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PURPOSE
This meta-analysis aimed to evaluate the diagnostic accuracy of computed tomography (CT) for
detecting gastroesophageal varices (GEVs) and identify high-risk GEVs in patients with cirrhosis.

METHODS

A comprehensive search of databases identified 28 studies reporting on CT-based diagnosis for
GEVs confirmed via endoscopy. Meta-analyses were conducted to calculate pooled sensitivity
(SEN) and pooled specificity (SPE), positive likelihood ratio (PLR) and negative likelihood ratio
(NLR), diagnostic odds ratio (DOR), and the area under the curve (AUC).

RESULTS

Based on the number of patients (or varices), the pooled SEN, SPE, PLR, NLR, DOR, and AUC of CT-
based diagnosis were estimated at 0.91 (0.92), 0.81 (0.45), 4.82 (1.67), 0.11 (0.17), 42.47 (10.26), and
0.93 (0.94), respectively, for any GEV and at 0.89 (0.89), 0.90 (0.79), 8.86 (4.28), 0.12 (0.14), 75.71
(30.19), and 0.95 (0.85), respectively, for high-risk GEVs. Subgroup analyses indicated that CT had a
higher diagnostic accuracy for esophageal varices compared with gastric varices (AUC: 0.93 vs. 0.89,
P < 0.05), and the 64-slice CT yielded superior SEN compared with 16-slice and <16-slice CT (AUC:
0.97 vs. 0.92 and 0.82, respectively, P < 0.05). Prospective studies demonstrated higher diagnostic
accuracy than retrospective studies (AUC: 0.95 vs. 0.90, P < 0.05). Regarding variceal size, a cut-off
of 3 mm and 5 mm discriminated between low- and high-risk individuals, respectively, with high
diagnostic accuracy (AUC: 0.992 vs. 0.997, P > 0.05).

CONCLUSION

CT demonstrates promising diagnostic accuracy for identifying gastroesophageal varices and dis-
tinguishing high-risk GEVs in patients with cirrhosis. Further research to validate optimal variceal
size cut-offs is warranted to enhance clinical utility.

CLINICAL SIGNIFICANCE

Such a high diagnostic accuracy of CT scans for predicting varices is clinically meaningful for pa-
tients with cirrhosis accompanied by portal hypertension. If high-risk varices are identified at CT
scans, early intervention would be helpful to reduce the risk of variceal bleeding.

KEYWORDS
Computed tomography, gastroesophageal varices, gastric varices, esophageal varices, cirrhosis,
meta-analysis

leeding of gastroesophageal varices (GEVs) is a serious complication of portal hyper-
tension (PH) in cirrhosis.” Gastric varices (GVs) and esophageal varices (EVs) can occur
concurrently or separately. EVs are more important for the collateral circulation of PH

than GVs and occur in 20%-40% and approximately 70% of compensated and decompen-
sated patients with cirrhosis, respectively.? Esophagogastroduodenoscopy (EGD) is current-

You may cite this article as: Li J, Zhu Y, Ni J, Wang L, Lei J. Computed tomography for the diagnosis of gastroesophageal varices and risk assessment in patients
with cirrhosis: a systematic review and meta-analysis. Diagn Interv Radiol. 2024;30(6):335-350.
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ly the standard approach for assessment of
GEVs when diagnosing cirrhosis.? Presence of
advanced liver disease (Child Pugh’s score B
or C), large varices (>5 mm), or varices with
the red color (RC) sign specify patients with
a high hemorrhage risk.** The progression
from small to large varices is detected in ap-
proximately 10% of patients with cirrhosis
per year. In this context, it is of great signif-
icance to detect GEVs and predict variceal
bleeding in time. EGD screening is recom-
mended for patients with cirrhosis with small
varices and patients without any varices ev-
ery 1-2 and 2-3 years, respectively.”® Howev-
er, as a screening method, EGD is limited due
to its invasive nature and poor acceptance
by patients.” Additionally, it is obvious that a
significant part of patients undergoing EGD
screening, particularly those with compen-
sated cirrhosis, have no varices or only small
EVs. Furthermore, EGD fails to evaluate the
entire spectrum of extraparietal GEVs and
may miss some GVs.'%™!

These drawbacks have driven the ongo-
ing studies to identify alternative, non-inva-
sive techniques for repeat variceal detection.

The Baveno VI guidelines recommend that
patients with alcoholic or viral cirrhosis, liver
stiffness <20 kPa and a platelet count >150
G/L should avoid EGD screening, which is a
highly sensitive approach with limited spec-
ificity for the detection of GEVs."? Computed
tomography (CT) or magnetic resonance im-
aging of portosystemic collateral vessels has
been shown to have a sensitivity of 95% and
specificity of 36% in predicting high-risk EVs
in patients who do not meet the Baveno VI
criteria.”® Unlike EGD, contrast-enhanced CT
can clearly show the portal vein system and
collateral circulation,' including in patients
with periesophageal and perigastric fundal
varices. Furthermore, CT is useful in assessing
the risk of GEV bleeding.”™

* Computed tomography (CT) demonstrates
promising diagnostic accuracy for identi-
fying gastroesophageal varices (GEVs) and
distinguishing high-risk GEVs in patients
with cirrhosis.

* CT with a >16-slice scanner showed a sig-
nificantly better performance than the
<16-slice CT.

* Varices of <3 mm and >5 mm may discrimi-
nate against low-risk and high-risk patients,
respectively.

* Approximately 84.29% of patients prefer CT
instead of endoscopy in screening for vari-
ces.

Herein, the study authors conduct a sys-
tematic review and meta-analysis to evaluate
the diagnostic efficacy of CT for GEVs and an-
alyze its predictive value for high-risk varices
in patients with cirrhosis.

Methods

The present study is reported according
to the Preferred Reporting Items for System-
atic Reviews and Meta-analyses (PRISMA)
statement and the published recommenda-
tions. The detailed protocol is accessible in
PROSPERO (CRD42020220384). Ethics infor-
mation and informed consent forms were
not required, as systematic reviews typically
involve synthesizing and summarizing exist-
ing literature rather than directly engaging in
human or animal experiments.

Literature search

To retrieve eligible studies on CT-based
diagnosis of EV and/or GV, a systematic
literature search in the PubMed, Embase,
Cochrane Library, and Web of Science data-
bases was performed from inception to No-
vember 30, 2023. The search was conducted
based on the following search terms: “gastro-
esophageal varices,’ “gastric varices,” “esoph-
ageal varices,” “varices,” “CT," and “computed
tomography.” The search strategy was deter-
mined after multiple pre-searches and com-
bined free words with Medical Subject Head-
ings terms for each database. No language
or article-type restriction was applied. The
references of the included studies and other
systematic reviews and meta-analyses were
also reviewed to obtain a comprehensive list
of relevant studies.

Eligibility criteria

The inclusion criteria were as follows: (1)
the patients were diagnosed with cirrhosis;
(2) the diagnostic examination was con-
trast-enhanced CT; (3) EGD was performed to
confirm the presence and/or grade of esoph-
ageal and/or GVs; (4) the data provided was
sufficient to conduct a 2 x 2 table to assess
the diagnostic sensitivity and specificity of
CT for the varices; and (5) >20 patients were
evaluated for reliable assessment.

The exclusion criteria were as follows: (1)
patients without cirrhosis; (2) patients who
were not evaluated via endoscopy or CT;
(3) duplicates; (4) review articles; (5) case re-
ports; and (6) conference papers, letters, and
abstracts.
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Study selection, data extraction, and qual-
ity assessment

The titles and abstracts of the search re-
sults were screened for eligibility by two in-
dependent readers (Y. Zhu and L. Wang with
3years and 12 years of experience in abdom-
inal imaging, respectively) according to the
pre-enacted inclusion and exclusion criteria,
and full texts meeting the inclusion crite-
ria were retrieved. The following data were
extracted according to the predefined data
form: the first author’s name, the study de-
sign (prospective or retrospective), publica-
tion year, country, sample size, age, gender,
etiology of cirrhosis, Child-Pugh class, time
interval between the CT and EGD, number
of patients who underwent EGD, location of
varices (EVs and/or GVs), prevalence of any-
sized and/or high-risk varices, definitions of
high-risk varices on CT and EGD, cut-off val-
ues (the maximal short-axis diameter of the
largest varix), and CT imaging parameters
(slice). The true-positive (TP), false-positive
(FP), true-negative (TN), and false-negative
(FN) values were also extracted directly or
calculated. It should be recognized that all
the data per study were extracted if the study
involved several CT techniques or observers,
and serial numbers to this study were giv-
en. Finally, two readers independently per-
formed QUADAS-2 criteria'® assessments.
Results were cross-checked at every step,
and a consensus was reached in the case of
discrepancy.

Statistical analysis

Analyses were performed using the STA-
TA 15.0 (StataCorp, College Station, TX) and
Revman 5.4 (The Cochrane Collaboration,
2020) software. However, in the case of <4
articles, MetaDiSc 1.4 was used for analysis,
and P2 statistics were used to analyze hetero-
geneity of the included studies."” Significant
heterogeny was indicated by /> 50% or P <
0.10.

If there is no heterogeneity or if the het-
erogeneity is low, a fixed effects model
should be chosen. A random effects model
allows for high heterogeneity, and a sensitiv-
ity analysis or subgroup analysis should then
be carried out. The pooled sensitivity (SEN),
pooled specificity (SPE), positive predic-
tive values and negative predictive values,
positive likelihood ratio (PLR) and negative
likelihood ratio (NLR), and diagnostic odds
ratio (DOR) with a 95% confidence interval
(Cl) were calculated based on the number of
TPs, FPs, FNs, and TNs, respectively. Following

Lietal.



this, the summary receiver operating char-
acteristic and its corresponding area under
the curve (AUC) were calculated. If there was
significant heterogeneity, subgroup analysis
was carried out to identify the sources of
heterogeneity. In addition, in the case of >9
studies, the authors assessed for any pub-
lication bias by applying Deeks et al.’® plot
test. Statistical significance was indicated
by P < 0.05.

