multimodal reasoning

Correlation of imaging patterns 
with clinical context and 
history (e.g., tumor vs. abscess 
vs. gliosis)

FM preliminary synthesis + human 
critical review, correction, and clinical 
judgment

Clinical 
understanding

Limited contextual 
understanding detects 
and segments tumor but 
lacks the ability to interpret 
complex clinical nuances 
not trained for 

Broader contextual reasoning by 
combining multiple modalities, 
such as text and image; may 
suggest differential diagnoses, 
but reliability varies, particularly 
in rare or atypical cases 

Deep contextual 
understanding built from 
experience and training; able 
to integrate subtle imaging 
findings with complex clinical 
backgrounds 

Combines FM rapid synthesis 
with human clinical judgment; 
radiologist can verify, contextualize, 
and override FM suggestions when 
needed

Decision 
support

Reports lesion size, volume, 
location, edema; sometimes 
estimates basic tumor type 
(low-grade vs. high-grade)

Provides full contextual report 
(e.g., type prediction, treatment 
suggestions such as re-operation, 
re-irradiation)

Provides full diagnostic 
impression (e.g., tumor type 
suggestion, progression vs. 
pseudoprogression analysis, 
biopsy guidance)

FM provides draft; radiologist 
validates, corrects, adds nuanced 
interpretation, finally providing an 
optimized report

Adaptability

Low to moderate: Cannot 
dynamically adapt to 
unexpected cases (e.g., rare 
glioma subtypes, atypical 
presentations)

High: Generalizes from large data, 
but can still hallucinate or miss 
rare conditions

Very high: Experienced ones 
adapt to rare, complex, or 
conflicting clinical/imaging 
situations

Potentially highest: However, real 
world performance depends on the 
quality of human–AI interaction (e.g., 
hesitance to override AI outputs ) 

Interaction No interaction: Static 
outputs

Emerging: Can answer prompts 
(e.g., “What is differential 
diagnosis?”)

High: interacts with clinicians, 
neurosurgeons, oncologists, 
and pathologists; discusses 
complex cases

Highest: Radiologist queries FM, 
adjusts outputs, discusses with 
clinicians dynamically

Limitations

Misses context (e.g., prior 
radiation therapy effects); 
cannot explain atypical 
findings

Hallucination risk; lack of 
explainability in complex or rare 
cases

Human variability, fatigue, long 
interpretation times

Human-in-the-loop improves safety, 
but challenges remain (e.g., bias, 
liability concerns, need for clear 
definitions of radiologists’ role in AI-
assisted decision support)

AI, artificial intelligence; FM, foundation models; MRI, magnetic resonance imaging; IDH, isocitrate dehydrogenase.
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jailbreaking or to manipulate model output 
through techniques such as backdoor at-
tacks.82,83 Ensuring robust security protocols 
and continuous monitoring is essential to 
safeguard patient data and maintain trust 
when implementing these tools in radiology.

Evaluating the performance of FMs pres-
ents another set of challenges. Traditional 
metrics, such as accuracy or F1 score, may 
be inadequate for assessing generative out-
puts or for evaluating the model’s genera-
tion quality due to the lack of a reference 
standard.47 Moreover, regulatory guidelines 
for ensuring the clinical safety and efficacy 
of these models are still in their infancy, and 
each country or region creating its own set of 
frameworks makes it harder to disseminate 
these tools (e.g., the AI Act across Europe and 
the Food and Drug Administration medical 
device law across the USA).84 Rigorous vali-
dation processes and international regula-
tory alignment are necessary to overcome 
this hurdle. Besides the aforementioned 
challenges, foundational models introduce 
additional risks. For example, over-reliance 
on AI tools may lead to the deskilling of ra-
diologists, weakening their ability to assess 
critically the AI-aided recommendations.85 
Ongoing education and training for radiolo-
gists are essential to mitigate deskilling and 
ensure appropriate use of these technolo-
gies. 

Prospects

As previously discussed, attention-based 
FMs have represented a technological leap in 

AI capabilities, with a wide range of poten-
tial applications in medical imaging. How-
ever, it should be noted that AI research is in 
continuous development, and even as LLMs 

and FMs are just starting to be employed in 
the radiology domain, novel technologies 
are already aiming to complement or substi-
tute current architectures and improve upon 

Figure 12. Environmental impact of foundation models. AI, artificial intelligence.

Figure 11. Potential risks and challenges ahead for implementing foundation models in radiology.
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their performance, alignment, and other lim-
itations.

Among DL developments, state space 
models and recurrent neural networks cur-
rently represent promising architectures in 
the context of FMs, although the latter is a 
relatively mature technology.86-88 Both meth-
ods, with different specific implementations, 
including hybrid approaches,89 incorporate 
recursive computation and representation of 
longer data sequences compared with “pure” 
transformer-based models. Furthermore, as 
is often the case in AI, these represent, at 
least in part, implementations of concepts 
initially theorized decades ago,90 which have 
found new applications due to an increase in 
computational power and data availability.

Independent of the chosen neural net-
work architecture, in the future, radiologists 
should expect (and increase their demand 
for) greater use of open-source software in 
the setting of generative AI and FMs. At the 
moment, this domain is largely dominated 
by proprietary (i.e., closed) technologies, 
which obfuscate the data used to train these 
tools, the network’s architecture, and the 
specific weights stored within the trained 
model. As previously mentioned, this lack of 
transparency represents a limitation to the 
implementation of FMs in healthcare, as well 
as running contrary to the principles con-
tained within the European Union’s AI regu-
latory framework.91 Nevertheless, high-per-
formance and large-scale FMs, which are also 
open-source, are already available, with Me-
ta’s LLaMA being the most well-known. On 
the other hand, the increase in transparency 
afforded by open-source software comes 
with different considerations and potential 
tradeoffs. Although open-sourcing the mod-
el itself does not inherently compromise the 
privacy of the original training data (which 
are usually kept separate) or the input data, 
ensuring model security, preventing model 

misuse, and mitigating potential risks such 
as cyberattacks requires careful governance; 
this may represent a significant issue in sen-
sitive contexts, such as medical imaging. Fur-
thermore, although open source does not 
represent an outright impediment to patent-
ing, it does present a greater degree of chal-
lenge in protecting the technology behind 
a medical device and allowing a company 
to extract the economic value necessary to 
justify the large-scale investments required 
to develop such devices and the models run-
ning in the backend. This tension between 
private companies and public interest is not 
new to healthcare and has been the object 
of long debates in, for example, the setting 
of pharmaceutics.92-94

AI and FMs can certainly look to these 
lessons to further establish the appropriate 
ethical and regulatory framework as these 
technologies increase their footprint in med-
ical imaging, rather than attempting to rein-
vent the wheel. A clear sign of the relevance 
of these considerations is represented by the 
EU Commission’s recently announced inten-
tion to withdraw the proposed AI Liability 
Directive in its 2025 work program, demon-
strating the regulator’s difficulties in bal-
ancing patient protection and incentivizing 
innovation.95,96

AI and FMs will almost certainly impact 
healthcare, especially medical imaging,97 in 
the future. In this setting, radiologists will 
need to be ready to increase their involve-
ment in multidisciplinary teams. Deploy-
ment (and development) of FMs will require 
the expansion of the expertise requirements 
in imaging departments and closer collab-
oration with information technology, data 
science, and machine learning operations 
professionals. It could also be argued that 
the current vision in this profession regard-
ing the implementation of this type of AI is 
still limited and mostly based on “adding on” 
FM to the current clinical workflow.98 Howev-

er, it is also possible that this may not be the 
best strategy to implement this technology 
and may lead to unmet expectations and low 
impact on patient outcomes.99,100 Rather, the 
time may soon come to face the reality that 
FMs will require a radical rethinking of parts 
of the medical imaging practice: for example, 
regarding the scale of service delivery and 
role of the radiologist.101

Final thoughts

FMs represent a potential paradigm shift 
in AI, offering broad adaptability, multimod-
al integration, and improved generalizability 
across a wide range of tasks. In radiology, 
FMs have an immense potential to enable 
applications spanning image analysis, re-
port generation, and integrative diagnos-
tics across heterogeneous data sources. 
However, realizing this potential requires 
addressing key challenges, including issues 
of transparency, sustainability, data privacy, 
regulatory complexity, and ethical imple-
mentation. The inherent stochasticity and 
risk of bias in these models necessitate rig-
orous validation and continuous monitoring. 
Successful integration will require not only 
technical advancement but also adaptive 
clinical workflows and absolute transpar-
ency, potentially facilitated through open-
source frameworks. Radiologists (along with 
other stakeholders) must play a central role 
in guiding the responsible development and 
deployment of FMs to ensure they augment, 
rather than undermine, the quality, safety, 
and equity of patient care. To this end, the au-
thors of this international collaborative effort 
provide the radiology community with a set 
of practical recommendations based on the 
content extensively discussed in this work, 
to facilitate the better integration of FMs into 
clinical practice (Table 2). The authors hope 
that both the review and the accompanying 
recommendations will serve as a solid foun-
dation for radiologists in adapting to rapidly 
evolving AI technologies, specifically FMs. 
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Table 2. Practical recommendations for radiologists and other healthcare stakeholders regarding the integration of artificial intelligence 
foundation models into clinical practice

Category Recommendation

Safety and localization • Rigorously test foundation models on your data/protocols before any clinical use
• Ensure strict patient privacy, anonymization, and regulatory compliance are provided by the vendor

Clinical use and trust

• Prioritize transparent models (e.g., with explainable AI methods) to understand AI reasoning
• Integrate AI thoughtfully to genuinely improve, not just add to, processes
• Always retain final clinical judgment; AI assists, radiologists decide
• Evaluate AI outputs in real-world settings (e.g., different scanners, different patient demographics) to assess robustness
• Develop clear communication strategies for disclosing AI-assisted interpretations to referring physicians and patients

Responsible AI

• Be watchful for potential biases and regularly assess following updates for fairness
• Demand vendor transparency
• Push for third-party validation of AI tools (not just vendor-reported metrics)
• Participate in and support open science initiatives for shared model evaluation
• Be mindful of AI’s environmental/computational, economic, and social footprint

Future-proofing
• Continuously learn AI principles, data science, and ethics to build AI literacy to help make informed decisions
• Follow evolving AI regulations (e.g., AI Act) and best practices
• Build internal AI governance structures or committees to oversee and audit ongoing usage and updates

AI, artificial intelligence.
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On August 1, 2024, the artificial intelligence (AI) Act 2024/1689 officially came into 
force within the European Union (EU). Since the United States Executive Order 14110 
on AI from 2023 was recently revoked, it sets the global standard as a regulatory 

framework to govern AI systems.1 The Act applies across all sectors and, as such, also intro-
duces requirements and controls for the use of AI in healthcare. Although medical devices 
(MDs) (with and without AI) have long been subject to the rules and requirements of the 
MD Regulation (MDR) (preceded by the MD directive) and the in vitro diagnostics regulation 
(IVDR) (preceded by the in vitro diagnostic MDs directive), these requirements primarily focus 
on the manufacturers.2,3 The AI Act extends this dynamic by introducing AI-specific require-
ments for manufacturers (providers), as well as additional responsibilities for the users (de-
ployers) of AI-enabled MDs.

Central to the AI Act is the classification of AI systems based on their level of risk: prohib-
ited, high-risk, limited-risk, minimal-risk, and general-purpose AI models (with and without 
systemic risk) or systems. MDs incorporating AI are generally classified as “high-risk” because 
AI often serves as a key functionality or safety component, and most software-based MDs  
require a conformity assessment, per their assigned risk classification, by a notified body un-
der the MDR or IVDR before they can be placed on the EU market. High-risk AI systems must 
meet stringent requirements for design, risk management, performance, transparency, hu-
man oversight, logging, and monitoring under the AI Act to ensure their safe and effective 
use.4

The additional requirements for the providers do not exempt healthcare organizations and 
individual users, designated deployers, from keeping pace with the new regulations.5 Some 
requirements are already covered by the MDR and IVDR, such as ensuring the MD is used ac-
cording to its intended purpose and reporting incidents. Other regulatory frameworks, such 
as the General Data Protection Regulation 2016/679, may require healthcare organizations 
to conduct data protection impact assessments to ensure privacy is adequately protected.6

This commentary highlights the most important additional requirements for deployers of 
high-risk AI solutions in healthcare, as summarized in Figure 1 and Table 1. It explores the 
boundaries of responsibility between the MD industry, healthcare organizations, and individ-
ual users. We reflect on how the AI Act reshapes accountability and places new demands on 
healthcare professionals as users of AI systems.

Obligations for healthcare organizations and users (deployers)

Ensuring artificial intelligence literacy among healthcare staff

Healthcare organizations are expected to ensure the AI literacy of their staff to support 
the safe and responsible use of AI systems (AI Act, article 4). The level of AI literacy required 
depends on context and role. For clinical users, this may involve general AI knowledge (un-
derstanding the capabilities and risks of AI) and system-specific knowledge (understanding 
how to interpret the AI system’s output and detect malfunctioning). This responsibility applies 
not only at the time of deployment but also over the entire product lifecycle, as updates with 
new functionalities may occur over time. Other responsibilities include input data control, 
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record keeping, and monitoring for auto-
mation bias, which will require IT personnel 
and medical physicists to become AI literate. 
Management and leadership roles may also 
need to enhance their AI literacy, as they are 
often involved in implementation decisions 
and governance (AI Act, Preamble 20 and 91).

The topic of AI is still often lacking in for-
mal educational programs.7 It is therefore up 
to healthcare organizations to judge what 
level of AI literacy is sufficient and for whom. 
Suitable materials and supplementary train-
ing may be obtained through professional 
societies, conferences, external parties, or AI 
system providers. It is important to note that 
this requirement applies as of February 2, 
2025, as shown in Figure 1.

The AI Act also promotes the AI literacy 
of “affected persons,” who, in the healthcare 
context, are likely to be patients or their rel-
atives. It states that the European AI Board 
should support the commission in promot-
ing AI literacy tools and public awareness (AI 
Act, Preamble 20). Some hospitals contribute 
by informing and educating patients on how 
AI is applied, for example, through posters or 
information on their websites.

Providers’ role:  Providers also have a 
responsibility to ensure sufficient AI litera-

cy. They must ensure their own staff are AI 
literate and facilitate adequate knowledge 
among their users (AI Act, article 4). Appro-
priate instructions for use are often obligato-
ry under the MDR and IVDR and are always 
obligatory under the AI Act (AI Act, article 
13). Providers also frequently organize user 
training to support the responsible use of 
their systems.

Implementing logging and record-keeping

Logging and record-keeping responsibili-
ties under the AI Act are shared between the 
AI system provider and the deployer.

Deployers are responsible for managing 
and storing logs once the system is in use 
within their organization. They must ensure 
that logs are retained for a period appropri-
ate to the AI system’s intended purpose, with 
a minimum duration of 6 months, unless de-
termined otherwise by another EU or nation-
al law. These logs should be accessible for 
internal reviews, audits, and the reporting of 
incidents to relevant authorities when neces-
sary (AI Act, article 26(6)). 

Providers’ role: Providers are responsible 
for embedding technical capabilities within 
the AI system to allow for automatic event 
recording over its entire lifecycle. These logs 

must capture key events related to system 
functionality, including identifying potential 
risks and data necessary to facilitate human 
oversight and monitoring. Some AI vendors 
and platforms already provide dashboards 
with longitudinal insights on system func-
tioning to facilitate monitoring and human 
oversight (AI Act, article 12).

Establishing human oversight and moni-
toring

Human oversight is required to mini-
mize risks to health, safety, and fundamen-
tal rights (AI Act, Article 26(2), 26(5)). This 
involves defining clear workflows to ensure 
that anomalies or unexpected performance 
are detected. For example, healthcare profes-
sionals must have the authority to override 
AI predictions when clinical judgment con-
tradicts the AI output. Human oversight must 
also safeguard against automation bias by 
ensuring that healthcare professionals criti-
cally assess the recommendations provided 
by the AI system. If deployers suspect that 
using a high-risk AI system according to its 
instructions could pose a risk, they must im-
mediately suspend its use and notify the pro-
vider and relevant authorities without delay. 
In the case of a serious incident, they must 
first inform the provider, followed by the im-
porter or distributor and the market surveil-
lance authority. Depending on the nature of 
the incident, the surveillance authority may 
be either the traditional MD competent au-
thority for safety incidents or the appointed 
national surveillance authority under the AI 
Act for infringements of fundamental rights 
(AI Act, article 3[49(c)]).

Human oversight may range from review-
ing individual results generated by an AI 
system to more holistic oversight, in which 
trends are monitored over time to allow early 
detection of performance drift, bias, or mal-
functioning of the AI system. Logging and 
record-keeping capabilities play a key role 
in supporting such oversight measures. Al-
though the AI Act does not exclude the pos-
sibility of autonomous AI use, it requires that 
appropriate oversight measures be in place 
to ensure safe deployment. As the concept 
of autonomy remains open to interpretation, 
future guidelines will be essential to clarify 
what level of human oversight is suitable for 
different degrees of autonomy.

Providers’ role: Providers of high-risk AI 
systems must ensure that their systems are 
designed to enable effective human over-
sight through appropriate human–machine 
interface tooling. These measures should be 

Table 1. Responsibilities for deployers (healthcare organizations) of AI systems under the 
AI Act

Responsibilities for deployers of AI systems under the AI Act Related articles

Ensuring AI literacy among staff Article 4

Implementing logging and record-keeping Article 26(6)

Establishing human oversight and monitoring Articles 26(2), 26(5)

Verifying the quality of input data Article 26(4)

Ensuring transparency to users Article 50

AI, artificial intelligence.

Figure 1. Timeline of requirements for deployers of medical high-risk AI systems under the AI Act. AI, 
artificial intelligence.
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built into the system or be possible for the 
deployer to implement. Oversight measures 
must be proportionate to the system’s risks, 
autonomy, and context (AI Act, article 14).

Verifying the quality of input data

Deployers are responsible for verifying 
that the data input into AI systems complies 
with the requirements specified by the pro-
vider (AI Act, article 26(4)). Poor quality or in-
complete input data could lead to erroneous 
AI predictions, posing risks to patient safe-
ty. Where AI systems may continue to learn 
from data in clinical practice, proper quality 
control by the healthcare provider becomes 
even more important, as it may affect the 
overall accuracy of the AI system. Healthcare 
organizations may consider implementing 
automated procedures to pre-screen data for 
quality assurance and to ensure it adheres to 
the requirements outlined by the AI system’s 
provider. For example, in radiological AI, data 
orchestration is often used to ensure that 
images meet specified criteria, such as reso-
lution and metadata, to allow the system to 
process them correctly. 

Providers’ role: In the instructions to us-
ers, providers must clearly specify the input 
data requirements (AI Act, article 13(3)).

Ensuring transparency to users

The responsibility for providing trans-
parency on the AI system predominantly 
lies with the provider; however, it is up to 
deployers to ensure that this information 
reaches the users. Users are most often 
healthcare providers, for example, when an 
AI system supports a physician in the diag-
nostic process. However, users can also be 
patients, such as when they use an AI system 
for (chronic) disease management. Health-
care organizations must ensure that users 
of AI systems are adequately informed that 
they are using an AI-based product and are 
aware of its capabilities, limitations, and po-
tential risks to health, safety, and fundamen-
tal rights (AI Act, Preamble 27, 72; article 50).

Providers’ role: Providers are responsible 
for supplying information about the AI sys-
tem through an instruction for use (AI Act, 
article 13), which is already mandatory under 
the MDR for most MDs. Additionally, the AI 
Act explicitly states that users must be in-

formed when they are interacting with an AI 
system (AI Act, Preamble 72; article 50(1)).

Impact on in-house developed AI

In-house developed MDs, used exclu-
sively for a healthcare organization’s own 
patients and not placed on the market, may 
be exempt from third-party (notified body) 
conformity assessments under the MDR. 
Without this obligation, such devices are not 
classified as high-risk under the AI Act, Arti-
cle 6 (b). However, article 43(3) suggests that 
certain AI systems, contrary to Article 6(b), 
may still qualify as high-risk even though 
they are exempt from third-party conformi-
ty assessments under Union Harmonisation 
Legislation listed in Annex I. To facilitate 
uniform implementation of the AI Act for in-
house developed AI-enabled MDs, further 
clarification or guidance from the European 
Commission is desired.

In the meantime, healthcare organiza-
tions could apply the MDR concept for in-
house developed products. This means they 
should aim to ensure safety, security, and 
the protection of fundamental rights. This 
can be achieved by following the require-
ments for high-risk AI systems, including risk 
management, quality management system 
requirements, and post-market monitoring, 
potentially through the use of harmonized 
standards. 

General-purpose models and administra-
tive AI tools

Software solutions using general-pur-
pose AI models, such as large language mod-
els, are gaining popularity. These systems 
can support administrative work, automate 
note-taking, summarization, or report gener-
ation. The intended purpose of the AI system 
utilizing a general-purpose AI model deter-
mines its risk classification under the AI Act. 
When there is no medical intended purpose 
(and therefore no qualification as a MD under 
the MDR), these systems are generally con-
sidered minimal-risk under the AI Act. There 
are no specific obligations for deployers of AI 
systems classified as minimal-risk. However, 
providers of general-purpose AI systems face 
additional requirements, mostly related to 
effectiveness, interoperability, robustness, 
reliability, transparency, and model evalua-
tion (AI Act, article 50).

In conclusion, the AI Act represents a sub-
stantial shift in regulating AI systems used 
in healthcare, extending responsibilities to 
healthcare organizations as deployers. By 
emphasizing AI literacy, data quality, human 
oversight, transparency, and monitoring, the 
Act promotes the safe and effective use of AI 
in clinical practice. Healthcare organizations 
must rise to the challenge of implementing 
these systems responsibly, balancing in-
novation with patient safety, even as many 
standards and guidance documents are still 
under development.8 Ultimately, the success 
of AI in healthcare depends on collaboration 
between providers and deployers, along 
with a shared commitment to compliance, 
education, and ethical use.
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A R T I F I C I A L  I N T E L L I G E N C E  A N D  I N F O R M AT I C S

The integration of large language models (LLMs), such as Chat Generative Pre-trained 
Transformer (ChatGPT) and Gemini, into peer review has recently emerged as a critical 
and rapidly evolving issue, raising serious concerns.1,2 LLMs can be used in various ways 

during the review process, including language refinement, drafting initial feedback, and even 
generating full review reports from scratch, yet the extent of their involvement remains un-
clear.2,3 Although journals, editors, and reviewers have been the focus of most previous discus-
sions about the use of LLMs in peer review, this commentary shifts attention to authors–the 
individuals whose unpublished work is being evaluated. Although the core concerns may be 
shared, authors might experience them from a distinct perspective, shaped by their limited 
control over the review process and their reliance on it for a fair, expert, and confidential eval-
uation of their work (Figure 1 and Table 1).

Importantly, and reflecting these very concerns, major academic publishers and journals 
generally prohibit the use of LLMs in the peer review process, particularly the uploading of 
manuscripts into such tools.4,5 However, because these tools are easily accessible, there is a 
risk that reviewers might use them without disclosure, which would breach editorial policies 
and bypass oversight. From an author’s viewpoint, this potential for unacknowledged LLM 
use adds another layer of uncertainty to an 
already non-transparent peer review system.

For authors, one of the most important 
concerns is the potential breach of confiden-
tiality surrounding their unpublished work.1,6 
The peer review process is conventionally 
built on a foundation of trust and strict con-
fidentiality, intended to safeguard novel data 
and ideas from premature or unauthorized 
disclosure. However, the use of LLMs–partic-
ularly general-purpose, widely available mod-
els that may store or externally process input–
poses a serious risk. If a reviewer inputs all or 
part of a confidential manuscript into such a 
model, sensitive content could inadvertent-
ly become part of future training data. For 
authors who have invested substantial time, 
intellectual effort, and resources into their 
research, the idea that their findings could be 
exposed or repurposed before publication is 
deeply concerning. Even though some LLMs 
or chat modes claim to offer secure data han-
dling through temporary chat sessions or 
offline use, authors have no assurance that 
reviewers will choose or correctly implement 
these options.
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Beyond confidentiality, the quality and 
reliability of the feedback generated by 
LLMs pose a major challenge for authors.7,8 
Authors submit their manuscripts expecting 
insightful, expert critique that helps refine 
their arguments, methodology, and find-
ings. However, LLMs often lack the nuanced, 
critical insight of human reviewers.2 They 
may generate generic praise or criticism and 
struggle to evaluate complex or niche aca-
demic topics effectively, failing to produce 
a properly balanced review.9 Authors receiv-
ing such superficial or generic reviews may 
feel their work has not been truly assessed 
by an expert, hindering their ability to re-
vise the manuscript effectively. This use of 
LLMs may result in a notable shift in the au-
thor–reviewer dynamic, where authors may 
develop serious criticisms of the reviewers’ 
reports. Furthermore, authors who focus 
solely on publishing their work by adhering 
to reviewer feedback–without questioning 
its validity–may inadvertently weaken their 
submission by incorporating misguided or 
irrelevant revisions, potentially leading to a 
decline in the quality of the first manuscript 
draft rather than improvement.

In addition, the potential for inconsisten-
cies, contradictions, and bias in LLM-shaped 
reviews can create confusion and frustration 
for authors.10,11 LLMs are highly sensitive to 
prompt variations, meaning that even slight 
changes in phrasing can produce markedly 
different responses. This variability may lead 
to internally inconsistent reviews or com-
ments that contradict feedback from other 
reviewers. LLMs can also exhibit sycophancy, 

aligning with a reviewer’s biased phrasing 
rather than the manuscript’s objective con-
tent. From an author’s perspective, receiving 
contradictory or unclear feedback makes it 
difficult to identify valid points for revision. 
Compounding this, LLMs may demonstrate 
bias–potentially favoring papers from well-
known authors or prestigious institutions if 
the review is not blinded.11 This raises con-
cerns about fairness and equity in the eval-
uation process, particularly for authors from 
less prominent backgrounds.

Another notable concern is the tendency 
of LLMs to generate irrelevant or fabricat-
ed content, including fictitious references.9 
Authors may receive comments based on 
non-existent issues or be asked to address 
points supported by fabricated citations. 
Identifying these “hallucinations” requires 
authors–or editors–to critically scrutinize ev-
ery detail of the review, adding another layer 
of burden to the already demanding process 
of manuscript revision.

Perhaps the most fundamental problem 
from the author’s viewpoint is the lack of 
transparency regarding LLM use in review.12 

Reviewers may not disclose their use of AI 
tools, and the inherent opacity of LLMs–com-
bined with tools designed to make AI-gen-
erated text appear human-like–makes de-
tection challenging for editorial teams. This 
means authors may receive a review shaped 
or even generated by an LLM without know-
ing it. Without this knowledge, authors are 
ill-equipped to interpret the feedback appro-
priately or to advocate for their work in re-

sponse to potential LLM idiosyncrasies such 
as hallucinations or contradictions.

Recognizing these challenges, one key 
recommendation is to notify authors if the 
peer review process involves LLM assistance.2 
This disclosure is crucial, as it allows authors 
to understand the potential influence of the 
tool and to respond accordingly to feedback 
that may reflect LLM limitations. It empowers 
authors to critically evaluate the review and 
address possible flaws attributable to AI rath-
er than blindly accepting potentially inaccu-
rate or irrelevant comments.

In conclusion, while often unspoken, LLM 
involvement in peer review may be more 
common than acknowledged and is likely to 
increase with the widespread availability of 
these tools. For authors, the integrity of peer 
review depends on receiving expert, objec-
tive, reliable, and confidential evaluations. 
Rather than pursuing an unrealistic ban, the 
focus should shift toward managing LLM 
use responsibly–ensuring strong human 
oversight and critical judgment so that LLMs 
support, rather than undermine, the peer 
review process.13 Safeguarding the integrity 
of peer review requires clear journal policies, 
targeted training for editors and reviewers, 
and transparency with authors to enable in-
formed responses. Authors, both as contrib-
utors and community members, play a criti-
cal role in upholding peer review standards 
amid increasing LLM involvement. They, in 
turn, should remain vigilant and adopt best 
practices to protect the integrity of their 
work (Figure 2). 

Table 1. Key author-centered concerns regarding LLM-involved peer review and their implications

Concern Description Implications for authors

Confidentiality Reviewer may input the manuscript content into 
general-purpose LLMs

Potential breach of confidentiality; unauthorized reuse of 
unpublished ideas or data

Feedback quality Feedback may be overly generic, superficial, or context-
insensitive

Limited value in improving the manuscript; lack of expert-level 
critique; the possibility of misguidance

Hallucination risk LLMs may introduce fictitious references or identify 
non-existent flaws Authors may waste effort addressing invalid or fabricated concerns

Inconsistency Responses may be internally inconsistent or conflict 
with other reviewers’ comments

Challenges in interpreting and responding to contradictory or 
incoherent feedback

Bias and manipulation LLMs may favor prestigious authors or verbose texts; 
vulnerable to prompt manipulation

Risk of unfair assessments and unintentional reinforcement of 
systemic biases

Lack of transparency Reviewers may not disclose their use of LLMs

Authors may be unaware of AI-generated content and unprepared 
to interpret LLM-specific issues. Familiarity with AI-generated 
generic, irrelevant, or fabricated language may erode trust in 
reviewers and the integrity of journal reviews

LLM, large language model; AI, artificial intelligence.
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B R E A S T  I M A G I N G
O R I G I N A L  A R T I C L E

Comparison of changes in dynamic contrast-enhanced magnetic 
resonance imaging and flourine-18 fluorodeoxyglucose positron emission 
tomography/computed tomography parameters from baseline to post-
neoadjuvant therapy in predicting pathological response in breast cancer

PURPOSE
This study aimed to compare the value of differences (∆) in parameters obtained via both dynam-
ic contrast-enhanced (DCE) magnetic resonance imaging (MRI) and flourine-18 fluorodeoxyglu-
cose positron emission tomography/computed tomography (18F-FDG PET/CT) between baseline 
and post-neoadjuvant therapy in predicting the pathological response to neoadjuvant therapy in 
breast cancer.

METHODS
A total of 109 patients who underwent both baseline and post-neoadjuvant therapy DCE-MRI and 
18F-FDG PET/CT examinations were retrospectively analyzed. The DCE-MRI parameters and 18F-FDG 
PET/CT parameters [metabolic tumor volume (MTV), standardized uptake value (SUV)max, SUVmean, 
and total lesion glycolysis] were recorded at both time points. Additionally, the ∆s between these 
parameters were calculated. Postsurgical pathology reports were documented, and the patients 
were subsequently categorized into two groups: those exhibiting pathologic complete response 
(pCR) and those exhibiting partial response. Parameters from DCE-MRI and 18F-FDG PET/CT were 
compared to determine which predicted pathological response to neoadjuvant therapy more ef-
fectively.

RESULTS
Patients with partial response demonstrated a higher rate of histologic grade 3 than those with 
pCR (P = 0.030). The only DCE-MRI parameter to indicate a significant difference between the two 
groups (P = 0.024) was the ∆(%)wash-out rate. Among the baseline parameters, only MTV success-
fully predicted pathological response (P = 0.033). The only post-neoadjuvant therapy parameter to 
be predictive of pathological response (P = 0.003) was SUVmean. In receiver operating characteristic 
analysis, ∆SUVmean emerged as the most significant parameter for predicting pathological response, 
followed by post-neoadjuvant SUVmean [area under the curve: 0.724 (95% confidence interval: 
0.630–0.805) and 0.673 (0.577–0.760), respectively].

CONCLUSION
The ∆18F-FDG PET/CT parameters are better than ∆DCE-MRI in predicting pathologic response to 
neoadjuvant therapy. Among these parameters, ∆SUVmean is the most successful.

CLINICAL SIGNIFICANCE
Neoadjuvant chemotherapy (NAC) response is one of the most important criteria in breast cancer 
prognosis. The two most important imaging modalities in breast cancer diagnosis and follow-up 
protocols are MRI and 18F-FDG PET/CT. However, it is not clear which of these two modalities is more 
successful in predicting the difference in treatment response between baseline and post-NAC.

KEYWORDS
Breast cancer, metabolic tumor volume, total lesion glycolysis, dynamic magnetic resonance imag-
ing, positron emission tomography
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Breast cancer is a significant public 
health concern, and women in partic-
ular face high breast cancer incidence 

and mortality rates.1 Prognostic factors are 
critical for estimating recurrence risk and 
providing increasingly personalized treat-
ment for patients.2 Current therapeutic ap-
proaches in breast cancer focus on neoadju-
vant chemotherapy (NAC)–also referred to as 
primary or induction chemotherapy–which 
is administered prior to surgical interven-
tion.3 Histological response following NAC 
remains the most important factor associat-
ed with recurrence risk.2-4 In addition, early 
prediction of NAC response can reduce pa-
tient costs and protect patients from unnec-
essary side effects and time loss, leading to 
the use of alternative methods. Therefore, 
additional and more precise methods of pre-
dicting NAC response and estimating prog-
nosis are necessary. 

Although novel imaging parameters have 
been developed to characterize the biologi-
cal features of breast tumors, factors affect-
ing the quality of the therapeutic response 
remain uncertain.5,6 Dynamic contrast-en-
hanced (DCE) magnetic resonance imaging 
(MRI) shows tissue vascularity and perfusion 
due to blood flow by analyzing signal inten-
sity.7 Semi-quantitative parameters derived 
from DCE-MRI can be calculated based on 
the signal intensity curve.8 Although studies 
investigating the relationship between these 
semi-quantitative parameters and therapeu-
tic responses in various tumor tissues are 
not uncommon in the literature,7-9 research 

examining the relationship of the differences 
(∆) in these parameters between diagnosis 
and post-neoadjuvant therapy with NAC re-
sponse remains limited.

Flourine-18 fluorodeoxyglucose positron 
emission tomography/computed tomog-
raphy (18F-FDG PET/CT) is a valuable tool 
in the staging of breast cancer at diagnosis 
and in evaluating therapeutic response and 
suspicion of recurrence using standardized 
uptake value (SUV) and its associations with 
various predictive and prognostic factors.10 
The SUVmax parameter corresponds to the 
point with the highest SUV value measured 
within a region of interest (ROI); in other 
words, it defines the most active part of the 
tumor and does not provide insight into the 
overall tumor status. Metabolic tumor vol-
ume (MTV) and total lesion glycolysis (TLG) 
have been introduced as semi-quantitative 
measures of 18F-FDG uptake within a hetero-
geneous tumor mass. The MTV represents 
the volume of tumoral tissue demonstrating 
a specific 18F-FDG uptake activity beyond the 
intensity of FDG uptake by tumor tissues.11 
Several studies have also compared the ef-
ficacy of TLG with that of MTV in predicting 
therapeutic responses.2,10,11

This study aims to evaluate whether 
semi-quantitative ∆DCE-MRI parameters and 
∆18F-FDG PET/CT indices (∆MTV, ∆SUVmax, 
∆SUVmean, and ∆TLG) could predict patho-
logical responses to NAC in patients with 
breast cancer during initial staging. These 
parameters are also compared with other 
predictive and prognostic factors [age, cel-

lular proliferation index, histologic grade, 
hormone receptor expression, and human 
epidermal growth factor receptor 2 (HER2) 
status] in terms of the pathological response 
after NAC.

Methods

Patient selection and study design

The present study was conducted in 
full accordance with the guidelines of the 
Declaration of Helsinki, revised in 2000 in 
Edinburgh. Approvals for the study were 
obtained from the Ethics Committee of Uni-
versity of Health Sciences Türkiye, Adana 
City Training and Research Hospital and the 
Turkish Ministry of Health (28.03.2024/3232). 
The requirement for informed consent from 
the patients was waived due to the retro-
spective nature of the study. Of the 262 cas-
es diagnosed during this period, 109 female 
patients who underwent both preoperative 
DCE breast MRI and 18F-FDG PET/CT at both 
diagnosis and after the completion of NAC 
were included in the study, following the ap-
plication of the exclusion criteria (Figure 1). 
All patients underwent clinical tumor stag-
ing via baseline clinical examination, mam-
mography, and ultrasonography along with 
a tru-cut biopsy. Both 18F-FDG PET/CT and 
cranial MRI examinations were performed for 
tumor–node–metastasis staging. To avoid 
the partial volume effect during measure-
ment of 18F-FDG PET/CT uptake, all lesions in 
the study had a long axis >15 mm.

Main points

•	 Of the dynamic contrast-enhanced magnet-
ic resonance imaging parameters, only ∆(%)
wash-out values differed between the two 
groups with pathologic complete response 
(pCR) and partial response, with higher ∆(%)
wash-out in the pCR group (P = 0.024).

•	 Delta standardized uptake value (∆SUVmean) 
demonstrated the best diagnostic test per-
formance at predicting treatment response 
among these parameters [area under the 
curve: 0.724 (95% confidence interval: 
0.630–0.805)]. 

•	 Metabolic tumor volume (MTV), SUVmean, 
∆MTV, ∆SUVmean, delta total lesion glycolysis 
(∆TLG), and ∆wash-out values after neoad-
juvant treatment and the distribution be-
tween groups were similar.