Results

Literature search and study selection

This systematic review included 28 pub-
lications, involving 2,879 participants.'®'94

The PRISMA flow chart of the literature
screening is shown in Figure 1.
Study design and properties

The extractive data of the included

studies are summarized in Table 1. The 28
selected articles were published between
2007 and 2023. In 27 of these papers, data
were presented based on the number of
patients,'*'** and the data in the remain-
ing article (a retrospective report evaluat-
ing EVs in 104 participants) were presented
based on the number of varices* Among
the patient-based studies, which assessed
for varices of any size, 11 (40.7%) were retro-
SpectiVeIZO,22—24,27,29,30,32,33,37,42 12 (44'4%) were
prospective’10,19,26,28,31,34,35,38-41,44 and 4 (14.9%)
were undefined;?'#3643 24 (88.9%) assessed
for EV510,19-35,38-41,43,44, and 6 (22.2%)10,32,35,36,37,42
assessed for both EVs and GVs, including 3
for GVs only.'®323° The prevalence of EVs and
GVs were 33.6%-98% and 10.5%-28.3%,
respectively. Two studies included only pa-
tients with hepatocellular carcinoma.®3* The
remaining studies enrolled patients with var-
ious etiological factors, such as viral hepati-
tis, alcohol abuse, and cryptogenic cirrhosis.

Among the eligible studies, 18 assessed
for high-risk varices.20242729353639414345 The
detailed characteristics of these studies are
shown in Supplementary Table 1. A total
of 16 articles (88.9%) assessed for high-risk
EVs,20-2427.29-353639414345 1 gssessed for high-risk
GVs*2 and 1 assessed for high-risk GEVs.3®
The prevalence of high-risk EVs and GVs was
15.4%-75% and 16.5%, respectively. The var-
ix size cut-off of high-risk varices on CT was
2 mm’21,22,33,34,45 3 mm,30,41 3.9 mm’24 4 mm,zo,zs
and 5 mm,3'32353 respectively. Finally, 3 stud-
ies did not specify the cut-off on CT.?2*%

Additionally, 3 studies®'**?reported that
the varix size on CT was significantly correlat-
ed with the presence and severity of the RC

sign. A cut-off of 4 or 5 mm was used to pre-
dict the RC sign.

A total of 5 studies'®*** concerned prefer-
ences of the patients for CT versus EGD. Most
(84.3%) patients preferred undergoing a CT
scan instead of EGD for varix screening.

Quality assessment

The results of the quality evaluation of the
eligible articles are shown in Supplementary
Figure 1. Most studies were identified as low-
risk in terms of risk of bias and applicability

concerns, and all of the studies met >4 terms
of the 7 total domains. The most common
domain of unclear risk was the reference
standard regarding the blinding of EGD in-
terpretation to the CT imaging.

Diagnostic accuracy of computed tomogra-
phy for gastroesophageal varices

The results of the meta-analyses are sum-
marized in Table 2. Significant heterogeneity
was observed in all the analyses (P < 0.05 and
> 50%).

Records identified through

‘ Identification

database searching (n=5433)

A J

—

Duplicates (n=1772)

m=3

Records screened
661)

Records excluded (n =3533 ):
irrelevant topic (n=3362)

reviews (n1=44)

case report (n=124)

Full-text assessed for
eligibility (n =128)

letter (n=3)

Full-text excluded (n =100):

insufficient data (n=85)

Included | ‘ Eligibility | ‘ Screening

Articles included in
qualitative synthesiss
(meta-analysis) (n=28)

overlapping data (n=2)
conference papers (n=12)
unavailable full text (n=1)

|

!

Evaluating varices of any size
(n=28)

Evaluating high-risk varices
(n=18)

Figure 1. The study screening process.
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Figure 2. Coupled Forest plots of sensitivity and specificity for diagnosing gastroesophageal varices with CT.

CT, computed tomography.

CT for GEVs diagnosis in cirrhotic patients: a meta-analysis « 337



Table 1. Characteristics of computed tomography for diagnosing gastroesophageal varices

Study/journal/year Study  Country Sample  M/F Mean age (y) Etiology Child-Pugh
design score
He et al.’””, Chin J Radiol (China), 2012 P China 92 73/19 51 (34-80) Viral 78, alcohol 12, pancreatic 1, cholestatic 1 A33,B44,C15
Manchec et al.°, AJR Am J Roentgenol, 2020 R us 97 64/33 544 HBV 2, HCV 35, alcohol 46, NASH 18 A36,B50,C11
Moftah et al.?', Egypt J Radiol Nucl Med, 2014 / Egypt 54 40/14 56.8 (38-75) / /
Yu et al.?2, AJR Am J Roentgenol, 2011 R us 109 60/49 55.9 (19-82) HBV 7, HCV 51, alcohol 19, cryptogenic or others 32 /
Lipp et al.%, Dig Dis Sci, 2011 R us 195 / 55.2 / /
Deng et al:® J Evid Based Med, 2017 R China 52 33/19 554 HBV 13, HCV 2, HBV and HCV 1, alcohol 16, alcoholand 55 551 (6
HBV 5, others 15
Sattar et al.*>, Med Forum, 2019 / Pakistan 172 96/76 45.01 (35-60) / /
Hassan et al.?, Cureus, 2019 P Pakistan 196 106/90 55.8 (11-82) HBV 13, HCV 79, others 104 /
Elalfy et al.””, World J Hepatol, 2016 R Egypt 124 26/98 56.5 HCV 124 A78,B46,C0O
42 29/13 56.2 HBV 19, HCV 10, HBV and HCV 1, alcohol 2, others 10 A16,B13,C13
Cansu et al.?%, Eur J Radiol, 2014 P Turkey
50 27/23 56.8 HBV 20, HCV 15, HBV and HCV 2, alcohol 2, others 11 A26,B18,C6
Salahshour et al.?*, Abdom Radiol (NY), 2020 R Iran 124 76/48 50.38(21-73)  HBV 30, HCV 7, alcohol 5, AIH 12, cryptogenic or others 70/
Kim et al2%, AJR Am J Roentgenol, 2007 R us 67 3928 562(33-77) ;'f;’t:]ir ;fv 24, HBV and HCV 6, alcohol 15, cryptogenic ) 16 g 55 ¢ 26
Shen et al.*', Zhonghua Yi Xue Za Zhi, 2010 P China 69 56/13 53 (23-76) HBV 60, HCV 4, alcohol and HBV 3, alcohol 2 A44,B22,C3
Zhu et al.®2, J Clin Gastroenterol, 2010 R China 127 96/31 45.2 (30-75) HBV 95, HCV 6, alcohol 13, cryptogenic or others 13 A48,B47,C32
Kim et al.*, Dig Dis Sci, 2009 R South Korea 110 81/29 61 (27-80) HBV 67, HCV 32, HBV and HCV 2, alcohol 7, unknown 2 A70,B29,C11
Kim et al.*4, World J Gastroenterol, 2012 P South Korea 100 79/21 58.4 (35-82) HBV 76, HCV 14, alcohol 5, unknown 5 A89,B10,C1
Karatzas et al.**, Ann Gastroenterol, 2016 P Greece 38 30/8 63 (48-81) Viral 13, alcohol 18, others 7 A21,B11,C6
Perri et al.®, Hepatology, 2008 P us 101 64/37 57.5 Viral 22, alcohol 19, cholestatic 18, NASH 15, others 27 A45,B40,C16
Guo et al.*, Chin J Med Imaging Technol, 2008/ China 27 14/13 48.6 (28-71) HBV 23, HCV 2, alcohol 2 A10,B12,C5
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Table 1. Continued

CT scanner CT technique Patients underwent EGD  Time interval  Patient Varice location Prevalence TP FP FN TN
acceptance of varices (%)
64-slice MSCT portography 92 Within 4 w / GEVs 70.65% 61 6 4 21
/ / 97 Within 3 m / EVs 94.80% 66 1 25
4 or 8-slice MDCT 54 / / EVs 92.59% 48 0 2
50 10 12 37
i in- 49 24 13 23
16 or 64-slice MDCT with standard 5 mm and thin- ;o Within 10 w / EVs 56.88%
section MPR
49 24 13 23
47 17 15 30
) 137 o 44.52% 54 24 7 52
4 or 16 or 64-slice  MDCT Within 3 m / EVs
165 43.03% 41 17 30 77
/ / 52 Within 4 w / EVs 86.54% 43 2 2 5
16-slice MDCT 172 / / EVs 84.88% 123 3 23 23
64-slice MDCT 196 Within 20 d / EVs 97.95% 190 0 2 4
16-slice MDCT 124 / / EVs 59.68% 70 4 4 46
16-slice MDCT with effervescent powder 42 Within 4 w / EVs 78.57% 25 3 8 6
16-slice MDCT without effervescent powder 50 Within 4 w / EVs 66% 33 2 0 15
16 or 64-slice MDCT 124 Within 6 m / EVs 50.81% 40 11 23 50
. . . . 29 6 13 19
single or 4 slice Single-detector helical CTor MDCT 67 Within 4 w / EVs 62.69%
27 3 15 22
53 4 3 9
320-slice MDCT 69 Within 1w / EVs 81.16%
52 3 4 10
72 15 14 26
EVs 67.72%
4-slice MDCT 127 Within 4 w / 67 11 19 30
32 23 4 68
GVs 28.34%
30 19 6 72
34 3 3 70
16-slice MDCT 110 Within 4 w / EVs 33.64% 36 10 1 63
32 4 5 69
25 8 2 65
25 7 2 66
25 9 2 64
64-slice MDCT with and without MPR 100 Within 4 h / EVs 50.00%
25 9 2 64
23 13 4 60
24 7 3 66
21 6 3 8
GEVs 63.16% 0 7 4 7
21 5 3 9
20 7 3 8
16-slice MDCT 38 Within 1 m / EVs 60.53% 19 8 4 7
20 3
3 4 1 30
GVs 10.53% 3 4 1 30
3 4 1 30
73 10 6 12
EVs 78.22%
68 12 11 10
0 0, 0
4 slice or higher MDCT 101 Within 5 d (127 €I 675 [EefD) @it
no preference 13 29 2 64
GVs 14.85%
13 9 2 77
64-slice MSCT portography 23 / / GEVs 82.61% 19 1 0 3
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Table 1. Continued