•	 In patients with pCR, baseline MTV, ∆(%) 
MTV, ∆(%) SUVmean, and ∆(%) TLG values 
were significantly higher, whereas post-neo-
adjuvant chemotherapy SUVmean values 
were significantly lower than those with a 
partial response. Figure 1. Flowchart of the study. DCE, dynamic contrast-enhanced; MRI, magnetic resonance imaging; PET-

CT, positron emission tomography-computed tomography.
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Semi-quantitative parameters from DCE-
MRI at the time of diagnosis were recorded. 
Subsequently, semi-quantitative DCE-MRI 
parameters obtained after NAC were docu-
mented, including (1) maximum enhance-
ment, (2) maximum relative enhancement, 
(3) T0 (s), (4) time to peak (s), (5) wash-in 
rate (s-¹), and (6) wash-out rate (s-¹). Differ-
ences between the measurements obtained 
at diagnosis and those recorded after NAC 
were calculated. Additionally, the SUVmax, 
SUVmean, TLG, and MTV values obtained from 
18F-FDG PET/CT at diagnosis and after NAC 
were recorded, and the Δs between these 
parameters were calculated. The percentage 
changes (Δ%) for all 18F-FDG PET/CT and MRI 
parameters were calculated using the follow-
ing formula:

Percentage change (Δ%) = (delayed param-
eter − baseline parameter) / baseline parame-
ter × 100.

Magnetic resonance imaging acquisition

The MRI protocols for this study adhered 
to the standards established by the breast 
MRI accreditation program of the American 
College of Radiology.12 A three-dimension-
al T1-weighted fast gradient echo-based 
DCE series with one pre-contrast and three 
sequential post-gadolinium contrast-en-
hanced sequences, each with a scan dura-
tion of approximately 3 minutes, was im-
aged. The examinations were conducted 
using a 3-Tesla scanner (Ingenuity; Philips 
Healthcare, the Netherlands) with a 16-chan-
nel breast coil. The DCE-MRI was performed 
using a fat-saturated three-dimensional fast 
gradient echo sequence with the following 
parameters: repetition time/echo time, 5.8/3 
ms; flip angle, 15°; spatial resolution, 0.5 × 0.6 
× 1.4 mm; voxel size, 0.8 × 0.8 × 2; temporal 
resolution, 60 s; number of sections, 200; and 
field of view, 360 × 360 mm. Fat suppression 
was achieved via the short-scar periareolar 
inferior pedicle reduction technique. All im-
ages were acquired in axial orientation. The 
contrast agent used was gadobutrol (Gado-
vist, Bayer Schering Pharmaceuticals, Missis-
sauga, Canada) administered at a dose of 0.1 
mmol/kg body weight and a rate of 2 cc/s, 
followed by a 15 cc saline flush.

Magnetic resonance imaging evaluation

All obtained DCE-MRI were retrospec-
tively reviewed based on consensus by two 
experienced radiologists with 9 and 7 years 
of experience in breast MRI. The radiologists 
were blinded to clinicopathological findings 
and clinical follow-up data except for data 
on the presence of breast cancer. All images 

obtained using the software were analyzed. 
Regions of interest were defined as areas 
demonstrating abnormal signals on the MRI 
and were manually delineated using the 
oval-shaped function (Figure 2). Time–inten-
sity curves and time-to-peak values were au-
tomatically generated based on these ROIs. 

In accordance with previously published 
methodologies, multiple circular ROIs mea-
suring 25 mm2 (approximately 5.6 mm in 
diameter) were carefully placed within the 
solid portion of the tumor, as indicated by 
DCE-MRI and T2-weighted imaging.2,7,9 The 
ROIs were meticulously positioned within 
the tumor to avoid cystic regions or visual 
artifacts, and average values within each 
ROI were recorded. These analyses were per-
formed using a dedicated workstation (Intel-
liSpace, Philips, Netherlands).

Acquisition of flourine-18 fluorodeoxyglu-
cose positron emission tomography/com-
puted tomography

Patients were placed in the supine posi-
tion during imaging, and CT transmission 
scanning was performed without intrave-
nous contrast enhancement. The scan uti-
lized a low tube current (135 kVp, 46–79 
mAs), a slice thickness of 4.0 mm, a gantry 
rotation of 0.53 s, and a collimator width of 5 
× 3 mm. Following a minimum fasting period 
of 6 hours, an intravenous injection of 370–
555 MBq 18F-FDG was administered. Whole-
body images were acquired using a PET/CT 
scanner (Ingenuity; Philips Healthcare, the 
Netherlands) 40–60 minutes after injection. 

Visual analysis employed a four-point cer-
tainty scoring system (definitely negative, 
equivocal: probably negative, equivocal: 
probably positive, and definitely positive) 
and included assessments of anatomical site 
and lesion size. The emission data were ac-
quired for 2.5 min per bed (six to seven beds), 
which were later attenuation-corrected with 
the digital CT data. Image reconstruction 
used the ordered subsets expectation max-
imization algorithm of two iterations and 
eight subsets.

Flourine-18 fluorodeoxyglucose positron 
emission tomography/computed tomogra-
phy evaluation

All 18F-FDG PET/CT images were retro-
spectively evaluated by a nuclear medicine 
specialist with 17 years of experience in 
PET-CT. This specialist was blinded to clinico-
pathological and clinical follow-up data that 
did not cover the presence of breast cancer. 
The foci of FDG uptake were identified if FDG 
accumulation exceeded that of comparable 
normal contralateral or surrounding tissues. 
The workstation automatically generated 
SUVmax, SUVmean, and MTV (cm3) from the vol-
ume of interest (VOI) (Figure 3). The target 
lesion margins inside the VOI were also auto-
matically defined, and voxels exceeding 41% 
of the SUVmax within the VOI were included 
in the MTV and SUVmean calculations. Among 
the relative thresholds of 40% SUVmax for tu-
mor delineation and contouring on PET/CT 
in patients with breast cancer, it is the most 
appropriate and popular cut-off value and 
prognostic marker.1-4 

Figure 2. Changes in dynamic contrast-enhanced magnetic resonance imaging baseline (a) and post-
neoadjuvant therapy (b) parameters of the same patient. Although there was a significant change in all 
dynamic parameters in this patient, the pathology result was a partial response.
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The TLG was calculated by multiplying 
MTV by SUVmean. Due to the study’s retrospec-
tive nature, semi-quantitative measurements 
were retrospectively reproduced by the nu-
clear medicine specialist taking part in the 
study, who was blinded to all other data. 

Chemotherapy regimen and histological 
evaluation

The NAC regimens included combinations 
such as doxorubicin and cyclophosphamide, 
doxorubicin and cyclophosphamide fol-
lowed by taxane, doxorubicin and docetaxel, 
and taxane combined with anti-HER2 agents. 

The pathological characteristics of the 
tumors examined in this work, including 
their histological type, histological grade, 
Ki67 proliferation index, hormone receptor 
expression, and HER2 status, were analyzed 
based on biopsies obtained at diagnosis 
prior to NAC. Immunohistochemical (IHC) 
analysis was used to determine whether the 
tumor tissue was positive or negative for 
HER2 and hormone receptors [estrogen re-
ceptor (ER) and progesterone receptor (PR)]. 
For hormone receptor expression positivity, 
≥10% was accepted. The HER2 expression re-
sults were grouped as negative, 1+, 2+, or 3+. 
Then, the fluorescence in situ hybridization 
(FISH) method was used for gene amplifica-
tion in cases with HER2 IHC staining score 2+. 
Cases with an IHC staining score of 3+ were 
defined as HER2 positive, or in the case of 
an IHC staging score of 2+, FISH positive.The 
Elston and Ellis13 criteria (grades 1, 2, and 3) 
were used to determine histological grades. 
The IHC study of the tumor tissue obtained 
positive or negative results for ER and PR 
and stratified these results according to the 
modified Allred scale.14 Histological respons-
es to antibodies in the breast were assessed 
using Miller–Payne grading.15 Pathologic 
complete response (pCR) is defined as the 
complete disappearance of cancer cells on 
histopathologic examination of mastectomy 
material after neoadjuvant treatment. Since 
the presence of residual ductal carcinoma in 
situ (DCIS) has prognostic significance and 
affects the comparability of the results with 
other studies, in this study, the pCR group 
was considered to be the absence of any tu-
mor cells, including DCIS. The patients were 
categorized into five subgroups based on 
the recommendations of the 12th Interna-
tional Breast Conference: (1) luminal A; (2) 
luminal B-HER2(−); (3) luminal B-HER2(+); (4) 
HER2(+); (5) triple-negative.16 The threshold 
for Ki67 positivity was 14%.

Statistical analysis

Statistical analysis was conducted using 
SPSS version 23.0 statistical software (SPSS, 
Chicago, IL, USA). Categorical variables were 
summarized as counts and percentages, 
and continuous variables were presented 
as means and standard deviations or medi-
ans (Q1–Q3) where applicable. Comparisons 
of categorical variables were conducted 
using the chi-squared test. The Kolmogor-
ov–Smirnov test was applied to assess the 
normality of parameter distributions. For 
non-normally distributed parameters, the 
Mann–Whitney U test was employed. The 
sensitivity and specificity of the relevant 
parameters in predicting patient response 
to treatment were calculated. Moreover, the 
area under the receiver operating character-
istic curve (AUC) was analyzed to determine 
the cut-off values. A P value of <0.05 was 
considered statistically significant in all tests.

Results 
The rate of patients with histological 

grade 3 was found to be higher in those ex-
hibiting a partial response than those achiev-

ing pCR (P = 0.030). No significant differenc-
es were observed between the treatment 
groups in relation to the remaining parame-
ters (P > 0.05) (Table 1).

In patients with pCR, baseline MTV, ∆(%)
MTV, ∆(%)SUVmean, and ∆(%)TLG values were 
significantly higher (P = 0.033; P = 0.014; P < 
0.001; and P = 0.014, respectively), whereas 
post-NAC SUVmean values were significantly 
lower than those with a partial response (P = 
0.003) (Table 2).

Tumor size and/or changes in tumor size 
were not associated with response to NAC. 
However, patients who achieved pCR ex-
hibited significantly higher ∆(%)wash-out 
values (P = 0.024). No significant differences 
were observed between the two groups in 
terms of the remaining DCE-MRI parameters 
(Table 3).

Baseline MTV (AUC: 62.5%), post-NAC  
SUVmean (AUC: 67.3%), ∆MTV (AUC: 64.5%), 
∆SUVmean (AUC: 72.4%), ∆TLG (AUC: 64.4%), 
and the DCE-MRI parameter ∆wash-out (AUC: 
63.5%) were found to be statistically signif-
icant predictors of treatment response (P < 
0.05). The ∆SUVmean parameter demonstrat-

Table 1. Comparison of demographic and pathological findings between the two groups

  Partial response pCR P value

(n = 72) (n = 37)

n (%) n (%)

Age (years), median (range) 47 (25–70) 53 (34–72) 0.345

Lymphovascular invasion 28 (38.9) 11 (29.7) 0.345

Histological grade      

1 34 (47.2) 12 (32.4) 0.030*

2 22 (30.6) 22 (62.2)  

3 16 (22.2) 3 (5.4)  

CERB2      

0 12 (16.7) 9 (24.3) 0.355

1 12 (16.7) 6 (16.2)  

2 37 (51.4) 13 (35.1)  

3 11 (15.3) 9 (24.3)  

High Ki67 expression 45 (62.5) 20 (54.1) 0.395

ER 54 (75) 30 (81.1) 0.475

PR 44 (61.1) 23 (62.2) 0.915

HER2 25 (34.7) 13 (35.1) 0.966

Luminal A 15 (20.8) 10 (27.0) 0.801

Luminal B HER2-negative 26 (36.1) 12 (32.4) 0.677

Luminal B HER2-positive 18 (25.0) 11 (29.7) 0.597

HER2-positive 7 (9.7) 2 (5.4) 0.438

Triple-negative 6 (8.3) 2 (5.4) 0.579 

*P < 0.05, chi-squared test. pCR, pathological complete response; ER, estrogen receptor; PR, progesterone receptor; 
HER2, human epidermal growth factor receptor 2.
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ed the best diagnostic test performance at 
predicting treatment response among these 
parameters, with a cut-off value of >30.5 and 
an AUC of 72.4 (Table 4).

The MTV, SUVmean, ∆MTV, ∆SUVmean,  
∆SUVmean, ∆TLG, and ∆wash-out values after 
neoadjuvant treatment and the distribution 
between biological subtypes were similar (P 
= 0.837; P = 0.325; P = 0.897; P = 0.664; P = 
0.782; P = 0.425, respectively) (Figure 4).

Discussion
The response to NAC is the most signifi-

cant parameter for predicting breast cancer 
prognosis.17,18 Therefore, the ability to pre-
dict the response to NAC can be considered 
equivalent to anticipating the course and 
prognosis of the disease.19 DCE breast MRI 
and 18F-FDG PET/CT are the two most utilized 
imaging modalities for patients with breast 
cancer worldwide. Therefore, the current 
study aimed to identify the most effective 
parameter among these two imaging tech-
niques for predicting the response to NAC.

Although SUV is a widely accepted pa-
rameter in clinical practice, SUVmax remains 
controversial.20 This is because SUVmax reflects 
the single-pixel value of the maximum inten-
sity of 18F-FDG activity rather than the entire 
tumor mass. Furthermore, SUVmax is affected 
by body weight.21 In the current study, no SU-
Vmax value (baseline, post-NAC, or ∆) success-
fully predicted the response to NAC. On the 
other hand, SUVmean, as an average measure-
ment, avoids these limitations. Accordingly, 
∆SUVmean and post-NAC SUVmean were deter-
mined to be the most valuable 18F-FDG PET/
CT parameters for predicting histopathologi-
cal response in this study.

By adjusting for lean body mass, MTV 
reflects metabolic activity across the entire 
tumor mass.22,23 In addition, MTV appears to 
be correlated with total tumor burden and 
tumor aggressiveness in various solid tu-
mors, thus providing useful prognostic infor-
mation.24 Both TLG and MTV are volumetric 
parameters used to estimate total radioac-
tivity within a tumor above a set threshold.25 
They have both proven to be useful in assess-
ing the therapeutic effects and prognosis of 
chemotherapy.26 The size of the tumor is also 
included in the calculation of TLG and MTV. It 
is not surprising that TLG and MTV increase 
with increasing tumor size, as found in some 
recent studies. In addition, some studies 
have shown that poorly differentiated tu-
mors have significantly higher TLG and larger 
MTV than well-differentiated tumors.27,28 In 
this study, both ∆MTV and baseline MTV pre-
dicted response to NAC, whereas MTV after 

Figure 3. Changes in flourine-18 fluorodeoxyglucose positron emission tomography/computed 
tomography parameters at (a) baseline and (b) after neoadjuvant treatment of the same patient. This 
patient, whose ∆SUVmax, ∆SUVmean changes were evident, had a pathologic complete response according 
to pathology. SUV, standardized uptake value.

Table 2. Comparison of flourine-18 fluorodeoxyglucose positron emission tomography/
computed tomography parameters and ∆(%) values between the two groups

Partial response
(n = 72)

pCR
(n = 37)

P value

Median (Q1–Q3) Median (Q1–Q3)

Baseline MTV (cc)
Post-NAC MTV (cc)
∆MTV (%)

155 (84–254)
387 (305–532)
683 (541–835)

19.2 (11.9–44.8)
4.25 (2.68–6.4)
82.3 (67–90.8)

0.033*
0.659
0.014*

Baseline SUVmax
Post-NAC SUVmax
∆SUVmax (%)

742 (5.21–122)
328 (2.98–452)
517 (295–663)

8.19 (5.42–22.69)
3.69 (2.78–4.98)
59.8 (37.7–77.8)

0.206
0.554
0.192

Baseline SUVmean
Post-NAC SUVmean
∆SUVmean (%)

3.89 (3.1–7.27)
3.05 (2.45–3.65)
26.4 (19.6–43.2)

4.15 (3.1–9.19)
2.17 (1.73–3.18)
48.9 (32.6–64.9)

0.481
0.003**
<0.001**

Baseline TLG 
Post-NAC TLG
∆TLG (%)

61.8 (29.4–154.3)
11.5 (7.42–18.73)
79.1 (65.4–90.3)

117.9 (41.2–293.4)
11.9 (6.36–29.7)
88.2 (75.2–94.1)

0.051
0.687
0.014*

*P < 0.05, **P < 0.01, Mann–Whitney U test. MTV, metabolic tumor volume; SUV, standardized uptake value; TLG, 
total lesion glycolysis; pCR, pathologic complete response; NAC, neoadjuvant chemotherapy. 

Table 3. Comparison of dynamic contrast-enhanced magnetic resonance imaging 
parameters and ∆(%) values between the two groups

Partial response
(n = 72)

pCR 
(n = 37)

P value

Median (Q1–Q3) Med (Q1–Q3)

Baseline tumor size on MRI (mm)
Post-NAC tumor size on MRI (mm)
∆Tumor size on MRI (mm)

36 (29–45)
19 (14–26)
45.1 (27.8–60)

36 (22–52)
20 (14–27)
47.6 (31–62.4)

0.773
0.875
0.569

Baseline maximum enhancement
Post-NAC maximum enhancement
∆Maximum enhancement (%)

963 (786–1080)
442 (214–768)
55.4 (18.6–77.9)

952 (711–1023)
475 (254–672)
41.8 (14.6–71.4)

0.113
0.766
0.768

Baseline maximum reel enhancement
Post-NAC maximum reel enhancement
∆Maximum reel enhancement

51 (44–58)
32 (12–50)
37.2 (2.5–74.5)

52 (41–59)
29 (12–46)
25.4 (11.5–76.9)

0.820
0.883
0.825

Baseline TTP
Post-NAC TTP
∆TTP (%)

139 (124–163)
168 (140–187)
-13.9 (-40.3–11)

154 (124–188)
174 (144–192)
-3.03 (-46.9–13.5)

0.355
0.238
0.908

Baseline wash-in
Post-NAC wash-in
∆Wash-in (%)

5.86 (4.05–7.88)
3.42 (1.69–6.2)
23.4 (-5.6–68.3)

5.56 (3.75–7.44)
3.71 (2.3–4.67)
38.7 (17.8–60.9)

0.957
0.683
0.754

Baseline wash-out
Post-NAC wash-out
∆Wash-out (%)

0.55 (0.23–1.58)
0.3 (0.18–1.1)
35.19 (-91.5–66.4)

0.67 (0.36–1.84)
0.25 (0.14–0.54)
41.67 (31.8–75.0)

0.129
0.118
0.024*

*P < 0.05, ** P < 0.01, Mann-Whitney U test. pCR, pathologic complete response; TTP, time to peak; NAC, neoadjuvant 
chemotherapy; MRI, magnetic resonance imaging.
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NAC was not significantly associated with 
treatment response. In this study, the su-
perior value of SUVmean compared with MTV 
and TLG likely stems from its independence 
from tumor size, as tumor size was found to 
be unrelated to NAC response. The study’s 
independent evaluation of 18F-FDG PET/CT 
parameters and overall analysis determined 
∆SUVmean to be the most effective parameter 
for predicting NAC response.

The finding that ∆SUVmean is the most sig-
nificant parameter, both within the 18F-FDG 
PET/CT parameters and overall, demon-
strates that changes in tumor biology (i.e., ∆ 
values) are the most effective predictors of 
response to NAC. These variations are bet-
ter represented by the differences between 
baseline assessments and post-NAC evalu-
ations, particularly in ∆SUVmean and ∆MTV, 
which can predict pCR and, consequently, 
influence surgical procedures.

Invasive lobular carcinoma (ILC) also dif-
fers from invasive ductal carcinoma in terms 

of receptor expression.29 In particular, ILC is 
almost always (95%) ER-positive, raising the 
possibility of increased utility of ER-targeting 
PET tracers for patients with ILC.29 Sixteen al-
pha 18F-fluoroestradiol is an ER-targeting PET 
tracer with high sensitivity and specificity for 
the detection of ER-positive tumors. It can be 
used as a predictive biomarker to demon-
strate ER heterogeneity, evaluate the phar-
macokinetics of ER-targeted agents, quantify 
residual ER during endocrine therapy, and 
determine the biological optimal dose of 
novel ER-targeted drugs.

One factor that may influence the re-
sponse to systemic chemotherapy is tumor 
perfusion. Tumor tissue with relatively poor 
perfusion is believed to be less exposed to 
chemotherapeutic agents and therefore may 
not respond adequately to NAC.29,30 This defi-
ciency could be a factor contributing to poor 
responses to intravenous chemotherapy. Pri-
or studies on large breast tumors using vari-
ous techniques, including histologic analysis 
of vessel density, PET with 15O-water, DCE-

MRI, single-photon imaging with 99mTc-ses-
tamibi, and Doppler sonography, all suggest 
that blood flow in LABC is highly variable.31-33 
Quantitative DCE-MRI, which assumes two 
chambers representing the extravascular 
extracellular space and blood plasma, pro-
vides absolute and thus objective measures 
of perfusion.3,20,21 However, among the DCE-
MRI parameters evaluated both at baseline 
and post-NAC in this study, only ∆wash-out 
was able to predict the treatment response. 
Nevertheless, the specificity of ∆wash-out 
was found to be significantly lower than the 
parameters of 18F-FDG PET/CT.

Many factors may influence 18F-FDG up-
take into tumor cells, including the up-reg-
ulation of glucose transporters and hexoki-
nase enzymes and neo-angiogenesis, which 
in turn are related to the number of viable 
tumor cells, their aggressiveness, and pro-
liferative activity.1,7,15 Angiogenesis is one of 
the most important of these, and one of the 
biggest effects of NAC drugs is that they af-

Figure 4. Baseline metabolic tumor volume, SUVmean after neoadjuvant treatment, ∆MTV, ∆SUVmean,  ∆TLG, ∆wash-out in relation to currently used biological subtypes. 
SUV, standardized uptake value.

Table 4. Receiver operating characteristic analysis of parameters predictive of pathological response to neoadjuvant therapy

AUC (95% CI) Cut-off Sensitivity Specificity LR+ LR− PPV NPV

Baseline MTV 0.625 (0.527–0.717) >9.92 86.49 35.21 0.75 2.61 41 83.3

Post-NAC SUVmean 0.673 (0.577–0.760) <2.32 56.76 84.72 3.71 0.51 65.6 79.2

∆MTV 0.645 (0.547–0.734) >70.2 72.97 54.93 1.62 0.49 45.8 79.6

∆SUVmean 0.724 (0.630–0.805) >30.5 81.08 56.94 1.88 0.33 49.2 85.4

∆TLG 0.644 (0.546–0.734) >74.6 81.08 45.07 1.48 0.42 43.5 82.1

∆Wash-out 0.635 (0.536–0.726) >-9.52 100 38.89 1.64 0 44.3 100

< positive diagnostic test for values under the optimal cut-off > positive diagnostic test for values above the optimal cut-off, *P < 0.05. AUC, area under the curve; CI, confidence 
interval; LR+, positive likelihood ratio; LR−, negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value; MTV, metabolic tumor volume; TLG, total lesion 
glycolysis; NAC, neoadjuvant chemotherapy; SUV, standardized uptake value.
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fect tumor perfusion; that is, angiogenesis. 
However, as shown in this study, the disrup-
tion of angiogenesis is only one of the factors 
affecting the tumor’s pathological response. 
For this reason, DCE MRI parameters, whose 
main mechanism of action is to show tumor 
perfusion, show considerable variability due 
to the disruption of angiogenesis after neo-
adjuvant treatment, but do not show this 
pathological response. However, the main 
mechanism of action of PET-CT parameters 
is metabolic activity. Metabolic activity is 
higher in tumors with high perfusion/angio-
genesis; however, its effect on metabolic ac-
tivity, which is the main indicator of PET-CT 
parameters, is limited. Therefore, the rate of 
being affected by perfusion disorders caused 
by NAC drugs is limited.

Previous studies have suggested that ad-
vanced T and N stages and ER-negative sta-
tus are associated with high SUVmax values in 
patients with breast cancer. Although lymph 
node response was not examined in this 
study, these parameters, which are effective 
in predicting the response of mass to neoad-
juvant treatment, were found to be unaffect-
ed by biological subtypes.

This study had several limitations. First, 
the current literature describes DCE-MRI 
parameters using ktrans, ve, and kep calcula-
tions. The authors were unable to use these 
parameters, since no application capable of 
calculating these values is available in the 
hospital; this can be regarded as a limitation 
concerning the integration of the study with 
existing literature. Second, FDG PET/CT was 
performed in the supine position, and no ad-
ditional imaging was performed specifically 
for the position of the breasts. This may have 
been a misleading factor, especially in pa-
rameters such as MTV and TLG, where tumor 
volumes are also calculated. Some recent 
studies have examined the effect of breast 
position on PET-CT results.34 Furthermore, 
the small sample size due to stringent exclu-
sion criteria and the retrospective nature of 
the study were additional limitations.

In conclusion, in patients with LABC, 
18F-FDG PET/CT performed both at baseline 
and post-NAC demonstrated the metabolic 
changes induced by treatment. The ∆SUVmean 
parameter is the most successful predictor 
of pathological response to NAC among all 
PET/CT parameters.
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L E T T E R  T O  T H E  E D I T O R

Dear Editor,

We read with great interest the study by Özgür et al.1 entitled “Diagnostic value of the flare 
sign in predicting extracapsular extension in metastatic axillary lymph nodes and nodal status 
on breast magnetic resonance imaging,” which proposes the “flare sign” as a promising imag-
ing marker for extracapsular extension (ECE) on breast magnetic resonance imaging (MRI). 
The authors should be acknowledged for systematically characterizing this novel radiological 
feature and evaluating its predictive accuracy in a pathologically confirmed cohort of axillary 
metastases.

The concept of T2 hyperintense perinodal signal has been sporadically discussed in pre-
vious studies under various terminologies, such as “perinodal edema” or “perifocal signal 
abnormality.” For example, Baltzer et al.2 described perifocal edema on MRI as a specific but 
low-sensitivity indicator of nodal malignancy, while Kim et al.3 reported strand-like or circum-
ferential T2 signal increases around axillary nodes but without histopathological ECE corre-
lation. Moreover, in head and neck cancer imaging, Hiyama et al.4 employed the term “flare 
sign” to describe perinodal spread, suggesting its potential utility in evaluating extranodal 
invasion. However, to the best of our knowledge, the study by Özgür et al.1 represents the first 
application of the “flare sign” as a specifically defined, histopathologically validated diagnostic 
feature of ECE in metastatic axillary lymph nodes on breast MRI.

Despite this strength, we believe several methodological aspects warrant further clarifica-
tion. First, the average interval of 48 days (range: 4–92) between MRI and surgery raises con-
cerns regarding the temporal stability of imaging findings, especially for dynamic features, 
such as perinodal edema. Importantly, perinodal and peritumoral edema are more common-
ly observed in biologically aggressive tumors, such as triple-negative and human epidermal 
growth factor receptor 2 (HER2)-positive subtypes, or in high-grade lesions.5 Therefore, this 
extended preoperative interval may have introduced bias due to the rapid progression of 
nodal infiltration or signal changes, particularly in these aggressive phenotypes. Furthermore, 
while the authors presented molecular subtype distributions (e.g., HER2-positive, triple-neg-
ative), they did not investigate the association between the flare sign and tumor biology. 
Histopathologic or molecular subtype stratification (e.g., ductal vs. lobular carcinoma) may 
have elucidated differential patterns of perinodal signal, especially considering that invasive 
lobular carcinomas are known to spread differently and more diffusely.6

Second, the study lacks interobserver agreement metrics (e.g., kappa statistics), which are 
essential to establish the reproducibility of flare sign interpretation. 

Third, although the authors excluded patients who received neoadjuvant therapy, they did 
not report whether other perinodal pathologies (e.g., extranodal tumor deposits, extranodal 
vascular emboli) were assessed histologically,  factors that may contribute to T2 signal eleva-
tion and potentially confound the flare sign.7,8

Additionally, the omission of ECE extent (e.g., ≤2 vs. >2 mm), which has shown prognostic 
and therapeutic relevance,9 limits further stratification of risk. Finally, although the authors 
state that 35 patients underwent sentinel lymph node biopsy only, they do not elaborate on 
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how the known false-negative rate of senti-
nel lymph node biopsy (approximately 8.3%) 
may have impacted the detection of ECE in 
this subset.

Furthermore, the generalizability of the 
findings is limited, as the study was conduct-
ed at a single institution using only a 1.5T 
MRI system. External validation across multi-
ple centers and imaging platforms is essen-
tial to confirm the reproducibility of the flare 
sign as a reliable biomarker.

Finally, the imaging analysis was restrict-
ed to T2-weighted sequences; dynamic 
contrast-enhanced MRI parameters, such 
as peak enhancement, washout kinetics, or 
time–intensity curve types, were not includ-
ed. A multiparametric MRI approach could 
provide a more comprehensive assessment 
and improve diagnostic performance by in-
tegrating functional and morphological in-
formation.

In conclusion, Özgür et al.1 provide com-
pelling preliminary evidence that the flare 
sign could serve as a high-specificity bio-
marker for ECE, with potential implications 
for surgical planning and axillary staging. 
Future prospective multicenter studies in-
corporating volumetric ECE assessment, 
multiparametric MRI features, and interob-
server reliability analyses would be valuable 
to confirm and extend these findings. 
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L E T T E R  T O  T H E  E D I T O R

Dear Editor,

We would like to thank the authors for their interest in our study entitled “Diagnostic value 
of the flare sign in predicting extracapsular extension in metastatic axillary lymph nodes and 
nodal status on breast magnetic resonance imaging”.1 We appreciate their thoughtful com-
ments2 and the opportunity to respond.

Our study was designed as a preliminary one focusing on the radiologic–pathologic cor-
relation of extracapsular extension (ECE) using breast magnetic resonance imaging (MRI). In 
our study, we evaluated the flare sign as a practical imaging marker that could be interpreted 
easily in routine clinical settings, independent of advanced multiparametric analysis. Rather 
than analyzing extensive dynamic or functional parameters, our aim was to assess whether a 
single, morphologic feature—interpreted globally across the axilla—could predict ECE with 
acceptable diagnostic performance.

Regarding the patient population, it is important to clarify that the frequent use of neo-
adjuvant chemotherapy (NAC) in locally advanced, triple-negative and HER-2 positive breast 
cancers substantially influenced the composition of our cohort. In our institutional experi-
ence, patients referred for NAC exhibited pronounced flare signs and/or direct extracapsular 
spread on MRI. However, we made a deliberate methodological decision to exclude patients 
who received NAC, as NAC is known to significantly alter both the imaging and histopatholog-
ic appearance of nodal structures (Figure 1). Including such patients would have introduced 
bias and obscured the natural imaging–pathology relationship.

As shown in our study flow diagram, the majority of excluded cases had received NAC. 
Furthermore, the strong tendency to refer patients with triple-negative and HER-2 positive 
breast cancers for NAC resulted in an inhomogeneous distribution across molecular subtypes, 
making meaningful group comparisons unfeasible.

Although we did not assess inter-reader variability statistically, all imaging was interpreted 
in consensus by two experienced radiologists who were blinded to histopathologic results. 
This methodology is consistent with previous studies in the literature, such as those by Ki-
mura et al.3 and Bode et al. 4, both of which adopted consensus reading protocols in similar 
diagnostic settings.

We believe that these design choices were essential to preserve internal consistency and 
to enable a clear and reliable radiologic–pathologic correlation. We acknowledge that the var-
iability in the MRI-to-surgery interval and the absence of ECE size categorization are among 
the main limitations of our study. Further prospective research involving multiparametric 
imaging and molecular subtype analysis will be essential to confirm and extend these early 
observations.
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C H E S T  I M A G I N G

ABSTRACT
Chronic thromboembolic pulmonary hypertension (CTEPH) is a severe, life-threatening complica-
tion of pulmonary embolism with pulmonary hypertension (PH). The combination of insufficient 
resolution of thrombi following pulmonary emboli and accompanying microvascular disease re-
sults in PH. Advances in imaging can offer better insight into CTEPH diagnosis and management, 
but lack of disease awareness among radiologists has been shown to be a cause of CTEPH misdi-
agnosis or delayed diagnosis. This review highlights features pertinent to CTEPH diagnosis. The pri-
mary focus is on different modalities with their distinctive signs and newly developed technologies 
employing artificial intelligence systems.

KEYWORDS
Chronic thromboembolic pulmonary diseases, chronic thromboembolic pulmonary hypertension , 
pulmonary embolism, pulmonary hypertension, pulmonary angiography, computed tomography, 
dual-energy computed tomography, magnetic resonance imaging, four-dimensional magnetic res-
onance imaging, artificial intelligence

You may cite this article as: Hekimoglu K, Gopalan D, Onur MR, Kahraman G, Akay T. Imaging in chronic thromboembolic pulmonary hypertension: review of 
the current literature. Diagn Interv Radiol. 2026;32(3):291-303.

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by incom-
plete resolution of thrombus in the pulmonary arteries. It originates from deep veins 
in the lower limbs and is associated with pulmonary hypertension (PH). The accumu-

lation of residual chronic thrombus in the pulmonary arteries triggers fibrotic proliferation 
and secondary microvasculopathy, leading to an elevation in pulmonary arterial pressure and 
pulmonary vascular resistance (PVR).1 The majority of thrombosis resolves following acute 
pulmonary thromboembolism (PE), but almost 5% of cases persist as chronic PE.2 Known and 
unknown factors are responsible for incomplete clot resolution. Abnormal fibrinogen struc-
ture and function, inhibition of thrombus angiogenesis, and inflammatory thrombosis are the 
main factors triggering microvasculopathy.3 There are also certain risk factors for CTEPH, in-
cluding antiphospholipid syndrome and elevated factor VIII, splenectomy, chronic inflamma-
tory processes, vascular shunts, infections, cancer, and non-O blood groups.4 

As per the 2022 European Society of Cardiology/European Respiratory Society (ESC/ERS) 
PH guidelines, CTEPH, placed in Group 4 PH, is a form of precapillary PH that is hemodynami-
cally characterized by mean pulmonary arterial pressure (mPAP) measured at rest >20 mmHg, 
PVR >2 Wood units, and pulmonary artery wedge pressure <15 mmHg.3 In the presence of 
comorbidities, mPAP can exceed 15 mmHg. These parameters should be supported with im-
aging modalities to establish an accurate diagnostic approach. Right heart catheterization 
(RHC) is therefore an integral component in CTEPH evaluation (Graphic 1).

CTEPH is defined by the presence of perfusion defects at least 3 months after anticoagu-
lation following acute PE. Abnormal vascular organization and disorganized vascular remod-
eling lead to characteristic abnormalities in pulmonary arteries, including eccentric clots, ste-
nosis, webs, bands, pruning, and pouch defects. Increased arterial tortuosity is also a feature 
of CTEPH.5 A cohort of patients with chronic PE without PH is in the “Chronic Thromboembolic 
Pulmonary Disease” category.3,6
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The diagnosis of CTEPH can be challeng-
ing even with contemporary diagnostic mo-
dalities. 

Although it may be a relatively uncom-
mon disease, the diagnosis is often underes-
timated due to non-specific signs and symp-
toms as well as a lack of awareness among 
the radiological community.7

The initial period of CTEPH, commencing 
approximately 3 months post-acute PE and 
extending into the first year, is characterized 
as the “honeymoon period.” Right ventricu-
lar hypertrophy and interventricular septal 
bowing may initially compensate for rising 
pulmonary pressures. During this phase, the 
pulmonary arteries may not attain critical 
values for mPAP and PVR. Prolonged eleva-
tion of mPAP measured at rest >30 mmHg 
leads to cor pulmonale and right heart fail-
ure, with low survival.8

A distinctive feature of CTEPH that sets it 
apart from other PH groups is the potential 
for cure with surgical pulmonary endarterec-
tomy (PEA). There is generally a dramatic re-
sponse to PEA surgery, with a rapid and sub-
stantial decrease in mPAP and permanent 
improvement of pulmonary hemodynamics. 

Methods
This review was conducted to synthe-

size and critically evaluate current imaging 
techniques and emerging technologies in 
the diagnosis and management of CTEPH. A 
systematic search was conducted across the 
PubMed, Scopus, and Google Scholar Data-
bases, focusing on the literature published 
between January 2000 and April 2025. The 
search terms included “CTEPH,” “dual-energy 
computed tomography,” “photon-counting 
CT,” “4D MRI,”. “cardiac MRI in PH,” “Artificial 
Intelligence in pulmonary hypertension,” and 

“pulmonary endarterectomy.” Studies were 
chosen based on their clinical significance, 
methodological quality, and relevance to 
current imaging practices. Inclusion criteria 
encompassed peer-reviewed English-lan-
guage articles, clinical trials, reviews, and 
guideline documents. Exclusion criteria in-
cluded case reports, non-peer-reviewed ab-
stracts, and non-English texts. Major sections 
of the manuscript are structured thematical-
ly according to modality, with integration of 
the recent ESC/ERS guidelines (2022) and 
expert consensus recommendations. All 
authors independently performed the liter-
ature screening, and any possible disagree-
ment was resolved by consensus.