Study/journal/year Study  Country Sample  M/F Mean age (y) Etiology Child- Pugh
design score
Hua et al.*”, J Dig Dis, 2015 R China 90 57/33 54.4 (31-75) HBV 49, HCV 3, alcohol 8, AIH 5, others 25 A 36,B34,C20
Wu et al.*%, Chin J Gastroenterol, 2009 P China 50 30/20 57.7 (31-78) HBV 38, HBV, and HCV 1, AlH 1, others 10 A13,B31,C6
Kim et al.*, Radiology, 2007 P China 90 65/25 54.8 (21-77) HBV 66, HCV 19, Alcohol 2, cryptogenic 3 A73,B17,C0
40 H
gg‘]ag"m“h el EEppeiz il Mg el P Egypt 112 77/45  514(38-72)  HBV 52, HCV 49, bilharziasis 11 /
41

ng;"”ky ATl A, (D] EER IR Egypt 137 73/64  587(45-77)  HBV27,HCV 93, HBV and HCV 14, steatohepatitis 3 A75,B42,C 20
Zhao et al.*?, Chin J Gastroenterol, 2016 R China 143 96/47 52.39 (23-78) HBV 101, HCV 5, alcohol 16, cryptogenic or others 21 A54,B48,C41
Bashiretal.,PJMHS, 2021 / Rawalpidi 145 / 35-80 / /

Kumar et al.*, Pol J Radiol, 2023 P India 62| / 62 / /

Kim et al.*, J Gastroenterol Hepatol, 2009* R South Korea 104 77/27 59 (27-80) HBV 75, HCV 13, alcohol 7, cryptogenic 9 A43,B32,C29

*Data presented based on number of varices. R, retrospective; P, prospective; HBV, hepatitis B virus; HCV, hepatitis C virus; AlH, autoimmune hepatitis; PSC, primary sclerosing
cholangitis; NASH, non-alcoholic steatohepatitis; MDCT, multi-detector computed tomography; MPR, multiplanar reconstruction; MSCT, multi-slice spiral computed tomography;
EVs, esophageal varices; GVs, gastric varices; GEVs, gastroesophageal varices; TP, true-positive; FP, false-positive; TN, true-negative; FN, false-negative.

Based on the number of patients: In 27
studies,’®'** which contained 54 sets of data
regarding GEVs of any size, the pooled SEN
and SPE were 0.91 and 0.81, respectively (Fig-
ure 2), with an AUC of 0.93 (Supplementary
Figure 2). There were 35 sets of data from
17 studies?%-2427293536394143 that assessed for
high-risk GEVs. The pooled SEN and SPE were
0.90 and 0.90, respectively (Figure 3), with an
AUC of 0.96 (Supplementary Figure 3). The
pooled SPE and PLR for high-risk varices were

significantly higher than those for varices of

any size (P=10.001 and 0.020, respectively).

Based on the number of varices: There
was only 1 study** with 3 sets of data. The
pooled SEN, SPE and AUC for varices of any
size (and high-risk EVs) were 0.92 (0.89), 0.45
(0.85), and 0.94 (0.95), respectively.

Patient-based subgroup analysis of gastro-
esophageal varices of any size

To identify the sources of heterogeneity,
the authors performed subgroup analysis
according to the location of varices, study
design, and CT scanners used.

Location of the varices

EVs: There were 47 sets of data from 24
studies'0203538414344 that assessed for EVs of
any size, and 32 sets of data from 15 stud-
ie520-24,27,29-31,33,34,36,37,41,43 that assessed for hlg h_
risk EVs (Table 2). The pooled SPE and PLR
for high-risk EVs were significantly higher
than those for EVs of any size (P=0.010 and
0.034, respectively). However, no statistical-
ly significant difference in SEN, NLR, DOR or
AUC was found between high-risk EVs and
EVs of any size (all P > 0.05). According to
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the corresponding F? (82.5%-100%), there
was substantial heterogeneity in the EV sub-
group among the studies. Then, a subgroup
analysis was carried out for EVs (Supplemen-
tary Table 2).

GVs: There were 7 data sets from 3 stud-
ies'%3235 concerning the presence of GVs of
any size (Table 2). There was no statistically
significant heterogeneity in the GV subgroup
among these studies. Since only 1 study?®? re-
ported on high-risk GVs, a pooled analysis
could not be performed.

Study design

Prospective vs. retrospective: There
were 29 and 21 sets of data from 12 pro-
spective'019262831343538-4144 and 11 retrospec-
tive2022:2427.293032333742 stydies, respectively
(Table 3). Between the prospective studies
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Table 1. Continued

CT scanner CT technique Patients underwent EGD  Time interval  Patient Varice location Prevalence TP FP FN TN
acceptance of varices (%)
/ MSCT 50 / / GEVs 90% 43 0 2 5
39 3 2 6
0 0
16-slice MSCT 50 Within 4 w 7SI, T [EEID) EVs 82%
24% no preference
40 5 1 4
50 15 3 22
66.67% CT, 14.44% 47 12 6 25
16-slice CT esophagograms 90 Within 4 h EGD, 18.89% no EVs 58.89%
preference 46 13 7 24
46 8 7 29
0 o 97 0 2 13
64-slice MDCT 112 Within 2 w BEFIDCI, 75 EEID; EVs 88.39%
9.9% no preference
99 0 0 13
16-slice MDCT 137 Within 24 h 98% CT, 2% EGD EVs 65.69% 89 1 1 46
64-slice MDCT 143 Within 1w / GEVs 80.42% 112 3 1 27
/ MDCT 145 / / EVs 74.5% 102 4 6 33
128-slice MDCT 62 Within 2 d / EVs 37.30% 45 1 7 9
180 9 8 11
16 or 64-slice MDCT 104 Within 4 w / EVs 90.38% 169 9 19 11

172 15 16 5

*Data presented based on number of varices. R, retrospective; P, prospective; HBV, hepatitis B virus; HCV, hepatitis C virus; AlH, autoimmune hepatitis; PSC, primary sclerosing cholangitis; NASH,
non-alcoholic steatohepatitis; MDCT, multi-detector computed tomography; MPR, multiplanar reconstruction; MSCT, multi-slice spiral computed tomography; EVs, esophageal varices; GVs,
gastric varices; GEVs, gastroesophageal varices; TP, true-positive; FP, false-positive; TN, true-negative; FN, false-negative.

Table 2. Overall diagnostic accuracy of studies researching gastroesophageal varices

Study No. of article/ SEN (95% Cl) SPE (95% Cl) PLR (95% Cl) NLR (95% Cl) DOR (95% Cl) AUC (95% Cl)
characteristic set/patient

Patient-based

Any sized GEVs 27/54/5217 0.91 (0.88-0.93) 0.81 (0.77-0.85) 4.82 (3.84-6.03) 0.11 (0.08-0.15) 42.47 (26.61-67.77) 0.93 (0.90-0.95)
High-risk GEVs 17/35/3526 0.90 (0.85-0.93)  0.90 (0.86-0.93) 8.85 (6.25-12.70) 0.12(0.08-0.17)  75.10(41.44-136.11)  0.96 (0.93-0.97)
P value / 0.682 0.001 0.020 0.728 0.215 0.069

Any sized EVs 24/47/4596 0.91 (0.87-0.93)  0.81 (0.76-0.85) 4.75 (3.67-6.15) 0.12 (0.08-0.16) 41.00 (24.17-69.55) 0.93 (0.90-0.95)
High-risk EVs 15/32/3234 0.90 (0.85-0.93)  0.89 (0.85-0.93) 8.36 (5.82-12.01) 0.11 (0.08-0.17)  73.75(39.62-137.30)  0.95 (0.93-0.97)
P value / 0.682 0.010 0.034 0.739 0.233 0.224

Any sized GVs 3/7/570 0.85 (0.76-0.91)  0.83 (0.77-0.87) 4.88 (3.59-6.62) 0.19 (0.12-0.30) 26.03 (14.02-48.33) 0.89 (0.86-0.92)
High-risk GVs* 1/2/252 0.83 (0.69-0.93) 0.97(0.93-0.99) 25.06(11.95-52.54) 0.17 (0.09-0.34) 149.43 (48.87-456.86) /
Pvalue / 0.789 <0.001 <0.001 0.787 0.007 /
Varix-based

Any sized (EVs)* 1/3/104 0.92 (0.90-0.94) 0.45(0.32-0.58) 1.67 (1.07-2.61) 0.17 (0.08-0.36) 10.26 (3.38-31.17) 0.9373 (0.1522)
High-risk (EVs)* 1/3/104 0.89(0.85-0.92) 0.79 (0.74-0.84) 4.28 (3.31-5.53) 0.14 (0.09-0.22)  30.19(17.42-52.33)  0.8483(0.0532)
Pvalue / 0.145 <0.001 <0.001 0.664 0.088 0.581

*Data calculated using Meta-Disc 1.4. GEVs, gastroesophageal varices; EVs, esophageal varices; GVs, gastric varices; SEN, sensitivity; SPE, specificity; PPV, positive predictive value;
NPV, negative predictive value; DOR, diagnostic odds ratio; AUC, area under the curve; 95% Cls, corresponding 95% confidence interval.
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and the retrospective studies, statistically
significant differences were found in the
pooled SEN, NLR, and AUC (0.93 vs. 0.85;
0.08 vs. 0.18; and 0.95 vs. 0.90, respectively;
P = 0.007, 0.015, and 0.002, respectively),
but no statistically significant difference in
SPE or PLR was found (P = 0.883 and 0.598,
respectively).
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Figure 3. Coupled Forest plots of sensitivity and specificity for predicting high-risk varices with CT.

CT, computed tomography.

ilarly high SPE and AUC, which were higher
than those of the <16-slice CT (all P < 0.05).

Patient-based subgroup analysis of the
high-risk esophageal varices

The results of the subgroup analyses for
high-risk EVs are summarized in Table 4. A
study that used a cut-off of 3.9 mm?* was
classified into the 4 mm subgroup. The SEN
from a cut-off of 2 mm was close to that from
a cut-off of 3mm (0.92 vs.0.97,P=0.107) and
higher than that from a cut-off of 4 or 5 mm
(P < 0.001). Likewise, the SPE from a cut-off
of 3 mm was close to that from a cut-off of
5 mm (0.91 vs. 0.93, P = 0.491) and higher
than that from a cut-off of 2 mm (P = 0.001
and <0.001, respectively). Cut-offs of 3 and 5
mm shared the approximate AUC (0.992 vs.
0.997, P = 0.657), which was higher than for
cut-offs of 2 and 4 mm (P = 0.004 and 0.006,
respectively).

Publication bias

Deek’s funnel plot (Supplementary Fig-
ure 4) revealed no evidence of significant
publication bias (P=0.410).

Discussion

In this study, the authors confirmed the
feasibility of CT in diagnosing GEVs, includ-
ing high-risk varices, in patients with cirrho-
sis. The data were analyzed according to each
patient and lesion, the relationship between
the GEV size and RC sign was assessed, and
the patient’s acceptance of CT and EGD was

Table 3. Subgroup results of meta-analyses regarding any sized gastroesophageal varices based on number of patients

SPE (95% Cl) PLR (95% Cl)

NLR (95% Cl)

DOR (95% Cl) AUC (95% CI)

Study subgroups No. of article/ SEN (95% Cl)
set/patient

Location of varices

Any sized EVs 24/47/4596 0.91 (0.87-0.93)

Any sized GVs 3/7/570 0.85 (0.76-0.91)

P value / 0.164

Study design

Retrospective 11/21/2300 0.85 (0.79-0.90)

Prospective 12/29/2519 0.93 (0.91-0.95)

P value / 0.007

Computed tomography scanner

<16 detector 3/7/696 0.82(0.73-0.88)

16 detector 8/17/129 0.92 (0.88-0.94)

64 detector 6/12/1278 0.97 (0.93-0.98)
< 16vsis / 0.023

P v / 0.001

P iusen / 0.014

0.81 (0.75-0.85)
0.83 (0.77-0.87)
0.585

0.80 (0.73-0.86)
0.81(0.74-0.87)
0.883

0.76 (0.71-0.81)

0.80 (0.70-0.88)

0.89 (0.85-0.93)
0.446
<0.001
0.089

4.75 (3.67-6.15)
4.88 (3.59-6.62)
0.896

4.32 (3.08-6.06)
4.93 (3.51-6.93)
0.598

3.39(2.77-4.17)
4.64 (2.97-7.25)
9.09 (6.45-12.82)
0.21
<0.001
0.019

0.12 (0.08-0.16)
0.19 (0.12-0.30)
0.117

0.18 (0.12-0.27)
0.08 (0.06-0.12)
0.015

0.24 (0.16-0.36)

0.10(0.07-0.16)

0.04 (0.02-0.08)
0.003
<0.001
0.026

41.00 (24.17-69.55)
26.03 (14.02-48.33)
0.302

23.56 (12.00-46.23)
60.52 (31.18-117.44)
0.118

14.10 (8.41-23.64)
44.64 (20.44-97.50)
239.76 (99.27-579.06)
0.016
<0.001
0.005

0.93 (0.90-0.95)
0.89 (0.86-0.92)
0.046

0.90 (0.87-0.92)
0.95 (0.93-0.97)
0.002

0.81(0.77-0.84)

0.94 (0.92-0.96)

0.95 (0.93-0.97)
<0.001
<0.001
0.488

GEVs, gastroesophageal varices; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value; DOR, diagnostic odds ratio; AUC, area under the
curve; 95% Cls, corresponding 95% confidence interval.
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Table 4. Subgroup results of meta-analyses regarding high-risk esophageal varices based on number of patients

Study subgroups No. of article/ SEN (95% CI) SPE (95% Cl) PLR (95% CI) NLR (95% Cl) DOR (95% ClI) AUC (95% Cl)
set/patient

Study design
Retrospective 9/17/1732 0.89(0.81-0.93)  0.87 (0.78-0.92) 6.67 (3.96-4.76)  0.13(0.08-0.22)  50.68 (22.08-116.31) 0.94 (0.92-0.96)
Prospective 4/13/1299 0.90 (0.82-0.95)  0.90 (0.87-0.93) 4.95(3.48-7.05)  0.11(0.06-0.20)  82.17 (35.20-191.81) 0.95 (0.93-0.97)
P value / 0.828 0.455 0.109 0.677 0.425 0.488
Cut-off of high-risk in computed tomography
22 mm 4/14/1420 0.92(0.89-0.94) 0.83(0.81-0.86) 6.63 (4.26-10.31)  0.11 (0.08-0.16)  70.24 (39.22-125.81)  0.9599 (0.0089)*
23 mm 2/3/271 0.97 (0.89-1.00) 0.91(0.87-0.95) 11.11(2.17-56.78) 0.07 (0.02-0.23) 227.33 (13.44-3846.11) 0.9919 (0.0066)*
24 mm 3/4/451 0.72 (0.64-0.78)  0.87 (0.82-0.91) 3.93(1.57-9.82)  0.39(0.22-0.68) 11.13 (6.21-19.96) 0.8270 (0.0301)*
=5 mm 2/4/340 0.78(0.71-0.84)  0.93(0.88-0.96)  9.98 (3.23-30.83)  0.20 (0.08-0.48) 59.06 (9.67-360.73) 0.9974 (0.0105)*
P o rmve s / 0.107 0.001 0550 0.485 0.425 0.004
P oy s st / <0.001 0.125 0314 <0.001 <0.001 <0.001
P oy s asmm / <0.001 <0.001 0.508 0.223 0.858 0.006
P o s st / <0.001 0.196 0277 0.012 0.041 <0.001
P o s asmm / <0.001 0.491 0916 0.174 0431 0.657

/ 0.227 0.054 0.209 0.216 0.085 <0.001

24 mmvs. 25 mm

*Data calculated using Meta-Disc 1.4. EVs, esophageal varices; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value; DOR, diagnostic odds
ratio; AUC, area under the curve; 95% Cls, corresponding 95% confidence interval.

evaluated. The diagnosis of high-risk GEVs
showed higher specificity than that of any-
sized GEVs, without compromising the sen-
sitivity. The sensitivity of CT is currently not
sufficient to replace EGD as the first screen-
ing approach for GEVs in these patients. Ad-
ditionally, given the high accuracy and better
patient acceptance, CT may be used in cases
where patients refuse to or are unable to un-
dergo EGD. Furthermore, several subgroup
analyses of GEVs were also conducted ac-
cording to the location of varices, study de-
sign, and CT scanner.

The authors observed a better diagnostic
performance of CT in detecting GEVs than
that observed by a previous meta-analysis.*
Based on the location of varices, the AUC of
CT for EVs was found to be significantly high-
er than that for GVs, which was inconsistent
with the previous study.* This discrepancy
might be due to the different sample sizes
or inclusion/exclusion criteria of the stud-
ies. Additionally, more recent studies, which
used CT with >16 slices to detect varices and
mostly evaluated EVs, were included. The
present subgroup-analysis results also con-
firmed that the >16-slice CT showed a sig-
nificantly better performance for diagnosing
varices of any size than the <16-slice CT, and
the 64-slice CT yielded the highest sensitiv-
ity. With recent advancements in multi-de-
tector CT, CT with >16 detectors provide
isotropic or near isotropic data sets that en-
able multi-planner details, and consequent-
ly, GEVs can be easily evaluated. In addition,

prospective studies demonstrated higher
diagnostic accuracy compared with retro-
spective studies, which is likely attributable
to their stringent inclusion criteria, standard-
ized data collection protocols, fostering of
homogeneity in study populations, and en-
hanced control over confounding variables.

In the subgroup analyses, CT yielded a
higher specificity in identifying high-risk EVs
than EVs of any size, which was similar to
the previous report.”’ At present, there is no
consensus regarding the diagnostic criteria
for high-risk EVs on CT, and no systematic
review or meta-analysis has used multiple
thresholds to risk-stratify patients. Therefore,
the authors of the present study attempted
to perform subgroup analyses based on the
cut-off values for high-risk EVs on CT. They
identified an interesting result: a threshold of
3 mm provided the highest sensitivity and a
high specificity, with a PLR of 11.11 and an
NLR of 0.07 as substantial evidence to rule in
or rule out a large varix, respectively. These
results suggested that EGD is not necessary
in individuals with small (<3 mm) or unde-
tectable EVs via CT scan since they are unlike-
ly to experience variceal bleeding, which is in
line with a previous case-control study.”® In
contrast, a cut-off of 5 mm provided similar
specificity and AUC, but lower sensitivity for
large varices than that of a cut-off of 3 mm.
Preventive medication with beta-blockers
might be considered against possible bleed-
ing in this setting. Only patients who have
contraindications to beta-blockers and need

endoscopic variceal ligation would require
EGD. Consequently, EGD may be efficient-
ly allocated to those who need it the most.
However, given the small number of includ-
ed studies in the subgroup, it would be best
evaluated using prospective cohort studies
to demonstrate the diagnostic and prognos-
tic value of these different variceal sizes.