Diagnostic approach to chronic 
thromboembolic pulmonary hypertension 

Ventilation/perfusion scan

Ventilation/perfusion (V/Q) scintigraphy 
is the widely accepted screening modality 

for excluding CTEPH. Guidelines still affirm 
a V/Q scan as a first step in the diagnostic 
process in CTEPH. Abnormal perfusion with 
preserved V/Q mismatch is suspicious for 
CTEPH, but as perfusion defects can also be 
seen in acute PE, large vessel vasculitis, pul-
monary arterial malignancy, veno-occlusive 
disease, and vascular stenosis,9 it is necessary 
to perform anatomical imaging to confirm 
CTEPH. Single-photon emission computed 
tomography (SPECT) imaging is preferred 
over planar scintigraphy due to its multipla-
nar imaging capability and better diagnos-
tic capacity (Figures 1 and 2). Low radiation 
dose exposure is a major advantage of V/Q 
scintigraphy. It has been shown that approxi-
mately 27–136-times less radiation exposure 
is required than with other diagnostic mo-
dalities using X-ray sources.10

Computed tomography

Computed tomography (CT) pulmonary 
angiography (CTPA) plays a central role in 

Main points

•	 Chronic thromboembolic pulmonary hy-
pertension (CTEPH) should be excluded in 
all patients presenting with pulmonary hy-
pertension. 

•	 CTEPH can be easily overlooked on imaging; 
hence, a high degree of suspicion is needed 
during imaging review.

•	 In challenging cases, novel diagnostic meth-
odologies such as dual-energy computed 
tomography can be instrumental in achiev-
ing an accurate diagnosis.

•	 Consulting with CTEPH expert centers is 
highly beneficial for making informed de-
cisions.

Graphic 1. Chronic thromboembolic pulmonary hypertension diagnosis algorithm adapted from the 2022 
European Society of Cardiology/European Respiratory Society guidelines.12 PH, pulmonary hypertension; 
CTEPH, chronic thromboembolic pulmonary hypertension; V/Q, ventilation/perfusion; CPET, chronic 
pulmonary hypertension; DSA, digital subtraction angiography; RHC, right heart catheterization; MDT, 
CTEPH Multidisciplinary Team.
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the diagnosis of both acute thromboembolic 
pulmonary disease and CTEPH. In the setting 
of acute pulmonary embolism, CTPA is the 
first-line imaging modality recommended 
by the 2019 ESC/ERS guidelines, providing 
rapid and accurate identification of thrombi 
in the pulmonary arteries. In acute PE, CTPA 
not only allows evaluation of pulmonary ar-
terial patency but also provides prognostic 
information through detection of right ven-
tricular strain [e.g., right ventricle (RV)/left 
ventricle (LV) ratio, septal bowing] and ex-
tra-vascular findings. In the chronic setting, 
according to the 2022 ESC/ERS guidelines, 
echocardiography is the recommended 
first-line diagnostic modality (recommen-
dation IB), whereas CTPA is included in the 
diagnostic algorithm for CTEPH (recommen-
dation IC). The CTPA technique is a valuable 
anatomical tool in the assessment of CTEPH, 
particularly for visualizing eccentric wall-ad-
herent thrombi, vessel stenosis, webs, and 
bands. Right ventricular remodeling is a key 
feature that develops as a consequence of 
long-standing pressure overload. Remodel-
ing manifests as right ventricular hypertro-
phy due to increased afterload, followed by 
progressive dilatation in advanced stages, 
which ultimately leads to impaired con-
tractility and right heart failure. The CTPA 
method can indirectly demonstrate these 
changes through findings such as increased 
RV free wall thickness, RV dilation, interven-
tricular septal flattening or bowing toward 
the LV, and enlargement of the right atrium 
and inferior vena cava (IVC). These features, 
when combined with vascular abnormalities, 
strongly support the diagnosis of CTEPH and 
provide valuable prognostic information.11,12 

To provide optimal evaluation of the pul-
monary and cardiovascular system, CTPA 
should be performed in the pulmonary ar-
terial phase. Structured evaluation of CT 
includes assessment of vasculature, cardiac 
chambers, and lung parenchyma. Although 
high-quality CTPA can effectively demon-
strate proximal CTEPH, it is still possible to 
miss distal CTEPH with conventional CTPA. 
One of the major limitations of CTPA in the 
context of CTEPH is its reduced sensitivity in 
evaluating subsegmental pulmonary arter-
ies, primarily due to vessel tapering and sub-
optimal opacification in the distal pulmonary 
vasculature. These technical limitations can 
lead to underestimation of the distal disease 
burden, particularly in chronic thromboem-
bolic disease affecting small-caliber vessels.

In addition to assessing the extent of the 
clot burden, CTPA offers key advantages in 
evaluating associated underlying lung and/

or cardiac diseases, as well as other potential 
causes of acute chest pain.13

Besides diagnosis, CTPA also has the 
potential to predict patient outcomes. Pul-
monary arterial occlusion exceeding 30% 
considerably elevates vascular resistance, 
leading to PH and subsequent elevated right 

ventricular afterload as well as an increased 
RV/LV ratio.14 It is crucial to recognize that 
a substantial clot burden in the pulmonary 
bed poses a severe risk for right ventricular 
and cardiac dysfunction. During every CTPA 
evaluation process, the pulmonary trunk and 
main branch diameters and the RV/LV diam-
eter ratio should be measured to determine 

Figure 1. Selected images of coronal, sagittal, and axial single-photon emission computed tomography 
(SPECT) perfusion (a, top panel) and corresponding fusion images of SPECT perfusion and CT (b, bottom 
panel). Multiple bilateral lobar perfusion defects (white arrow) and segmental (black arrow) distribution in a 
45-year-old man with chronic thromboembolic pulmonary hypertension.

Figure 2. Selected images of coronal, sagittal, and axial perfusion (top) and ventilation (bottom) from a 
ventilation/perfusion single-photon emission computed tomography series in a 40-year-old woman with 
chronic thromboembolic pulmonary hypertension. Multiple bilateral mismatched perfusion defects (black 
arrows) are observed.
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whether PH is present. A main pulmonary 
trunk diameter >29 mm, an RV/LV ratio >0.9 
on a four-chamber view, and leftward sep-
tal bowing are findings that indicate a high 
sensitivity for predicting PH on CTPA. These 
measurements should be interpreted in the 
context of CTEPH (Figures 3 and 4).2,6,15 In 
addition, CTEPH is often associated with sec-
ondary changes in right heart morphology, 
including right ventricular hypertrophy, right 
atrial enlargement, and IVC dilation features, 
that reflect chronic pressure overload.

Besides these PH findings, obtuse an-
gle-shaped, eccentrically positioned throm-
bus; asymmetric pruning or cut-off pulmo-
nary artery branches; irregular linear filling 
defects, webs, or bands; and compensatory 
bronchial artery hypertrophy are all signs of 
CTEPH (Table 1, Figure 5). Generally, bronchi-
al arteries originate from the systemic arteri-
al circulation, most commonly from the de-
scending thoracic aorta. Hypertrophy of the 
bronchial arteries, which often arise from the 
aorta or systemic vessels, represents com-

pensatory collateral circulation in CTEPH. 
These enlarged bronchial arteries may con-
tribute to retrograde systemic-to-pulmonary 
flow. During PEA, this retrograde flow poses 
a substantial risk of intraoperative bleed-
ing, making recognition of bronchial artery 
hypertrophy on imaging crucial for surgical 
planning. Pulmonary artery calcification, 
although relatively uncommon, may be ob-
served in patients with chronic, long-stand-
ing CTEPH and is considered a marker of dis-
ease chronicity.1

It is crucial to acknowledge that a por-
tion of patients with CTEPH may also have 
concurrent acute PE. Consequently, CTPA 
can effectively reveal the presence of acute–
subacute and chronic thrombi combinations 
and associated complications.16

Although CTPA is a foundational imaging 
modality in diagnosing acute pulmonary 
embolism and is also pivotal in evaluating 
CTEPH, its reliance on ionizing radiation ne-
cessitates strict adherence to the “as low as 
reasonably achievable” principle to balance 
diagnostic benefits with patient safety. Prac-
tical strategies for dose reduction include 
justification of each CT scan, automatic tube 
current modulation, lowering kilovolt (kV) 
peak, adjusting pitch, delaying scan initia-
tion to limit unnecessary exposure, and op-
timizing scan range.17 Additionally, the use 
of iodinated contrast media entails a risk of 
contrast-induced acute kidney injury, par-
ticularly in patients with pre-existing renal 
dysfunction. Pre-hydration protocols and 
contrast dose minimization are advised in at-
risk groups.18

In the imaging evaluation of CTEPH, stan-
dardized CTPA protocols are crucial for ensur-
ing optimal diagnostic accuracy and repro-
ducibility. Acquisition should be conducted 
using low-kV settings (typically 80–140 kV), 
selected based on body habitus or through 
automatic tube voltage selection systems to 
improve vascular contrast and reduce radia-
tion dose. The tube current should be auto-
matically modulated to maintain consistent 
image quality across varying anatomical 
thicknesses. Short gantry rotation times are 
critical to reduce motion artifacts, particular-
ly in patients who are unstable or dyspneic. 
The use of thin collimation and 1-mm slice 
thickness reconstructions is recommended 
to ensure high spatial resolution. Scanning 
may be performed in either craniocaudal or 
caudocranial directions; the latter is prefera-
ble in patients with respiratory compromise 
to reduce basal motion artifacts. Although 
deep inspiratory breath-hold remains the 

Figure 4. Computed tomography pulmonary angiography (CTPA) findings in patients with chronic 
thromboembolic pulmonary hypertension. Top row (a-c): patient 1. (a) Coronal reformatted CTPA image 
demonstrating chronic intraluminal thrombi within a segmental pulmonary artery (arrow); (b) axial image 
showing right ventricular dilatation secondary to pressure overload (star); (c) axial image illustrating main 
pulmonary artery enlargement consistent with pulmonary hypertension (star). Bottom row (d-f): patient 2. 
(d) Coronal reformatted CTPA image demonstrating chronic intraluminal thrombi (arrow); (e) axial image 
showing right ventricular dilatation (star); (f) axial image illustrating main pulmonary artery enlargement 
(star).

Figure 3. Axial computed tomography pulmonary angiography images. (a) Marked dilatation of the 
main pulmonary artery (star), exceeding the diameter of the adjacent ascending aorta due to pulmonary 
hypertension. Absence of visible vascular structures in the right lower lobe, suggestive of segmental 
occlusion due to chronic thromboembolic disease (white arrow). (b) Cardiomegaly with prominent right 
atrial and ventricular enlargement in pulmonary hypertension (star). 

ba

a

d e f

b c



 

Imaging in chronic thromboembolic pulmonary hypertension • 295

preferred respiratory maneuver, shallow 
breathing or breath-holding at vital capacity 
may be necessary for symptomatic patients.

Intravenous contrast administration 
should be tailored to patient size, with a 
preferred flow rate of 3–5 mL/s and contrast 
volumes ranging from 80 to 100 mL, using 
agents with iodine concentrations of 300–
370 mg/mL. Bolus triggering, ideally with re-
gion-of-interest placement in the pulmonary 
artery or ascending aorta, ensures optimal 

timing of image acquisition. For compre-
hensive assessment in suspected CTEPH, the 
use of a generalized chest CT angiography 
protocol that includes simultaneous opaci-
fication of both pulmonary and systemic 
arteries is recommended. This approach is 
not a conventional triple-rule-out protocol 
aimed at coronary artery evaluation; rather, 
the acquisition is optimized in patients with 
CTEPH to achieve simultaneous opacifica-
tion of the pulmonary arteries and systemic 

arterial supply, allowing for evaluation of 
bronchial artery hypertrophy and system-
ic-to-pulmonary collaterals. Recognizing 
these systemic collaterals is crucial for both 
diagnosis and surgical planning in CTEPH. 
Advanced techniques such as dual-energy 
(DE) CT or photon-counting (PC) CT offer 
additional perfusion mapping capabilities, 
highlighting perfusion defects not easily 
seen on standard morphological imaging. 
Subtraction imaging may also be employed 
when pre-contrast data is available, particu-
larly for assessing iodine distribution in the 
lung parenchyma. In special populations 
such as pregnant patients, modifications in-
clude the use of low tube voltage, caudocra-
nial scanning, and enhanced contrast injec-
tion protocols to counteract increased blood 
volume and cardiac output while minimizing 
radiation exposure, particularly to the fetus. 
The application of model-based iterative or 
deep-learning reconstruction techniques is 
strongly encouraged to reduce image noise 
without increasing the dose.7

A potential pitfall in CTPA interpretation 
is transient interruption of contrast (TIC). 
This occurs when deep inspiration or abrupt 
intrathoracic pressure changes during injec-
tion lead to an admixture of unopacified IVC 
blood with contrast-opacified superior vena 
cava blood, which produces heterogeneous 
opacification of the pulmonary arteries and 
may mimic true filling defects. In addition to 
TIC, several other artifacts may complicate 
image interpretation. Respiratory motion 
can generate pseudo-filling defects, and 
beam hardening from dense contrast in the 
superior vena cava or subclavian veins may 
obscure adjacent pulmonary arteries. Inad-
equate contrast timing may result in insuffi-
cient pulmonary arterial enhancement, ren-
dering the study non-diagnostic, and partial 
volume averaging—particularly adjacent to 
calcified vessel walls—may falsely appear as 
intraluminal thrombus. Furthermore, in pa-
tients with right heart dysfunction, delayed 
or heterogeneous contrast distribution can 
create flow-related artifacts that resemble 
vascular obstruction. Awareness of these 
pitfalls and the application of optimized 
scanning protocols—including proper bolus 
tracking, patient instruction, and thin-slice 
reconstructions—are crucial to avoid misin-
terpretation and ensure accurate diagnosis.19

Dual-energy computed tomography

Dual-energy CT (DECT) lung perfusion has 
gained widespread recognition as a valuable 
tool for identifying perfusion abnormalities. 

Figure 5. Coronal reformatted computed tomography pulmonary angiography image in chronic 
thromboembolic pulmonary hypertension. Segmental occlusion of the left lower lobe pulmonary artery 
is evident. Segmental occlusions are also present in the right lung. Marked bronchial artery hypertrophy 
(white arrows) is best observed on the coronal maximum intensity projection image. 

Table 1. Imaging findings in acute versus chronic thromboembolic disease and imaging 
modalities

 Imaging finding Imaging modality

Acute

Centrally located thrombus CTPA, CPA

Acute angle with vessel wall CTPA, CPA

Polo-mint sign, floating CTPA, CPA

Convex margins CTPA, CPA

Preserved or increased caliber CTPA, CPA

Parenchymal infarcts, reverse halo sign Chest CT 

Chronic

Total occlusion— “cut-off” sign CTPA, CPA

Obtuse angle with vessel wall CTPA, CPA

Linear filling defects, bands, webs CTPA, CPA

Concave margins CTPA, CPA

Eccentric thrombus abutting the vessel wall CTPA, CPA

Asymmetric pruning/decreased vessel caliber CTPA, CPA

Bronchial artery hypertrophy CTPA, CPA

Mosaic attenuation pattern Dual-energy CTPA, V/Q scan

Note: Both CTPA and Chest CT refer to standard protocols as well as their dual-energy CT implementations. CTPA, 
computed tomography pulmonary angiography; Chest CT, thorax computed tomography; CPA, conventional 
pulmonary angiography; V/Q, ventilation/perfusion.
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Iodine maps can increase diagnostic con-
fidence for CTEPH identification, and DECT 
perfusion imaging has been shown to reach 
close to 100% sensitivity and specificity for 
the diagnosis of CTEPH when combined 
with CTPA. The perfusion defects are typical-
ly wedge-shaped and located peripherally, 
distinguishing them from the more diffuse 
or central perfusion abnormalities often ob-
served in conditions such as emphysema;20 
DECT perfusion defects provide pixel-wise 
quantification of the spatial area of hypoper-
fusion.21 The presence of perfusion defects in 
cases where there is no morphological evi-
dence of chronic thromboembolism should 
raise suspicion of distal CTEPH (Figures 6 and 
7).22 

Furthermore, DECT scanners possess an 
additional capability for contrast media re-
duction through virtual monoenergetic im-
aging (VMI). The reconstruction of images at 
low energies (40–50 keV) with VMI applica-
tion enhances vascular opacity, enabling the 
utilization of low-contrast media on DECT. 
Mosaic perfusion of the lungs is an integral 
feature of CTEPH, characterized by geo-
graphical areas of hypoperfused and normal 
or hyperperfused areas (Figure 8). Mosaic at-
tenuation is not specific to CTEPH and may 
also be seen in small airway diseases, such 
as chronic obstructive pulmonary disease 
(COPD), hypersensitivity pneumonitis, and 
constrictive bronchiolitis. In CTEPH, the vas-
cular etiology is suggested by a paucity of 
vessels in the hypoperfused zones, whereas 
in airway diseases, the affected areas often 
demonstrate air trapping on expiratory CT, 
which may be subtle in COPD but is usually 
more conspicuous in hypersensitivity pneu-
monitis or constrictive bronchiolitis. Recog-
nizing these differences is essential in the 
differential diagnosis of mosaic attenuation 
patterns. It should also be noted that simi-
lar imaging findings—though typically less 
pronounced—may be encountered in bron-
chial obstructive pathologies, particularly in 
advanced stages of emphysema. Other lung 
abnormalities in CTEPH include parenchymal 
infarcts and related sequelae.

Photon-counting computed tomography

Photon-counting CT (PCCT) with nov-
el detector technology permits ultra-high 
resolution (UHR) imaging of the lungs and 
pulmonary vasculature. This enables the 
visualization of subtle abnormalities at the 
microcirculatory level, providing detailed 
morphological insights and differentiating 
chronic thromboembolic lesions from arti-
facts. The PCCT method offers key radiation 
dose reductions while maintaining or im-

proving image quality.23 In CTEPH, the sub-
pleural region of the lungs is the most affect-
ed area, characterized by major perfusion 
defects due to the presence of small-vessel 
disease. Poor subpleural perfusion can be 
precisely assessed using the UHR capability 
of PCCT, whereas CTEPH microvasculopathy, 
characterized by thin arterioles, venules, and 
ill-defined micronodules in the subpleural 

region of the lungs, which is not detectable 
with other imaging modalities, could be 
identified using PCCT.24

Additionally, four-dimensional (4D)-CT 
perfusion imaging with PCCT allows dynamic 
visualization of blood flow, enabling quanti-
fication of time-dependent perfusion param-
eters. This method provides complementary 

Figure 7. Coronal reformatted dual-energy computed tomography pulmonary angiography and volume-
rendered perfusion images. (a) Lobar occlusion of the right upper lobe pulmonary artery due to chronic 
thromboembolic pulmonary hypertension (arrow); (b) corresponding three-dimensional volume-rendered 
perfusion image reveals marked perfusion defects in the right lung (arrow). 

Figure 8. Geographical areas of normal (gray areas) and reduced (black areas, star) perfusion, known as 
mosaic attenuation in chronic thromboembolic pulmonary hypertension. 

Figure 6. (a) Coronal computed tomography pulmonary angiography shows eccentric thrombus in the 
right main pulmonary artery (black arrow) and occlusion of the right lower lobe vessels. (b) Dual-energy 
iodine map demonstrates a corresponding lobar perfusion defect in the right lung (star). Perfusion is also 
abnormal in the left lung due to subsegmental thrombi. 
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functional data alongside anatomical CTPA 
findings, particularly useful in patients with 
suspected distal or microvascular disease. Al-
though 4D perfusion imaging with PCCT of-
fers valuable functional data, it is not yet part 
of routine clinical practice. Its current use 
remains largely investigational, and further 
multicenter validation studies are required 
before clinical implementation.

Catheter pulmonary angiography

Catheter pulmonary angiography (CPA) 
remains a cornerstone in the diagnostic 
workup of CTEPH, particularly when plan-
ning interventions such as PEA or balloon 
pulmonary angioplasty (BPA) (Figure 9). The 
CPA technique enables dynamic, high-res-
olution visualization of pulmonary arterial 
anatomy and is especially valuable for de-
tecting chronic changes such as pouch de-
fects, webs, bands, and abrupt vascular cut-
offs. These findings help differentiate CTEPH 
from acute thromboembolic disease. How-
ever, CPA is highly operator dependent and 
subject to projectional limitations, which 
can lead to underestimation of distal disease 
burden. Overlapping vascular structures or 
suboptimal contrast timing may also obscure 
subtle lesions. Thus, high-quality biplane im-
aging and expert interpretation are essential. 
Furthermore, CPA offers the advantage of be-
ing combined with RHC in a single session, 
allowing for both anatomical and hemody-
namic assessment. However, it is an invasive 
modality associated with procedural risks, 
including contrast nephropathy, vascular in-
jury, arrhythmias, and, rarely, perforation. Its 
use should be balanced against clinical ne-
cessity and patient comorbidities.

Despite advances in non-invasive imag-
ing modalities, RHC is still mandatory for he-
modynamic evaluation. It is possible to com-
bine RHC with CPA for detailed assessment of 
pulmonary circulation.11,25

Optical coherence tomography and intra-
vascular ultrasound

Optical coherence tomography (OCT) 
and intravascular ultrasound (IVUS) are re-
al-time intravascular high-resolution imag-
ing modalities for detecting or characteriz-
ing PE and simultaneously measuring the 
luminal diameter.26 The resolution capacity 
of the OCT system is almost 10-fold higher 
than that of IVUS for the evaluation of sub-
segmental branches of pulmonary arteries. 
Although not used routinely, both systems 
have been shown to be useful for the iden-
tification of BPA targets;27 however, caution 

must be exercised, as it is possible to induce 
pulmonary injury during OCT by forceful in-
jection of a contrast jet. Forceful injection of 
contrast during OCT may result in pulmonary 
vascular injury, including barotrauma, vessel 
dissection, or even rupture, particularly in 
fragile or chronically diseased arterial seg-
ments.28

Magnetic resonance imaging 

Cardiac magnetic resonance imaging 
(MRI) is a comprehensive modality that 
combines basic morphologic imaging with 
advanced functional and tissue character-
ization techniques. Its value is particularly 
evident in CTEPH, where chronic pressure 
overload leads to progressive right ven-
tricular remodeling. Cine steady-state free 
precession sequences are the cornerstone 
of cardiac MRI and provide dynamic visual-
ization of cardiac motion, allowing accurate 
measurement of right ventricular and LV vol-
umes, ejection fraction, and wall thickness. 
In CTEPH, these sequences typically reveal 
right ventricular hypertrophy and dilatation, 
interventricular septal flattening or leftward 
bowing, and right atrial enlargement, which 
together reflect the chronic hemodynamic 
stress imposed by elevated pulmonary pres-
sures. 

Beyond morphology and function, con-
trast-enhanced sequences add critical tissue 
information. Late gadolinium enhancement 
is a robust marker of focal fibrosis, most com-
monly observed at the right ventricular in-
sertion points in patients with long-standing 

PH, including CTEPH. This localized fibrosis is 
thought to result from repetitive mechanical 
stress at the interventricular junction and has 
been associated with adverse outcomes. 

More advanced characterization is pos-
sible with mapping techniques. Specifically, 
T1 mapping and extracellular volume quan-
tification provide a quantitative measure of 
diffuse interstitial expansion and fibrosis, 
changes that cannot be captured by late 
gadolinium enhancement alone. By con-
trast, T2 mapping is primarily sensitive to 
myocardial edema and can highlight revers-
ible injury or acute strain superimposed on 
chronic remodeling. In the context of CTEPH, 
T1 mapping values and extracellular vol-
ume fractions are often elevated, reflecting 
diffuse myocardial changes secondary to 
pressure overload, whereas T2 mapping may 
help identify additional acute components 
of myocardial stress.

These MRI-derived parameters have par-
ticular importance in CTEPH because they 
correlate strongly with invasive hemody-
namic measurements. Increased right ven-
tricular volumes, reduced ejection fraction, 
abnormal strain, and elevated T1 or extracel-
lular volume values are associated with rela-
tively high PVR and mPAP. 

Although mPAP itself is determined only 
by RHC, cardiac MRI provides reliable non-in-
vasive surrogates that mirror hemodynamic 
burden and help in risk stratification. More-
over, cardiac MRI is valuable for follow-up 
after interventions such as PEA or BPA. Cine 
imaging can demonstrate reverse remodel-

Figure 9. Digital subtraction angiography imaging of the right lung in a patient with chronic thromboembolic 
pulmonary hypertension with segmental occlusions and abrupt truncations (arrows), stenosis in the right 
lower lobe artery (arrowhead), and reduced parenchymal perfusion (star) in the capillary phase. 
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ing, with a reduction in right ventricular size 
and improved function, whereas mapping 
techniques may show partial normalization 
of previously elevated T1 or extracellular vol-
ume values. These changes parallel clinical 
and hemodynamic improvement and under-
score the role of MRI not only in diagnosis 
but also in monitoring therapeutic response 
in CTEPH.29 

Recent studies have shown that newly 
improved MRI scanners with faster image 
acquisition and perfusion capabilities have 
a 97% sensitivity and 92% specificity for the 
diagnosis of CTEPH.30 To evaluate slow-flow-
ing blood in pulmonary arteries, it is useful 
to combine the spin-echo double inversion 
recovery (black-blood) sequence with the 
half-Fourier single-shot turbo spin-echo se-
quence.31 Dynamic contrast-enhanced (DCE) 
MRI with three-dimensional (3D) T1-weight-
ed gradient-echo sequences with more 
speedy acquisitions (Figure 10) is used for 
the delineation of vascular changes associ-
ated with CTEPH and can help discriminate 
CTEPH from other causes of PH.32 Quantita-
tive evaluation, such as blood flow, volume, 
and mean transit time values, are additional 
benefits of DCE-MRI for better evaluation of 
microcirculation in patients with CTEPH in 
terms of progress or response to treatment.33 

Compared with pulmonary angiography 
and CTPA, DCE-MRI had a slightly lower sen-
sitivity than CTPA between 83% and 86% for 
depicting total occlusion and a sensitivity 
of almost 70% for the diagnosis of chronic 
thrombi, webs, and linear bands.34 

Ferumoxytol (FE) and oxygen-enhanced 
MRI (oeMRI) studies have recently been used 
as alternative methods for lung perfusion. 
FE exhibits exceptional superparamagnet-
ic properties and is gaining popularity as a 
potential alternative to gadolinium-based 
contrast agents due to safety concerns. Con-
sequently, pulmonary MRI with FE could 
serve as a viable diagnostic approach, par-
ticularly in pregnant women and individuals 
with chronic kidney disease. FE-enhanced 
MRI offers a wide range of vascular indica-
tions, including CTEPH, and can be further 
enhanced with 4D imaging techniques. The 
oeMRI method facilitates the visualization 
of primary lung function, gas exchange, and 
perfusion mechanisms. In comparison to 
other imaging techniques, oeMRI exhibits 
moderate diagnostic compatibility with V/Q 
scans. Notably, oeMRI demonstrates superi-
or sensitivity to ventilation scintigraphy.35,36 
Although FE-enhanced MRI may serve as an 
alternative in patients with renal dysfunc-

tion, the American College of Radiology rec-
ommends avoiding its use during pregnancy 
unless absolutely necessary, following a thor-
ough risk–benefit analysis.37

Four-dimensional magnetic resonance im-
aging

4D flow MRI can provide a comprehen-
sive and real-time objective evaluation of 
different blood-flow parameters, such as wall 
shear stress, vorticity, kinetic energy, and 
pressure gradients.38 This application holds 
strong potential for evaluation of the pulmo-
nary vascular system (Figure 11). Early onset 
of retrograde flow in the main pulmonary 
artery is an important abnormality in PH. A 
linear correlation between mPAP and vortex 
value in PH has been shown; a relative vortex 
flow time over 14.3% of the cardiac cycle has 
97% sensitivity and 96% specificity for PH.39 

Vorticity in the main pulmonary artery also 
correlates with PVR, and helicity reveals main 
pulmonary artery stiffness with right ven-
tricular outflow function.40,41 Despite these 
promising findings, multicenter validation is 
required to establish the utility of 4D flow in 
PH diagnosis.

Phase-resolved functional lung magnetic 
resonance imaging 

Currently, there is a focus on lung perfu-
sion imaging without using intravenous con-
trast media. The phase-resolved functional 
lung (PREFUL) technique is a novel, non-con-
trast MRI application that utilizes artificial in-
telligence (AI)-driven subtraction images of 
lungs. It possesses the potential to serve as a 
diagnostic aid in a spectrum of lung diseases, 
particularly in patients with PH and CTEPH. 
The primary objective of the PREFUL tech-

Figure 11. Magnetic resonance four-dimensional flow image of the right ventricle outflow tract and 
pulmonary artery, with abnormal flow vortex (arrow) in the main pulmonary artery due to pulmonary 
hypertension in chronic thromboembolic pulmonary hypertension.

Figure 10. (a) Magnetic resonance perfusion and (b) angiography imaging in chronic thromboembolic 
pulmonary hypertension (CTEPH). Occlusion of the left lower lobe (arrow) and origin stenosis of the right 
upper lobe (arrowhead) are associated with corresponding perfusion defects on the left side in CTEPH (star).

a b
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nique is to discern variations in perfusion 
defects between inspiration and expiration 
image groups.42 Prospective multicenter val-
idation is necessary prior to the adoption of 
this technique in routine clinical practice.

Positron emission tomography

Fluorine-18 fluorodeoxyglucose (18F-FDG) 
is a radiopharmaceutical analog that is pre-
dominantly utilized in positron emission 
tomography (PET)-CT to evaluate glucose 
metabolism. The PET-CT approach is a valu-
able imaging modality employed in tumor 
diagnostics, primarily based on the elevated 
glucose metabolism observed within tumor 
cells.

Uptake of 18F-FDG in PH has been report-
ed in the RV, central pulmonary artery, and 
lung parenchyma. Increased 18F-FDG uptake 
in these areas may reflect underlying inflam-
mation, vascular remodeling, or increased 
metabolic demand due to pressure overload. 
These findings may help differentiate CTEPH 
from other pulmonary vascular diseases and 
provide insight into disease activity or prog-
nosis.43 The most critical role of 18F-FDG in 
Group 4 PH is in the differential diagnosis be-
tween CTEPH and pulmonary artery tumors; 
pulmonary artery malignancy has a poor 
prognosis and is occasionally misdiagnosed 
as PE, leading to incorrect treatment or sur-
gery.

In certain cases, distinguishing CTEPH 
from tumors (particularly angiosarcomas) 
and vasculitis can be challenging due to the 
location and shape of the thrombus (Figures 
12 and 13). Consequently, the high cellular-
ity of tumors is generally associated with 
elevated uptake of 18F-FDG, which serves as 
a valuable marker for correct diagnosis and 
may allow surgery or chemotherapy to be 
performed promptly.44

Another important role of PET-CT is its 
capability to diagnose large-vessel vasculi-
tis, such as Behçet’s, Takayasu, and giant cell 
arteritis. Early diagnosis of vasculitis plays a 
valuable role in reducing complications such 
as aneurysm, PE, and CTEPH.45

Evidence-based evaluation of imaging 
techniques for chronic thromboembolic 
pulmonary hypertension 

The assessment of imaging modalities in 
pulmonary vascular disease, particularly in 
CTEPH, reveals important variability in both 
evidence strength and methodological quality.

A critical review of imaging methods 
used for CTEPH shows that the strength of 

evidence supporting each technique var-
ies between studies and that many studies 
have methodological limitations. This em-
phasizes the need to clearly understand 
the diagnostic accuracy, potential sources 
of bias, and clinical applicability of each im-
aging modality. Although V/Q scintigraphy 
remains the gold-standard first-line test for 
CTEPH screening, with reported sensitivity of 
90%–100% and specificity of 94%–100%,46 a 
systematic review using the Quality Assess-
ment of Diagnostic Accuracy Studies-2 tool 
revealed that most V/Q SPECT studies have 
significant methodological bias, with 11 
of 13 studies rated high risk in ≥2 domains 
with important applicability concerns.47 The 
diagnostic performance of CTPA in detecting 
CTEPH is limited, with reported sensitivity 

and specificity of 76% and 96%, respective-
ly, at the patient level. However, its accuracy 
improves when high-resolution, multi-de-
tector CT scanners are employed and images 
are interpreted by experienced radiologists. 
The CTPA approach may miss distal disease 
(potential risk of underdiagnosis), and eval-
uation of image quality and reader expertise 
remains critical. Although DECT also offers 
perfusion insights, formal evidence for diag-
nostic accuracy is still emerging.12 In a study 
involving 74 patients with suspected CTEPH, 
DCE-MRI demonstrated a sensitivity of 100% 
for screening, compared with 97% for V/Q 
SPECT. The level of evidence supporting this 
finding was classified as level 3, Stage 3 tech-
nical efficacy. Given its radiation-free nature, 
DCE-MRI represents a promising imaging 

Figure 12. Large vessel vasculitis with pulmonary arterial involvement. (a) Axial magnetic resonance 
image with soft tissue thickening involving the right pulmonary artery (thin arrow) and small cavitating 
and non-cavitating lesions in the right lung (arrowheads); (b) corresponding axial positron emission 
tomography/computed tomography shows both pulmonary vascular and lung parenchymal lesions to be 
fluorodeoxyglucose avid. 

Figure 13. Pulmonary artery sarcoma. (a) Computed tomography pulmonary angiography image shows 
expansile soft tissue lesion in the main and left pulmonary arteries (thin arrow); (b) corresponding positron 
emission tomography/computed tomography imaging shows intense fluorodeoxyglucose avidity in the 
left pulmonary artery.
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modality; however, its clinical utility requires 
confirmation through larger, prospective 
studies.48 Digital subtraction angiography 
(DSA) is currently regarded as the reference 
standard when CTPA findings are inconclu-
sive. However, no formal assessment of risk 
of bias or grading of the level of evidence is 
provided in the current guidelines. Its use re-
mains standard but is mostly supported by 
expert consensus and procedural experience 
rather than comparative trials.

The 2022 ESC/ERS guidelines for PH, which 
also encompass CTEPH as a distinct subtype, 
provide structured diagnostic recommenda-
tions. In these guidelines, CTPA is explicitly 
recommended in the diagnostic work-up of 
patients with suspected PH to evaluate for 
CTEPH (class I, level C). This grading reflects 
a strong consensus regarding the central 
role of CTPA. Beyond CTPA, the guidelines 
emphasize a multimodality and multidisci-
plinary approach. Perfusion lung or V/Q scin-
tigraphy remains a cornerstone for screening 
unexplained PH and is also listed as a class I, 
level C recommendation to exclude or con-
firm the probability of CTEPH. Additional im-
aging modalities, such as DSA and chest CT, 
are considered useful in selected contexts 
(class IIa), particularly for anatomical delinea-
tion and interventional planning. According 
to the 2022 ESC/ERS guidelines, the diag-
nostic approach to CTEPH in symptomatic 
patients should follow a structured and mul-
tidisciplinary pathway. The entire diagnostic 
process should be coordinated within expe-
rienced, high-volume CTEPH centers, where 
Multidisciplinary Team (MDT) comprising PH 
specialists, radiologists, surgeons, and inter-
ventionalists can guide appropriate manage-
ment decisions.

Reporting recommendations

Reports should clearly state the extent 
of pulmonary artery analyzability; in cases 
where only central arteries are evaluable or 
image quality is compromised, the study 
should be labeled as indeterminate or 
non-diagnostic. Quantitative assessment of 
contrast enhancement is advisable, and at-
tenuation values should be reported when 
suboptimal opacification is suspected. Si-
multaneous evaluation of mediastinal and 
lung window images is essential to differen-
tiate true emboli from artifacts. The interpre-
tation and communication of CTPA findings 
in suspected CTEPH should follow a stan-
dardized reporting structure that encom-
passes both diagnostic and prognostic infor-
mation, facilitating clinical decision-making 
and longitudinal patient care. Central to this 

approach is the inclusion of a core set of 
imaging findings—derived through expert 
consensus—that have demonstrated prog-
nostic significance. These include the RV/LV 
diameter ratio measured on axial images, 
central embolus location, the presence of 
an isolated subsegmental PE, septal bowing, 
right ventricular hypertrophy, bronchial ar-
tery dilatation, intravascular webs or bands, 
and pulmonary artery retraction. Supple-
mentary findings such as main pulmonary 
artery diameter, complete arterial occlusion, 
and organized mural thrombi are considered 
clinically useful and should be reported. For 
perfusion studies (e.g., DECT or V/Q), quanti-
fication of the perfusion defect extent (e.g., as 
% of total lung volume) should be reported. 
Further evaluation with MRI for verification 
of CTEPH diagnosis should primarily focus 
on right ventricular functional and morpho-
logical parameters, including the ventricular 
mass index, RV ejection fraction, and RV lon-
gitudinal strain. Additionally, MRI can pro-
vide indirect estimations of hemodynamic 
parameters, such as mPAP, ventriculoarterial 
coupling (RV–PA coupling), end-systolic elas-
tance, and arterial elastance; however, these 
values are not directly measured but rather 
estimated through derived indices and are 
ideally confirmed by invasive RHC.7,49 

Multidisciplinary team and expert centers 
for chronic thromboembolic pulmonary 
hypertension 

The idea of a “CTEPH MDT” was first pos-
tulated at the fifth World Symposium on PH 
in 2013 and has subsequently been perma-
nently embedded into the CTEPH treatment 
algorithm. Recent studies increasingly sup-
port the concept that CTEPH-MDTs should 
be based in high-volume centers with estab-
lished experience in pulmonary PEA and BPA. 
Concentrating expertise in such centers has 
been associated with improved diagnostic 
accuracy, optimized patient selection, and 
superior long-term outcomes. A “CTEPH ex-
pert center” should include an experienced 
CTEPH cardiovascular surgeon, PH pulmon-
ologist, and cardiologist (preferentially a BPA 
specialist), as well as a cardiothoracic radiol-
ogist with specialist expertise in CTEPH.50 
Given the diagnostic complexities, expert ra-
diological opinion has assumed a pivotal role 
in the implementation of a successful CTEPH 
program. The specialist MDT is essential to 
ensure accurate diagnosis, appropriate tim-
ing, and precise surgical and BPA planning. In 
addition, a considerable number of patients 
with CTEPH require long-term follow-up with 

CTEPH-experienced medical professionals to 
ensure optimal and prolonged survival. 