Bleeding events caused by GVs tend to be
more severe than EV bleeds.*” It is clinically
meaningful to accurately identify patients at
a high risk of GV bleeding. The authors iden-
tified that CT has a relatively high sensitivity
and specificity in detecting GVs of any size,
and a relatively high sensitivity and extreme-
ly high specificity in detecting large GVs. The
size of GVs has been reported to be the most
important risk factor for GV bleeding.*® How-
ever, only 1 included study3? was concerned
with high-risk GVs with a diameter >5 mm.
GVs are always located in deep submucosa
or subserosa and the overlying mucosa is
normal, meaning the endoscopic diagnosis
of GVs is limited. Studies have found that CT
is more sensitive than EGD in identifying GVs,
detecting GVs missed by EGD.'%"'425" The
clinical implications of these results need to
be verified using additional prospective co-
horts in the future.

Although variceal size is a valuable predic-
tor of bleeding, other important risk factors,
such as the RC sign, cannot be observed in
CT images.>? Studies have revealed that the
presence and severity of the RC sign are sig-
nificantly correlated with CT variceal grade
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or size.'>31404153 Sych a significant correlation
may serve as a basis for a CT-based screening
method. A diameter of 4 mm™# or 5 mm?'
was used as the cut-off value to predict the
RC sign, with a sensitivity of 97%-100%.

Although the present findings are sig-
nificant, several limitations should be ac-
knowledged. First, there was a variable time
interval (from 4 hours to 6 months) between
the EGD and CT assessments. Therefore, the
interval progression or regression of GEVs
cannot be entirely ruled out. Second, the
definitions or cut-off values of high-risk var-
ices were different among the analyzed stud-
ies. Thus, we could not determine a standard
diagnostic cut-off size for CT assessment of
GEVs. Third, contrast-enhanced CT has a risk
of radiation and allergy. Nevertheless, CT is
routinely used to evaluate the complications
of cirrhosis and hepatocellular carcinoma, as
well as concurrently assess for GEVs without
adding extra cost and radiation exposure.
Such a dual-screening strategy would further
improve the cost-effectiveness of CT.

In conclusion, contrast-enhanced CT, es-
pecially with >16 slices, has a high diagnostic
accuracy for GEVs and high-risk varices in pa-
tients with cirrhosis. Although EGD remains
the gold standard for the diagnosis and risk
stratification of GEVs, CT is a relatively more
tolerable modality and may be an effective
alternative in patients unwilling or contrain-
dicated to undergo EGD.
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PURPOSE

To determine the accuracy of magnetic resonance imaging-proton density fat fraction (MRI-PDFF)
measurements for detecting liver fat content in potential living liver donors and to compare these
results using liver biopsy findings.

METHODS

A total of 139 living liver donors (men/women: 83/56) who underwent MRI between January 2017
and September 2021 were included in this analysis retrospectively. The PDFFs were measured using
both MR spectroscopy (MRS) and chemical shift-based MRI (CS-MRI) for each donor in a blinded
manner.

RESULTS

Significant positive correlations were found between liver biopsy and MRS-PDFF and CS-MRI PDFF
in terms of hepatic steatosis detection [r = 0.701, 95% confidence interval (Cl): 0.604-0.798, r =
0.654, 95% Cl: 0.544-0.765, P < 0.001, respectively). A weak level correlation was observed between
liver biopsy, MRl methods, and vibration-controlled transient elastography attenuation parameters
in 42 available donors. Based on receiver operating characteristic (ROC) analysis, MRS-PDFF and CS-
MRI PDFF significantly distinguished >5% of histopathologically detected hepatic steatosis with an
area under the ROC curve (AUC) of 0.837 + 0.036 (P < 0.001, 95% Cl: 0.766-0.907) and 0.810 + 0.036
(P < 0.001, 95% Cl: 0.739-0.881), respectively. The negative predictive values (NPVs) of MRS-PDFF
and CS-MRI PDFF were 88.3% and 81.3%, respectively. In terms of distinguishing between clinical-
ly significant hepatic steatosis (=10% on histopathology), the AUC of MRS-PDFF and CS-MRI were
0.871 + 0.034 (P < 0.001 95% Cl: 0.804-0.937) and 0.855 * 0.036 (P < 0.001, 95% Cl: 0.784-0.925),
respectively. The NPVs of MRS-PDFF and CS-MRI were 99% and 92%, respectively.

CONCLUSION

The methods of MRS-PDFF and CS-MRI PDFF provide a non-invasive and accurate approach for
assessing hepatic steatosis in potential living liver donor candidates. These MRI PDFF techniques
present a promising clinical advantage in the preoperative evaluation of living liver donors by elim-
inating the requirement for invasive procedures like liver biopsy.

KEYWORDS

Magnetic resonance spectroscopy, proton density fat fraction, chemical shift-based magnetic reso-
nance imaging, liver transplantation, living liver donor, metabolic-associated steatotic liver disease

etabolic dysfunction-associated steatotic liver disease (MASLD) is a public health
problem that affects more than 25% of adults worldwide, causing hepatic and ex-
trahepatic morbidity and mortality.” This disease encompasses a broad spectrum
of hepatic conditions, ranging from metabolic dysfunction-associated steatosis, character-
ized by macrovesicular hepatic steatosis that may be accompanied by mild inflammation,
to metabolic dysfunction-associated steatohepatitis, which is additionally characterized by
the presence of inflammation and hepatocyte injury, with or without fibrosis, cirrhosis, or
hepatocellular carcinoma.”? MASLD is the most prevalent chronic liver disease, especially in

You may cite this article as: Kuru Oz D, Ellik Z, Giirsoy Goruh A, et al. Assessing hepatic steatosis by magnetic resonance in potential living liver donors.
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Western countries, and the proportion of
MASLD-related cirrhosis cases among pa-
tients on liver transplantation (LT) waiting
lists has increased over the years.*In Trkiye,
the prevalence of MASLD is estimated to be
more than 30% in the general population.*

Living donor LT (LDLT) is an important
mortality-reducing treatment approach for
patients with acute and chronic liver failure.>®
The use of LDLT has been gradually increas-
ing due to a lack of available cadaveric liver
grafts. Several factors are associated with
successful graft organ survival following LT.>7
Donor liver steatosis is critical for successful
graft function, graft, and recipient survival in
the early post-transplant period, and donor
safety.® Although <5% hepatic steatosis is
universally acceptable for liver organ dona-
tion, the inclusion thresholds of the hepatic
steatosis fraction may vary among liver trans-
plant centers. Some centers use a threshold
of <10%,>'® while others consider <20% or
<30% as acceptable for donation.""'? Liver
biopsy remains the gold standard diagnostic
method for accurately assessing hepatic ste-
atosis. However, due to the invasive nature of
biopsy, the potential for sampling errors, and
intra- and inter-observer variability, there is
a tendency to perform liver biopsies on se-
lect donors rather than on all potential do-
nors.'>1

Magnetic resonance (MR)-based fat
quantification [proton density fat fraction
(PDFF)] is an accurate, non-invasive meth-
od for determining and quantifying hepatic
steatosis.'"'>"® PDFF is the ratio of the MR
signal from fat protons to the total MR sig-
nal from fat and water protons.?’ PDFF is
mainly measured using two MRI methods:
magnetic resonance spectroscopy (MRS) and
chemical shift (CS)-based MRI. MRS data can
be acquired efficiently using a high-speed
T2-corrected multi-echo sequence during a
single-hold breath, minimizing motion arti-

* The magnetic resonance spectroscopy-pro-
ton density fat fraction (MRS-PDFF) and
chemical shift-based-MR imaging (CS-MRI)
PDFF methods are effective, non-invasive
techniques for assessing hepatic steatosis in
living liver donor candidates.

* MRI methods, with their high negative pre-
dictive value, can eliminate the need for liv-
er biopsy by detecting clinically significant
hepatic steatosis.

* The MRS-PDFF and CS-MRI PDFF methods
exhibit a high level of correlation in evalu-
ating hepatic steatosis, suggesting that they
can be used interchangeably.

facts. This streamlined approach facilitates
the rapid acquisition of metabolic informa-
tion from a specific voxel region, as described
previously.?’ Conversely, the multi-echo CS-
MRI technique, which employs six echoes
and is known by various commercial ven-
dor-specific names (e.g., Multi-echo Dixon for
Siemens, IDEAL 1Q for GE, and mDixon Quant
for Philips), can generate a comprehensive
PDFF map of the entire liver. As mentioned in
one of the initial studies using this technique,
there is a close correlation between liver bi-
opsy results and CS-MRI PDFF in patients with
non-alcoholic fatty liver disease. The most
significant advantages of this technique in-
clude the ability to obtain a PDFF map for the
entire liver and perform measurements in dif-
ferent liver regions. In contrast, MRS is limited
to sampling a voxel area of a few cm?®. MRl is
also used in donor hepatic vascular and bili-
ary system anatomy examination.

Increasingly prevalent in the general pop-
ulation, MASLD poses a significant problem
in LDLT, leading to morbidity and mortality
in both the recipient and the donor. MRS and
CS-MRI are proven techniques for assessing
and quantifying liver fat presence. Howev-
er, data regarding the diagnostic accuracy
and utility of MRI-based fat quantification in
transplant settings is limited. Accordingly, this
study aims to determine the accuracy of MRS-
PDFF and CS-MRI PDFF measurements for de-
tecting and quantifying the liver fat content in
potential living liver donors and to compare
these results with liver biopsy findings.

Methods

Participants

This retrospective study comprised 145
potential living liver donors who underwent

Consecutive patients who underwent living
donor transplantation
and preoperative MRI between
January 2017 and September 2021
n=145

an MRI examination between January 2017
and September 2021. Six donors with sub-
optimal examinations due to artifacts were
excluded from the investigation to ensure
the reliability of the data analysis (Figure 1
represents patient accrual). The median time
interval between MR and liver biopsy was 12
days (range: 1-30 days). Data were collected
from outpatient visit charts. Percutaneous
liver biopsy was performed in living liver
donors who had abnormal liver injury and/
or cholestatic liver tests, obesity, or hepatic
steatosis detected by ultrasonography. This
study was approved by the Ankara Universi-
ty Human Research Ethics Committee (date:
October 2021, decision no: 15-365-21). Writ-
ten informed consent was waived due to the
study’s retrospective design.

Serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gam-
ma-glutamyl transpeptidase (GGT), alkaline
phosphatase, bilirubin, fasting glucose, lip-
id profiles, and complete blood cell counts
were measured in our central laboratory.

Magnetic resonance imaging technique

The MRI scans were performed using a
1.5 Tesla MRI device (Aera, Siemens Health-
care, Erlangen, Germany) with an 18-chan-
nel body matrix coil and a 32-channel spine
matrix coil, utilizing eight channels. In liver
donor candidates, in addition to the stan-
dard non-contrast abdomen MRI protocol,
the LiverLab program provided by the ven-
dor was used to determine and quantify the
presence of iron and fat accumulation in the
liver. The LiverLab program integrated into
liver MRI comprised three sequences: T1
volumetric interpolated breath-hold exam-
ination (VIBE) e-Dixon, VIBE g-dixon, and HIS-
TO. The VIBE g-dixon is a single-breath-hold
sequence comprising six echoes, which en-

Patients with supoptimal MRI

|

Living donors with preoperative MRS
and/or CS-MRI methods
n=139

n=6

Figure 1. Flowchart summarizing patient accrual. MRI, magnetic resonance imaging; MRS, magnetic

resonance spectroscopy; CS, chemical shift.
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ables the acquisition of volumetric PDFF and
R2* maps, forming the basis of CS-MRI. The
HISTO sequence, forming the basis of MRS,
was obtained using a 15-second breath-hold
T2-corrected multi-echo stimulated echo ac-
quisition mode sequence, utilizing a single
voxel of 3 x 3 x 3 cm dimensions. The MRS
data were acquired from a single voxel posi-
tioned by an experienced MR technician in a
homogenous area away from vascular and
biliary structures and liver edges in the right
lobe during the scan.

Image analysis

The values of MRS PDFF were obtained from
the report generated by the HISTO sequence
provided by the manufacturer (calculated us-
ing Siemens software). Then, CS-MRI PDFF was
performed on a dedicated workstation (Syn-
go., Siemens Healthcare), using the volumetric
FF map transferred to it. The measurements of
PDFF were conducted by two abdominal ra-
diologists, with 10 (D.K.0.) and 2 (M.A.) years of
experience. Measurements were obtained by
placing three 200-300 mm? regions of inter-
est (ROI) in at least 3 sections of the FF map at
the level of the mid-right hepatic lobe (Figure
2). The radiologists conducting the measure-
ments were unaware of the clinical data. In-
consistent measurement results were reeval-
uated until a consensus was reached. In cases
of similar results, measurements performed
by experienced radiologists were evaluated
statistically. The ROIs were positioned within
the homogeneous parenchymal area, avoid-
ing vascular and biliary structures and the liver
edges. The average PDFF values for each par-
ticipant were calculated.

Transient elastography

Hepatic steatosis was also measured
using a FibroScan probe (Echosens, Paris,

France) with an M or XL probe to cater to pa-
tients with different body types. All measure-
ments were performed by one of the authors
(Z.E.). Patients were examined after fasting
overnight. The FibroScan probe was placed
in the appropriate intercostal space window
on the anterior axillary line. At least 10 valid
measurements were obtained within 5-10
minutes. The median ratio of 10 successive
measurements to the interquartile range was
<30%. Simultaneously, vibration-controlled
transient elastography (VCTE) was used to
measure the controlled attenuation param-
eter (CAP) (dB/m) and liver stiffness (kPa).
Morbidly obese patients [body mass index
(BMI) >40 kg/m?] and severely underweight
patients (BMI <16 kg/m?), patients with asci-
tes, and patients with moderate and severe
cholestasis were excluded.

Histological assessments

Two pathologists (S.K., B.S.) blinded to the
clinical and biochemical data re-evaluated
all liver biopsy specimens. The histological
features of the samples were interpreted us-
ing the criteria of Brunt et al.* Hepatocellular
steatosis was graded on a scale of 0-3 based
on the percentage of hepatocytes: 0 = <5%,
1 =5%-33%, 2 =33%-66%, and 3 = >66%.

Definitions

The primary endpoint was the assessment
of hepatic steatosis using MRl methods, MRS-
PDFF, and CS-MRI PDFF. The secondary end-
point was to compare the MRI results with
the liver biopsy findings.

Statistical analysis

Descriptive statistics were summarized
as percentages for categorical variables,
mean and standard deviations for normally

Figure 2. The CS-MRI PDFF measurements were obtained by averaging the values of circular ROIs placed at
the level of the mid-right hepatic lobe of the liver in at least three different areas, each measuring 200-300
mm?, on the FF map. CS-MRI, chemical shift-magnetic resonance imaging; PDFF, proton density fat fraction;

RO, regions of interest; FF, fat fraction.

distributed continuous variables, and me-
dian, minimum, and maximum for ordinal
and non-normally distributed continuous
variables. Spearman’s correlation coefficient
analysis was performed to determine the
degree of association between PDFF and
histopathology. Bootstrapping was used to
estimate confidence intervals (Cls) for Spear-
man’s correlation coefficient. Intra-group
comparison of categorical variables was per-
formed using the McNemar test. Receiver
operating characteristic (ROC) curves were
used to describe and compare the perfor-
mance of the diagnostics value of the MRI
methods. Youden’s index was used to de-
termine the optimal cut-off value. The PDFF
measurement results were compared with
the liver biopsy results. The significance level
was established as a = 0.05, and the R pro-
gramming language 4.3.1 was used for sta-
tistical analysis.

Results

A total of 139 potential living liver donors
(men/women: 83/56) were included in this
study. The median age of the donors was
31.0 years (range: 17-59 years). The median
BMI was 24.9 kg/m? (range: 17.6-33.2 kg/
m?), 40% of the patients were overweight
(25-29.9 kg/m?), and 18% were obese (=30
kg/m?). Of the donors, 35% had diabetes
mellitus, and 28% had hypertension. The
median serum ALT level was 18 U/L (range:
6-56 U/L), the median AST level was 20 U/L
(range: 10-4 U/L), and the median GGT lev-
el was 20 U/L (range: 7-95 U/L). The donors’
clinical data and laboratory values are pre-
sented in Table 1.

Hepatic steatosis was detected in 54 do-
nors in the liver biopsy assessment. A total of
50 (36%) donors had grade 1 steatosis, 3 (2%)
had grade 2 steatosis, and 1 (1%) had grade
3 steatosis, whereas 85 (61%) had no steato-
sis. Using the threshold values obtained from
ROC analysis with MRS and CS-MRI methods,
9 out of 54 donors confirmed to have he-
patic steatosis histopathologically showed
no steatosis with MRS, while 12 showed no
steatosis with CS-MRI. While there were 7
cases with no detected steatosis by both
MRI methods, the PDFF value of 1 case using
MRS and 2 cases using CS-MRI could not be
obtained due to artifacts. In 5 out of 7 cas-
es, histopathologically, there was minimal
steatosis at the lower limit (5%), whereas in
the remaining cases, there was mild steatosis
(8%-10%).

The mean MRS-PDFF and CS-MRI PDFF
were 5.8% + 3.9% and 4.1% =+ 3.9%, respec-
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tively. Significant positive correlations were
found between liver biopsy and MRS-PDFF
and CS-MRI-PDFF in terms of hepatic steato-
sis detection (r = 0.701, 95% Cl: 0.604-0.798
and r=0.654, 95% Cl: 0.544-0.765, P < 0.001,
respectively). Additionally, VCTE was per-
formed on 42 available donors. The mean
CAP was 248.4 + 60.0 dB/m. A weak-moder-
ate correlation was observed between liver
biopsy, MRS-PDFF, CS-MRI PDFF, and VCTE
CAP in terms of hepatic steatosis detection (r
=0.616, P < 0.001, 95% Cl: 0.402-0.831, and
r=0.513,P <0.001,95% Cl: 0.254-0.772, and

r=0.351,P=0.017, 95% Cl: 0.062-0.640, re-
spectively) (Table 2).

An ROC analysis was performed to dis-
tinguish between clinically significant and
non-significant hepatic steatosis. Signifi-
cantly, MRS-PDFF and CS-MRI PDFF distin-
guished >5% of histopathologically detect-
ed patients of hepatic steatosis with an area
under the ROC curve (AUC) of 0.837 + 0.036
(95% Cl: 0.766-0.907) and 0.810 + 0.036
(95% Cl: 0.739-0.881), P = 0.345 (Table 3,
Figure 3a). The optimal thresholds for MRS-
PDFF and CS-MRI were 4.65% and 3.45%,

Table 1. Clinical data and laboratory values of donors

Demographics n, % Mean + SD Median (min-max)
Age (years) 31 (17-59)
Men 83(59.7)

Women 56 (40.3)

BMI 133 (95.7) 248 +3.11

Overweight and obesity 80 (58)

Laboratory tests

Serum ALT levels 139 (100) 18 (6-56)
Serum AST levels 139 (100) 20 (10-44)
Serum ALP levels 139 (100) 78 (28-208)
Serum GGT levels 139 (100) 20 (7-95)
Total bilirubin levels 139 (100) 0.59 (0.20-3.10)
Albumin levels 139 (100) 45,5 +3.11

Thrombocyte count 139 (100) 268 (141-548)
INR 139 (100) 1.02 (0.82-1.30)
LDL levels 137 (98.6) 114.6 + 34.7

HDL levels 137 (98.6) 45 (29-80)
Total cholesterol level 136 (97.8) 184.5 + 40.5

Non-HDL levels 136 (97.8) 137.1 £39.7

Triglyceride levels 137 (98.6) 99 (18-606)
VLDL levels 137 (98.6) 20 (3-121.2)
VCTE-CAP 42 (30.2) 2484 +60.0

SD, standard deviation; min, minimum; max, maximum; BMI, body mass index; ALT, alanine transaminase; AST,
aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; INR, international normalized
ratio; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; VLDL, very low-density
lipoprotein cholesterol; VCTE-CAP, vibration controlled transient elastography-controlled attenuation parameter.