In addition to surgical and interventional 
options, medical therapies such as Riociguat 
treatment, an approved soluble guanylate cy-
clase stimulator, play a crucial role in patients 
who are inoperable, have persistent PH follow-
ing PEA, or are undergoing BPA.51 A combined 
approach integrating pharmacologic treat-
ment with procedural interventions is increas-
ingly considered to improve hemodynamics 
and clinical status in selected patients.12,50 

Pulmonary endarterectomy 

PEA is one of the treatment options for 
CTEPH in the absence of life-threatening se-
rious comorbidities. This open-heart surgery 
necessitates a true bilateral endarterectomy 
through the pulmonary arteries. The prox-
imal extension of the cast defines the level 
of disease, and the classification is made ac-
cording to the material removed surgically. 
Level I defines a disease in the right or left 
main pulmonary artery; level II is a disease in 
the lobar branches; level III is in the proximal 
segmental arteries; and level IV is in the dis-
tal segmental and subsegmental pulmonary 
branches (Figure 14).52

Residual thrombi, particularly in the distal 
branches of the pulmonary artery, should be 
reported following PEA surgery.

Cardiopulmonary bypass is followed 
by circulatory arrest in deep hypothermia, 
which is necessary to keep the surgical field 
free of blood via the bronchopulmonary 
collaterals and protect brain function. Iden-
tification of the correct plane of dissection in 
the segmental and sub-segmental branches 
and removing the material en bloc with its 
tail is pivotal. 

PEA remains a challenging surgery and 
is determined by multiple factors, such as 
technical operability (e.g., accessibility of the 
obstructions and surgical expertise) and the 
risk–benefit ratio, as determined by preoper-
ative hemodynamics and comorbidities. 

Following PEA surgery, the literature re-
ported a survival rate exceeding 90% with-
in 3 years. However, if patients with CTEPH 
had not undergone surgery, the survival rate 
during this period was only 70%.8,53

Balloon pulmonary angioplasty

BPA has emerged as a viable alternative 
treatment option for patients with CTEPH 
who experience thrombi formation within the 
distal–proximal segmental locations of level 
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III–IV PAs. An alternative option for BPA is in-
operable CTEPH or in patients with residual 
lesions following PEA.12 The BPA method re-
quires extensive training and has been shown 
to have a learning curve to reduce compli-
cations. Before and after the BPA procedure, 
pressure gradient analysis should be per-
formed to evaluate the procedural success.54 
Vascular injury due to wire perforation is the 
most feared complication of BPA, with a rate 
of approximately 7.7%.55 An evolving trend is 
the combined use of PEA and BPA as a “hybrid 
approach.” 

Artificial intelligence in chronic thrombo-
embolic pulmonary hypertension imaging

Applying AI in diagnostic imaging in-
volves utilizing machine learning (ML) algo-
rithms and methodologies to analyze imag-
es, thereby assisting in the interpretation and 
optimal diagnosis. It is important to note that 
ML is a subset of AI, which broadly encom-
passes various computational techniques 
designed to simulate human decision-mak-
ing. Given the rarity and diagnostic complex-
ity of CTEPH, AI-driven tools—particularly 
ML-based algorithms—could provide vital 
support to radiologists by enhancing the 
detection of subtle vascular abnormalities 
and improving diagnostic consistency across 
centers. ML can assist in quantifying vascular 
morphology by automatically segmenting 
pulmonary vessels on CT imaging. Addi-
tionally, vascular density, volume fraction, 
volume ratio of the vessels, and pulmonary 
artery tortuosity can be measured in patients 
with CTEPH using ML.56

Promising diagnostic methods for AI-
based CT techniques include CT morphom-
etry (pulmonary vasculature analysis) and 

computational fluid dynamics (CFD).

AI-based CT morphometry is a special-
ized technique employed to detect vascular 
remodeling. It utilizes AI-driven vasculature 
analysis derived from CT scans to quantify 
the varying sizes of vessels. Vascular pruning 
in CTEPH has been associated with the loss of 
vascular volume and density.57

CFDs focuses on detecting the flow veloc-
ity and wall shear stress in pulmonary artery 
branches with the assistance of AI. There is a 
reduction in wall shear stress in patients with 
PH compared with healthy individuals. This 
technique is potentially beneficial in determin-
ing the therapeutic response to PEA and BPA.58 

The application of ML in CTEPH research 
presents several issues, primarily due to the 
condition’s rarity, resulting in limited patient 
cohorts. Additionally, assessing the substan-
tial heterogeneity of vascular pathologies 
associated with CTEPH poses considerable 
difficulties. Leveraging the major advance-
ments in ML technology, further research on 
CTEPH imaging utilizing AI has the potential 
to be of immense value in CTEPH diagnosis, 
risk stratification, and therapy evaluation but 
requires validation in large cohorts.

In conclusion, this review highlighted the 
known and newly developed imaging mo-
dalities, including AI-based techniques, for 
the diagnosis of CTEPH. Despite advances in 
diagnostic modalities over the past two de-
cades, CTEPH remains challenging to diag-
nose and manage. Radiologists play a crucial 
role in improving the outcomes of patients 
with CTEPH. The decision-making process in 
CTEPH diagnosis and management requires 
an expert MDT. Although new modalities 

and techniques have many advantages, their 
utilization is limited in many centers. In the 
future, CTEPH expert centers should connect 
with each other to provide second opinions 
for complex cases as well as to expand radiol-
ogist training. These improvements could be 
beneficial for pooling all resources and gain-
ing optimal expertise. 

Future research on CTEPH imaging should 
focus on the integration of advanced modal-
ities, such as PCCT, DECT, 4D-flow MRI, and 
AI-driven image analysis. Prospective multi-
center trials are required to validate their di-
agnostic and prognostic utility in diverse pa-
tient populations. Standardized endpoints, 
including the 6-minute walk distance, mPAP, 
PVR, and overall survival, should be adopted.

In addition, AI-based techniques such as 
CT morphometry and CFD have shown po-
tential in quantifying pulmonary vascular 
pruning, tortuosity, and altered hemody-
namics. These technologies could support 
personalized therapy planning and early 
identification of disease progression.

International collaboration between ex-
pert centers is essential for establishing im-
aging-based biomarkers, creating open-ac-
cess datasets, and developing consensus 
protocols to advance the field.
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Dear Editor,

We appreciate the authors’ interest in our study evaluating the collaborative tendencies of 
radiologists in managing contrast media-related risk factors.1 Their thoughtful remarks give us 
a welcome opportunity to clarify the methodological details they highlighted.

First, regarding the validation of the modified Control Preferences Scale (CPS), we acknowl-
edge that we did not perform formal psychometric testing on the translated and adapted ver-
sion before starting the investigation. Rather than altering the scale’s fundamental construct, 
our modification primarily involved contextualizing the scenarios specifically for contrast me-
dia risk management.2 The fact that the vast majority of participants successfully completed 
the scale suggests the core concept of decision-making control remained intact. However, 
we certainly agree that future large-scale studies would benefit from a properly validated 
psychometric assessment.

Second, the authors raised a question regarding the six excluded participants. The CPS 
requires participants to rank their preferences in a consistent, logical order.2 If a participant’s 
choices contradict each other—for example, choosing both the completely active and en-
tirely passive cards as their top preferences—the permutation is invalid. We excluded these 
responses as a strict methodological requirement of the CPS design to ensure logical data 
reliability, not as a subjective clinical choice. Because this exclusion was purely procedural, we 
did not perform a separate demographic sub-analysis on this group.

Third, we agree that face-to-face administration by a single researcher carries a poten-
tial risk of social desirability bias. We opted for this method because having an interviewer 
present kept the survey process consistent. It also meant we could answer any immediate 
questions about the modified cards. Without this direct interaction, it would have been nearly 
impossible to get enough responses from doctors dealing with the fast-paced daily schedule 
of a city hospital.

Finally, the comments regarding workplace culture and inter-specialty dynamics are high-
ly relevant. Radiologists often end up taking a passive role simply because of the historical 
divide and ingrained stereotypes between diagnostic and clinical specialties. This kind of 
behavior is not unique to us; it has been documented in various interprofessional settings.3 
Our research primarily considered systemic and infrastructural hurdles, but the psychosocial 
environment is clearly equally important. Exploring these social barriers through qualitative 
studies would be a positive next step for the field. We are very grateful to the authors for shar-
ing their thoughts and helping to advance this conversation.
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E M E R G E N C Y  R A D I O L O G Y
O R I G I N A L  A R T I C L E

Analysis of the baseline multiphase computed tomographic 
angiography findings to predict clinical outcomes in patients with 
middle cerebral artery M1 occlusion treated with mechanical 
thrombectomy

PURPOSE
We aimed to evaluate the predictive ability of baseline multiphase computed tomographic angi-
ography (mCTA) findings and the time from symptom onset to imaging in predicting function-
al outcomes in patients with middle cerebral artery (MCA) M1 occlusion treated with mechanical 
thrombectomy (MT).

METHODS
A total of 70 patients were evaluated retrospectively. The time between the onset of symptoms 
and imaging, thrombus density, estimated thrombus length, the Alberta Stroke Program Early CT 
Score (ASPECTS) on non-contrast CT, collateral circulation (CC), actual thrombus length, and clot 
burden score were assessed on mCTA images. Patients with a 90-day modified Rankin scale score 
of 0–2 were categorized as having good outcomes, whereas the others were categorized as having 
poor outcomes. The mCTA findings of patients with good and poor outcomes were compared, and 
binary logistic regression analysis was performed to identify independent predictors that could 
affect clinical outcomes.

RESULTS
The estimated thrombus length, the ASPECTS, thrombus density, clot burden score, and CC grade 
were not significantly different between patients with good and poor outcomes. The actual throm-
bus length was shorter in patients with good outcomes than in those with poor outcomes (15.9 
mm versus 21.5 mm, P = 0.001). Binary logistic regression analysis revealed that actual thrombus 
length [P = 0.005, odds ratio (OR): 0.754, 95% confidence interval (CI): 0.61–0.92] and thrombus 
density (P = 0.022, OR: 1.167, 95% CI: 1.02–1.33) were independent variables for a good outcome. 
The optimal cut-off value for actual thrombus length was 18.7 mm (area under the curve, 0.74; 95% 
CI: 0.62–0.86; P = 0.001) to predict good outcomes.

CONCLUSION
Higher thrombus density and actual thrombus length shorter than 18.7 mm were associated with 
good clinical outcomes. However, no significant correlation was found between clinical outcomes 
and the ASPECTS, CC degree, or clot burden scores.

CLINICAL SIGNIFICANCE
Thrombus length and density are associated with the clinical outcome of patients with MCA M1 
occlusion treated with MT who have distal collateral filling sufficient to depict thrombus margins 
in mCTA.

KEYWORDS
CT angiography, ischemic stroke, mechanical thrombectomy, prognosis, thrombosis 
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Stroke is the second leading cause of 
death, according to 2022 World Health 
Organization data.1 The global preva-

lence of stroke was 93.8 million in 2021, and 
69.9 million of those cases were ischemic.2,3 
Strokes secondary to large-vessel occlusions 
constitute approximately one-third of all 
acute ischemic stroke cases; however, they 
have a larger infarct size than those caused 
by non-large-vessel occlusions.4,5 Further-
more, large-vessel occlusions cause 60% of 
dependency and more than 90% of mortality 
in all cases.6

Neuroimaging is fundamental in acute 
stroke management, as it demonstrates 
stroke type (hemorrhagic or ischemic), 
identifies vessel occlusion, and assesses 
the affected and salvageable brain areas.7 
The American Heart Association/Ameri-
can Stroke Association 2019 update to the 
2018 Guidelines for the Early Management 
of Acute Ischemic Stroke recommends that 
all patients with suspected acute stroke un-
dergo non-contrast computed tomography 
(NCCT) or diffusion-weighted imaging for 
initial evaluation as quickly as possible. The 
guidelines also recommend non-invasive 
vascular imaging with computed tomo-
graphic angiography (CTA) or magnetic res-
onance angiography for patients who meet 
the criteria for mechanical thrombectomy 
(MT).8 The ultimate goal of neuroimaging 
in patients with acute ischemic stroke is to 
identify those who may safely and effectively 
benefit from appropriate treatment options, 
such as intravenous thrombolytic therapy 
and/or MT.7-9

Many studies have been conducted on 
the utility of neuroimaging findings and 
scores to predict outcomes in patients with 
acute stroke.10-18 These studies use one or 

more imaging modalities, such as magnetic 
resonance imaging (MRI), NCCT, single-phase 
CTA (sCTA), multiphase CTA (mCTA), CT per-
fusion, or digital subtraction angiography. 
Different studies have analyzed the possible 
effect of individual or combined imaging 
findings and thrombus characteristics on 
prognosis.10-18 In some studies, the patient 
population was heterogeneous in terms of 
management (intravenous thrombolytics 
and/or MT or none).17,18 

The Alberta Stroke Program Early CT Score 
(ASPECTS) is a 10-point topographic CT scan 
score developed to predict clinical outcomes 
in patients with middle cerebral artery (MCA) 
stroke. It is calculated by subtracting 1 point 
from the total of 10 points for each region 
(cortical M1–6 and insula, subcortical lenti-
form nucleus, internal capsule, and caudate) 
where early ischemic changes (intraparen-
chymal hypoattenuation and focal swelling) 
are detected.19

We aim to evaluate the ability of mCTA 
findings, including the ASPECTS, estimated 
and actual thrombus length, thrombus den-
sity, clot burden score, collateral circulation 
(CC) status at first admission to the emer-
gency department, and time from symptom 
onset to imaging, to predict functional out-
comes in a selected group of patients who 
underwent MT for MCA M1 occlusion.

Methods

Study design and patient inclusion and ex-
clusion criteria

This study was conducted in accordance 
with the tenets of the Declaration of Helsin-
ki. This retrospective study was approved by 
the Ethics Committee of the Ankara Bilkent 
City Hospital, (approval number: E1-23-4231, 
date: 1.11.2023). Written informed consent 
could not be obtained due to the retrospec-
tive nature of the study. The medical records 
of patients who underwent MT between 
March 2022 and November 2023 were eval-
uated. Patients with MCA M1 segment oc-
clusion, symptom onset of less than 6 hours, 
and a standard local mCTA protocol adjusted 
according to the method described by Me-
non et al.20 were included in the study. The 
mCTA protocol developed by Menon et al.20 
was applied to patients over 18 years of age 
who presented to the emergency depart-
ment with stroke-related symptoms within 
12 hours of symptom onset. Patients diag-
nosed at another health center and referred 
to our hospital for the interventional proce-
dure; those with missing or noisy CT images; 

undetected actual thrombus length (due to 
curved vessels and/or poor CC status); oc-
clusion or considerable stenosis of the con-
tralateral MCA; thrombosis of the internal ca-
rotid artery (ICA); pre-stroke modified Rankin 
scale (mRS) score greater than 2; and/or pa-
tients younger than 18 years were excluded 
from the study. 

A total of 127 patients who underwent 
MT between March 2022 and October 2023 
were evaluated, and 70 patients who met the 
inclusion criteria were included in the study 
(Figure 1). 

Imaging procedures

CT scans were obtained using two devic-
es with 128-detector and 64-detector sys-
tems (GE Revolution EVO 128 and 64 Slice CT 
Scanner, GE Medical Systems, Milwaukee, WI, 
USA). The standard acute stroke CTA proto-
col, identical for both 128- and 64-detector 
devices at our institution, included NCCT 
with 2.5 mm section thickness acquired us-
ing the following parameters: 120 kV, 350 
mA, 20 mm collimation, 0.6 s/rotation, and 
pitch 0.531. The mCTA included three phases, 
each 8 seconds apart. Using the bolus-track-
ing technique, CTA was acquired by injection 
of 40–45 mL of contrast material (350 mg/
mL iodine), followed by a 20 mL saline chaser 
via an 18–20 G cannula in the upper limb at 
a flow rate of 4 mL/s. The arterial phase was 
obtained from the aortic arch to the vertex 
using the following parameters: 100 kV, 300 
mA, 0.6 s/rotation, 0.984 mm/rotation table 
speed, and 1.25 mm section thickness. Early 
and late venous phases were obtained se-
quentially from the skull base to the vertex, 
8 seconds apart from the previous phase, us-
ing the same parameters. Scans were refor-
matted to a 0.6 mm thickness and 10 mm 
maximum intensity projection (MIP) images. 
Further image processing and analysis were 
performed at a remote workstation.

Image analysis

An emergency radiologist with more than 
10 years of experience, blinded to clinical 
findings, analyzed the images on a remote 
workstation. The density of the thrombus was 
measured on NCCT images. In 54 of the 70 pa-
tients, the thrombus could be differentiated 
on NCCT, and the estimated thrombus length 
was measured. In 16 patients, the estimated 
thrombus length could not be measured be-
cause the thrombus was not depicted in the 
MCA on NCCT images. Patients’ ASPECTS were 
evaluated on narrow window (window width: 
40, window level: 30) NCCT images. The mCTA 

Main points

•	 Multi-phase computed tomographic angi-
ography is an increasingly important im-
aging modality in the initial evaluation and 
management of patients with acute isch-
emic stroke.

•	 Thrombus density reflects its structure; 
erythrocyte-rich thrombus shows higher 
Hounsfield units than platelet-rich throm-
bus.

•	 Thrombus characteristics influence the clini-
cal outcome in patients with acute ischemic 
stroke.

•	 The higher thrombus density and shorter 
thrombus length than 18.7 mm were asso-
ciated with good clinical outcomes of pa-
tients.
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images were used to measure the actual 
thrombus length (Figure 2c). Occlusions in 
curved vessels were calculated on multiplanar 
reformation images, and when the thrombus 
extended into branches of the MCA, the long-
est thrombus length was measured. Based on 
the pial arterial filling score within the symp-
tomatic ischemic zone, CC status was evaluat-
ed on MIP images.20 Patients were classified as 
having poor (grade 0–3) or good (grade 4–5) 
CC. The clot burden score was calculated, and 
a score of ≤5 was classified as a high throm-
bus burden.10

Assessment of clinical data: patient out-
comes

A single neurologist documented pa-
tients’ demographic data and 90-day mRS 
scores using electronic medical records. A 
good clinical outcome was defined as a 90-
day mRS score of 0–2, and a poor clinical out-
come as an mRS score of 3–6. 

Statistical analysis

The demographic, clinical, and radiologi-
cal characteristics of the patients included in 
the study were summarized using descrip-
tive statistics. For continuous variables, mean 
± standard deviation or median (minimum–
maximum) values were used, whereas for 
categorical variables, frequencies (percent-
ages) were reported.

For intergroup comparisons, the Mann–
Whitney U test was applied to continuous 
variables that did not follow a normal dis-
tribution, the chi-square test was used for 
categorical variables, and for cross-tables 
with expected value issues, the Fisher exact 
test was applied for 2 × 2 tables, whereas the 
Fisher–Freeman–Halton test was used for k × 
k tables. The threshold for statistical signifi-
cance was set at P < 0.05. 

Binary logistic regression analysis was 
performed to identify independent predic-

tors that could influence clinical outcomes. 
The dependent variable was defined as an 
mRS score of 0–2 at 90 days (indicating a 
good clinical outcome). Independent varia-
bles included the time from symptom onset 
to CTA, the ASPECTS, estimated and actual 
thrombus length, thrombus density, clot bur-
den score, and patterns of CC. The logistic re-
gression analysis results were reported as β ± 
standard error, odds ratio (OR), and 95% con-
fidence interval (CI). Model fit was assessed 
using Cox and Snell R² and Nagelkerke R² 
coefficients.

The cut-off value was obtained by applying 
receiver operating characteristic analysis for 
the effective numerical independent variables 
according to the model results. The statistical 
significance level for regression analysis was 
set at α = 0.05. All statistical analyses were con-
ducted using the Statistical Package for the So-
cial Sciences (IBM SPSS Statistics for Windows, 
Version 30.0, IBM Corp., Armonk, NY, USA). 

Result

Patient characteristics 

The mean age of the patients was 68.56 
± 13.99 years, and the number of female (n 
= 35) and male (n = 35) patients was similar. 
Successful thrombectomy (thrombolysis in 
cerebral infarction 2b–3) was achieved in 
66 (94.2%) patients. Of the 70 patients, 46 
(65.7%) had a good clinical outcome and 24 
(34.2%) had a poor clinical outcome. The 90-
day mortality rate was 21.4% (n = 15). The 
mean age of patients was slightly, but not 
significantly, lower in those with good clini-
cal outcomes than in those with poor clinical 
outcomes (63.04 ± 13.81 years versus 69.54 
± 14.57 years, P = 0.590). There was no sig-
nificant difference in gender distribution be-
tween the two outcome groups [good clini-
cal outcome: women (n = 24), men (n = 22); 
poor clinical outcome: women (n = 11), men 
(n = 13); P = 0.615]. The comparison of imag-
ing findings between patients with good and 
poor clinical outcomes is shown in Table 1. 
The estimated thrombus length was slightly, 
but not significantly, shorter in patients with 
good clinical outcomes than in those with 
poor outcomes (12.8 mm vs. 15.0 mm; P = 
0.359). Although a poor CC pattern was ob-
served more frequently in patients with poor 
clinical outcomes than in those with good 
outcomes, this difference was not statisti-
cally significant (P = 0.232). A similar pattern 
was observed in CC subgroups evaluated 
using the Fisher–Freeman–Halton test (P = 
0.091). The ASPECTS, thrombus density, and 
clot burden score were not significantly dif-

Figure 1. Flowchart of the study. mCTA, multiphase computed tomography angiography; ICA, internal 
carotid artery; MCA, middle cerebral artery; mRS, modified Rankin scale; ASPECTS, the Alberta Stroke 
Program Early CT Score.
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ferent between patients with good and poor 
clinical outcomes. Figures 2 and 3 show the 
imaging findings of two different patients 
with good and poor clinical outcomes, re-
spectively. The mean actual thrombus length 
of the study population was 17.2 (5–36) mm. 
The actual thrombus length was shorter in 
patients with good clinical outcomes than in 
those with poor outcomes (15.9 mm vs. 21.5 
mm; P = 0.001) (Figure 4).

The binary logistic regression analysis 
of the prediction of good clinical outcome 
by time from onset of symptoms to imag-
ing and baseline mCTA findings in patients 
with MCA M1 occlusion treated with MT is 
shown in Table 2. With this model, 37.6% 
of the variation in the dependent variable 
was explained according to the Cox and 

Snell calculation, and 51.8% according 
to the Nagelkerke calculation. The actu-
al thrombus length [P = 0.005; OR: 0.754 
(95% CI: 0.61–0.92)] and thrombus density 
[P = 0.022; OR: 1.167 (95% CI: 1.02–1.33)] 
were predictors of good clinical outcomes 
in patients with MCA M1 occlusion treated 
with MT. The optimal cut-off value for ac-
tual thrombus length was 18.7 mm, with a 
sensitivity of 72.5% and specificity of 61.8% 
[area under the curve: 0.74 ± 0.06 (95% CI: 
0.62–0.86); P = 0.001] (Figure 5). 

Discussion
In this study, we found that actual throm-

bus length and density measured on mCTA 
images were useful in predicting clinical out-

comes in patients with MCA M1 occlusion 
treated with MT.

The NCCT is used to assess the presence 
of intracranial hemorrhage, well-estab-
lished hypodense ischemia (ASPECTS), and 
hyperdense vessel signs in patients with 
suspected acute ischemic stroke, and it also 
allows measurement of thrombus densi-
ty, which reflects thrombus composition. 
Borst et al.11 evaluated the value of throm-
bus CT characteristics, including thrombus 
density, in 199 patients with acute ischem-
ic stroke and found that relative thrombus 
density on CTA was an independent predic-
tor of functional outcome in multivariable  
analysis [adjusted common OR of 1.21 per 
10% (95% CI: 1.02–1.43); P = 0.029]. 

Figure 2. Non-contrast CT (a, b) and mCTA images (c-i) of a 68-year-old woman with acute ischemic stroke. The time from symptom onset to mCTA was 170 minutes. 
(a) NCCT shows a hyperdense MCA sign (red arrow); (b) thrombus density was calculated as 56 Hounsfield units (yellow point); (c) thrombus margins (red arrow) were 
best seen on the early venous phase image, and the actual thrombus length measured 15 mm (not shown). (d) Arterial phase, (e) early venous phase, and (f) late 
venous phase axial mCTA images show the thrombus (yellow arrows) in the MCA M1 segment. The thrombus was located in the proximal and distal parts of the MCA 
M1 segment, and the clot burden score was calculated as 10 − 2 − 2 = 6 points. MIP images of (g) arterial, (h) early venous, and (i) late venous phase mCTA images 
show grade 5 collateral circulation filling (blue arrows) in the peripheral vessels distal to the thrombus. Successful recanalization was achieved with mechanical 
thrombectomy, and the patient had a good outcome (90-day modified Rankin scale score = 1). NCCT, non-contrast computed tomography; mCTA, multiphase 
computed tomographic angiography; MIP, maximum intensity projection; CT, computed tomography; MCA, middle cerebral artery.
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In a study of 141 patients with acute is-
chemia undergoing intra-arterial therapy, 
thrombus density was measured on 4.8 mm 
thick NCCT images, and no significant corre-
lation was found between thrombus densi-
ty and functional outcome.12 In the present 
study, a significant positive correlation [P 
= 0.022; OR = 1.16 (95% CI: 1.02–1.33)] was 
found between thrombus density and good 
clinical outcomes, but there was no statis-
tically significant difference in thrombus 
density between patients with good and 
poor outcomes. Thrombus density reflects 
its structure: erythrocyte-rich thrombi show 
higher Hounsfield units than platelet-rich 
thrombi and appear as a hyperdense MCA 
sign on NCCT.21 Thrombus composition af-
fects successful recanalization in thrombo-
lytic therapy and thrombectomy,22 and thus 
the prognosis of patients.

In previous studies of acute ischemic 
stroke, patients with a time from symptom 
onset to recanalization of >300 minutes had 
better clinical outcomes when the ASPECTS 
on baseline CT was >7 compared with those 
with an ASPECTS of ≤7, and MT showed no 
beneficial impact on the clinical outcomes 
of patients with a score of ≤4, regardless of 

time to recanalization.13,14 Patients with a 
baseline ASPECTS of ≤7 have a higher prob-
ability of good outcomes when reperfusion 
is achieved within <300 minutes of symptom 
onset.13 The current study included patients 
with a symptom onset of <300 minutes, 
and the ASPECTS was precisely calculated 
in narrow window settings (window width: 
40, window level: 30) on 2.5 mm thick NCCT 
images; no statistically significant difference 
was found between the ASPECTS values of 
patients with good and poor clinical out-
comes. This may have been due to the point 
reduction in the ASPECTS, regardless of the 
proportion of each anatomical region af-
fected by ischemia, as all ASPECTS regions 
may have different predictive abilities for 
patients’ functional outcomes.23 Though not 
the subject of this study, parenchymal vol-
umes and localizations affected by ischemia 
could vary greatly among patients with the 
same ASPECTS, leading to different progno-
ses. Broocks et al.24  reported a retrospective 
analysis of 100 patients with large vessel oc-
clusion treated with endovascular therapy, 
showing that even patients with an ASPECTS 
of ≤5 could have better functional outcomes 
if they were younger than 73 years and had 

good collateral status. In our study, patients 
with poor outcomes were older than those 
with good outcomes (63.04 ± 13.81 years 
versus 69.54 ± 14.57 years, P = 0.590), and 
the rate of poor collaterals was higher in the 
poor outcome group, though not statistically 
significant (good outcome poor collaterals: 
23.9% vs. poor outcome poor collaterals: 
37.5%, P = 0.232).

mCTA is an increasingly important imag-
ing modality in the initial evaluation of pa-
tients with acute ischemic stroke.25,26 It is use-
ful for detecting large vessel occlusions and 
showing distal arterial occlusion (delayed 
vessel sign),27 and it allows the assessment 
of CC and the measurement of thrombus 
length.9,20,28 In patients with poor CC, arteri-
al phase CTA images may overestimate the 
actual thrombus length. Delayed phase con-
trast-enhanced CT images are useful for accu-
rately measuring thrombus length.28 To over-
come this limitation, we excluded patients in 
whom the actual thrombus length could not 
be measured because of poor CC. Therefore, 
we had no patients with grade 0 collateral, 
and the number of patients with poor CC (20 
out of 70) was lower than those with good CC 
(50 out of 70) in the study group.

Table 1. Comparison of imaging findings between patients with good outcomes and poor outcomes 

Imaging findings All
median
(min–max) or n (%)

Good clinical outcome
median (min–max) or n (%)

Poor clinical outcome
median (min–max) 
n (%)

 P

Time from symptom onset to CT 111 (26–350) 120 (26–258) 108 (35–350) 0.924β

Non-contrast computed tomography 

ASPECTS  9 (4–10) 9 (5–10) 8.5 (4–10) 0.454β

>7 47 (67.1%) 32 (69.6%) 15 (62.5%)
 0.598α

≤7 23 (32.9%) 14 (30.4) 9 (37.5%)

Thrombus density (HU) 55.0 (37–66) 57.0 (37–66) 53.0 (40–65) 0.053β

Estimated thrombus length (mm) 13.0 (5–29) 12.85 (5–29) 15.0 (8–25) 0.359β

Multiphase computed tomography angiography

Actual thrombus length (mm) 17.25 (5–36) 15.9 (5–26) 21.5 (11–36) 0.001β *

Clot burden score  6.0 (4–9) 6.0 (4–9) 6.0 (4–9) 0.325β

>5 58 (82.9%) 40 (87.0%) 18 (75.0%)
0.316α

≤5 12 (17.1%) 6 (13.0%) 6 (25.0)

Collateral circulation

1 2 (2.9%) 0 (0%) 2 (8.3%)

0.091θ

2 11 (15.7%) 5 (10.9%) 6 (25.0%)

3 7 (10%) 6 (13%) 1 (4.2%)

4 39 (55.7%) 26 (56.5%) 13 (54.2%)

5 11 (15.7%) 9 (19.6%) 2 (18.3%)

Collateral circulation

Poor collateral 20 (28.6%) 11 (23.9%) 9 (37.5%)

0.232αGood 
collateral 50 (71.4%) 35 (76.1%) 15 (62.5%)

*P < 0.05; α, Fisher’s exact test P value; β, Mann–Whitney U test P value; θ, Fisher–Freeman–Halton test P value. HU, Hounsfield unit; mm, Millimeter; CT, computed tomography; 
min-max, minimum-maximum; ASPECTS, Alberta Stroke Program Early CT Score
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Figure 3. Non-contrast CT and mCTA images (a-f) of a 70-year-old man with acute ischemic stroke. The time from symptom onset to mCTA was 47 minutes. (a) The 
proximal M2 segment of the MCA was slightly hyperdense, but the M1 segment was isodense on NCCT (red arrows). (b) Thrombus density was calculated as 48 
Hounsfield units (yellow square). (c) Axial NCCT image (width: 40; level: 30) at the level of the basal ganglia shows mild hypodensity (dotted yellow arrow) consistent 
with early ischemic changes in the right insula (ASPECTS: 9). (d) Arterial and (e) early venous phase MIP mCTA images show the thrombus extending from the 
proximal M1 segment to the superior (M2 sup) and inferior (M2 inf) divisions of the M2 segment in the MCA. The actual thrombus length, best delineated on early 
venous phase mCTA images (red arrows), measured 31 mm from the M1 segment to the M2 inferior division (not shown). The clot burden score was calculated as 10 
− 2 − 2 − 1 − 1 = 4 points. (d) Arterial, (e) early venous, and (f) late venous phase MIP mCTA images show a one-phase delay in collateral filling (yellow arrows) in the 
peripheral vessels (grade 4 collateral circulation). Although successful recanalization was achieved with mechanical thrombectomy, the patient passed away after 
hospital discharge (90-day modified Rankin scale score = 6). NCCT, non-contrast computed tomography; mCTA, multiphase computed tomographic angiography; 
ASPECTS, Alberta Stroke Program Early CT Score; MIP, maximum intensity projection; mCTA, multiphase computed tomographic angiography; CT, computed 
tomography.

Table 2. Binary logistic regression analysis of the prediction of good clinical outcomes based on baseline multiphasic CTA findings and time 
from symptom onset to CTA 

 Independent variables  B ± SE OR (95% CI) P

Time from symptom onset to CTA 0.001 ± 0.006 1.001 (0.990–1.013) 0.847

Non-contrast computed tomography

ASPECTS 0.340 ± 0.336 1.404 (0.727–2.713) 0.315

Estimated thrombus length  0.047 ± 0.080 1.048 (0.897–1.225) 0.575

Thrombus density  0.154 ± 0.067 1.167* (1.023–1.331) 0.022*

Multiphase computed tomography angiography

Actual thrombus length −0.282 ± 0.104 0.754* (0.615–.925) 0.005*

Clot burden score −0.398 ± 0.457 0.671 (0.274–1.643) 0.398

Collateral circulation −0.025 ± 0.442 0.975 (0.410–2.320) 0.207

Poor collateral (1) 0.340 ± 0.915 1.404 (0.234–8.432) 0.124

Poor to good (2) −2.13 ± 41.690 0.118 (0.004–3.247) 0.306

P < 0.05; dependent variable, 90-day mRS (0–2); R², Cox and Snell: 0.376; Nagelkerke: 0.518; Hosmer–Lemeshow goodness-of-fit test, χ²: 4.720; *P > 0.05. CTA, computed 
tomography angiography; ASPECTS, Alberta Stroke Program Early Computed Tomography Score; CI, confidence interval; OR, odds ratio
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The probability of recanalization with 
intravenous thrombolysis is almost impos-
sible when the thrombus length exceeds 8 
mm,29 and it remains controversial whether 
a longer thrombus affects recanalization in 
thrombectomy and procedural or post-pro-
cedural complications.15,30 Borst et al.11 
measured thrombus length on NCCT im-

ages coregistered with CTA using software 
that calculated thrombus length marked 
on images and reported that a median 
thrombus length greater than 8 mm was 
associated with functional outcomes in pa-
tients with acute ischemic stroke (P < 0.05). 
Seker et al.15 analyzed the impact of throm-
bus length on neurological outcomes in 

72 patients with M1 occlusion treated with 
MT. They used at least two perpendicular 
planes to measure thrombus length in mul-
tiplanar reformatted MR angiography or 
CTA images, and when they were uncertain 
about the distal extension of the thrombus, 
they used susceptibility-weighted MR se-
quences or NCCT scans to estimate throm-
bus length. They found no association 
between thrombus length and the proba-
bility of a good clinical outcome (OR: 0.95; 
95% CI: 0.84–1.03; P = 0.176).15 Seker et al.15 
used MRI, CTA, and NCCT images to depict 
thrombus length, whereas in our study, we 
used mCTA images, which may be more 
accurate than sCTA and NCCT in depicting 
thrombus length. Spiotta et al.12 calculated 
the estimated thrombus length on sCTA 
MIP images of 141 patients undergoing in-
tra-arterial therapy for acute ischemia. By 
measuring the filling defect in the affected 
vessel, they found no significant associa-
tions between either thrombus length or 
functional outcome at 90 days.12 The current 
study showed a significant negative cor-
relation between actual thrombus length 
and good clinical outcome (P = 0.005; OR: 
0.754; 95% CI: 0.61–0.92) and found that an 
actual thrombus length of 18.7 mm was the 
cut-off value for estimating good clinical 
outcome, with a sensitivity of 72.5% and a 
specificity of 61.8% [P = 0.001 (95% CI: 0.62–
0.86)]. These discrepancies between studies 
may be because each researcher used a dif-
ferent method or modality to measure the 
estimated thrombus length.

Lee and Bang16  reviewed recent reports 
and summarized the relationship between 
CC status and clinical outcomes in patients 
with acute ischemic stroke treated with 
thrombectomy. There are two studies in the 
literature estimating prognosis using the pial 
arterial filling score in mCTA, but unlike our 
study, the treatment methods in these stud-
ies were heterogeneous and did not include 
only patients treated with MT.17,18 Drozdov et 
al.17 found that the area under the curve of 
CC status (pial arterial filling score >3 vs. ≤3) 
in predicting a good outcome was 0.66 [OR: 
4.11 (1.35–12.54); P = 0.013]. In the present 
study, no correlation was found between CC 
grade and clinical outcomes; this may be due 
to the smaller number of patients with poor 
collaterals in the study group for the reasons 
mentioned above. Larger series studies on 
mCTA collateral scoring in patient groups 
treated with the same method may clarify 
this issue.

Figure 4. Comparison of the actual thrombus length between patients with poor and good clinical 
outcomes is shown using box plots. mRS, modified Rankin scale.

Figure 5. Receiver operating characteristic curve analysis of the actual thrombus length for predicting good 
clinical outcomes in patients with MCA occlusion treated with mechanical thrombectomy. The optimal cut-
off value of thrombus length was 18.7 mm, with a sensitivity of 72.5% and specificity of 61.8% (area under 
the curve: 0.74 ± 0.06; 95% confidence interval: 0.62–0.86; P = 0.001). MCA, middle cerebral artery.
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Regarding the impact of the clot burden 
score on clinical outcomes, it is known that 
patients are considerably more likely to have 
good clinical outcomes and less likely to die 
as the clot burden score increases. Puetz et 
al.10 demonstrated that high thrombus bur-
den (clot burden score ≤5) was a predictor 
of mortality and functional outcome in pa-
tients with acute ischemic stroke. The pres-
ent study found no association between 
clot burden score and clinical outcomes. This 
discrepancy might be due to the exclusion 
of patients with terminal ICA and/or anterior 
cerebral artery occlusion.

Our study has several limitations. It is a 
single-center retrospective study. To main-
tain homogeneity of the study group, we 
included only patients with MCA M1 occlu-
sion who had sufficient CC to allow clear 
delineation of the thrombus edges, which 
resulted in a relatively small sample size. The 
small sample size may limit the reliability 
and generalizability of the results. The eval-
uation of CT images and measurements was 
performed by a single observer. We could 
not assess the effect of perfusion parame-
ters on clinical outcomes, as perfusion CT 
is not routinely used in the management of 
patients with suspected acute stroke at our 
institution. Another limitation was the lack of 
venous flow evaluation. 

In conclusion, higher thrombus density 
and thrombus lengths shorter than 18.7 mm 
were associated with good clinical outcomes 
in patients with MCA M1 occlusion treated 
with MT. However, no considerable correla-
tion was found between clinical outcomes 
and the ASPECTS, CC degree, or clot burden 
score. Further multicenter studies with larger 
patient groups are needed to confirm these 
findings and to clarify the role of thrombus 
characteristics and other imaging features 
that may influence patient outcomes.
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H E A D  A N D  N E C K  I M A G I N G
O R I G I N A L  A R T I C L E

Vascularity assessment in Hashimoto’s thyroiditis: a prospective 
comparative study with power Doppler and superb microvascular 
imaging

PURPOSE
To quantitatively evaluate the vascularity of the thyroid parenchyma in patients diagnosed with 
Hashimoto’s thyroiditis (HT) compared with healthy controls by using vascularity index (VI) through 
power Doppler (PD) and color superb microvascular imaging (cSMI) and to determine a threshold 
VI value to effectively differentiate patients with HT and hypothyroid HT.

METHODS
This prospective cross-sectional study involved 73 patients diagnosed with HT and 66 healthy 
controls. The diagnosis of HT was established based on clinical and laboratory findings. The total 
volume of the thyroid gland was measured, and the region of interest was drawn manually by de-
lineating the gland boundaries for VI calculation on PD and cSMI. The mean VI for both lobes of the 
thyroid were computed for each participant. Statistical analyses were conducted using SPSS ver-
sion 29.0, with receiver operating characteristic curve analysis employed to ascertain the optimal 
cSMI VI cut-off values for the diagnosis of HT and for patients with hypothyroid HT.

RESULTS
The analysis revealed no significant differences in the total thyroid volume between the HT group 
and the control group, or between the hypothyroid and euthyroid HT subgroups. The SMI VI values 
were recorded at 8.85 [interquartile range (IQR): 25%–75%, 6.55–12.6] for patients with HT and 8.40 
(IQR: 25%–75%, 6.70–12.8) for the control group, indicating a statistically significant increase in the 
HT cohort (P < 0.001). Additionally, the PD VI values in patients with HT were significantly higher 
than in the control group (P < 0.001). A strong positive correlation was identified between thy-
roid-stimulating hormone levels and cSMI VI in patients with HT (rho = 0.739, P < 0.001), whereas 
the correlation with PD VI was found to be weak (rho = 0.346, P < 0.001). The optimal cut-off value 
for SMI VI was 6.75% for the general diagnosis of HT and 8.825% for patients with hypothyroid HT.

CONCLUSION
This study indicates that the optimal threshold values of 6.75% for the diagnosis of HT and 8.825% 
for patients with hypothyroid HT suggest that cSMI is an effective and promising diagnostic tool for 
detecting alterations in thyroid vascularization. Furthermore, there is a strong concordance among 
radiologists regarding the VI measurements.

CLINICAL SIGNIFICANCE
The SMI technique represents a promising diagnostic tool for the detection of subtle alterations 
in thyroid vascularization. The higher sensitivity of cSMI in comparison to PD positions it as an in-
novative and effective technology for the assessment of HT, offering valuable insights into disease 
activity and progression.

KEYWORDS
Hashimoto’s thyroiditis, power Doppler, ultrasonography, color superb microvascular imaging, vas-
cularity index
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Hashimoto’s thyroiditis (HT) is an au-
toimmune disorder characterized by 
inflammation of the thyroid gland, 

which initially results in hyperthyroidism and 
subsequently progresses to hypothyroidism 
due to parenchymal degeneration.1 The di-
agnosis of HT can be established through 
clinical observations, ultrasonographic 
findings, and the detection of circulating 
antithyroid autoantibodies that contribute 
to morphological changes.2,3 Conventional 
ultrasound (US) and  color Doppler imaging 
(CDI) typically reveal a heterogeneous echo-
texture characterized by lobulated contours, 
hypoechoic micronodules, and increased 
vascularity in the early stages, while dimin-
ished vascularity is observed in the chronic 
stages.4,5 CDI, particularly power Doppler 
(PD), is essential for assessing the vascularity 
of the thyroid gland, which is often elevated 
in cases of HT. When combined with oth-
er sonographic characteristics, it enhances 
both the sensitivity and specificity of diag-
nosing diffuse thyroid pathologies, including 
HT. This comprehensive approach improves 
diagnostic accuracy in asymptomatic in-
dividuals.6,7 However, CDI faces challenges 
in distinguishing genuine blood flow from 
motion artifacts. Superb microvascular imag-
ing (SMI) is an advanced Doppler technique 
that employs adaptive algorithms to detect 
low-velocity blood flow while minimizing 
motion artifacts, thereby providing a clear-
er representation of true vascular perfusion. 
This technique can be utilized in two mo-
dalities: color SMI (cSMI) and monochrome 
SMI (mSMI). The cSMI modality generates 
color-coded Doppler signals superimposed 
on grayscale US images, whereas mSMI elim-
inates the background grayscale US data and 
exclusively displays the Doppler signals.8 The 

vascularity index (VI), available in both PD 
and SMI, quantifies blood flow by calculating 
the ratio of colored pixels within a designat-
ed region of interest (ROI).9,10

This prospective cross-sectional study 
quantitatively evaluates the vascularity of 
the thyroid parenchyma in patients with HT 
and a control group by employing the VI 
in conjunction with PD and cSMI method-
ologies, thereby facilitating a comparative 
analysis of these techniques. Additionally, 
we establish a threshold VI value via cSMI to 
differentiate patients with HT from controls 
and to distinguish between hypothyroid and 
euthyroid cases of HT. 

Methods
This study was approved by the Clini-

cal Research Ethics Committee of İstanbul 
Haseki Training and Research Hospital (ap-
proval date: May 25, 2022; decision number: 
73-2022). In this prospective cross-sectional 
investigation, the thyroid glands of 73 indi-
viduals diagnosed with HT and 66 healthy 
asymptomatic participants were compre-
hensively evaluated. The minimum required 
sample size to achieve a 95% confidence 
interval (CI) (α = 0.05) and 90% power was 
determined to be 18 participants per group, 
resulting in a total of 54 participants, as cal-
culated based on the study entitled “Vascu-
larity Index for the Diagnosis of Autoimmune 
Thyroid Disease”.11

Patients diagnosed with HT and moni-
tored at the endocrinology outpatient clinic 
were included in this study (Figure 1). The 
diagnosis of HT was established through the 
detection of thyroid autoantibodies, specif-

ically thyroid peroxidase and thyroglobulin 
antibodies (TgAbs), in conjunction with thy-
roid hormone levels, clinical manifestations, 
and ultrasonographic findings indicative 
of thyroiditis. Laboratory assessments con-
ducted over a 1-week period were excluded 
from the analysis. Medical personnel who 
consented to participate in the investigation 
during their routine hospital assessments, 
who exhibited no indications of autoim-
mune disorders and exhibited normal labo-
ratory findings, were incorporated into the 
control cohort.

The reference values employed in Uni-
versity of Health Sciences Türkiye, İstan-
bul Haseki Training and Research Hospital 
for laboratory parameters are delineated 
as follows: free thyroxine (T4) levels range 
from 0.70 to 1.74 ng/dL, thyroid-stimulating  
hormone (TSH) levels range from 0.35 to  
4.5 mIU/L, TgAbs range from 0 to 115 IU/
mL, thyroid peroxidase antibodies (TPOAbs) 
range from 0 to 34 IU/mL, and thyroglob-
ulin levels range from 1.6 to 60 ng/mL. The 
cohort of patients diagnosed with HT was 
subsequently stratified into hypothyroid and 
euthyroid subgroups.

Ultrasonographic evaluations were per-
formed utilizing the Canon Aplio 500 US sys-
tem (Canon Medical Systems, Tokyo, Japan), 
equipped with a high-frequency probe (4–14 
MHz). The examinations were conducted by 
two radiologists with 15 years (S.O.) and 10 
years (T.S.C.) of relevant experience. Partic-
ipants were positioned in a supine posture 
with their necks slightly extended. Initially, 
a grayscale US examination was conducted. 
Each thyroid lobe was assessed separately in 
both transverse and longitudinal planes. 

Main points

•	 This study compares power Doppler (PD) 
and color superb microvascular imaging 
(cSMI) techniques to assess thyroid pa-
renchymal vascularity in patients with 
Hashimoto’s thyroiditis (HT).

•	 The results indicate a significantly higher 
vascularity index (VI) in patients with HT 
compared with healthy controls, with cSMI 
demonstrating superior sensitivity over PD.

•	 A strong positive correlation was observed 
between thyroid-stimulating hormone lev-
els and SMI VI, suggesting that SMI VI can be 
used to assess disease activity.

•	 The study highlights cSMI as a promising 
diagnostic tool for detecting subtle vascular 
changes in HT, with potential clinical appli-
cations for disease monitoring and manage-
ment.

Figure 1. Flow diagram of the study.
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The dimensions of the thyroid gland were 
measured across three planes for each lobe, 
and the thyroid volume for each lobe was cal-
culated using the following formula: length 
× width × depth × 0.52. The total thyroid 
volume was determined by summing the 
volumes of both lobes while excluding the 
volume of the isthmus from the calculation. 
Furthermore, the structure and echogenicity 
of the thyroid parenchyma were evaluated in 
detail.

Following the grayscale examination, vas-
cular imaging was performed in the longitu-
dinal plane for both lobes using PD and cSMI 
techniques. The pulse repetition frequency 
was calibrated within a range of 150–80 Hz. 
During the PD and cSMI evaluations, partic-
ipants were instructed to refrain from swal-
lowing and to hold their breath for a duration 
of 5 seconds. After capturing the relevant 
images, the boundaries of the thyroid gland 
were manually delineated, and a ROI was es-
tablished (Figure 2). The VI was calculated by 
quantifying the colored pixels using the de-
vice’s algorithm and expressing this quantity 
as a proportion of the total pixel count within 
the ROI. This procedure was conducted inde-
pendently three times for each lobe, and the 
mean of the three measurements was com-
puted. To determine the overall thyroid VI, 
the average of the measurements from both 
lobes was calculated. All values were derived 
by averaging the VI results obtained from 
both radiologists.

Statistical analysis

The statistical analysis was conducted 
utilizing SPSS version 29.0 (IBM, Armonk, NY, 

USA). Categorical variables were represented 
as counts and percentages, and numerical 
variables were expressed as means ± stand-
ard deviations or medians with interquartile 
ranges (IQR), depending on the distribution 
characteristics of the data. To compare inde-
pendent numerical variables between two 
distinct groups, either Student’s t-test or the 
Mann–Whitney U test was employed, based 
on the normality assumption of the data dis-
tribution. Receiver operating characteristic 
(ROC) curve analysis was performed to deter-
mine the optimal cut-off value for the cSMI 
VI in distinguishing patients with HT from 
healthy controls, as well as in distinguishing 
hypothyroid from euthyroid HT. The data 
were stratified according to the threshold 
values established by the Youden index and 
the area under the curve (AUC) metrics. Sub-
sequently, measures of sensitivity, specificity, 
positive predictive value (PPV), negative pre-
dictive value (NPV), positive likelihood ratio, 
and negative likelihood ratio were calculat-
ed. The study also assessed the concordance 
of findings among each radiologist, which 
was evaluated using the intraclass correla-
tion coefficient (ICC). The interpretation of 
Kappa values was categorized as follows: 
0.81–1.00 (very good), 0.61–0.80 (good), 
0.41–0.60 (moderate), 0.21–0.40 (fair), and 
<0.20 (poor).

Results
In the current study, a cohort of 73 pa-

tients diagnosed with HT, aged between 
11 and 78 years, was designated as the 
case group. A control group consisting of 
66 healthy individuals, aged from 19 to 72 

years, was also established. The median age 
of the 66 healthy controls, which included 
43 women and 23 men, was determined to 
be 33 years (IQR: 25%–75%, 25.3–44). In con-
trast, the mean age of the 73 individuals in 
the HT group, comprising 63 women and 10 
men, was calculated to be 38.8 ± 14.1 years. 
Statistical analysis revealed that the age dif-
ferences between the control group and the 
case group were not statistically significant 
(P = 0.187, Mann–Whitney U test). Within the 
case group, the mean age of the 35 patients 
with hypothyroidism was recorded as 38.7 ± 
12.8 years, whereas the mean age of the 38 
patients with euthyroidism was 38.9 ± 15.3 
years. The statistical evaluation indicated no 
significant age difference between the pa-
tients with hypothyroidism and those with 
euthyroidism within the HT cohort (P = 0.950, 
Student’s t-test).

The differences in thyroid function as-
sessments between the HT group and the 
control cohort were found to be statistically 
significant. Median TSH concentration was 
3.90 mIU/L (IQR: 25%–75%, 1.73–6.33) in the 
HT group and 2.55 mIU/L (IQR: 25%–75%, 
1.59–3.33) in the control group. In the HT 
group, median TSH concentration was 6.39 
mIU/L (IQR: 25%–75%, 5.23–10.1) in the hy-
pothyroid subgroup and 2.07 ± 1.08 mIU/L 
in the euthyroid subgroup. This showed that 
TSH levels were significantly elevated in the 
patients with HT compared with the control 
group, and were also significantly higher in 
the hypothyroid subgroup compared with 
the euthyroid subgroup (P < 0.001, Mann–
Whitney U test). Median T4 levels were  
11.6 ng/L (IQR: 25%–75%, 10.7–12.7) in the 

Figure 2. Quantitative vascularity index values were determined by manually tracing the contours of the thyroid gland structure in (a) power Doppler and (b) 
color superb microvascular imaging mode. The measurements were performed in the longitudinal planes of the right lobe. ROI, region of interest; SMI, superb 
microvascular imaging.

a b
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euthyroid group and 10.9 ng/L (IQR: 25%–
75%, 9.14–11.6) in the hypothyroid group, 
showing notable reduction in the latter sub-
group compared with the former (P < 0.001, 
Mann–Whitney U test). However, no statisti-
cally significant difference was observed in 
T3 levels.

There was no statistically significant dif-
ference observed between the HT group and 
the control group, or between the hypothy-
roid and euthyroid HT groups, regarding the 
volume of both thyroid lobes and the total 
thyroid volume, as determined using the 
Mann–Whitney U test (Table 1).

The SMI VI values for the right and left thy-
roid lobes in the control cohort were meas-
ured at 3.75% (IQR: 25%–75%, 2.82–5.16) and 
3.97% ± 1.34%, respectively. In contrast, the 
HT cohort exhibited SMI VI values of 8.85% 
(IQR: 25%–75%, 6.55–12.6) for the right lobe 
and 8.40% (IQR: 25%–75%, 6.70–12.8) for the 
left lobe. Importantly, the SMI VI values for 
both lobes demonstrated a statistically sig-
nificant increase in the HT cohort (P < 0.001, 
Mann–Whitney U test).

In the HT cohort, the SMI VI values for 
the right lobe were measured at 14.0% ± 
4.53% for the hypothyroid subgroup and 
6.77% ± 2.08% for the euthyroid subgroup. 
A statistically significant difference was ob-
served, favoring the hypothyroid cohort (P 
< 0.001, Student’s t-test). Regarding the left 
lobe, the median SMI VI value of 12.8% (IQR: 

25%–75%, 10.8–14.1) in the hypothyroid co-
hort was significantly higher than the 6.78% 
(IQR: 25%–75%, 5.11–7.75) in the euthyroid 
cohort (P < 0.001, Mann–Whitney U test) 
(Table 2).

The PD VI metrics for the right and left 
lobes in patients diagnosed with HT were 
measured at 6.15% (IQR: 25%–75%, 3.65–
8.05) and 6.30% (IQR: 25%–75%, 4.10–7.75), 
respectively. These values were found to 
be statistically significantly elevated when 
compared with the mean values of the corre-
sponding lobes in the control cohort, which 
were 3.28% ± 1.35% and 3.35% ± 1.32%, re-
spectively (P < 0.001, Mann–Whitney U test). 
Furthermore, the PD VI measurements ob-
tained from the right and left lobes of the pa-
tients with hypothyroid HT were 7.35% (IQR: 
25%–75%, 5.35–11) and 7.30 (IQR: 25%–75%, 
5–8.50), respectively. These measurements 
were found to be significantly greater than 
those observed in the patients with euthy-
roid HT, which were 5.22% (IQR: 25%–75%, 
3.26–6.86) and 4.80% (IQR: 25%–75%, 3.65–
6.64), respectively, with statistical signifi-
cance (P = 0.002, P = 0.003; Mann–Whitney 
U test) (Table 3).

When interobserver agreement was eval-
uated in VI values, the ICC value for cSMI 
was 0.994 [F (179,72) = 57.2, P < 0.001, 95% 
CI: 0.990–0.996] for the right lobe and 0.995 
[F (214,72) = 57.7, P < 0.001, 95% CI: 0.992–
0.997] for the left lobe. For PD VI, the ICC value 

was 0.995 [F (210,72) = 33.7, P < 0.001, 95% 
CI: 0.990–0.997] for the right lobe and 0.997 
[F (405,72) = 21.9, P < 0.001, 95% CI: 0.994–
0.998] for the left lobe. This shows a high level 
of agreement between the two radiologists 
regarding the SMI and PD VI measurements.

The results of the Spearman correla-
tion analysis performed on a cohort of 
individuals diagnosed with HT revealed a 
moderate positive correlation between the 
right SMI VI and right PD VI (rho = 0.613, 
P < 0.001). Additionally, a similar moderate 
positive correlation was found between 
the left SMI VI and left PD VI (rho = 0.607, 
P < 0.001).

The results of the Spearman correlation 
analysis conducted on the control group re-
vealed a strong positive correlation between 
right SMI VI and right PD VI (rho = 0.727, P < 
0.001). Additionally, a robust positive corre-
lation was identified between left SMI VI and 
left PD VI (rho = 0.825, P < 0.001).

When the correlation between TSH val-
ues and VI values was assessed in patients 
with HT, a strong positive correlation was 
found between TSH and SMI VI (rho = 0.739, 
P < 0.001). In contrast, a weak correlation was 
noted between TSH and PD VI values (rho = 
0.346, P < 0.001).

The correlation between SMI VI and the 
antibodies, anti-TG and anti-TPO, was found 
to be weak, with Spearman’s rho values of 

Table 1. Thyroid gland volumes of Hashimoto’s thyroiditis and control groups

Group Right thyroid volume (mm3)
Median (IQR: 25%–75%)

Left thyroid volume (mm3)
Median (IQR: 25%–75%)

Total thyroid volume
(mm3)

Hashimoto’s thyroiditis 43.6 (29.9–61.9) 43.7 (28.4–57.6) 88.8 (61.5–116)

Control 41.7 (31.8–51.3) 36.2 (30–48.4) 76.7 (60.5–94.8)

P value 0.464 0.280 0.440

Hashimoto’s thyroiditis (euthyroid) 39.7 (27.2–64.8) 37.4 (26.7–56.7) 71.7 (58.2–116)

Hashimoto’s thyroiditis (hypothyroid) 48.1 (35.4–60.9) 47.0 (29.8–57.3) 93.3 (64.2–115)

P value 0.359 0.365 0.353

IQR, interquartile range.

Table 2. Comparison of SMI VI values across groups

Group SMI VI % (R) 
Radiologist 1

SMI VI % (R)
Radiologist 2

SMI VI % (R) SMI VI % (L)
Radiologist 1

SMI VI % (L)
Radiologist 2

SMI VI % (L)

Control 3.99 ± 1.5 3.91 ± 1.34 3.75 (2.82–5.16) 4.16 ± 1.54 3.79 ± 1.16 3.97 ± 1.34

Hashimoto’s thyroiditis 8.80 (6.80–12.3) 9.00 (6.50–13.0) 8.85 (6.55–12.6) 8.30 (6.90–12.6) 8.60 (6.60–13.1) 8.40 (6.70–12.8)

P value <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*

*Mann–Whitney U Test

Hashimoto’s thyroiditis (hypothyroid) 13.9 ± 4.47 14.2 ± 4.64 14.0 ± 4.53 12.6 (10.4–14.2) 13.1 (11.3–14.1) 12.8 (10.8–14.1)

Hashimoto’s thyroiditis (euthyroid) 6.71 ± 2.14 6.84 ± 2.06 6.77 ± 2.08 7 (4.95–7.68) 6.75 (5.23–7.95) 6.78 (5.11–7.75)

P value <0.001** <0.001** <0.001** <0.001* <0.001* <0.001*

*Mann–Whitney U Test; **Student’s t-test (Welch’s t). SMI, superb microvascular imaging; VI, vascularity index.
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0.296 and 0.303, respectively. Similarly, the 
correlation between PD VI and these anti-
bodies was also weak, with Spearman’s rho 
values of 0.304 and 0.217.

The correlation between SMI and PD VI 
values and thyroid volumes in patients with 
HT was found to be weak, with Spearman’s 
rho values of 0.254 and 0.268, respectively.

The AUC value, derived from the ROC 
curve, was calculated to differentiate pa-
tients diagnosed with HT based on varying 
threshold SMI VI values. The AUC was found 
to be 0.933, leading to the establishment of 
the threshold SMI VI value at 6.75%.

In alignment with the varying threshold 
values of the SMI VI, the AUC value derived 
from the ROC curve developed to differen-
tiate between patients with hypothyroid-
ism and those diagnosed with HT was de-
termined to be 0.959. As a result, the SMI VI 
threshold value was established at 8.825%. 
The findings from the diagnostic value as-
sessment conducted in accordance with 
these threshold values are presented in 
Table 4.

The AUC value, derived from the ROC 
curve constructed using varying threshold 
values of PD VI to distinguish patients di-
agnosed with HT was found to be 0.838. In 
contrast, the AUC for differentiating patients 
with hypothyroid HT from those with euthy-
roid HT was determined to be 0.714. Howev-
er, the Youden’s indexes for these analyses 
were 0–0.0455 and 0.311–0.353, respectively, 

indicating a low diagnostic performance.

Discussion
HT is recognized as the most prevalent 

autoimmune disorder affecting the thyroid 
gland, with an annual incidence rate ranging 
from 2 to 498 cases per 100,000 individu-
als.12,13 The progression of this condition typi-
cally begins with a phase of hyperthyroidism, 
which is subsequently followed by hypothy-
roidism due to the degeneration of thyroid 
tissue.14 US is a widely utilized imaging mo-
dality for the diagnostic evaluation and on-
going monitoring of HT.3 In the assessment 
of vascular characteristics, SMI represents 
an innovative ultrasonographic technique 
that facilitates the detection of low-velocity 
blood flow.

In this study, we examined the vascular 
characteristics of the thyroid gland in pa-
tients diagnosed with HT utilizing both SMI 
and PD modalities. Our findings revealed 
that patients with HT exhibited significant-
ly elevated VI values when compared with 
the control group. Additionally, in the HT 
cohort, the hypothyroid subgroup demon-
strated higher VI values than the euthyroid 
subgroup. However, the diagnostic efficacy 
of PD for differentiating HT cases based on 
its VI threshold was found to be suboptimal. 
In contrast, the SMI method produced more 
favorable results, with a threshold VI of 6.75% 
for the detection of HT and 8.825% for the 
identification of hypothyroid HT.

Few studies have utilized the SMI tech-
nique in the context of HT, meaning our in-
vestigation makes a significant contribution 
to this specialized field.15,16 Bayramoglu et 
al.15 identified a VI cut-off value of 10.58% 
with an AUC of 0.794, which yielded a sen-
sitivity of 67.1% and a specificity of 90% for 
diagnosing HT in a pediatric cohort consist-
ing of 70 patients with HT and 30 controls. 
The reported sensitivity was 67.1%, speci-
ficity was 90%, PPV was 94%, NPV was 54%, 
and the overall diagnostic accuracy was de-
termined to be 74%. In the present study, 
comparable sensitivity and specificity met-
rics were obtained for the SMI VI threshold 
of 6.75%, which was established alongside a 
superior AUC value. In addition to SMI VI, we 
additionally established a threshold value for 
PD VI. Nevertheless, our findings indicated 
that the threshold values derived from the 
ROC analysis displayed suboptimal diag-
nostic efficacy, as evidenced by exceedingly 
low Youden indices; consequently, these val-
ues were deemed insufficient for the differ-
entiation of patients with HT from healthy 
controls, akin to SMI VI. Bayramoglu et al.15 

categorized patients based on the extent of 
glandular involvement as assessed by gray-
scale US and noted a statistically significant 
difference in VI values between the two pa-
tient cohorts with HT. However, while they 
suggested that this finding was related to 
the degree of glandular involvement, they 
did not specify a cut-off value. In a larger co-
hort of pediatric patients with HT, Durmaz et 
al.17 reported a cut-off value of 6.00% for the 

Table 3. Comparison of PD VI values across groups

Group PD VI % (R)
Radiologist 1

PD VI % (R)
Radiologist 2

PD VI % (R) PD VI % (L)
Radiologist 1

PD VI % (L)
Radiologist 2

PD VI % (L)

Control 3.29 ± 1.48 3.28 ± 1.25 3.28 ± 1.35 3.30 ± 1.50 3.41 ± 1.17 3.35 ± 1.32

Hashimoto’s thyroiditis 6.20 (3.60–8.20) 6.30 (3.80–8.10) 6.15 (3.65–8.05) 6.20 (4–7.80) 6.30 (4.10–7.80) 6.30 (4.10–7.75)

P value <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*

 *Mann–Whitney U Test

Hashimoto’s thyroiditis (hypothyroid) 7.10  (5.25–10.5) 7.30 (5.50–11.1) 7.35 (5.35–11) 7.20 (5–8.40) 7.40 (5–8.50) 7.30 (5–8.50)

Hashimoto’s thyroiditis (euthyroid) 5.25 (3.20–6.68) 5.25 (3.30–7.05) 5.22 (3.26–6.86) 5.29 ± 2.35 5 (3.65–6.83) 4.80 (3.65–6.64)

P value 0.002* 0.003* 0.002* 0.004* 0.003* 0.003*

*Mann–Whitney U Test. PD, power Doppler; VI, vascularity index.

Table 4. Diagnostic performance of cSMI VI

Group
(cut-off value)

Sensitivity
% (GA)

Specificity
% (GA)

PPV
% (GA)

NPV
% (GA)

PLR
(GA)

NLR
(GA)

Accuracy
% (GA)

Hashimoto’s thyroiditis vs. 
Control (6.75)

75%, 34  
(63, 86–84, 68)

100% 
(94, 56–100) 100% 78%, 57 

(71, 06–84, 56) – 0.25 
(0.17–0.37)

87%, 
05 (80, 31–92, 14)

Hypothyroid vs. Euthyroid 
(8.825)

34%, 29 
(19, 13–52, 21)

100% 
(90, 75–100) 100% 62%, 3 

(56, 53–67, 73) – 0, 66 
(0, 52–0, 84)

68%, 
49 (56, 56–78, 87)

cSMI, color superb microvascular imaging; VI, vascularity index; GA, gray-scale area; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; 
NLR, negative likelihood ratio.
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average VI across all thyroid glands, achiev-
ing a sensitivity of 86.3% and a specificity of 
82.2% for HT diagnosis, thereby indicating 
substantial diagnostic accuracy. Addition-
ally, they established distinct cut-off values 
for various measurement planes: 6.350% for 
the VI of the right and left thyroid lobes in 
the longitudinal plane, 6.225% for the mean 
VI in the longitudinal plane, and 6.350% for 
the VI in the transverse plane. The thresh-
old value identified in our research closely 
resembles that reported by Durmaz et al.17 

A significant factor contributing to the vari-
ability in VI values observed in both previous 
studies and our own may be the average age 
of the participants, which could influence VI 
values due to age-related changes in thyroid 
vascularization. Furthermore, Bayramoglu et 
al.15 systematically excluded individuals with 
fibrotic thyroid glands, echogenic septa, and 
pronounced pseudonodular characteristics 
in their investigation. These factors have the 
potential to affect VI measurements, possibly 
leading to divergent cut-off values. Moreo-
ver, as noted by Durmaz et al.17, the identifica-
tion of varying cut-off values across different 
imaging planes may suggest that the meas-
urement methodologies employed could 
contribute to the discrepancies observed in 
cut-off values. Such findings underscore the 
necessity for age-specific considerations in 
the assessment of thyroid vascularization 
using the VI, particularly when comparing re-
sults from different studies involving diverse 
populations.

In the present study, it was observed 
that the volumes of the thyroid gland were 
significantly elevated in patients diagnosed 
with HT, particularly within the hypothyroid 
subgroup, when compared with the euthy-
roid cohort. However, these findings did not 
achieve statistical significance. Similarly, the 
research conducted by Bayramoglu et al.15 

and Durmaz et al.17 reported increased thy-
roid gland volumes in patients with HT rel-
ative to the control group. In the early stag-
es of the pathology, an enlargement of the 
glandular structure may be noted, which can 
be attributed to increased vascularization. 
This enhancement in vascularity occurs as 
a result of the immunological response and 
the inflammatory processes taking place 
within the glandular tissue.18

Durmaz et al.17 elucidated a positive rela-
tionship between VI values and the concen-
trations of TSH, TgAbs, and TPOAbs. However, 
these associations were characterized by a 
lack of strength. Additionally, Bayramoglu et 
al.15 identified a significant fair positive corre-
lation between the VI derived from SMI and 

serum TgAb concentrations, indicating that 
the VI exhibits an upward trend suggestive 
of enhanced vascularity within the thyroid 
gland. Furthermore, they observed a signifi-
cant moderate positive correlation between 
the VI and TPOAb levels, which, being a more 
robust correlation compared with TgAb lev-
els, implies that TPOAb concentrations are 
more closely associated with increased vas-
cularity in the thyroid gland. A positive and 
statistically significant correlation between 
autoantibody concentrations and VI values 
suggests that the VI measurement of the 
thyroid gland may be associated with the 
extent of inflammation and could provide 
insights regarding disease activity. However, 
our investigation revealed a significant yet 
weak correlation between the SMI and PD 
VIs alongside the autoantibodies. The levels 
of serum antibodies may serve as indicators 
of the severity of thyroid gland inflammation 
in patients diagnosed with HT.19 While TgAbs 
may be responsible for the early immune 
response, TPOAbs are associated with thy-
roid damage, representing a later immune 
response.20 The significant yet modest cor-
relation observed in our investigation, along 
with findings from other research, may be 
attributed to the variability inherent in the 
different stages of HT present within the 
studied patient cohorts. Bayramoglu et al.15 

found a statistically significant moderate 
correlation between VI values and serum 
TSH levels in their study, whereas Durmaz et 
al.17 reported a statistically significant weak 
positive correlation. Significant correlations 
between TSH levels and thyroid blood flow 
have been documented in studies utilizing 
CDI techniques.21-23 In contrast to previous 
studies that reported a weaker correlation, 
our study found a highly positive correlation 
between serum TSH levels and VI values (rho 
= 0.739, P < 0.001).

Given that the utilization of SMI within the 
framework of the adult HT demographic has 
not been explored or documented in the pre-
vailing scholarly literature, we synthesized 
the conclusions drawn from our analysis in 
this particular context. The reproducibility 
of SMI VI and PD VI measurements executed 
by two separate operators was scrutinized, 
resulting in an interobserver concordance 
that can be described as almost perfect. The 
diagnostic performance of the cSMI VI in dif-
ferentiating patients with HT from asympto-
matic controls exhibited a substantial degree 
of precision, thereby offering significant con-
tributions to the scholarly discourse, as the 
threshold VI value we established through 
SMI for individuals with HT is anticipated to 

enhance clinical management, particularly 
in the detection of aberrant blood flow while 
ensuring tissue uniformity. 

Our investigation is subject to several 
limitations. The primary limitation is that the 
identification of HT was conducted through 
clinical evaluation rather than histopatholog-
ical examination. Due to the absence of biop-
sy specimens, we were unable to assess and 
interpret the histopathological alterations 
and the extent of inflammation within the 
thyroid tissue. Additionally, a majority of the 
participants enrolled in the study were re-
ceiving pharmacological treatment, and the 
duration of the disease and the disease stage 
were not documented. A statistically signif-
icant disparity was observed in the TSH val-
ues between the hypothyroid and euthyroid 
cohorts within the HT population. Despite 
the majority of individuals in the HT group 
undergoing therapeutic interventions, the 
pronounced variation in TSH levels among 
these patients substantiates the hypothe-
sis that the administered drug dosage was 
inadequate for those receiving treatment. 
Nevertheless, the absence of documenta-
tion regarding the treatment status, as well 
as the absence of the transient hyperthyroid 
phase of the patients, constitutes a notable 
limitation of this investigation. Moreover, a 
deficiency of information pertaining to au-
toantibody titers within the control group 
impedes the comprehensive exclusion of 
subclinical autoimmune thyroid pathology. 
In addition, our measurements of PD and VI 
were conducted within a single plane (lon-
gitudinal). Bayramoglu et al.15 employed a 
single-plane (transverse) methodology for 
VI measurement similar to our approach; 
however, unlike our methodology, which in-
volved calculating the mean of three meas-
urements derived from the same segment 
(middle), they averaged three measurements 
taken from the upper, middle, and lower sec-
tions of the gland. While this may represent 
a limitation, Durmaz et al.17 found no statisti-
cally significant variation in VI measurements 
across different planes, suggesting that a sin-
gle measurement obtained from one plane 
can be utilized with a high degree of reliabili-
ty. This finding reduces the need for multiple 
measurements and simplifies the process in 
clinical settings. Additional limitations in-
herent to our investigation include, first, the 
predominance of the female demographic 
within our cohort, which precluded the op-
portunity for subgroup analysis. While the 
predominance of female patients is antici-
pated in cases of HT, this gender dispropor-
tion remains a significant limitation. Second, 
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the vascular characteristics associated with 
various manifestations of HT, encompassing 
both atrophic and goitrogenic variants, were 
not assessed, and consequently, no sub-
group analysis was conducted in this regard.

In conclusion, our study highlights the 
significant elevation of SMI VI values in 
patients with HT, particularly among those 
with hypothyroidism, in comparison to 
healthy controls. The identified optimal 
threshold values of 6.75% for the diagnosis 
of HT and 8.825% for hypothyroid HT sug-
gest that SMI may serve as a promising di-
agnostic tool for detecting subtle alterations 
in thyroid vascularization. The enhanced 
sensitivity of SMI in relation to PD technolo-
gy positions it as an innovative and effective 
method for the assessment of HT, providing 
valuable insights into disease activity and 
progression. Future research, particularly 
studies that incorporate histopathological 
data and multi-plane measurements, in addi-
tion to the therapeutic condition of patients, 
is essential to further refine the diagnostic 
capabilities of SMI and to explore its clinical 
applications.
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I N T E R V E N T I O N A L  R A D I O L O G Y
O R I G I N A L  A R T I C L E

Preoperative arterial and venous embolization of heterotopic 
ossification of the hip: a case-control study

PURPOSE
Heterotopic ossification (HO) is an abnormal bone mass in soft tissue, often complicating spinal 
cord or brain injuries with paralysis. When ossification limits joint amplitudes and becomes symp-
tomatic, surgical excision may be necessary, although it carries a high risk of hemorrhage. This study 
evaluates the role of preoperative arterial embolization on peri-operative bleeding.

METHODS
A retrospective case-control study was conducted on patients undergoing hip HO resection be-
tween September 2019 and April 2024. Only anteromedial or circumferential HO were included. 
Data on blood loss, transfusion requirements, duration of surgery, and length of hospital stay were 
analyzed. Embolization was performed with microspheres 500–700 μm and/or coils. Statistical sig-
nificance was determined using the Mann–Whitney U test (P < 0.05).

RESULTS
A total of 18 resections of HO and 9 preoperative embolizations were performed. Embolization was 
technically successful in all cases, with an average of 1.2 embolized arteries per patient. Venous 
embolization was performed in three specific cases. The mean surgical time was 127 min. The es-
timated mean blood loss was 1.789 mL, with no significant reduction with embolization (P = 0.25). 
However, embolized patients had a significantly shorter hospital stay (6.2 vs. 8 days, P = 0.03). One 
complication (arterial thrombosis downstream of the puncture site) was reported and successfully 
treated.