Table 2. The correlation analysis between histopathology and MRI PDFF methods and VCTE

CAP
Histopathology MRS CS-MRI
Fat content PDFF PDFF
r P r P r P
0.704 .
MRS PDFF (n=136) <0.001
CS-MRI PDFF 0.690 <0.001* 0.823 <0.001*
(n=125)
0.616
VCTE CAP (n=42) <0.001* 0.566 <0.001*  0.379 0.014*

*Statistically significant. MRS, magnetic resonance spectroscopy; PDFF, proton density fat fraction; CS-MRI, chemical
shift-magnetic resonance imaging; VCTE-CAP, vibration-controlled transient elastography-controlled attenuation

parameter.
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respectively. The sensitivities of MRS-PDFF
and CS-MRI were 83.3% (95% CI: 71.3%-
91.0%) and 74.1% (95% Cl: 61.1%-83.9%, P
= 0.063), respectively, whereas the specific-
ities of MRS-PDFF and CS-MRI were 80.0%
(95% Cl: 70.3%-87.1%) and 71.8% (95%
Cl: 61.4%-80.2%, P = 0.118), respectively.
The negative predictive values (NPVs) of
MRS-PDFF and CS-MRI PDFF were 88.3%
(95% Cl, 79.3%-93.7%) and 81.3% (95%
Cl: 71.1%-88.5%), respectively. In terms of
distinguishing clinically significant hepat-
ic steatosis (=10% on histopathology), the
AUCs of MRS-PDFF and CS-MRI were 0.871
+ 0.034, (95% Cl: 0.804-0.937, P < 0.001)
and 0.855 + 0.036, (95% Cl: 0.784-0.925, P
< 0.001), respectively (Table 3, Figure 3b).
The cut-off values were 4.65% and 3.95%,
respectively. The sensitivity of MRS-PDFF
was significantly better than that of CS-MRI
PDFF for distinguishing significant hepatic
steatosis (=10% on histopathology) [97.2%
(95% Cl: 85.8%-99.5%) vs. 80.6% (95% Cl:
0.65.0%-90.2%), P = 0.031]. The specific-
ities of these MRI methods were 73.8%
(95% Cl: 64.5%-81.3%) and 78.6% (95%
Cl: 69.8%-85.5%, P = 0.302), respectively.

ROC Curve
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Figure 3. ROC curve for MRS-PDFF and CS-MRI PDFF
for the detection of hepatic fat content, (a) >5% on
histopathology, and (b) =10% on histopathology.
ROC, receiver operating characteristicc MRS,
magnetic resonance spectroscopy; PDFF, proton
density fat fraction; CS-MRI, chemical shift-magnetic
resonance imaging.

Kuru Oz et al.



The NPVs of MRS-PDFF and CS-MRI were
98.7% (95% Cl: 93.0%-99.8%) and 92%
(95% Cl: 84.5%-96.1%), respectively.

Discussion

This large-sample study compared the
accuracy of MRI techniques in assessing he-
patic fat content in potential living liver do-
nors. It was found that MRS-PDFF and CS-MRI
PDFF accurately assessed hepatic fat content
and were strongly positively correlated with
evaluating hepatic steatosis by liver biopsy.
However, VCTE showed a weak-moderate
correlation with liver biopsy assessment and
MRI methods.

Steatotic liver graft has been associat-
ed with an increased risk of graft dysfunc-
tion or graft failure, especially in the early
post-transplant period, mainly due to isch-
emia-reperfusion injury.® There are still un-
answered questions regarding what consti-
tutes acceptable risk concerning the level of
fat content in living liver donors. The prev-
alence of MASLD is increasing globally, and
LDLT is a vital therapeutic option for man-
aging end-stage liver disease. Therefore, it
is crucial to understand how to effectively
assess donor liver fat content. Several pre-
vious studies have investigated the role of
MRI in liver fat content assessment in both
transplant and non-transplant settings.'242¢
A meta-analysis reported that MRI-PDFF
demonstrated 89% specificity and 84% sen-
sitivity in detecting donor candidates with
>5% hepatic steatosis, as determined by
liver biopsy.” In addition, in a study of 32
potential liver donors, MRS distinguished
donors with significant hepatic steatosis
designated as >10% on histopathological
examination. The investigators concluded

that CS-MRI and MRS would eliminate the
need for liver biopsy.? In this study, MRS-
PDFF and CS-MRI PDFF could distinguish
between liver donors with/without clini-
cally significant hepatic steatosis (>5%) on
histopathological examination, with high
NPVs. The accuracy and the NPVs of the MRI
methods were increased when distinguish-
ing donors with >10% hepatic steatosis on
histopathology.

This study found cut-off values for
MRS-PDFF and CS-MRI PDFF of 4.65% and
3.45%, respectively, for distinguishing >5%
of hepatic steatosis, as detected by liver bi-
opsy. These values improved the identifica-
tion of histopathological liver fat content
with a high NPV. These findings suggest
that living donor candidates with <4.65%
PDFF on MRI could potentially qualify as
living liver donors. Previous studies report-
ed no significant differences between the
two MRI methods for identifying hepatic
fat content.?! According to Idilman et al.?,
in scanners where one of the two software
tools is not available, the hepatic steatosis
percentage can be accurately determined
using the alternative method currently in
place. However, having both methods in
the standard MRI protocol for liver donors
offers several advantages. The results of
both methods can be used to corroborate
each other. For instance, in cases of hetero-
geneous fat deposition or misplacement
of the voxel, MRS may yield incorrect re-
sults. Furthermore, in the case of fat-water
swapping artifacts, the PDFF cannot be
obtained through CS-MRI. In such cases,
PDFF can be determined using MRS. The
increase in the correlation with histopa-
thology when both MRI methods are used
to complement each other, despite miss-

ing PDFF data, is the strongest evidence of
the advantages of using both MRI meth-
ods with donors.

The VCTE CAP values exhibited a relative-
ly weak correlation with the histopatholog-
ical findings. Previous studies have report-
ed a VCTE moderate correlation between
VCTE CAP and MRI-PDFF3%3" This study
confirms previous studies demonstrating a
weak-moderate correlation between CAP
and liver biopsy, as well as MRl methods as-
sessing hepatic steatosis.

While this study demonstrated a cor-
relation between histopathology and MRI
methods in identifying hepatic fat content,
it possesses several notable limitations. First,
it relied on retrospective observational data
from a tertiary referral center. Moreover,
there is a potential for bias related to the
participants’ data and confounding factors.
Additionally, although all candidates under-
went extensive investigation before dona-
tion and were deemed healthy, the donor’s
hepatic iron content was not measured, po-
tentially impacting fat quantification with
MRI. Despite being costly techniques for rou-
tine practice, they should be acknowledged
as cost-effective methods in evaluating pa-
tients before complex surgical procedures
such as LT, which carry high morbidity and
mortality rates in tertiary referral healthcare
centers.

In conclusion, MRS-PDFF and CS-MRI
PDFF accurately assess the presence and
grade of hepatic fat content in potential liv-
ing liver donor candidates. MRl is a non-in-
vasive and valuable tool for use in the liver
donor selection process for LDLT.

Table 3. The diagnostic accuracy of MRI methods in detecting >5% and >10% hepatic steatosis on histopathology

n=139 > 5% steatosis >10 steatosis

MRS CS-MRI P MRS CS-MRI 1
Cutt-off FF (%) 4.65 3.45 4.65 3.95
AUC 0.837 £ 0.036 0.810 £ 0.036 0.871 £0.034 0.855 £ 0.036
95% Cl (0.766-0.907) (0.739-0.881) 0.345 (0.804-0.937) (0.784-0.925) 0.508
Pvalue <0.001 <0.001 <0.001 <0.001
Sensitivity 0.833 0.741 0.063 0.972 0.806 0.031
95% Cl (0.712-0.910) (0.611-0.839) ’ (0.858-0.995) (0.650-0.902) ’
Specificity 0.800 0.718 0118 0.738 0.786 0302
95% Cl (0.703-0.871) (0.615-0.803) ’ (0.645-0.813) (0.698-0.855) ’
PPV 0.726 0.625 0.565 0.569
95% Cl (0.604-0.821) (0.503-0.734) (0.441-0.681) (0.433-0.695)
NPV 0.883 0.814 0.987 0.920
95% Cl (0.792-0.937) (0.711-0.886) (0.930-0.998) (0.845-0.961)
Accuracy 0.813 0.727 0.799 0.791

MRI, magnetic resonance imaging; FF, fat fraction; AUC, area under the curve; Cl, confidence interval; PPV, positive predictive value; MRS, magnetic resonance spectroscopy; CS,

chemical shift; NPV, negative predictive value.
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ABSTRACT

The rapid evolution of artificial intelligence (Al), particularly in deep learning, has significantly im-
pacted radiology, introducing an array of Al solutions for interpretative tasks. This paper provides
radiology departments with a practical guide for selecting and integrating Al solutions, focusing
on interpretative tasks that require the active involvement of radiologists. Our approach is not to
list available applications or review scientific evidence, as this information is readily available in
previous studies; instead, we concentrate on the essential factors radiology departments must
consider when choosing Al solutions. These factors include clinical relevance, performance and
validation, implementation and integration, clinical usability, costs and return on investment, and
regulations, security, and privacy. We illustrate each factor with hypothetical scenarios to provide
a clearer understanding and practical relevance. Through our experience and literature review, we
provide insights and a practical roadmap for radiologists to navigate the complex landscape of
Al in radiology. We aim to assist in making informed decisions that enhance diagnostic precision,
improve patient outcomes, and streamline workflows, thus contributing to the advancement of
radiological practices and patient care.
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ver the last few years, the field of artificial intelligence (Al), particularly deep learning

(DL), has advanced exponentially. This powerful technology has made its way into nu-

merous sectors, with healthcare being a prime example.! DL involves creating robust
models capable of performing tasks that traditionally require human intelligence, and it relies
heavily on data. Radiology, in particular, has garnered significant interest within the DL con-
text due to its digital nature and the abundance of structured data, such as medical images
and radiology reports.?