CONCLUSION
Preoperative embolization may improve recovery by shortening hospital stay; however, its impact 
on surgical bleeding remains unclear. Further studies are needed to refine embolization strategies 
and evaluate long-term outcomes, including recurrence rates.

CLINICAL SIGNIFICANCE
Preoperative embolization is a promising adjunct to complex HO hip resections, with a favorable 
safety profile that justifies its consideration in multidisciplinary surgical planning.

KEYWORDS
Heterotopic ossification, preoperative arterial embolization, hip surgery, interventional radiology, 
surgical outcomes
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Heterotopic ossification (HO) is a prolif-
eration of heterotopic extra-articular 
calcifications.1 It is a common compli-

cation following brain or spinal cord injury 
with paralysis, appearing within the first 6 
months in nearly 20% of patients.2

When HO significantly impairs quality of 
life by limiting joint mobility and causing 
pain, surgery is often required.3,4 Surgical 
resection, though effective, is associated 
with substantial intraoperative bleeding due 
to the hypervascular nature of HO, and the 
presence of multiple vessels feeds these os-
sifications. Although tranexamic acid can 
reduce bleeding in orthopedic surgery, its 
efficacy in HO resection remains limited.5 
One way of limiting peri-operative bleeding 
could be preoperative embolization. How-
ever, although preoperative embolization 
is well-documented in reducing bleeding in 
malignant bone tumors, its role in HO resec-
tion remains underexplored, with only a few 
cases reported.6

The primary objective of this study is to 
evaluate the efficacy of pre-operative arte-
rial embolization in reducing peri-operative 
bleeding during HO resection. Secondary 
objectives include assessing the safety of the 
procedure and its impact on operative time 
and hospital stay.

Methods

Study design

This retrospective case-control study in-
cluded 18 surgical resections of symptomatic 
HO of the hip between September 2019 and 
April 2024. The inclusion criteria were age > 
18 years and symptomatic circumferential or 
antero-medial HO requiring anterior surgi-
cal resection (Figure 1). HO was considered 
symptomatic when it caused functional dis-
comfort or persistent pain or when signs of 
neuronal or vascular compression appeared.

Nine non-embolized cases came from a 
previous study in which patients underwent 
surgery between September 2019 and Janu-
ary 2022.7 From January 2022 onward, a mul-
tidisciplinary meeting including the surgical 
team and the interventional radiology teams 
took place before any resection of HO con-
sidered by the surgeon to be at high risk of 
bleeding to decide if preoperative emboliza-
tion was required for the patient. High hem-
orrhagic risk was defined by the presence 
of major vessels embedded within the HO 
mass, making surgical exposure and poten-
tial ligation in case of bleeding particularly 
difficult. Nine preoperative arterial emboli-
zation operations were performed between 
January 2022 and April 2024; 7 patients un-
derwent surgical resection of circumferential 
or antero-medial HO without preoperative 
embolization after January 2022 but were 
not included in this study, as they were con-
sidered by the surgeon to be at moderate 
risk of bleeding.

The following data were collected: age, 
sex, weight, height, body mass index, etiology 
of HO, size of HO, time from surgery to hospi-
tal discharge, preoperative and postoperative 
hemoglobinemia, blood transfusion details, 
and operative time. For embolized patients, 
the following data were also collected: pro-
cedure length (time from preparation of the 
patient’s groin until the time of the last image 
acquired), dose area product, fluoroscopy 
time, and number of embolized vessels. Blood 
mass was estimated at 70 mL/kg. Blood loss 
was calculated using Gross’ formula, based 
on the difference between preoperative he-
moglobinemia and the lowest postoperative 
hemoglobinemia during hospitalization.8

Prior to embolization and surgery, com-
puted tomography (CT) angiography was per-
formed in all patients to plan the embolization 
and surgical procedure [SOMATOM Definition 
AS (Siemens Healthineers, Erlangen, Germa-
ny)]. A biphasic CT scan was performed, with 
a first injection of 120 mL of iodinated con-
trast medium (Iomeron 400 mg/mL, Bracco 
Imaging) at a speed of 1.5 mL/s immediately 
followed by a second injection of 80 mL at a 
speed of 3 mL/s. The CT scan was triggered 
135 s after the start of the first injection. 
Multi-planar reconstructions were produced, 
along with three-dimensional images show-
ing bone and the vascular tree. In a single ac-
quisition, this protocol enables the radiologist 
and surgeon to locate the vessels in the surgi-
cal pathway easily and to plan embolization.9

Arterial and venous embolization  and the 
surgical procedure

All procedures were performed under lo-
cal anesthesia in an angiographic unit (Azuri-
on©, PHILIPS, Amsterdam, Netherlands) by 
two interventional radiologists with 8 (RA) 
and 25 (EHM) years’ experience in interven-
tional radiology. After percutaneous intro-
duction of a 5 Fr sheath into the femoral ar-
tery contralateral to ossification, a 5 Fr Cobra 
2 catheter was used to cross-over and cath-
eterize the deep femoral artery. Selective 
catheterization was then performed with a 
microcatheter (2.4 Fr and 2.7 Fr Progreat©, 
Terumo, Tokyo, Japan; 2.4 Fr Maestro©, Merit 
Medical, South Jordan, USA). Microspheres 
500–700 μm (Embogold©, Merit Medical, 
South Jordan, USA) were then injected until 
the tumor blush disappeared, followed by 
coils (Nester© CookMedical, Bloomington, 

Main points

•	 Preoperative embolization is feasible and 
technically successful in all cases of high-risk 
hip heterotopic ossification.

•	 Hospital stay was significantly shortened in 
embolized patients compared with those 
who were non-embolized.

•	 Venous embolization has been performed 
in selected cases and requires further stud-
ies to assess its efficacy.

Figure 1. Flowchart. HO, Heterotopic ossification.
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USA; Mreye© CookMedical, Bloomington, 
USA). Technical success was defined as com-
plete occlusion of the feeding vessels in the 
surgical pathway. As the surgical approach 
was anterior, only feeding vessels located 
anterior to the HO were considered on the 
surgical path.

Venous embolization was requested by 
the surgeon when one of the main branches 
of the femoral veins he planned to clamp was 
surrounded by HO, as these veins present a 
particular surgical challenge due to their 
proximity to ossified tissue, making them 
difficult to isolate and clamp during dissec-
tion. Venous embolization was intended to 
facilitate surgical exposure and potentially 
minimize intraoperative bleeding. Venous 
embolization was performed under local an-
esthesia by the same interventional radiolo-
gists. After percutaneous introduction of a 5 
Fr sheath into the femoral vein contralateral 
to ossification, a 5 Fr Cobra 2 catheter was 
used to cross-over and catheterize the lateral 
circumflex vein. Embolization was then per-
formed with coils.

Surgery was scheduled shortly after em-
bolization, usually the following day, before 
any new vascularization occurred. Surgery 
was performed via an anterior approach 
similar to an extended Hueter approach, 
extending proximally along the iliac crest to 
the medial gluteal tuberosity and distally to 
the junction between the middle and upper 
thirds of the thigh.4,10

The French Ethics Committee for Medi-
cal Imaging Research (CERIM) approved this 
retrospective study and waived the require-

ment for written informed consent (approval 
number: CRM-2501-462, date: 23.03.2025).

Statistical analysis

Due to the small size of the study, the 
non-parametric Mann–Whitney U test was 
used for quantitative values. A P value of < 
0.05 was defined as statistically significant. 
Statistical analyses were performed using 
R version 4.4.2 (R Foundation for Statistical 
Computing, Vienna, Austria).

Results
Of the 18 cases of HO included, 16 were 

neurogenic HO and 2 were related to pro-
longed hospitalization in an intensive care 
unit (Table 1); 9 pre-operative embolizations 
were performed (Figure 2). All embolizations 
were technically successful, defined as em-
bolization of vessels in the surgical tract, with 
an average of 1.2 arteries embolized (Table 
2). HO was generally supplied by branches 
of the medial and lateral circumflex femoral 
arteries as well as by perforating branches of 
the deep femoral artery. Embolization most 
frequently involved branches of the lateral 
circumflex femoral artery, with additional 
vessels targeted when they were located 
within the planned surgical field (Figure 3). 
Three patients also benefited from emboli-
zation of the lateral circumflex vein, which 
was located on the operative path (Figure 
4). The estimated mean blood loss was 1.789 
mL, with no significant difference between 
embolized and non-embolized patients (P = 
0.25). Six patients (33%) required transfusion 
during their hospital stay. The mean opera-
tive time was 127 min, with no significant dif-

ference between groups. The mean length of 
hospital stay after surgical resection was 7.1 
days and was significantly shorter in emboli-
zed patients than in non-embolized patients: 
6.2 days vs. 8 days (P < 0.05).

One complication was reported in the 
embolization group, classified as Grade 3 ac-
cording to the Cardiovascular and Interven-
tional Radiological Society of Europe classifi-
cation system.11 This involved the thrombosis 
of a distal artery downstream of the punc-
ture site, which was effectively treated with 
thrombolytics. However, surgery had to be 
postponed for 2 months.

Discussion
This study evaluated the efficacy and safe-

ty of preoperative embolization on peri-op-
erative bleeding prior to resection of HO. 
Only patients presenting with circumferen-
tial or anteromedial HO were included in this 
study, as these patterns are associated with 
the highest risk of bleeding.12

Preoperative embolization was associated 
with a significantly shorter hospital stay com-
pared with patients without embolization. 
However, no significant differences were ob-
served in terms of blood loss or blood trans-
fusion requirements. This differs from the 
case-control study by Papalexis et al.,6 who 
found a reduction in transfusion require-
ments and hemoglobin loss after pre-em-
bolization with cyanoacrylate glue. In our 
study, the mean number of arteries embo-
lized was 1.2. The interventional radiologist 
endeavored to embolize only vessels locat-
ed in the surgical pathway, thereby limiting 

Table 1. Continuous data are presented as the mean and standard deviation. Categorical data are shown as the number and percentage 

Baseline characteristics Embolization n = 9 No embolization n = 9 Total n = 18 P value

Age (years) 41 (13.7) 51.7 (12.1) 46.3 (13.7)

Male, n (%) 8 (88.9%) 8 (88.9%) 16 (88.9%)

Body mass index 23 (3.9) 24.3 (4.1) 23.7 (4)

Etiology

- Brain injury, n (%) 3 (33.3%) 3 (33.3%) 6 (33.3%)

- Spinal injury, n (%) 5 (55.6%) 5 (55.6%) 10 (55.6%)

- Prolonged stay in intensive care, n (%) 1 (11.1%) 1 (11.1%) 2 (11.1%)

Pre-operative hemoglobinemia (g/dL) 13.6 (1.1) 13.3 (1.3) 13.5 (1.2)

Estimated blood volume (mL) 5,024 (876) 5,616 (1219) 5,320 (1,074)

Heterotopic ossification volume (mL) 757 (471) 570 (305) 664 (397)

Post operative follow-up

Operative time (min) 115 (38) 139 (38) 127 (39) 0.31

Hospital stay duration (days) 6.2 (3.1) 8 (3.9) 7.1 (3.5) 0.03

Estimated blood loss (mL) 2,097 (1,150) 1,497 (683) 1,796 (968) 0.25

Units of blood transfused 1.2 (2) 0.9 (1.5) 1.1 (1.7) 0.87
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the risk of osteonecrosis in healthy bone. 
In the study by Papalexis et al.,6 the operator 
embolized an average of 2.6 arteries and > 
90% of the arteries feeding the ossification. 
Thus, intraoperative bleeding also depends 
on the complexity of the surgical procedure, 
which is difficult to quantify. The retrospec-
tive case-control design of our study, with 
selection based on perceived bleeding risk, 
introduces a strong selection bias, which 
may explain why we did not achieve a signif-
icant reduction in bleeding. Other possible 
explanations are the use of particles rather 
than glue and the limited number of arteries 
embolized. Future studies could determine 
the best strategy.

The embolization procedure demonstrat-
ed a favorable safety profile, with only one 

complication observed across all cases, re-
lated to arterial puncture. None of the other 
cases reported in the literature had compli-
cations related to embolization.13-17 

We only studied patients operated on 
via the anterior approach, in whom the risk 
of bleeding is highest.12 However, given the 
safety profile of embolization, it would be in-
teresting for further studies to examine the 
effect of preoperative embolization for other 
surgical approaches. Nevertheless, preoper-
ative embolization of the HO has the same 
disadvantages and risks as other preopera-
tive embolizations, including non-targeted 
embolization, risk of vascular complications, 
and increased overall cost.

The three cases of venous embolization 
in this study are the first published in the 
literature for this indication. Although this 
study does not assess the efficacy of this 
embolization, this technique could per-
haps be of interest in special anatomical 
circumstances, notably when large veins 
are embedded in the ossification, as they 
are difficult to manage by the surgeon and 
can lead to life-threatening bleeding.18,19 

Unfortunately, we were unable to carry 
out a long-term follow-up of our patients, 
as half of them were referred to us for sur-
gery and, after the 1st year, conducted their 
follow-up elsewhere. It would be interesting 
in the future to determine whether emboli-
zation can limit the risk of symptomatic re-
currence of HO.

This study has several limitations, includ-
ing its retrospective design with non-ran-
dom allocation and the small sample size. 
Thus, it remains possible that HO manage-
ment improved during the study and that 
the observed effect on hospital stay is due 
solely to this, as this is a before-and-after 
study. Moreover, the length of hospital stay 
is not the best criterion in open-label stud-
ies, as medical staff may be encouraged to 
discharge patients, knowing they have been 
embolized.

In conclusion, preoperative embolization 
appears to be a safe adjunct to HO resection, 
significantly reducing hospital stay. Howev-
er, its impact on surgical bleeding remains 
unclear. Further research is needed to refine 
embolization techniques and evaluate long-
term outcomes, including recurrence rates. 

Table 2. Continuous data are presented as 
the mean and standard deviation

Endovascular procedures

Number of embolized arteries 1.2 (0.8)

Procedure length (min) 81 (32)

Fluoroscopy time (min) 20 (8)

Dose area product (Gy.cm2) 63 (33)

Figure 2. Pre-operative (a, b) and postoperative (c, d) computed tomography scan of the left hip in the maximum-intensity projection.

a

c

b

d
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Figure 3. Angiographic views of the left hip (same patient as Figure  1). (a) Angiography of the deep femoral artery, showing pseudotumoral hypervascularization 
originating from the lateral femoral circumflex artery. (b) Angiography of the deep femoral artery after embolization of branches of the lateral femoral circumflex 
artery, showing reduced hypervascularization and the persistence of pseudotumoral blush from branches of the medial femoral circumflex artery. These arterial 
branches were not embolized, as they were not on the operative path. (c, d) Selective angiography of the lateral circumflex femoral artery prior to embolization.

a

c

b

d

Figure 4. Phlebography of the left femoral vein. (a) Pre-embolization phlebography showing the lateral circumflex vein. (b) Post-embolization.

a b
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I N T E R V E N T I O N A L  R A D I O L O G Y
O R I G I N A L  A R T I C L E

Diagnostic performance of magnetic resonance imaging-targeted 
biopsy for PI-RADS ≥3 peripheral zone lesions in multiparametric 
prostate magnetic resonance imaging: correlation with clinically 
significant prostate cancer

PURPOSE
To evaluate magnetic resonance imaging (MRI)-targeted biopsy (MRI-TB) performance in detecting 
clinically significant prostate cancer (csPCa) with a Prostate Imaging Reporting and Data System (PI-
RADS) score of ≥3 peripheral zone (PZ) lesions using multiparametric MRI (mpMRI)-histopathology 
correlation.

METHODS
This retrospective study included 141 patients with 187 PZ lesions who underwent mpMRI followed 
by both MRI-TB and transrectal ultrasound-guided systematic biopsy (SB) between December 2021 
and December 2024. All mpMRI scans were evaluated by a board-certified experienced radiologist 
in accordance with the PI-RADS version 2.1 criteria. The csPCa detection rates of SB, MRI-TB, and 
combined biopsy (CB) were compared. Statistical analyses included McNemar’s test, Fisher’s exact 
test, and the Mann–Whitney U test. A P value <0.05 was considered statistically significant.

RESULTS
Among the 141 patients (187 PI-RADS ≥3 PZ lesions), patients with csPCa exhibited significantly 
higher prostate-specific antigen (PSA) levels (15.3 vs. 8.2 ng/mL; P = 0.02), lower prostate volume 
(52.4 vs. 78.6 mL; P < 0.001), and three-fold higher PSA density (PSAD) (0.30 vs. 0.10 ng/mL/mL; P 
< 0.001) than non-csPCa cases. Notably, PSAD > 0.15 ng/mL/mL occurred in 78% of patients with 
csPCa vs. 18% in non-csPCa cases (P < 0.001). Moreover, MRI-TB detected significantly more csPCa 
than SB (17.7% vs. 10.7% of lesions; P < 0.001), with maximal advantage in PI-RADS 4 lesions (20.7% 
vs. 10.9%; P = 0.004). By contrast, CB did not significantly increase csPCa detection over MRI-TB 
alone (19.8% vs. 17.7%; P = 0.125). Chronic prostatitis (CP) (34.0% of benign cases) confounded 
PI-RADS specificity.

CONCLUSION
For csPCa detection in PI-RADS ≥3 PZ lesions, particularly PI-RADS 4, MRI-TB outperforms SB. For 
PI-RADS 5, SB and MRI-TB showed equivalent efficacy. However, MRI-TB alone suffices for PI-RADS 
≥4 lesions or PSAD >0.15 ng/mL/mL, whereas CB remains preferable for PI-RADS 3. The high CP 
prevalence underscores the need for adjunctive biomarkers to improve specificity.

CLINICAL SIGNIFICANCE
MRI-TB optimizes csPCa detection for PI-RADS ≥4 PZ lesions, reducing reliance on SBs. A PSAD 
threshold >0.15 ng/mL/mL effectively stratifies biopsy necessity, and high CP prevalence (34% of 
benign cases) underscores the need for adjunct biomarkers to improve specificity in PI-RADS 3–4 
lesions.

KEYWORDS
Magnetic resonance imaging-targeted biopsy, Prostate Imaging Reporting and Data System, pe-
ripheral zone, magnetic resonance imaging
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Prostate cancer (PCa) ranks as the sec-
ond most frequently diagnosed malig-
nancy in men worldwide and the sev-

enth leading cause of cancer-related death.1 
Approximately 95% of PCas are adenocarci-
nomas arising from glandular epithelial cells, 
predominantly in the peripheral zone (PZ), 
whereas approximately 25% originate in 
the transitional zone (TZ); rare cases involve 
neuroendocrine, basal cell, or mesenchymal 
tumors.2,3 

The incidence of PCa increases substan-
tially with age, predominantly affecting men 
over 65 years, with family history serving as 
a well-established risk factor, particularly 
when first-degree relatives are diagnosed 
before the age of 65.1,4 Early-stage PCa often 
remains asymptomatic but may present with 
metastatic symptoms in advanced disease, 
emphasizing the importance of early detec-
tion to reduce morbidity and mortality. 

The prostate-specific antigen (PSA) test 
remains the primary screening tool, although 
its specificity is limited by frequent elevation 
in benign conditions, such as benign pros-
tatic hyperplasia (BPH) and prostatitis.5 PSA 
density (PSAD), calculated by dividing the 
PSA level by the prostate volume, enhances 
diagnostic accuracy when combined with 
age, percent-free PSA, and family history.6,7 

Transrectal ultrasound (TRUS)-guided 
systematic biopsy (SB), typically involving 
12-core sampling, is the standard diagnostic 
technique. However, this method has limit-
ed sensitivity, with a cancer detection rate 
of 27%–40% and a risk of missing up to 25% 
of clinically significant PCa (csPCa).8,9 Recent 
advances in multiparametric magnetic res-
onance imaging (mpMRI) have substantially 
improved csPCa detection through high-res-
olution anatomical and functional imaging. 
MRI-targeted biopsy (MRI-TB), fusing mpMRI 
findings with real-time United States (US) to 
guide precise sampling, demonstrates supe-
rior csPCa detection over SB while reducing 
diagnosis of clinically insignificant PCa (ciP-
Ca).10,11 Prostate Imaging Reporting and Data 
System (PI-RADS) version 2.1 scoring stan-
dardizes lesion characterization, with scores 
≥3 indicating biopsy-eligible risk.12 

Although the principles of MRI-TB supe-
riority and PSAD utility are recognized, their 
application to individual PI-RADS categories 
in the PZ—a region prone to both cancer 
and confounding inflammation—remains 
inadequately defined. The aim of this study 
is to (1) determine the differential perfor-
mance of SB, MRI-TB, and combined biopsy 
(CB) for each PI-RADS category; (2) quantify 
the category-specific prevalence and impact 
of chronic prostatitis (CP); and (3) validate a 
PSAD threshold (>0.15 ng/mL/mL) in a PZ co-
hort enriched with CP. We hypothesize that 
the diagnostic advantage of MRI-TB varies by 
PI-RADS category and that PSAD can effec-
tively stratify biopsy necessity.

Methods
This single-center retrospective study re-

ceived approval from the institutional ethics 
committee of Giresun Training and Research 
Hospital (ethics committee approval: KAEK-
55, decision number: 08, date: 13.03.2023), 
with waived informed consent due to its ret-
rospective design.

Study population

Between December 2021 and Decem-
ber 2024, patients who underwent mpMRI 
using a 1.5-Tesla MRI scanner (Magnetom 
Aera, Siemens Medical Solutions, Erlangen, 
Germany) and had lesions initially localized 
to the PZ with PI-RADS version 2.1 ≥3 were 
identified through the Picture Archiving and 
Communication System. A total of 223 pa-
tients underwent MRI-TB during this period, 
and their histopathological data were col-
lected. The inclusion criteria were as follows: 

(a) a final radiological confirmation of strictly 
PZ-localized lesions (PI-RADS version 2.1), 
(b) diagnostic-quality mpMRI, and (c) both 
MRI-TB and 12-core TRUS-guided SB within 
3 months of imaging. The exclusion criteria 
included the following: (1) lesions extending 
beyond PZ boundaries (exclusively TZ or PZ–
TZ overlap) (n = 36), (2) history of previous 
prostate biopsy/prostate surgery (n = 19), 
(3) prior PCa diagnosis (n = 9), (4) inadequate 
mpMRI quality or missing sequences (n = 8), 
(5) repeat MRI-TB (n = 4), (6) absence of SB (n 
= 3), and (7) failure to undergo MRI-TB within 
3 months of mpMRI (n = 3). TZ lesions were 
excluded due to higher csPCa prevalence in 
the PZ (70%–80%), distinct PI-RADS criteria 
[PZ: diffusion-weighted imaging (DWI) dom-
inant vs. TZ: T2-weighted imaging (T2WI) 
dominant], and frequent BPH overlap.2,3 The 
final cohort comprised 141 patients (187 PZ 
lesions). Figure 1 summarizes patient selec-
tion. 

Image acquisition

All mpMRI examinations were performed 
on a 1.5T MRI system (Siemens Medical 
Solutions). Images were obtained with 
the patient in the supine position using a 
16-channel pelvic phased-array coil, with-
out an endorectal coil, in accordance with 
PI-RADS version 2.1 recommendations for 
patient comfort and feasibility at 1.5T.12 The 
imaging protocol included axial/sagittal/cor-
onal T2WI, axial T1-weighted imaging (T1WI), 
DWI (b-values: 0, 800, 1400 s/mm²) with ap-
parent diffusion coefficient (ADC) maps, and 
dynamic contrast-enhanced (DCE) sequenc-
es. For DCE, gadolinium-based contrast (0.1 
mmoL/kg) was injected intravenously at 2–3 
mL/s, followed by high-resolution three-di-
mensional axial T1WI every 7s for 240–300 s 
(slice thickness ≤3 mm). Table 1 outlines the 
technical parameters of the MRI sequences.

Image analysis

A single board-certified radiologist with 
13 years of prostate MRI experience, blinded 
to histopathology, evaluated all the mpMRI 
scans. The interpreting radiologist had 10 
years of dedicated prostate MRI experience 
at the commencement of the study enroll-
ment period (December 2021). The PI-RADS 
version 2.1 scoring was performed prospec-
tively as part of the initial clinical interpre-
tation prior to biopsy. The PZ lesions were 
scored in accordance with the PI-RADS ver-
sion 2.1 criteria, which integrate T2WI, DWI, 
and DCE findings for standardized character-
ization.12

Main points

•	 	Magnetic resonance imaging-targeted bi-
opsy (MRI-TB) outperforms systematic bi-
opsy (SB) in detecting clinically significant 
prostate cancer (csPCa) with a Prostate Im-
aging Reporting and Data System (PI-RADS) 
score ≥3 peripheral zone lesions (17.7% vs. 
10.7%; P < 0.001), with maximal advantage 
in PI-RADS 4 lesions (20.7% vs. 10.9%; P = 
0.004).

•	 	Chronic prostatitis confounds PI-RADS 
specificity, present in 34% of benign cases 
and mimicking csPCa on multiparametric 
MRI, particularly in PI-RADS 3–4 lesions.

•	 	Prostate-specific antigen density (PSAD) 
>0.15 ng/mL/mL is a robust predictor of 
csPCa (78% sensitivity) and reduces unnec-
essary biopsies in equivocal lesions.

•	 Combined biopsy did not significantly in-
crease csPCa detection over MRI-TB alone 
(19.8% vs. 17.7%; P = 0.125), supporting MRI-
TB as a first-line intervention for PI-RADS ≥4 
or high PSAD.

•	 SB remains viable for PI-RADS 5 lesions 
(equivalent csPCa detection to MRI-TB: 
18.5% each), optimizing resource use in 
high-volume settings.
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Prostate volume and prostate-specific anti-
gen measurement

Prostate volume was calculated from axial 
and sagittal T2WI using the ellipsoid formula 
(π/6 × AP × transverse × craniocaudal diam-
eter), as recommended by PI-RADS version 
2.1.12 All PSA values were obtained from se-
rum samples collected within 3 months prior 
to the mpMRI examination, ensuring con-
temporaneity with the imaging findings.13

Magnetic resonance imaging-targeted and 
12-core transrectal ultrasound-guided sys-
tematic biopsy procedure

All MRI-TB procedures were performed 
by two experienced radiologists (each with 
Two radiologists performed MRI-TB using a 

dedicated MRI-TRUS fusion platform (RS85 
Prestige; Samsung Medison, Seoul, South 
Korea) and software (NavigoR v2.1; Sam-
sung Medison, Seoul, South Korea), consis-
tent with established technical standards.14 
Pre-procedural steps included uploading 
mpMRI datasets for lesion segmentation, 
followed by intraprocedural dual registration 
combining sensor-based electromagnetic 
tracking and organ-based deformable reg-
istration. During target sampling, ≥2 cores 
per lesion were obtained under continuous 
US guidance with real-time needle trajectory 
visualization, maintaining <3 mm targeting 
accuracy. For each patient, target lesion size 
was measured as the maximal axial diameter 
on T2WI. 

Concurrently, a standardized 12-core ex-
tended sextant biopsy was performed by 
urologists, blinded to the MRI-TB targets, 
under TRUS guidance, with cores systemat-
ically obtained from six anatomical sectors 
per prostatic lobe: (1) the apex (medial and 
lateral PZ; two cores), (2) mid-gland (me-
dial and lateral PZ; two cores), and (3) base 
(medial and lateral PZ; two cores), using an 
18-gauge spring-loaded biopsy needle to 
harvest tissue cores of 15–22 mm in length, 
ensuring comprehensive glandular sampling 
for histopathological correlation. 

Digital rectal examination (DRE) was per-
formed pre-biopsy by urologists, with ab-
normal DRE defined as palpable nodule or 
glandular asymmetry. All targeted lesions 

Figure 1. Flowchart of patient selection. PZ, peripheral zone; PI-RADS, Prostate Imaging Reporting and Data System; MRI-TB, magnetic resonance imaging-targeted 
biopsy; TRUS, transrectal ultrasound; SB, systematic biopsy; TZ, transitional zone; PCa, prostate cancer; mpMRI, multiparametric magnetic resonance imaging. 

Table 1. Technical parameters for multiparametric magnetic resonance imaging acquisition

Axial T2W Sagittal T2W Coronal T2W DWI† Axial T1W DCE*

Sequence TSE TSE TSE EPI GRE 3D GRE

Fat supression No No No No Yes Yes

TE (ms) 6.000 7.000 6.200 4.200 580 4.46

TR (ms) 108 108 108 82 13 1.72

FOV (mm) 200 × 200 200 × 200 200 × 200 260 × 260 200 × 200 260 × 260

Matrix 275 × 320 266 × 320 298 × 320 112 × 112 256 × 256 154 × 192

Slice thickness (mm) 3.5 3.5 3.5 4 3.5 3.5

†Acquired at b-values: 0, 800, 1, 400  s/mm² with ADC mapping.
*Dynamic acquisition: temporal resolution 7s, duration 240–300 s; gadolinium dose: 0.1 mmoL/kg at 2–3 mL/s.
ADC, apparent diffusion coefficient; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DWI, diffusion-weighted imaging; EPI, echo-planar imaging; FOV, field of 
view; GRE, gradient recalled echo; TSE, turbo spin echo; TE, echo time; TR, repetition time; T2W, T2-weighted; T1W, T1-weighted; 3D, three-dimensional.
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received a median of 3 cores per lesion [in-
terquartile range (IQR): 2–5], resulting in a 
median total of 15 biopsy cores per patient 
(IQR: 14–18) when combined with the 12 sys-
tematic cores. 

Histopathological analysis

Biopsy cores were evaluated by a dedicat-
ed genitourinary pathologist with 12 years 
of experience in prostate histopathology, in 
accordance with the 2014 International So-
ciety of Urological Pathology (ISUP) guide-
lines, including Gleason scoring and tumor 
involvement per core. The percentage of 
core involvement was used to estimate over-
all tumor volume, which was integrated with 
the Gleason score and other findings to gen-
erate a final histopathologic diagnosis for 
each patient. The ISUP grade groups (GGs) 
correspond to Gleason scores: grade 1 (3 + 3 
= 6), grade 2 (3 + 4 = 7), and grade 3 (4 + 3 
= 7).15 PCa was defined as a Gleason score of 
≥6 (3 + 3) (equivalent to ISUP GG ≥1); csPCa 
was defined as a Gleason score of ≥7 (e.g., 
3 + 4 = 7, ISUP GG ≥2), an estimated tumor 
volume of ≥0.5 cm³, or extraprostatic exten-
sion; ciPCa was defined as a Gleason score of 
6 (3 + 3) (ISUP GG 1); and CP was diagnosed 
histopathologically based on the presence of 
a chronic inflammatory cell infiltrate within 
the prostatic stroma.

Reference standard and definition of out-
comes

For the purpose of calculating detection 
rates and comparing the performance of 
MRI-TB and SB, the CB result was used as the 
reference standard, as it represents the most 
comprehensive histopathological assess-
ment available for each lesion.14,16 Although 
radical prostatectomy is the gold standard, 
its use would introduce selection bias by 
including only surgical candidates. We ac-
knowledge that CB may underestimate the 
true prevalence of cancer due to the poten-
tial for sampling error inherent in any biop-
sy method; however, it represents the best 
available benchmark for the comparative 
assessment of biopsy yields in a clinical set-
ting. A lesion was considered truly positive 
for csPCa if it was detected through CB (ISUP 
GG ≥2). The detection rate of each method 
was calculated against this standard. Cases 
where CB detected csPCa that was missed 
by MRI-TB or SB were considered false nega-
tives for the respective method. Lesions with 
a positive MRI (i.e., assigned a PI-RADS score 
≥3) but a negative CB result (benign or ciPCa) 
were considered false-positive MRI findings.

Statistical analysis

Statistical analyses were performed using 
SPSS software, version 26 (IBM Corporation, 
Armonk, NY, USA). Normality of data distri-
bution was evaluated using visual methods 
(histograms and probability plots) and ana-
lytical tests (Kolmogorov–Smirnov and Sha-
piro–Wilk tests). Comparisons between two 
continuous variables were performed using 
the Mann–Whitney U test, and categorical 
variables were compared using the McNe-
mar test and Fisher’s exact test. A P value 
<0.05 was considered statistically significant.

Results

Patient and lesion characteristics

Patient demographics are summarized 
in Table 2. Key characteristics of the study 
lesions, stratified by PI-RADS score, are de-
tailed in Table 3. Median lesion size was 14 
mm (IQR: 10–18 mm). Patients underwent 
a median of 3 MRI-TB cores per lesion (IQR: 
2–5) and 15 total cores per patient (IQR: 14–
18). DRE was abnormal in 44 patients (31.2%). 
Histopathological assessment identified 
PCa in 73 patients (51.8%), stratified as clin-
ically significant (csPCa, ISUP GG ≥2, n = 37, 

26.2%) or clinically insignificant (ciPCa, ISUP 
GG 1, n = 36, 25.6%). Benign pathology was 
observed in 67 patients (47.5%), including CP 
in 48 cases (34.0%) (Table 4).

Overall biopsy performance

For overall PCa detection, CB demon-
strated superior detection (42.8%, 80/187) 
to both MRI-TB (34.8%, 65/187; P < 0.001) 
and SB (26.7%, 50/187; P < 0.001). For csPCa 
(ISUP ≥2), MRI-TB (17.7%, 33/187) outper-
formed SB (10.7%, 20/187; P < 0.001), and CB 
(19.8%, 37/187) provided no significant addi-
tional benefit over MRI-TB alone (P = 0.125). 
Category-specific detection rates and csPCa 
yields across PI-RADS categories are detailed 
in Table 5.

Category-specific performance and Inter-
national Society of Urological Pathology 
upgrades

Significant differences in diagnostic per-
formance emerged across PI-RADS cate-
gories, with MRI-TB demonstrating catego-
ry-specific advantages in both PCa detection 
and risk stratification (Table 5). Critically, 
among the 41 PI-RADS 3 lesions, MRI-TB iden-
tified four csPCas (ISUP GG ≥2) missed by SB, 

Table 2. Demographic and clinical characteristics of the study cohort

Value

Patients 141

Lesion of numbers 187

Age
Mean ± SD
Median (range)

64.3 ± 7
64 (45–83)

PSA (ng/mL)
Mean ± SD
<4.0 ng/mL
4.0–10.0 ng/mL
>10.0 ng/mL

10 ± 9.2
16 (11.3%)
80 (56.7%)
45 (32%)

Prostate volume (mL)
Mean ± SD
Median (range)

72.17 ± 34.82
70 (13–196)

PSA density
Mean ± SD
>0.15 ng/mL/mL

0.16 ± 0.17
48/141 (34%)*

Lesion characteristics
Median size (mm)
PI-RADS 3
PI-RADS 4
PI-RADS 5

14 (IQR: 10–18)
41 (21.9%)
92 (49.1%)
54 (29%)

Biopsy parameters
Median targeted cores per lesion
Median total cores per patient

3 (IQR: 2–5)
15 (IQR: 14–18)

Clinical findings
Abnormal digital rectal examination
Chronic prostatitis on histopathology

44 (31.2%)
48 (34)

*PSAD >0.15 ng/mL/mL calculated for entire cohort.
IQR, interquartile range; PI-RADS, Prostate Imaging Reporting and Data System; PSA, prostate-specific antigen; SD, 
standard deviation.
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yielding a csPCa detection rate of 9.8% (4/41) 
for MRI-TB compared with 0% (0/41) for SB. 
For the 92 PI-RADS 4 lesions, MRI-TB demon-
strated superior csPCa detection to SB 
[20.7% (19/92) vs. 10.9% (10/92); P = 0.004]. 
When using CB as the reference standard, 
this resulted in 3 false negatives for MRI-TB 
vs. 12 false negatives for SB among PI-RADS 
4 lesions. In lesions where both methods de-
tected cancer (n = 17), MRI-TB upgraded the 
ISUP grade in 35.3% (6/17) of cases—com-
prising two upgrades from GG 1 to GG 2, 
three from GG 2 to GG 3, and one from GG 1 
to GG 3—thereby altering clinical risk stratifi-
cation (Figure 2). In the 54 PI-RADS 5 lesions, 
both methods showed equivalent csPCa 
detection [18.5% (10/54) each; P = 1.000]. 
Among lesions where both MRI-TB and SB 
detected PCa (n = 13), MRI-TB upgraded the 

ISUP grade in 7.7% of cases (1/13), specifical-
ly from GG 1 to GG 3 (Figure 3). Importantly, 
CP remained a prevalent confounding factor, 
observed in 22.0% (9/41) of PI-RADS 3, 22.8% 
(21/92) of PI-RADS 4, and 27.8% (15/54) of 
PI-RADS 5 lesions, and coexisted with PCa in 
55.6% (5/9), 52.4% (11/21), and 33.3% (5/15) 
of these CP cases, respectively.

To further investigate the performance of 
PI-RADS 5 lesions, two post-hoc sensitivity 
analyses were performed. First, to address 
potential overscoring, we applied an addi-
tional quantitative ADC threshold of <750 
µm²/s to define high-risk PI-RADS 5 lesions. 
This refined subgroup (n = 38) demonstrat-
ed a higher csPCa detection rate of 28.9% 
(11/38) by using CB. Second, to evaluate 
the impact of tumor volume, we considered 
high-volume Gleason score 6 (ISUP GG 1) 

disease (defined as ≥50% core involvement 
or ≥2 positive cores) as csPCa. This reclassi-
fication increased the csPCa detection rate 
for all PI-RADS 5 lesions from 20.4% (11/54) 
to 24.1% (13/54).

Clinical parameter correlations

Patients with csPCa exhibited significant-
ly higher PSA levels (15.3 vs. 8.2 ng/mL; P = 
0.02), smaller prostate volumes (52.4 vs. 78.6 
mL; P < 0.001), and elevated PSAD (0.30 vs. 
0.10 ng/mL/mL; P < 0.001). A PSAD threshold 
>0.15 ng/mL/mL exhibited 78% sensitivity 
for csPCa; this threshold was significantly 
more frequent in the csPCa group than in the 
non-csPCa group (78% vs. 18%; P < 0.001). 
No significant age difference existed be-
tween groups (Table 6).

Table 3. Characteristics of peripheral zone lesions stratified by PI-RADS score

Characteristic PI-RADS 3 (n = 41) PI-RADS 4 (n = 92) PI-RADS 5 (n = 54) P value

Lesion size (mm)

Median (IQR) 10 (8–12) 13 (11–14) 17 (15–22) <0.001

Chronic prostatitis, n (%) 9 (22.0) 21 (22.8) 15 (27.8) 0.698

PSA, ng/mL

Median (IQR) 7.1 (5.2–9.8) 8.9 (6.0–12.0) 14.5 (9.8–21.0) <0.001

Prostate volume, mL

Median (IQR) 82 (65–105) 68 (50–88) 55 (40–75) <0.001

PSAD, ng/mL/mL

Median (IQR) 0.09 (0.06–0.12) 0.13 (0.09–0.19) 0.26 (0.17–0.40) <0.001

PSAD >0.15, n (%) 7 (17.1) 32 (34.8) 32 (59.3) <0.001

Statistically significant P values (P < 0.05) are shown in bold. IQR, interquartile range; PSA, prostate-specific antigen; PSAD, PSA density; PI-RADS, Prostate Imaging Reporting and 
Data System. 

Table 4. Histopathological diagnosis of patients with PI-RADS ≥3 peripheral zone lesions

Histopathological diagnosis Patients, n (%)

Prostate cancer 73 (51.8)

Clinically significant (ISUP GG ≥2) 37 (26.2)

Clinically insignificant (ISUP GG 1) 36 (25.6)

Atypical small acinar proliferation 1 (0.7)

Benign pathology 67 (47.5)

Chronic prostatitis
Benign without prostatitis

48 (34)
19 (13.5)

Total 141 (100)

GG, grade group; ISUP, International Society of Urological Pathology; PI-RADS, Prostate Imaging Reporting and Data System.
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Table 5. Comparative detection rates of prostate cancer subtypes by biopsy method across PI-RADS categories in peripheral zone lesions

PI-RADS score Systematic biopsy (SB) 
(n, %)

MRI-targeted 
biopsy (TB)

(n, %)

Combined biopsy 
(CB)

(n, %)

SB vs. MRI-TB 
P value

SB vs. CB
P value

MRI-TB vs. CB
P value

3 (n = 41) PCa 6 (41) 16 (39.1) 17 (41.5) 0.006 0.001 1.000

csPCa 0 4 (9.8) 4 (9.8) 0.125 0.125 1.000

ciPca 6 (41) 12 (29.3) 13 (31.7) − − −

Benign 35 (85.4) 25 (60.9) 24 (58.5) − − −

4 (n = 92) PCa 28 (30.5) 30 (32.7) 41 (44.6) 0.839 <0.001 0.001

csPCa 10 (10.9) 19 (20.7) 22 (23.9) 0.004 <0.001 0.25

ciPca 18 (19.6) 11 (12) 19 (20.7) − − −

Benign 64 (69.5) 62 (67.3) 51 (55.4) − − −

5 (n = 54) PCa 16 (29.6) 19 (35.2) 22 (40.8) 0.508 0.031 0.250

csPCa 10 (18.5) 10 (18.5) 11 (20.4) 1.000 1.000 1.000

ciPca 6 (11.1) 9 (16.7) 11 (20.4) − − −

Benign 38 (70.4) 35 (64.8) 32 (59.2) − − −

Comparisons were performed only for csPCa detection rates between biopsy methods. ‘−’ indicates no statistical comparison performed. Statistically significant P values (P < 0.05) 
are shown in bold.
PI-RADS, Prostate Imaging Reporting and Data System; PCa, prostate cancer; csPCa, clinically significant prostate cancer; ciPCa, clinically insignificant prostate cancer.

Figure 2. Multiparametric magnetic resonance imaging (MRI) and MRI-targeted biopsy (MRI-TB) findings in a 67-year-old man with bilateral PI-RADS category 
4 peripheral zone (PZ) lesions. (a) Axial T2-weighted image demonstrates heterogeneous hypointense foci in bilateral PZs (arrows). (b) High b-value diffusion-
weighted imaging (b = 1.400 s/mm²) shows corresponding hyperintense signal. (c) Apparent diffusion coefficient map confirms diffusion restriction with 
hypointense signal (arrowheads). (d) Dynamic contrast-enhanced subtraction image reveals early arterial phase enhancement in both lesions (arrows). (e) 
Transrectal ultrasound with electromagnetic needle tracking during fusion biopsy of right PZ lesion (ring). (f) MRI-TB software overlay displaying co-registered 
bilateral targets with planned needle trajectory (ring). Histopathologic diagnosis: MRI-TB confirmed Gleason score 3 + 4 = 7 (ISUP GG 2) adenocarcinoma in both 
lesions. PI-RADS, Prostate Imaging Reporting and Data System; GG, grade group; ISUP, International Society of Urological Pathology.
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Figure 3. Multiparametric magnetic resonance imaging (MRI) and MRI-targeted biopsy (MRI-TB) of a PI-RADS category 5 peripheral zone lesion in a 75-year-
old man. (a) Axial T2-weighted image shows a distinct hypointense focus in the left anterior peripheral zone (PZ) (arrow). (b) High b-value diffusion-weighted 
imaging (b = 1.400 s/mm²) demonstrates marked hyperintensity. (c) Apparent diffusion coefficient map reveals corresponding hypointensity indicating diffusion 
restriction (arrowheads). (d) Dynamic contrast-enhanced subtraction image displays early intense arterial enhancement (arrow). (e) Transrectal ultrasound with 
electromagnetic tracking during biopsy of the left PZ target (ring). (f) MRI-TB fusion software overlay depicting needle trajectory registration (ring). Histopathologic 
diagnosis: MRI-TB confirmed Gleason score 4 + 4 = 8 (ISUP GG 4) adenocarcinoma. PI-RADS, Prostate Imaging Reporting and Data System; GG, grade group; ISUP, 
International Society of Urological Pathology.
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Table 6. Comparative analysis of clinical parameters in patients with and without clinically significant prostate cancer (csPCa) 

csPCa (−) (n = 104, %) csPCa (+) (n = 37, %) P value

PSA (ng/mL) 8.2 ± 5.1 15.3 ± 14.2 0.02

Prostate volume (mL) 78.6 ± 33.7 52.4 ± 25.8 <0.001

PSA density (PSAD)
PSAD >0.15 ng/mL/mL

0.10 ± 0.05
19 (18)

0.30 ± 0.25
29 (78.4)

<0.001
<0.001

Age 63.8 ± 6.5 65.9 ± 8.1 0.185

Data presented as mean ± standard deviation or n (%). Statistically significant P values (P < 0.05) are shown in bold. PSA, prostate-specific antigen. 



 

MRI-targeted biopsy performance in PI-RADS ≥3 peripheral zone lesions  • 335

Discussion
Our study establishes that MRI-TB signifi-

cantly enhances the detection of csPCa in PI-
RADS ≥3 PZ lesions compared with SB, with 
maximal advantage observed in PI-RADS 
4 lesions, where csPCa detection doubled 
(20.7% vs. 10.9%; P = 0.004). Crucially, our 
study addresses three critical gaps in PZ-spe-
cific diagnosis: 1) quantifying CP as a primary 
confounder (identified in 34.0% of benign 
cases), 2) demonstrating category-depen-
dent biopsy performance across PI-RADS 
3/4/5 subgroups, and 3) validating PSAD 
>0.15 ng/mL/mL as a robust predictor of csP-
Ca (78% sensitivity). These findings refine bi-
opsy pathways for the PCa-prone PZ—where 
70%–80% of malignancies originate—
through rigorous correlation of mpMRI fea-
tures with histopathological outcomes.2,3

The principal novelty of our study lies in 
providing granular, category-specific data 
that refine the application of MRI-TB and 
PSAD for PZ lesions. We demonstrate that 
the diagnostic advantage of MRI-TB is max-
imal for PI-RADS 4 lesions, shows equipoise 
with SB for PI-RADS 5, and remains critical for 
detecting csPCa in PI-RADS 3. Furthermore, 
we quantitatively demonstrate that CP is a 
pervasive confounder not only in indetermi-
nate (PI-RADS 3) but also in highly suspicious 
(PI-RADS 4–5) lesions, where it frequently 
coexists with cancer, thus presenting a pro-
found diagnostic challenge. This precise 
stratification, combined with the validation 
of a PSAD >0.15 ng/mL/mL threshold in this 
CP-enriched cohort, provides a novel, action-
able framework for personalizing biopsy de-
cisions.	

In our study, the CB approach demon-
strated superior overall PCa detection (42.8% 
of lesions) to both MRI-TB (34.8%, P < 0.001) 
and SB (26.7%, P < 0.001), aligning with 
findings by Ahdoot et al.14 For csPCa, MRI-
TB significantly outperformed SB (17.7% vs. 
10.7% of lesions; P < 0.001), corroborating 
the reported 38% vs. 26% detection ad-
vantage for MRI-TB in the study by Kasivis-
vanathan et al.16 Our csPCa detection rates 
(SB: 10.7%; MRI-TB: 17.7%) were lower than 
those in high-prevalence cohorts, attrib-
utable to the following: (1) exclusion of TZ 
lesions with higher csPCa risk; (2) high CP 
prevalence (34% of benign cases), reducing 
specificity; and (3) a lower-risk cohort (only 
32% with PSA >10 ng/mL vs. 45%–60% in 
other studies).2,3,16-19 Crucially, CB provided 
no significant additional benefit over MRI-TB 
alone for csPCa detection (19.8% vs. 17.7%; 

P = 0.125), suggesting targeted sampling 
may suffice as a primary diagnostic meth-
od when supplemented with validated 
risk-stratification tools. Additionally, a me-
ta-analysis by Schoots et al.,9 including 16 
studies and 1,926 patients, demonstrated 
that MRI-TB was 20% more effective than SB 
in detecting csPCa (P < 0.05), although no 
significant difference was noted in overall 
PCa detection between the two modalities. 
Our findings thus reinforce the superior csP-
Ca detection of MRI-TB over SB and further 
confirm CB’s advantage in overall PCa detec-
tion compared with SB alone.

The management of PI-RADS 3 lesions 
remains challenging due to their indeter-
minate nature. In our cohort, although the 
difference in csPCa detection between MRI-
TB and SB in PI-RADS 3 lesions did not reach 
statistical significance, MRI-TB identified 
csPCa cases missed by SB. This highlights 
MRI-TB’s added diagnostic value, even in 
lower-risk lesions, and supports its role in the 
diagnostic pathway for PI-RADS 3 cases. The 
low overall csPCa yield (9.8%) in PI-RADS 3 le-
sions—coupled with a 22% CP rate—further 
underscores the limitations of relying solely 
on mpMRI for indeterminate lesions. Thus, 
adjunctive biomarkers (e.g., PCA3, Select-
MDx) or serial PSAD monitoring should be 
integrated to optimize risk stratification and 
reduce unnecessary biopsies.17,18

In de Braekt et al.19 reported equivalent 
csPCa detection between SB and MRI-TB for 
PI-RADS 4 lesions (P > 0.05). This contrasts 
sharply with our findings, where MRI-TB 
demonstrated significantly superior csP-
Ca detection over SB (20.7% vs. 10.9%; P = 
0.004). The discrepancy may be attributed to 
key methodological differences—our cohort 
exclusively comprised patients who were 
biopsy naïve, and MRI-TB dominated csPCa 
detection within CB-positive cases. Crucially, 
the limited diagnostic advantage of MRI-TB 
over SB in our cohort also stems from preva-
lent CP (34% of benign cases), which mimics 
csPCa on mpMRI.

Our study reveals a critical nuance in 
PI-RADS 4 lesions; the limited diagnostic 
advantage of MRI-TB over SB (csPCa detec-
tion: 20.7% vs. 10.9%; P = 0.004) likely stems 
from prevalent CP, which constituted 34% of 
benign cases. This inflammatory condition 
mimics csPCa on mpMRI through character-
istic DWI restriction and early DCE enhance-
ment patterns, posing a major diagnostic 
challenge.16,19 For such lesions, adjunctive 
PSAD (>0.15 ng/mL/mL) or non-focal mor-

phology assessment are recommended to 
enhance specificity and reduce unnecessary 
biopsies.

The 26.9% prevalence of CP in our cohort 
(34.0% of benign cases) aligns with contem-
porary studies of PI-RADS ≥3 populations, 
confirming this reflects expected diagnos-
tic challenges rather than cohort irregu-
larity.17–19 Patients with elevated PSA levels 
(mean: 10.03 ng/mL) and suspicious mpMRI 
lesions are inherently enriched for inflamma-
tory conditions that mimic csPCa through 
shared imaging features—particularly diffu-
sion restriction and early enhancement pat-
terns on DCE sequences.20 Furthermore, the 
exclusion of patients with prior biopsies like-
ly contributed to the observed prevalence 
of detection of subclinical CP, as untreated 
inflammation accumulates over time.1,5 No-
tably, the 31.2% abnormal DRE rate (44/141) 
correlates with both CP prevalence (26.9%) 
and contemporary MRI-TB studies, suggest-
ing palpable glandular irregularities may re-
flect underlying inflammatory changes that 
confound mpMRI interpretation.21,22	

For PI-RADS 5 lesions, the equivalent csP-
Ca detection rates between SB and MRI-TB 
(18.5% each; P = 1.000) indicate comparable 
efficacy for large, conspicuous lesions (me-
dian size: 17 mm, IQR: 15–22 mm). However, 
our overall csPCa detection rate for PI-RADS 
5 lesions (20.4% by CB) is lower than the very 
high rates (60%–90%) often reported in the 
literature.16,19,21 This critical discrepancy can 
be attributed to several factors inherent to 
our study cohort: (1) the exclusion of TZ can-
cers, which frequently present as aggressive 
PI-RADS 5 tumors; (2) the high prevalence 
of CP (27.8%); and (3) nearly 40% of lesions 
having a PSAD below the 0.15 ng/mL/mL 
threshold, suggesting a less aggressive pro-
file. Therefore, although PI-RADS 5 remains a 
high-risk category, its predictive value is not 
absolute and is substantially influenced by 
the underlying prevalence of confounding 
inflammation and the specific risk profile of 
the patient population. This aligns with the 
findings of In de Braekt et al.19 but contrasts 
with studies reporting MRI-TB superiority.21,22 
In our cohort, 27.8% of PI-RADS 5 lesions 
showed imaging features consistent with 
CP, complicating lesion characterization. 
Technical heterogeneity in MRI acquisition, 
interpretation variability, operator experi-
ence, or biopsy targeting accuracy may un-
derlie these discrepancies. Consequently, for 
morphologically overt PI-RADS 5 PZ lesions 
(≥15 mm), systematic sampling may achieve 
comparable csPCa detection to targeted ap-
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proaches, potentially optimizing resource 
utilization in high-volume settings. Never-
theless, the 27.8% CP prevalence remains a 
critical confounder for mpMRI specificity.20

To address the potential for overscoring 
and refine the predictive value of PI-RADS 
5 lesions, two post-hoc sensitivity analyses 
were performed. Our post-hoc sensitivity 
analyses offer potential pathways to refine 
the predictive value of PI-RADS 5 lesions. The 
application of a quantitative ADC threshold 
(<750 µm²/s) successfully identified a sub-
group with a higher csPCa yield (28.9%), 
suggesting that incorporating quantitative 
metrics can help distinguish the highest-risk 
lesions within this category. Furthermore, 
considering high-volume Gleason 6 disease 
as clinically significant increased the overall 
csPCa detection rate to 24.1%, highlight-
ing that a subset of these tumors may have 
greater clinical relevance than traditionally 
assigned. These exploratory analyses em-
phasize that beyond the qualitative PI-RADS 
5 score, adjunctive quantitative and volu-
metric parameters could enhance risk strat-
ification and clinical decision-making.

Regarding differential csPCa detection 
across PI-RADS categories, our data revealed 
two key patterns. First, for PI-RADS 4 lesions, 
CB detected significantly more csPCa than SB 
alone (23.9% vs. 10.9%; P < 0.001) and mar-
ginally more than MRI-TB alone (23.9% vs. 
20.7%; P = 0.25). This three-case increment 
(22 vs. 19 lesions) reflects CB’s capacity to 
sample both MRI-suspicious foci and occult 
csPCa outside targets. Importantly, contem-
porary evidence indicates that SB detects 
csPCa in approximately 10% of cases within 
MRI-normal contralateral lobes, reinforcing 
SB’s role in comprehensive sampling despite 
negative mpMRI findings.23 Prior studies con-
firm that 10%–15% of csPCa is MRI invisible 
but is detected by random sampling, partic-
ularly in glands with heterogeneous back-
grounds such as CP.16,19 Second, in PI-RADS 
5 lesions, equivalent csPCa detection by SB 
and MRI-TB (18.5% each; P = 1.000) was ob-
served. This equivalence likely stems from 
their conspicuous size (median 17 mm, IQR: 
15–22 mm), enabling comparable sampling 
efficacy for both methods. Notably, 27.8% of 
these lesions exhibited concurrent CP, poten-
tially contributing to false-positive MRI inter-
pretations.20

Our findings validate PSAD as a pivotal 
discriminator for csPCa, with 78% of pa-
tients with csPCa exhibiting PSAD > 0.15 ng/
mL/mL versus 18% in non-csPCa cases (P < 
0.001). This aligns with prior evidence that 
PSAD enhances specificity in PI-RADS 4 le-

sions, where CP mimics malignancy.17,20 The 
inverse correlation between prostate volume 
and csPCa risk (csPCa: 52.4 vs. non-csPCa: 
78.6 mL; P < 0.001) further supports volumet-
ric assessment in biopsy decisions. Although 
PSA was elevated in csPCa (15.3 vs. 8.2 ng/
mL; P = 0.02), its overlap with inflammatory 
conditions (e.g., CP) limits standalone utility. 
We advocate integrating PSAD >0.15 ng/mL/
mL into MRI-TB workflows to avoid unnec-
essary biopsies in equivocal PI-RADS 3–4 le-
sions.17,24	

Although age is a well-established risk 
factor for PCa,1,25 our study found no statis-
tically significant difference between the 
cancer and non-cancer groups (median: 
65 vs. 63.5 years; P > 0.05). This may reflect 
cohort-specific characteristics—nearly half 
the patients (49.7%) were aged 61–70 years, 
with balanced distribution between groups. 
Potential explanations include the relative-
ly narrow age range, limited sample size for 
subgroup analyses, or selection bias from 
exclusively including PI-RADS ≥3 cases. Nev-
ertheless, the established role of age in PCa 
risk stratification remains unchallenged in 
broader populations.26	

Our study has several limitations requir-
ing acknowledgment. First, its retrospective, 
single-center design and exclusive focus on 
PZ lesions may introduce selection bias, par-
tially explaining lower csPCa rates than in 
studies including TZ cancers or high-PSA co-
horts.2,3,15,18 Second, the use of CB as the ref-
erence standard (as detailed under Methods) 
may affect accuracy estimates for MRI-invisi-
ble cancers, although this is a recognized lim-
itation in biopsy comparison studies.13–15,25 
Additionally, tumor volume was estimated 
from core biopsy specimens rather than 
measured from radical prostatectomy spec-
imens. Although this is a standard method-
ology for pre-treatment risk stratification, it 
remains an estimation subject to sampling 
error. Third, we did not stratify lesions by 
specific PZ location; thus, the advantage of 
MRI-TB over SB may be underestimated for 
under-sampled regions. The absence of this 
location-specific analysis limits the granular-
ity of our conclusions regarding the differen-
tial advantage of MRI-TB. Future prospective 
studies designed to include such detailed 
anatomical mapping are warranted to pro-
vide more specific guidance. Fourth, reliance 
on a single radiologist for PI-RADS scoring 
precludes assessment of inter-observer vari-
ability. Fifth, although PI-RADS version 2.1 
recommends 3T MRI, diagnostic accuracy for 
PI-RADS ≥3 PZ lesions is comparable at 1.5T 
with modern sequences; however, exclusive 

use of a pelvic phased-array coil (without en-
dorectal coil) could reduce spatial resolution 
for sub-centimeter lesions—a limitation mit-
igated by our cohort’s median lesion size.13 
Sixth, performing SB after MRI-TB may in-
troduce hemorrhage-related sampling bias. 
Seventh, the transrectal biopsy approach, 
although appropriate for posteriorly located 
PZ lesions, contrasts current guideline rec-
ommendations favoring transperineal meth-
ods to reduce sepsis risk.13,27 Finally, the high 
CP prevalence remains a key confounder for 
PI-RADS specificity, underscoring the need 
for future integration of quantitative imaging 
biomarkers (e.g., ADC histogram analysis) to 
improve discrimination.18,21

In conclusion, our study provides a re-
fined, evidence-based algorithm for pros-
tate biopsy in patients with PZ lesions, 
moving beyond broad principles to deliver 
category-specific guidance. We establish 
that the diagnostic advantage of MRI-TB is 
not uniform but is maximized for PI-RADS 
4 lesions, whereas it is equivalent to SB for 
large, conspicuous PI-RADS 5 lesions. The 
high prevalence of CP (34% of benign cases) 
is a major confounder across all categories, 
frequently mimicking csPCa and reducing 
mpMRI specificity. Furthermore, we validate 
a PSAD threshold of >0.15 ng/mL/mL as a 
pivotal tool for risk stratification. These find-
ings support using MRI-TB alone for PI-RADS 
≥4 lesions or in patients with elevated PSAD, 
reserving CB for equivocal PI-RADS 3–4 cas-
es. The high rate of inflammatory mimics 
underscores the critical need for integrating 
adjunctive biomarkers to improve specificity 
in the future.
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ABSTRACT
Bouveret syndrome is a rare form of gallstone ileus in which a gallstone causes gastric outlet ob-
struction via a cholecystoenteric fistula. We present the case of an elderly patient who underwent 
emergency surgery due to clinical signs of gastric outlet obstruction. Intraoperatively, a large 
gallstone was identified and removed from the duodenum. A subtotal cholecystectomy was per-
formed, during which the identification of the course of the cystic duct was limited due to consider-
able inflammatory changes. In the early postoperative period, bile-stained output from the surgical 
drain raised suspicion of a leak from the cystic duct stump. Given the patient’s clinical status and the 
complexity of the local anatomy with severely inflamed and fibrotic tissues in the hepatoduodenal 
ligament, the decision was made to proceed with percutaneous treatment. A percutaneous tran-
shepatic biliary drainage was established, and contrast extravasation from the cystic duct remnant 
was confirmed via fluoroscopic cholangiography. Through the same access, a microvascular plug 
was successfully deployed into the cystic duct, achieving immediate cessation of bile leakage. The 
patient’s clinical condition improved markedly, and no further intervention was required. This case 
demonstrates the successful off-label use of polytetrafluoroethylene-covered vascular occlusion 
devices in managing biliary complications. 

KEYWORDS
Cystic duct stump, bile leak, cholecystectomy complication, interventional radiology, microvascular 
plug, biliary embolization, iatrogenic injury

A leak from the cystic duct stump is an uncommon complication following cholecys-
tectomy, with a reported incidence ranging from 0.3% to 2%, varying depending on 
the surgical context and patient factors.1 Interventional radiology has played an in-

creasingly major role in managing biliary leaks, particularly when conventional surgical or 
endoscopic options are limited. Techniques such as percutaneous drainage or embolization 
have been documented in the literature for controlling bile leaks. However, the use of micro-
vascular plugs (MVPs), devices traditionally employed in vascular interventions, has not yet 
been explored in the context of biliary tract occlusion.

This note describes a case of cystic duct stump leakage following open cholecystectomy 
in the context of Bouveret syndrome that was successfully treated with percutaneous embo-
lization using an MVP. 

Methods
A 71-year-old Caucasian male patient presented to the emergency department with multi-

ple episodes of vomiting (up to six times daily) and considerable oral intolerance over 3 days. 
Clinically, a distended abdomen with diffuse tenderness was noted on presentation, without 
signs of peritonism. Laboratory investigations on admission showed elevated inflammatory 
and hepatobiliary parameters. Written informed consent was obtained from the patient for 
publication of this case and accompanying images. 
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Contrast-enhanced multiphase multi-
detector computed tomography of the ab-
domen (Somatom X.ceed, Siemens Health-
ineers, Forchheim, Germany) revealed a 
markedly distended stomach with upstream 
gastric outlet obstruction. A large, hyper-
dense intraluminal gallstone measuring 
approximately 4 cm was visualized in the 
descending duodenum. Additionally, the 
gallbladder appeared atrophic, with evi-
dence of a cholecystoduodenal fistula. These 
findings were consistent with Bouveret syn-
drome (see Figure 1a, b). 

Following radiological suspicion of gastric 
outlet obstruction due to a gallstone, the pa-
tient underwent emergency exploratory lap-
arotomy. Intraoperatively, a large gallstone 
was identified and extracted from the duo-
denum. The cholecystoduodenal fistula was 
closed primarily with sutures and an omental 
patch, and a subtotal cholecystectomy was 
performed, leaving the fibrotic back wall of 
the gallbladder in situ, which was coagulated 
with bipolar forceps. The fragile and fibrotic 
cystic duct stump was oversewn with a 4/0 
polydioxanone suture. At the end of the op-
eration, white gauze was temporarily placed 
in the gallbladder fossa and on the cystic 
duct stump, showing no evidence of a bile 
leak. 

However, on the first postoperative day, 
approximately 300 mL of bile-stained fluid 
was observed in the intra-abdominal Rob-
inson drain over 24 hours, raising clinical 
suspicion of a cystic duct stump leak. There-
fore, the interventional radiology team was 
consulted for further evaluation and im-
age-guided treatment. On the following day 
(postoperative day 2), an ultrasound-guid-
ed puncture of the right biliary system was 
performed with a 22G needle (Neff Percu-
taneous Access Set™, Cook Medical, Bloom-
ington, IN, USA) under local anesthesia and 
intravenous sedation using midazolam and 
piritramide in our angio suite. A 0.018-inch 

guidewire facilitated the placement of a 6F 
sheath, followed by biliary system recanal-
ization using a 0.035-inch guidewire (Guide 
Wire M, Radiofocus™, Terumo Corporation, 
Tokyo, Japan) and a 4Fr/65 cm angle cathe-
ter (Glidecath®, Terumo). A cholangiogram 
demonstrated contrast extravasation orig-
inating from the cystic duct stump, there-
by confirming the suspected leak. A 4F RIM 
catheter (Tempo™, Cordis, Miami Lakes, FL, 
USA) was positioned at the ostium of the cys-
tic duct. The cystic duct was then accessed 
with a 2.6F microcatheter (Master Parkway 
HF, Asahi Intecc Co., Ltd., Aichi, Japan), and 
a 0.014-inch microwire (Transend™, Bos-
ton Scientific, Marlborough, MA, USA). An 
MVP (MVP-5Q, Medtronic, Minneapolis, MN, 
USA) designed for a target vessel diameter 
of 3.0–5.0 mm was successfully advanced 
and deployed through the microcatheter 
into the cystic duct to achieve occlusion.  

The sheath was removed, and the puncture 
site was dilated for percutaneous transhe-
patic cholangiodrainage (PTCD) insertion. 
An 8.5F biliary drainage catheter (ReSolve®, 
Merit Medical Systems, South Jordan, UT, 
USA) was positioned into the duodenum, 
and cholangiography confirmed its correct 
placement. A follow-up fluoroscopy demon-
strated immediate and complete cessation 
of contrast leakage, confirming the technical 
success of the intervention (see Figure 2a, b).

Results
The clinical course was favorable, with com-

plete cessation of bile leakage via the Robin-
son drain the following day and normaliza-
tion of liver and cholestatic enzymes, so that 
on postoperative day 3, the Robinson drain 
was removed. On day 11, the PTCD was ex-
changed for an 8F Münchner drain (PerkuBil®, 
Peter Pflugbeil GmbH, Zorneding, Germany).  

Main points

•	 Cystic duct stump leakage is a challenging 
postoperative complication, particularly af-
ter a difficult cholecystectomy with severe 
inflammation.

•	 A partially polytetrafluoroethylene-covered 
microvascular plug can achieve immediate 
and complete occlusion without relying on 
thrombus formation.

•	 This minimally invasive approach offers a 
safe and effective alternative when stan-
dard endoscopic or surgical treatments are 
not feasible.

Figure 2. Percutaneous transhepatic cholangiography before (a) and after (b) deployment of the 
microvascular plug (MVP) into the cystic duct. 

a. Contrast extravasation from the cystic duct stump confirms active bile leakage (black arrow). 
b. Successful placement of the MVP with immediate cessation of contrast leakage, indicating complete 
occlusion (white arrow).

a b

Figure 1. Axial (a) and coronal (b) contrast-enhanced computed tomography images show a markedly 
distended stomach due to gastric outlet obstruction. A large hyperdense gallstone is identified in the 
descending duodenum (Bouveret syndrome, white arrow). The gallbladder appears atrophic, with 
surrounding inflammatory changes suggesting chronic cholecystitis and a possible cholecystoenteric 
fistula.

a b
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Cholangiography performed during the 
second intervention showed no evidence 
of persistent bile leakage. The patient toler-
ated a gradual reintroduction of oral intake 
and was discharged in a stable condition 
on postoperative day 19. At the time of dis-
charge, inflammatory and cholestatic param-
eters had substantially improved. Cholangi-
ography performed on postoperative day 31 
still showed sufficient occlusion of the cystic 
duct, and the Münchner drain was removed 
(see Figure 3). No further bile leakage or 
postoperative complications were observed.

Discussion
Bouveret syndrome is a challenging vari-

ant of gallstone ileus, characterized by gas-
tric outlet obstruction resulting from the 
impaction of a gallstone in the duodenum 
via a cholecystoduodenal fistula, contrib-
uting to a reported mortality rate ranging 
from 12% to 30%.2 The standard surgical  
approach typically involves removing the 
obstructing duodenal gallstone, closing the 
cholecystoduodenal fistula, and cholecys-
tectomy. In cases where severe inflammation 
or fibrosis makes complete cholecystectomy 
hazardous, a subtotal cholecystectomy is 
often chosen to minimize the risk of injury 
to the common bile duct and surrounding 
structures. Cystic duct stump insufficiency 
is a recognized complication following sub-
total cholecystectomy, with incidence rates 
between 0.3% and 2%.1 Traditionally, endo-
scopic retrograde cholangiopancreatogra-
phy (ERCP) with sphincterotomy and stent 
placement has been the first-line treatment 
for bile leaks. However, in the early postop-
erative period, performing ERCP in the con-

text of a recent duodenal repair carries an 
increased risk of compromising the suture 
line, as well as a higher risk of perforation 
and exacerbation of the leak.3 In such scenar-
ios, PTCD offers a viable alternative. The time 
required for the resolution of a leak from 
the cystic duct stump following PTCD treat-
ment varies depending on the extent of the 
leak and the use of adjunctive embolization 
techniques. In most cases, minor bile leaks 
managed with PTCD alone resolve within 
7–21 days as biliary pressure is reduced and 
the fistula tract seals spontaneously.4 When 
embolic agents are used to directly occlude 
the cystic duct remnant, the time to leak res-
olution may be shortened considerably to a 
median of 10 days.5 Embolic materials such 
as metallic coils and Amplatzer™ vascular 
plugs (AVPs) have been widely used, favored 
for their radiopacity, ease of delivery, and 
mechanical occlusion. However, their effec-
tiveness can be limited in bile or lymphatic 
leaks, as both rely primarily on thrombus for-
mation to achieve permanent occlusion. In 
cases with impaired coagulation or high-flow 
leakage, fluids may continue to pass through 
the coils. This represents a key advantage 
of the MVP, which provides immediate and 
complete mechanical occlusion without de-
pending on the coagulation system.

In addition to coils, liquid embolic agents 
such as N-butyl cyanoacrylate (Histoacryl), 
Onyx, and absorbable gelatin sponges (Gel-
foam) have also been used, either alone or 
in combination with coils, to manage biliary 
leaks. These agents are valued for their avail-
ability, ease of application, and, in the case of 
Gelfoam, low cost. However, liquid embolic 
agents carry a risk of non-target emboliza-
tion, particularly in the biliary system, where 
unintended occlusion of adjacent ducts may 
lead to serious complications. Furthermore, 
temporary agents such as Gelfoam may be 
absorbed over time, potentially resulting in a 
recurrent leak.6 The use of an MVP in this con-
text represents a novel off-label application 
of a device traditionally employed in vascular 
embolization procedures. MVPs are self-ex-
panding, detachable devices designed to 
occlude blood vessels with precision and 
minimal migration risk (see Figure 4).7

A key advantage in the biliary system 
is that the MVP can be delivered through a 
0.027-inch microcatheter, enabling access to 
small or tortuous segments such as the cys-
tic duct—an area that would be technically 
challenging to reach with larger devices such 
as the AVP. Moreover, the partial polytetra-
fluoroethylene cover of the MVP may offer 

a major advantage, as its occlusive capabil-
ity does not rely on thrombus formation. 
Nevertheless, the deployment of an MVP in 
the biliary system, particularly for sealing 
cystic duct leaks, scarcely documented in 
the literature, making this case a pioneering 
example of such use. The decision to utilize 
an MVP was influenced by several factors. 
The cystic duct’s size and orientation made 
it amenable to occlusion with an MVP, which 
can conform to varying ductal diameters and 
provide a secure seal. Unlike coil or liquid 
embolization, which may require multiple 
coils and carry a risk of coil or glue migra-
tion, the MVP’s design allows for single-de-
vice occlusion with a potentially lower risk 
profile.8 In our case, cholangiography after 
MVP deployment confirmed sufficient occlu-
sion of the cystic duct, indicating immediate 
technical success. Complete cessation of bile 

Figure 3. Follow-up cholangiography on 
postoperative day 31 demonstrates sustained 
occlusion of the cystic duct stump after MVP 
deployment. No contrast extravasation is visible, 
confirming the long-term technical success of the 
intervention. MVP, microvascular plug. 

Figure 4. The MVP is an embolic device composed 
of two key components: a proximal PTFE covering 
(black star) and an electrochemically resorbable 
detachment point (black arrow) (product image 
used with the kind permission of Medtronic). PTFE, 
partial polytetrafluoroethylene; MVP, microvascular 
plug. 
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leakage via the Robinson drain occurred  
almost immediately after MVP deployment, 
clearly outperforming the expected time-
frame for resolution when using PTCD alone 
or in combination with other embolic agents. 
The successful use of an MVP to treat a leak 
from the cystic duct stump in this case high-
lights a potential new avenue in the manage-
ment of this challenging complication. 

In conclusion the use of a percutaneous 
transhepatic approach combined with tar-
geted embolization using an MVP enabled 
the effective management of a cystic duct 
stump leak following cholecystectomy. 
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PURPOSE
To develop and validate an automated computational tool for calculating a slice-specific volume 
computed tomography (CT) dose index (CTDIvol), a water-equivalent diameter (Dw), and size-spe-
cific dose estimates (SSDEs) from CT images, addressing limitations of conventional console-dis-
played values that provide only averaged values across scan regions.

METHODS
A custom ImageJ macro was developed based on methodologies proposed in American Associa-
tion of Physicists in Medicine reports 220 and 293. The tool employs threshold-based body contour 
segmentation [−140 Hounsfield unit (HU)] to extract patient cross-sectional areas and calculates 
slice-specific Dw using mean CT numbers. Slice-specific CTDIvol values are estimated by normalizing 
scanner-displayed CTDIvol to individual slice exposure values from Digital Imaging and Commu-
nications in Medicine metadata. An SSDE was computed using appropriate correction factors for 
head and body examinations. Validation was performed using water phantoms, anthropomorphic 
phantoms, and clinical datasets from ≥30 patients. Two Siemens CT scanners were evaluated: SO-
MATOM go.Top®, with console-displayed values, and SOMATOM Force®, with Radimetrics software. 
Agreement was assessed using intraclass correlation coefficients (ICCs) and Bland–Altman analysis.

RESULTS
Water phantom validation demonstrated excellent accuracy, with differences of <2.3% for both 
Dw and SSDEs. The macro required approximately 30 seconds per examination to complete the 
analysis. Bland–Altman plots confirmed clinically acceptable mean differences. Importantly, the 
slice-specific approach revealed substantial intra-scan dose variations not captured by console-re-
ported averages, particularly in the chest phantom, where SSDEs ranged from 5.77 to 23.68 mGy 
despite identical average values. For the clinical dataset, ICC (3,1) values for Scanner A indicated 
good to excellent agreement across both head and chest/abdomen examinations (head CT—CT-
DIvol: 0.974, Dw: 0.893, SSDE: 0.965; chest/abdomen CT—CTDIvol: 1.000, Dw: 0.994, SSDE: 0.989). By 
contrast, Scanner B demonstrated near-perfect agreement for head CT in CTDIvol (0.996) and SSDE 
(0.967) but poor agreement for Dw (0.267). For chest/abdomen CT, however, Scanner B showed con-
sistently high agreement, with ICC values ranging from 0.884 to 1.000.

CONCLUSION
The developed ImageJ macro provides accurate, transparent, and low-cost open-source solution 
slice-specific CT dose estimation that correlates well with commercial systems while offering su-
perior spatial resolution. This automated method overcomes the limitations of traditional dose re-
porting by providing detailed slice-by-slice dose variations, which are often overlooked in average 
summary values, allowing for more accurate and clinically meaningful dose assessments.

CLINICAL SIGNIFICANCE
This tool supports detailed dose evaluation across scan regions, helping optimize protocols and en-
hance radiation safety. Its slice-specific approach is especially useful in anatomically complex areas 
and research, offering clinicians more precise dose information to guide patient care.
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Computed tomography (CT) examina-
tions contribute substantially to radi-
ation exposure in the general popu-

lation due to their relatively high radiation 
doses. Radiation doses to individual organs 
are associated with both deterministic ef-
fects, such as skin burns and epilation, and 
stochastic risks, including cancer induction 
and genetic mutations.1-3 Accurate quanti-
fication of the radiation dose received by a 
patient undergoing a CT scan is essential for 
both radiation protection and clinical opti-
mization. Traditionally, the CT radiation dose 
has been reported using the volume CT dose 
index (CTDIvol) and the dose-length product 
(DLP), both of which are derived from output 
measurements in 16- and 32-cm cylindrical 
polymethyl methacrylate phantoms. Howev-
er, CTDIvol is primarily dependent on exposure 
parameters (e.g., tube current and tube volt-
age) and does not account for patient size.4-6 
Given that larger patients receive relatively 
low radiation doses for the same CTDIvol, size 
correction methods have been proposed to 
improve dose estimation accuracy.

To address the limitations of CTDIvol, the 
American Association of Physicists in Med-
icine (AAPM) introduced the size-specific 
dose estimate (SSDE) in Report 204.7 The 
SSDE adjusts CTDIvol based on patient size, 
providing a more individualized dose esti-
mate at the center of the scanned region. The 
patient’s physical dimensions, derived from 
CT images, are used in SSDE calculations. In-
itially, AAPM Report 204 relied on geometric 
size as a proxy for X-ray attenuation. How-
ever, since X-ray attenuation depends on 
tissue density and composition, different an-

atomical regions (e.g., thorax vs. abdomen) 
exhibit varying attenuation properties, even 
when their geometric sizes are identical. For 
instance, the thorax, being less dense than 
the abdomen, results in higher radiation ex-
posure for the same CTDIvol. To further refine 
SSDE calculations, AAPM Report 2208 intro-
duced the concept of the water-equivalent 
diameter (Dw), which represents the diame-
ter of a cylindrical water volume with equiv-
alent mean attenuation. This approach ac-
counts for tissue composition and provides a 
more accurate, patient-specific dose estima-
tion; Dw is derived from attenuation values in 
axial images along the z-axis. More recently, 
AAPM Report 293 extended the application 
of SSDEs to head CT examinations by incor-
porating region-specific correction factors.9 

Several studies have suggested that SS-
DEs serve as a more reliable surrogate for 
organ-absorbed doses on a slice-by-slice 
basis.10-12 In clinical practice, automatic tube 
current modulation (ATCM) is widely imple-
mented in CT imaging, adjusting the tube 
current according to the attenuation level 
in the xy-plane and along the z-axis. Conse-
quently, CTDIvol and SSDEs vary across slices 
throughout the scanned region.13 CT man-
ufacturers have begun displaying estimat-
ed SSDE values alongside other dosimetry 
quantities, but these features often incur 
additional costs. Furthermore, different CT 
manufacturers incorporate proprietary al-
gorithms within their software to estimate 
Dw and SSDEs. Variations in computational 
methods across manufacturers may lead 
to discrepancies in reported Dw values, po-
tentially affecting SSDE calculations and 
radiation dose assessments. In some manu-
facturers’ software, the SSDE (geometrical) 
is displayed as an estimate of the radiation 
dose a patient receives from a CT scan. This 
estimate is calculated using the patient’s di-
mensions, such as the effective diameter to 
derive a conversion factor from CTDIvol, rath-
er than using the Dw as the primary metric. 
Moreover, the SSDE value displayed by CT 
scanners is often a single value, representing 
either an average across the scanned region 
or a measurement from the middle slice. This 
approach limits the ability of users to assess 
the SSDE for individual slices, which may 
more accurately reflect localized radiation 
absorption. As a result, non-commercial au-
tomated solutions have gained popularity. 
Some studies have developed automated 
programs to calculate SSDEs; however, many 
of these lack direct comparison with estab-
lished methods, making it difficult to confirm 
their validity and clinical reliability.14-16 In 

this study, we developed and validated a us-
er-friendly computational tool for estimating 
slice-specific Dw, CTDIvol, and SSDEs, based 
on methodologies outlined in AAPM reports. 
A custom ImageJ macro was created to 
perform automated, threshold-based body 
contour segmentation and extract slice-spe-
cific exposure values directly from Digital 
Imaging and Communications in Medicine 
(DICOM) metadata. The accuracy and clini-
cal relevance of the method were evaluated 
through comparison with both commercial 
CT scanner outputs and dose monitoring 
software using phantom and patient data-
sets. This approach provides an accessible 
and transparent solution for patient-specific 
dose estimation, enabling detailed slice-by-
slice assessment and offering greater spatial 
resolution than conventional scanner dis-
plays or commercial software systems.

Methods
CT imaging was performed using both 

homogeneous circular phantoms and an-
thropomorphic phantoms representing the 
head, thorax, and abdomen. All phantom 
scans were conducted using the Siemens 
SOMATOM go.Top® scanner (Siemens Health-
ineers, Erlangen, Germany).

In addition, clinical CT datasets were ret-
rospectively collected from at least 30 pa-
tients who underwent routine head, chest, 
and abdomen examinations in accordance 
with the hospital’s standard imaging proto-
cols. Two CT scanners were involved in data 
collection. For Scanner A (Siemens SOMAT-
OM go.Top®), the CTDIvol, Dw, and SSDE val-
ues were recorded directly from the scanner 
console. For Scanner B (Siemens SOMATOM 
Force®), the corresponding dose parameters 
were extracted using Radimetrics, a com-
mercial dose monitoring software integrated 
with the scanner.

 Development of ImageJ macro for 
slice-specific dose calculations

A custom macro was developed using 
ImageJ (version 1.54g, National Institutes of 
Health, Bethesda, MD, USA)17 to estimate the 
SSDE from DICOM-format CT image stacks, in 
accordance with the guidelines provided by 
AAPM reports 220 and 293.

Data acquisition and preprocessing 

CT image datasets were acquired from 
a Siemens SOMATOM scanner (syngo CT 
VA40A software) and SOMATOM force, and 
DICOM files were imported into ImageJ as im-
age stacks, each representing a series of con-

Main points

•	 A custom ImageJ macro was developed to 
automatically calculate the slice-specific 
volume computed tomography (CT) dose 
index (CTDIvol), water-equivalent diameter, 
and size-specific dose estimate (SSDE) from 
CT images.

•	 The macro exhibited excellent agreement 
with both scanner console values and com-
mercial software (Radimetrics), especially 
for CTDIvol and SSDE.

•	 Slice-by-slice dose evaluation revealed dose 
variations that are not visible in convention-
al average-based reporting.

•	 This method allows detailed, patient-specif-
ic dose assessment and supports protocol 
optimization in clinical and research set-
tings.

•	 The tool is low cost, open source, and suit-
able for institutions without access to com-
mercial dose monitoring systems.
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tiguous axial slices from either head or body 
examinations. Prior to analysis, metadata, 
including the number of slices, slice location, 
and exposure (DICOM tag 0018,1152—“Ex-
posure”), were extracted using the ImageJ 
DICOM header parser. 

Body contour segmentation and area cal-
culation 

To estimate patient size (Dw), each slice 
underwent automatic body contour seg-
mentation using a threshold-based method. 
A threshold of –140 Hounsfield unit (HU) was 
applied to segment the patient’s body con-
tour, effectively distinguishing body tissues 
from the surrounding air to enable consist-
ent and reproducible Dw measurements. This 
threshold has been successfully applied in 
previous SSDE-related studies in CT exami-
nations18 and was selected to balance the ex-
clusion of air while avoiding inclusion of the 
scanner couch. Although lower thresholds 
(–300 to –500 HU) have been employed in 
other pipelines, such as the CT contour (–383 
HU) for abdomen–pelvic CT,19 these have 
been reported to occasionally include couch 
structures, potentially reducing contour 
accuracy. After segmentation, the “Analyze 
Particles” function in ImageJ was used to de-
tect regions of interest (ROIs), with size and 
circularity constraints (size: 5000–∞ pixels, 
circularity: 0.2–1.0) to exclude non-patient 
structures such as the scanner couch. The 
cross-sectional area (A) of each ROI was then 
calculated based on pixel spacing from the 
DICOM metadata.

Slice-specific water-equivalent diameter 
calculation 

For each slice, the Dw was calculated from 
the segmented area and average CT number 
within the ROI, as follows:

  Eq.1

where Dw is the water-equivalent diame-
ter (cm),  is the average CT number 
within the area of interest, and  is the area of 
the ROI (cm2).

Size-specific dose estimate calculation 

The slice-specific SSDE was calculated as 
follows:

   Eq.2

The correction factor (f) was determined 
from the calculated Dw value, accounting for 
variations in patient size and scanner phan-
tom type. Separate exponential functions 
were applied depending on whether CTDIvol 

was derived from a 16- or 32-cm calibration 
phantom, with the source equations taken 
from AAPM Report 293 for head examina-
tions9 and AAPM Report 220 for body exam-
inations8:

   

Eq.3 
Eq.4 		

where H16 and B32 nomenclature are used 
in the superscript of the conversion factor 
f when 16- or 32-cm CTDI phantoms were 
used for the head (H) or body (B) CTDIvol 

measurements and Dw is the water-equiva-
lent diameter.
 

  Eq.5

The slice-specific CTDIvol (CTDIvol,slice) was 
estimated by normalizing the scanner-dis-
played CTDIvol to the exposure value of each 
slice) (CTDIvol,avg) The exposure value (tag 
0018,1152) represents the tube current–time 
product in mAs, where Exposureslice refers to 
the tube current–time product for that par-
ticular slice and Exposureavg refers to the av-
erage tube current–time product across the 
entire scan. 

Finally, SSDE per slice (SSDEslice) was calcu-
lated as follows:

  Eq.6

where fcorr   is the correction factor corre-
sponding to the slice-specific Dw and scan 
region (head or body).

The macro generated an output table 
containing the following parameters for each 
slice: slice location, exposure, segmented 
area, mean pixel value, Dw, correction factor, 
CTDIvol per slice, and SSDE per slice. All cal-
culations were performed in real time with-
in the ImageJ environment and exported to 
CSV format for further statistical analysis. 

Data comparison and statistical analysis 

Statistical analyses were performed using 
Stata version 17 (StataCorp, College Station, 
TX, USA). Agreement between CTDIvol, Dw, 
and SSDE values obtained from the custom 
ImageJ macro and those from the scanner 
console and Radimetrics software was as-
sessed using intraclass correlation coeffi-
cients (ICCs) and Bland–Altman plots. Spe-
cifically, ICC (3,1), a two-way mixed-effects 
model for absolute agreement with single 
measurements, was employed. Interpre-
tation of ICC values followed established 
guidelines: <0.5 = poor agreement, 0.5–0.75 
= moderate agreement, 0.75–0.9 = good 
agreement, and >0.9 = excellent agreement. 

Research ethics standards compliance

This retrospective study was approved by 
the Institutional Review Board (IRB) under 
expedited review (COA No. 081/2025) on 
March 18, 2025. All CT images were originally 
acquired for clinical purposes and were ful-
ly anonymized before being retrospectively 
analyzed, with no identifiable patient in-
formation included. As the CT images were 
already taken for routine medical care and 
later de‑identified, the IRB waived the re-
quirement for obtaining informed consent in 
accordance with ethical guidelines for retro-
spective studies.

Results

Development of the dose calculation mac-
ro

The study population is presented in Fig-
ure 1a. The workflow of the macro is illustrat-
ed in Figure 1b, showing sequential steps 
from image input, DICOM metadata extrac-
tion, ROI detection, dose calculations, and 
final data export.

An ImageJ macro was successfully devel-
oped to calculate slice-specific dose met-
rics from CT images. The tool automatically 
segments the patient contour on each slice 
using a −140 HU threshold, calculates Dw, 
and determines slice-specific CTDIvol and  

CTDIvol,slice  based on DICOM exposure values 
(tag 0018,1152). The SSDE is then computed 
for each slice using the appropriate correc-
tion factors from AAPM reports. The macro 
completes analysis in approximately 30 sec-
onds per examination, providing compre-
hensive output including the slice location, 
exposure, area, Dw, correction factor, CTDIvol, 
and SSDE for each slice.

Validation of the macro with phantom 
studies

The accuracy of the macro-calculated Dw 
and SSDE values was validated against scan-
ner-displayed measurements using both uni-
form water phantoms and anthropomorphic 
phantoms. The results for water phantoms of 
different sizes (16 and 19 cm inner diameter) 
are presented in Table 1, showing excellent 
agreement with differences of less than 2.3% 
for both Dw and SSDE measurements.

For anthropomorphic phantoms of the 
head, chest, and abdomen (Table 2), the 
macro demonstrated comparable accuracy. 
In the head phantom, both the middle-slice 
and average values closely matched the 
scanner output. The chest phantom showed 
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the most pronounced slice-to-slice variation 
in SSDE (range: 5.77–23.68 mGy) despite the 
average value (12.56 ± 6.99 mGy) being near-
ly identical to the scanner-reported value 
(12.5 mGy). This key variation highlights the 
importance of slice-specific dose assessment 
in anatomically heterogeneous regions. The 
abdomen phantom showed more consistent 
values across slices, with average measure-
ments within 5% of scanner-displayed values.

These validation studies confirm that the 
macro provides accurate Dw and SSDE calcu-
lations that align well with scanner-reported 
values while offering the additional advan-
tage of slice-specific analysis that reveals 
dose distribution patterns not captured by 
console-displayed averages.

Analysis of clinical patient scans

Scanner A

Agreement between the automated 
slice-specific dose calculations and the scan-
ner-displayed values from Scanner A (Sie-
mens SOMATOM go.Top®) was evaluated 
using Bland–Altman analysis and ICCs. The 
comparison included three dose parame-
ters—CTDIvol, Dw, and SSDE—assessed sep-
arately for head and chest/abdomen scans.

The Bland–Altman analysis shown in Ta-
ble 3 and plots shown in Figure 2 demon-
strate excellent overall agreement between 
the ImageJ macro and the scanner-reported 
values. For head scans, the mean differences 
between the macro-derived and scanner-re-

ported values were 2.285 mGy for CTDIvol, 
0.649 cm for Dw, and −1.670 mGy for the 
SSDE, with 95% limits of agreement indicat-
ing acceptable variability. Similarly, for chest 
and abdomen scans, the mean differenc-
es were −0.001 mGy, −0.336 cm, and 0.284 
mGy, respectively, within clinically accept-
able ranges.

These findings were further supported by 
ICC analysis. The ICC (3,1) values for CTDIvol, 
Dw, and the SSDE for head scans were 0.974, 
0.893, and 0.965, respectively, indicating 
good to excellent agreement. For chest and 
abdomen scans, ICC (3,1) values were 1.000 
for CTDIvol, 0.994 for Dw, and 0.989 for the 
SSDE, also reflecting excellent agreement 
across methods. 

Scanner B 

The Bland–Altman analysis (Table 3 and 
Figure 3) for head CT showed a mean differ-
ence in CTDIvol of 0.067 mGy, with 95% lim-
its of agreement from –0.653 to 0.787 mGy 
and an ICC (3,1) of 0.996. For the SSDE, the 
mean difference was –0.123 mGy (–1.911 to 
1.665 mGy), with an ICC of 0.967, confirming 
near-perfect agreement between the Im-
ageJ macro and Radimetrics for head scans 
on Scanner B.  By contrast, Dw demonstrated 
poor agreement, with a mean difference of 
1.250 cm (0.609 to 1.890 cm) and an ICC of 
0.267. This discrepancy highlights a potential 
risk of misestimating patient size and dose if 
console-reported Dw is used alone; howev-
er, the SSDE values maintained near-perfect 
agreement (ICC: 0.967), underscoring its ro-
bustness as a clinically relevant dose metric.

For chest/abdomen CT, the mean differ-
ence in CTDIvol was −0.014 mGy, with limits of 
agreement ranging from –0.1 to 0.072 mGy 
and an ICC of 1.000. The Dw comparison 
showed a mean difference of −0.312 cm 
(–2.577 to 1.954 cm), with an ICC of 0.94. 
The SSDE values differed by a mean of 
−0.119 mGy (−4.670 to 4.432 mGy), and the 
ICC was 0.884. 

A comparative analysis of Dw and SSDE 
values between the CT console output and 
the ImageJ macro for the two scanners 
across the head, chest, and abdomen re-
gions is shown in Figure 4. For Scanner A, the 
macro slightly overestimated Dw in the head 
region [mean ± standard deviation (SD): 
15.8 ± 1.4 vs. 15.2 ± 1.5 cm]; this was simi-
lar for Scanner B, with higher macro values 
(17.2 ± 0.6 vs. 16.0 ± 0.6 cm). In the chest and 
abdomen, the differences were minor, with 
both scanners showing close agreement be-
tween methods. 

Figure 1. (a) The study population, and (b) the workflow for automated slice-specific calculation of the 
volume computed tomography dose index, water-equivalent diameter, and size-specific dose estimate 
using the ImageJ macro. CTDIvol, volume computed tomography dose index; Dw, water-equivalent diameter; 
SSDE, size-specific dose estimate.

a

b
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Figure 2. Bland–Altman plots comparing the dose parameters obtained from the ImageJ macro and the scanner console display (Scanner A) for (a) volume 
computed tomography dose index (CTDIvol), (b) water-equivalent diameter (Dw), and (c) size-specific dose estimate (SSDE) in head computed tomography (CT) 
examinations and (d) CTDIvol, (e) Dw, and (f) SSDE in chest/abdomen CT examinations. LOA, limits of agreement; ICC, intraclass correlation coefficient. 

Table 1. Comparison of Dw and SSDE values between CT scanner output and automated calculation in water phantoms

Phantom CTDIvol
(mGy)

CT scanner Automated calculations 

Dw (cm) SSDE (mGy) Dw (cm) SSDE (mGy)

Small water phantom* 37.5 16.5 33.4 16.75 33.00

Large water phantom** 37.5 19.5 28.9 19.95 28.24

Scan protocol, 120 kV; effective mAs, 410; field of view, 300 mm; pitch, 1.0; slice thickness, 3 mm; convolution kernel, Hr40; * DEff =16 cm and DEff includes outer shell = 17 cm; 
** DEff =19 cm and DEff includes outer shell = 20 cm. CT, computed tomography; CTDIvol, volume computed tomography dose index; Dw, water-equivalent diameter; SSDE, size-
specific dose estimate.

Table 2. Comparison of Dw and SSDE from CT scanner display and automated calculations using the developed macro in head, chest, and 
abdomen phantoms

Phantom

Dw (cm) CTDIvol (mGy) SSDE (mGy)

CT scanner 
display

Automated 
calculations 
(MS)

Automated 
calculations
(ASA)

CT scanner 
display

Automated 
calculations 
(MS)

Automated 
calculations
(ASA)

CT scanner 
display

Automated 
calculations 
(MS)

Automated 
calculations
(ASA)

Head 16.2 18.47 16.46 ± 2.75
(6.76 – 18.91) 50.6 60.16 55.41 ± 5.54

(37.48 – 60.53) 49.2 48.73 49.19 ± 1.44
(46.34 – 53.60)

Chest 22.3 22.38 22.29 ± 2.60
(13.65 – 25.22) 7.4 4.73 7.85 ± 4.69

(2.76 – 15.33) 12.5 7.70 12.56 ± 6.99
(5.77 – 23.68)

Abdomen 26.4 28.01 27.20 ± 1.55
(24.94 – 29.54) 7.09 7.22 7.15 ± 1.14

(5.53 – 8.74) 10.1 9.60 9.70 ± 1.13
(8.07 – 11.66)

Head protocol, 120 kV; effective mAs, 410; field of view (FOV), 250 mm; pitch, 0.55; slice thickness, 3 mm; convolution kernel, Hr40; SAFIRE strength level 3.
Chest protocol, 120 kV; effective mAs, 125; FOV, 400 mm; pitch, 0.8; slice thickness, 3 mm; convolution kernel, Hr40; SAFIRE strength level 3.
Abdomen protocol, 120 kV; effective mAs, 180; FOV, 400 mm; pitch, 0.8; slice thickness, 3 mm; convolution kernel, Hr40; SAFIRE strength level 3.
CT, computed tomography; CTDIvol: volume computed tomography dose index, Dw, water-equivalent diameter; SSDE: size-specific dose estimate; MS, middle slice of scan length; 
ASA, all slices average. 
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 Macro-derived SSDE values closely 
matched those from the console. In head CT 
scans, Scanner A showed a mean SSDE val-
ue of 39.8 ± 7.5 (macro) and 41.4 ± 8.0 mGy 
(console), whereas Scanner B yielded 
38.3 ± 3.6 (macro) and 38.5 ± 3.5 mGy (con-
sole). For the chest and abdomen, differences 
were minor for Scanner A; however, for Scan-
ner B, slightly greater differences were ob-
served: mean chest SSDEs of 13.5 ± 4.0 (mac-
ro) and 12.0 ± 3.3 mGy (console), and mean 
abdomen SSDEs of 16.7 ± 4.3 (macro) and 
18.3 ± 4.6 mGy (console).

Larger variations were observed in the 
chest and abdomen for Scanner B than 
for Scanner A, with Bland–Altman analy-
sis showing 95% limits of agreement from 
–4.670 to +4.432 mGy (Figure 3f ) compared 
with –0.435 to +1.003 mGy for Scanner A 
(Figure 2f ). Nevertheless, mean SSDE differ-
ences between the macro and console for 
Scanner B were minimal, with relative devi-
ations of 0.52% for head CT and 0.66% for 
chest/abdomen CT, both well below the ± 
10% threshold generally considered accept-
able for clinical dose estimation.

Discussion
 It is important to emphasize that CTDIvol, 

DLP, and the SSDE are not intended to rep-
resent actual absorbed doses in individual 
patients; rather, these dose indicators are 
designed for quality assurance (QA), dose 
tracking, and protocol optimization, as rec-
ommended by the AAPM.

However, conventional metrics such as 
CTDIvol and DLP reflect only averaged val-

ues across the entire scan range, poten-
tially masking substantial intra-scan dose 
variations. To address this limitation, we 
developed and validated an ImageJ macro 
capable of slice-specific dose estimation. By 
generating spatially resolved CTDIvol, Dw, and 
SSDE values, the macro enhances the granu-
larity of dose reporting and enables identifi-
cation of within-scan dose fluctuations that 
may be clinically relevant.

Although DLP provides a cumula-
tive measure of radiation output over the 
scanned region, it lacks spatial resolution. 
By contrast, the slice-specific CTDIvol values 
derived using our tool offer a detailed map 
of dose distribution along the z-axis. This ca-
pability allows for the identification of peak 
dose regions—commonly occurring at ana-
tomical transitions such as the shoulders or 
skull base—and provides valuable data for 
tailoring protocols or conducting organ-level 
dosimetric studies.

Comparison between the developed macro 
and siemens console display

The ImageJ macro developed in this 
study provides patient-specific, slice-by-
slice analysis of CT dose parameters, offering 
higher granularity than the Siemens con-
sole display. Although the console reports 
effective mAs, CTDIvol, and SSDEs as modu-
lation-weighted averages or values from a 
representative slice, these measurements do 
not capture anatomical variations through-
out the scan range. By contrast, the macro 
calculates CTDIvol and SSDE per slice using 
exposure data extracted from DICOM meta-

data (tag 0018,1152) and cross-sectional 
area measurements (Dw) obtained through 
threshold-based segmentation.

This difference was particularly evident in 
head CT examinations, where substantial an-
atomical variation exists between the vertex 
and skull base. The slice-by-slice approach 
provided more detailed SSDEs, revealing 
dose variations that are not apparent in the 
averaged values shown on the scanner con-
sole. Notably, discrepancies of 15%–35% 
were observed at anatomical transition 
zones, such as the thoracoabdominal junc-
tion, where rapid changes in cross-sectional 
area occur.

Another key difference involves the han-
dling of tube current modulation. The Sie-
mens console provides only averaged ef-
fective mAs for the entire scan, whereas the 
macro captures actual slice-specific expo-
sure values, reflecting real-time adjustments 
in tube current. This capability allows for 
more precise dose estimation, particularly 
for modern protocols that employ aggressive 
modulation techniques.

The macro also offers temporal resolution 
advantages by generating comprehensive 
dose profiles across the scan range, enabling 
identification of dose peaks and facilitat-
ing protocol optimization. Although con-
sole-displayed metrics remain useful for rap-
id dose feedback and protocol adjustments 
in clinical workflows, they typically provide 
only a single averaged value. By contrast, 
the macro yields high-resolution, slice-spe-
cific dose estimates that reveal otherwise 
obscured intra-scan dose variations not cap-

Table 3. Bland–Altman analysis and intraclass correlation coefficients (ICCs) comparing CTDIvol, Dw, and SSDEs between the ImageJ macro 
and scanner console (Scanner A) and Radimetrics (Scanner B)

Scanner CT exam Bland & Altman ICC (3,1)

Mean 
difference

Lower 
95% LOA

Upper
95% LOA

Individual 
ICC

Lower 
95% CI

Upper
95% CI

P value

A

Head
(n = 46)

CTDIvol (mGy) +2.285 +0.712 +3.857 0.974 0.084 0.995 <0.001

Dw (cm) +0.649 +0.171 +1.127 0.893 −0.022 0.976 <0.001

SSDE (mGy) −1.670 −4.063 +0.722 0.965 0.481 0.991 <0.001

Chest/abdomen
(n = 74)

CTDIvol (mGy) −0.001 −0.020 +0.018 1.000 1.000 1.000 <0.001

Dw (cm) −0.336 −0.870 +0.197 0.994 0.906 0.998 <0.001

SSDE (mGy) +0.284 −0.435 +1.003 0.989 0.952 0.995 <0.001

B

Head
(n = 40)

CTDIvol (mGy) +0.067 −0.653 +0.787 0.996 0.992 0.998 <0.001

Dw (cm) +1.250 +0.609 +1.890 0.267 −0.030 0.658 <0.001

SSDE (mGy) −0.123 −1.911 +1.665 0.967 0.933 0.984 <0.001

Chest/abdomen
(n = 60)

CTDIvol (mGy) −0.014 −0.100 +0.072 1.000 1.000 1.000 <0.001

Dw (cm) −0.312 −2.577 +1.954 0.940 0.899 0.964 <0.001

SSDE (mGy) −0.119 −4.670 +4.432 0.884 0.812 0.929 <0.001

CT, computed tomography; CTDIvol, volume computed tomography dose index; Dw, water-equivalent diameter; SSDE, size-specific dose estimate; LOA, limits of agreement; CI, 
Confidence interval. 
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tured by conventional summary metrics, a 
feature particularly valuable in anatomically 
heterogeneous regions such as the thorax 
and pelvis.

Comparison between the developed im-
agej macro and commercial dose monitor-
ing software (Radimetrics)

Considerable methodological and func-
tional differences were observed between 
the developed ImageJ macro and the com-
mercial dose monitoring software Radimet-
rics™ (Bayer Healthcare). Although both sys-
tems extract dose-relevant information from 
DICOM headers and estimate patient-specif-
ic dose metrics, the processes, assumptions, 
and applications differ substantially.

The observed differences in Dw agree-
ment between anatomical regions can be at-
tributed to distinct threshold segmentation 
approaches. Our ImageJ macro uses a fixed 
threshold of −140 HU; by contrast, although 
the exact threshold values used by commer-
cial dose management systems such as Radi-
metrics are not publicly disclosed, several 
studies and indirect validations suggest that 
these systems commonly apply a body con-
tour segmentation threshold in the range of 
approximately –300 to –500 HU. This thresh-
old range is designed to avoid including ex-
cessive air (below −500 HU) while preventing 
the exclusion of soft tissue (above −300 HU).

The anatomical differences substantially 
influence the impact of threshold selection 

on Dw calculation. In head CT, the relative-
ly uniform soft tissue density and distinct 
bone–air interfaces make Dw particularly 
sensitive to segmentation. For example, a 
threshold of –140 HU (as used in our macro) 
may inadvertently exclude bone edges or 
include small air pockets, leading to substan-
tial changes in mean CT numbers within the 
ROI and consequently affecting Dw calcula-
tions, in accordance with AAPM 220 method-
ology. Similarly, lower thresholds within the 
range applied by commercial systems (–300 
to –500 HU, e.g., –400 HU) have also been re-
ported to occasionally include couch struc-
tures. These threshold-related factors explain 
the poor agreement (ICC = 0.267) observed 
for head Dw measurements.

Conversely, in chest and abdomen CT, the 
more heterogeneous tissue composition and 
larger soft tissue volumes make the calcula-
tions less sensitive to threshold variations. 
The predominance of soft tissue in these 
regions provides more stable mean CT num-
bers, resulting in improved Dw agreement 
(ICC = 0.940) despite different threshold ap-
proaches.

Quantitative comparison between the 
two systems using Bland–Altman plots and 
ICC analysis reflects these methodological 
differences. For head CT examinations, al-
though CTDIvol and SSDEs showed near-per-
fect agreement with ICC values of 0.996 and 
0.967, respectively, Dw demonstrated poor 
agreement (IC: 0.267), with a mean differ-
ence of 1.25 cm. This substantial discrepan-
cy likely stems from the different threshold 
segmentation approaches affecting the CT 
number-based calculations more substan-
tially in the relatively homogeneous head 
anatomy. Nevertheless, SSDEs remained 
robust despite this variability in Dw, as the 
exponential correction factor f(Dw) changes 
only gradually in the head diameter range, 
limiting the propagation of Dw errors into 
SSDEs. Together with the near-perfect agree-
ment in CTDIvol, this explains the consistently 
high SSDE agreement observed for head CT 
examinations.

For chest/abdomen scans, the agreement 
was more consistent across all parameters: 
CTDIvol showed excellent agreement, with an 
ICC of 1.00 and mean difference of −0.014 
mGy; Dw comparison yielded good agree-
ment (ICC: 0.940), with a mean difference 
of −0.312 cm; and SSDEs showed excellent 
agreement (ICC: 0.884), with a mean differ-
ence of −0.119 mGy. This suggests that the 
heterogeneous tissue composition in these 
regions provides more robust results despite 
methodological differences.

Figure 3. Bland–Altman plots comparing the dose parameters obtained from the ImageJ macro and 
Radimetrics (Scanner B) for (a) volume computed tomography dose index (CTDIvol), (b) water-equivalent 
diameter (Dw), and (c) size-specific dose estimate (SSDE) in head computed tomography (CT) examinations 
and (d) CTDIvol, (e) Dw, and (f) SSDE in chest/abdomen CT examinations. LOA, limits of agreement; ICC, 
intraclass correlation coefficient. 
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The macro’s threshold-based segmen-
tation was validated using phantoms and 
yielded results within 5% of physical dimen-
sions while requiring fewer computation-
al resources. However, challenges such as 
low-contrast boundaries (e.g., at air–bone 
interfaces) can reduce accuracy in specif-
ic regions such as the head. These findings 
highlight the importance of understand-
ing the underlying algorithmic differences 
when comparing dose monitoring systems. 
The threshold-dependent nature of Dw cal-
culations, particularly in anatomically uni-
form regions such as the head, suggests that 
standardization of segmentation approaches 
may be necessary for consistent inter-system 
comparisons.

From a practical standpoint, Radimetrics 
excels in enterprise-wide integration. It auto-
matically processes all CT examinations with-
out user interaction and provides compliance 
dashboards and centralized QA tools. By con-
trast, the ImageJ macro requires manual exe-
cution, input selection, and parameter adjust-
ment. Although this limits automation, it offers 
unmatched flexibility for protocol-specific 
analysis, research customization, and pediatric 
dose assessment. In terms of cost, the macro 
presents a clear advantage. Commercial sys-
tems such as Radimetrics require considerable 
investment in licensing, infrastructure, and 
ongoing support. The macro, built entirely on 
open-source tools, is a cost-effective alterna-
tive for institutions with research goals, limit-
ed budgets, or custom analysis needs.

Practical considerations for clinical imple-
mentation

Significant differences in Dw and SSDEs 
were observed in chest and abdomen scans, 
likely due to variations in field-of-view (FOV) 
settings. In some cases, the FOV may not ful-
ly cover the patient’s body cross section, par-
ticularly at the lateral margins, leading to un-
derestimation of body size in image-based 
calculations. This effect may be more pro-
nounced in larger or misaligned patients.

Despite being statistically significant, 
these differences are generally within ± 
10% and may have limited clinical impact, 
as key organs typically remain within the 
scan range. To reduce such discrepancies, 
consistent patient positioning and standard-
ized FOV protocols are essential. Regular QA 
processes should validate dose calculation 
accuracy across various scanning conditions. 
Further studies in broader patient groups, 
including pediatric and atypical body types, 
are recommended to ensure the robustness 
of SSDEs.

Clinical implication of slice-specific dose 
estimates for protocol optimization

The granularity provided by slice-specific 
SSDEs offers critical insight into dose hetero-
geneity along the scan length. For instance, 
anatomical regions such as the shoulders or 
skull base often exhibit elevated SSDE values 
due to increased patient attenuation, which 
can trigger ATCM to deliver higher output. 
Conversely, areas such as the lungs or ex-
tremities may receive lower doses. Identify-
ing these “higher” or “lower” dose sections 
allows radiology teams to fine-tune scan 
protocols accordingly.

For high-dose regions, protocol adjust-
ments may involve reducing the maximum 
tube current limit, modifying ATCM curves, 
adjusting the noise index, or narrowing z-ax-
is coverage if clinically acceptable. By con-
trast, persistently low-dose areas—especially 
those critical to diagnosis—may benefit from 
increased minimum mA thresholds, longer 
rotation times, or customized reconstruction 
parameters to preserve image quality. Such 
region-specific refinement, when guided by 
slice-level SSDE data and supported by insti-
tutional or national diagnostic reference lev-
els, enables a more personalized approach to 
CT protocol design. Ultimately, this facilitates 
a balance between diagnostic performance 
and radiation safety.

Figure 4. Box plot comparison of (a) the water-equivalent diameter and (b) size-specific dose estimate 
obtained from the ImageJ macro, computed tomography scanner console, and Radimetrics across 
anatomical regions and scanners. Boxes represent the interquartile range, center lines indicate the median, 
whiskers extend to the data range, and crosses (×) represent the mean values. CT, computed tomography; 
Dw, water-equivalent diameter; SSDE, size-specific dose estimate.
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This study has several limitations. The use 
of a fixed threshold (–140 HU) may not be op-
timal for all anatomical regions, particularly 
in low-contrast boundaries such as air–bone 
interfaces in head CT, where Dw accuracy may 
be affected. Future work could explore adap-
tive or data-driven thresholding approach-
es to improve segmentation performance 
across diverse anatomies, thereby enhanc-
ing the robustness and clinical applicability 
of the tool. Validation was limited to Siemens 
scanners and Radimetrics software; testing 
with other vendors (e.g., GE, Philips, Canon) 
is needed to assess broader applicability. The 
clinical dataset included only 30 patients, re-
stricting variability in body size, pathology, 
and scan protocols. Inter-observer variability 
in manual parameter settings was not evalu-
ated, which may affect reproducibility. Addi-
tionally, the macro currently lacks automated 
quality checks and standardized reporting, 
limiting its readiness for routine clinical inte-
gration. Moreover, we did not compare scan-
ner-reported DLP values with the cumulative 
CTDIvol from the macro, as the precise irra-
diation length used by the scanner was not 
available in the DICOM metadata. Since DLP 
calculation depends on irradiation length, 
which may differ from the reconstructed 
scan length due to overscanning or collima-
tion, direct comparisons would be inaccurate 
or misleading. Therefore, instead of focusing 
on DLP comparison, our study emphasizes 
the added value of slice-specific CTDIvol anal-
ysis, which reveals spatial variations in dose 
that global metrics such as DLP or average 
CTDIvol cannot capture. Future development 
should address automation, segmentation 
robustness, cross-vendor compatibility, and 
streamlined clinical implementation.

In conclusion, the developed ImageJ 
macro enables automated, slice-specific 
calculation of CTDIvol, Dw, and SSDEs with 
high agreement with scanner and commer-
cial software outputs. Its ability to reveal 
intra-scan dose variations offers improved 
slice-by-slice information for dose assess-
ment and supports protocol optimization in 
clinical and research settings.
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