In the initial phases of DL's emergence in the healthcare sector, its application was large-
ly confined to academic and research settings.® These environments provided the perfect
proving ground for DL algorithms, allowing researchers to refine their models against vast
repositories of medical images and data. However, as the technology matured and demon-
strated its efficacy, there was a noticeable shift from academic research to real-world clinical
applications.*”

This transition was marked by a significant uptick in the development and deployment of
DL-based tools and systems in clinical settings. As of 2023, the market has seen a prolifera-
tion of DL-based applications, with approximately 692 United States Food and Drug Admin-
istration (FDA)-approved and 220 “Conformité Européenne” (CE)-marked products available
from a diverse range of vendors.®® This surge reflects not only the growing confidence in DL
technologies but also an increasing demand for advanced Al tools in medical diagnostics.
Each year, the commercial market is enriched with new and innovative DL products designed
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for medical image interpretation, signaling a
dynamic and rapidly evolving landscape in
radiological practices. Figure 1 illustrates the
commercially available CE and FDA-marked
DL applications per subspecialty, while Fig-
ure 2 depicts the number of commercially
available FDA-approved applications each
year since 2010.8

In radiology, DL is broadly utilized for two
types of tasks: interpretative and non-inter-
pretative. Interpretative tasks include quanti-
fication, segmentation, and diagnosis, which
traditionally required manual labor from
radiologists or were not available at all.”"?
Non-interpretative tasks, on the other hand,
encompass image creation using DL recon-
struction, patient scheduling, and other ad-
ministrative processes.’*'* This distinction is
crucial in understanding the comprehensive
impact of DL in this field.

Although non-interpretative tasks are
critical for the efficiency of radiology de-
partments, they predominantly address ad-
ministrative aspects that typically concern
a specific subset of radiologists, such as de-
partment heads. These tasks are often man-
aged through built-in features provided by
image manufacturers, hospital information
systems, or picture archive and communica-
tion systems, which may minimize the need
for active radiologist involvement in deci-
sion-making.

In contrast, interpretative tasks, which
form the core of radiological practice, are
significantly impacted by DL technologies.
These tasks necessitate the expertise and
active participation of radiologists, placing

* The paper provides guidance on choosing
artificial intelligence (Al) solutions that align
with clinical goals and enhance diagnostic
accuracy in radiology.

* It emphasizes the importance of thorough
performance evaluation and external vali-
dation of Al models for reliable clinical ap-
plication.

* The paper highlights the necessity for Al
solutions to integrate smoothly into exist-
ing workflows with user-friendly interfaces.

* The paper discusses the financial aspects of
Al solutions, focusing on cost-effectiveness
and the potential for a positive return on
investment.

* The paper stresses the importance of adher-
ing to regulatory standards and ensuring
data security and privacy in Al integration
in radiology.

them at the forefront of decision-making
processes and directly benefiting from DL
advancements.

Scope of the paper

Considering the substantial role and di-
rect involvement of radiologists in interpre-
tative tasks, this paper focuses on the selec-
tion and implementation of Al solutions for
these specific functions. The emphasis on
interpretative tasks aligns with the overarch-
ing goal of the paper: to guide radiology de-
partments in choosing Al solutions that not
only enhance diagnostic precision but also
improve patient outcomes and streamline
workflows.

This review-opinion paper does not aim
to provide an exhaustive list of commercial-
ly available applications or to meticulously
review the scientific evidence behind them,
as these topics have already been explored
in earlier studies.””'® Instead, the focus is on
outlining the key factors to consider when
choosing the right Al solutions for your ra-
diology department. While several earlier
review-opinion pieces have addressed key
factors relevant to purchasing an Al solution
for radiology departments,'®2 the rapid pace
of developments in this field highlights the
need for up-to-date and practical guidance.

Furthermore, the authors of this paper,
drawing on over 5 years of clinical, industri-
al, and academic experience, offer unique
insights on each topic, thereby contribut-
ing to and enriching the existing literature.
Throughout this paper, we aim to illustrate
each factor with hypothetical scenarios to
enhance understanding and relatability for
our readers, thereby making the content
more accessible and practically applicable.

CE-Marked Al Software for Radiology per
Subspecialty

Abdomen 27

Breast 23

a

The genesis of these hypothetical scenarios
lies in our extensive firsthand experience,
which spans clinical usage, participation in
radiology hackathons, contributions to ac-
ademic research, and involvement in the
development and assessment of Al technol-
ogies-both commercially available and in
experimental stages. While these scenarios
are presented in a hypothetical format, they
are deeply informed by real-world situations
and challenges we have encountered in our
professional journey. This methodological
choice is driven by our commitment to shar-
ing valuable, generalized insights without
referencing specific brands, entities, or insti-
tutions, thereby avoiding potential bias and
preserving the focus on the universal appli-
cability of the guidelines we propose.

These scenarios are crafted to provide
a clearer understanding of the fundamen-
tal aspects of each factor, enabling readers
to make more informed decisions when
considering the purchase of an Al solution.
Ultimately, this paper aspires to serve as a
practical guide for radiologists and depart-
ment administrators, aiding them in making
well-informed decisions about integrating
Al solutions into their practice and thus con-
tributing significantly to the advancement of
radiological services and patient care.

Key factors to consider

Among the numerous commercially avail-
able Al products, the first step for radiologists
is to sift through the “hype” surrounding the
use of Al and assess its “clinical relevance”
This involves identifying their current or
near-term needs and goals and determining
which Al products may meet those needs.
We have determined that assessing clinical

FDA-Approved Al Software for Radiology per
Subspecialty

Neuro 100

MSK 31

b

Figure 1. The number of (a) CE-marked and (b) FDA-approved commercially available radiology Al software
per subspecialty. The most common Al software is for neuro followed by chest imaging for both CE-marked
and FDA-approved products. CE, Conformité Européenne; FDA, Food and Drug Administration; Al, artificial

intelligence.
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relevance is the most crucial initial step for
radiologists. This is because, without ensur-
ing the suitability of a proposed solution for
the department’s needs, attention to other
outlined aspects may divert focus and com-
plicate the decision-making process. Indeed,
in its 2019 white paper, the European Society
of Radiology underscored the significance
of the clinical relevance of Al products to
specific radiology departments, introducing
the term “use case!” This paper defines a use
case as a specific clinical application of Al in
radiology, suggesting that use cases repre-
sent precise scenarios within the radiology
service chain where automation could deliv-
er significant value and help establish stan-
dards.”

Following this initial evaluation of a prod-
uct’s use case and its relevance to a radiology
department’s needs (i.e., clinical relevance)
and drawing from our experience and pre-
vious work, radiologists should consider the
following key factors: performance and val-
idation,” implementation and integration,*
clinical usability,”*?* costs and return on in-
vestment (ROI),* regulations,®?¢ security and
privacy.”®

Figure 3 presents a roadmap for choosing
the right Al solutions for radiology depart-
ments, addressing these key factors. Addi-
tionally, Table 1 provides a checklist present-
ing items for each factor when purchasing an
Al solution for a radiology department.

120

100

80

60

Number of Products

40

20

Figure 2. The number of FDA-approved commercially available radiology Al software each year. There
has been an increasing trend in the number of commercially available applications, with a steep increase
observed after 2015. However, there appears to be a stabilization after 2022 and even a slight decrease in
2023 compared with 2022. FDA, Food and Drug Administration; Al, artificial intelligence.
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Figure 3.The roadmap for choosing the right Al solutions for radiology departments, addressing key factors.
First, radiologists must critically evaluate the clinical relevance of Al products for their department’s specific
needs, covering the scope of the product, its features and outputs, intended end-users, and potential
clinical benefits. Then, they should thoroughly evaluate performance and validation, implementation
and integration, clinical usability, cost and return on investment, and regulations, security, and privacy. Al,
artificial intelligence.

Clinical relevance

In the context of the burgeoning Al tech-
nology market, it is crucial for radiology
departments to critically review and evalu-
ate the myriad of commercial Al products
available. An Al solution can provide a wide
spectrum of clinical value, as documented
in earlier work.%3' However, most current Al
solutions in medical imaging are designed
to focus on one or, at most, two aspects of
radiological tasks, limiting their scope to spe-
cific diagnostic or operational challenges.
This specialization underscores the narrow
focus of Al, which, while beneficial in certain
contexts, may not fully address the complex-
ity of radiological diagnostics or operational
efficiency. These products, while offering a
broad spectrum of potential clinical value,
are predominantly examples of “narrow Al
Narrow Al, also known as weak Al, refers to
Al systems that are designed and trained for
a particular task. These systems, unlike their
“broad Al” or “artificial general intelligence
(AGI)" counterparts, do not possess the abili-
ty to perform any intellectual task that a hu-
man can. An example of AGI, which remains
a theoretical concept at this stage, would be
an Al such as ChatGPT, which can engage in
a wide range of tasks, including conversing,
reasoning, and learning across different do-
mains without being explicitly programmed
for them 3

Given this backdrop, the clinical relevance
of an Al solution for one department may not
necessarily align with the needs of another,
emphasizing the importance of departments
defining their unique requirements and ex-
pectations from Al technologies. This is best
illustrated through a hypothetical scenario:
imagine an Al solution designed for prostate
magnetic resonance imaging (MRI) interpre-
tation, aiming to automate the Prostate Im-
aging Reporting and Data System process.*

This hypothetical product does not of-
fer automated volumetric analyses of the
gland or prostate density scores using pros-
tate-specific antigen, nor does it assess the
probability of lesions harboring clinically
significant prostate cancer. Its performance
surpasses that of radiology residents and
less-experienced readers but does not reach
the level of expertise of prostate imaging
specialists. Primarily, this product is aimed
at institutions with high volumes of pros-
tate MRI examinations and those employing
less-experienced radiologists or residents for
interpretations.
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In an academic center specializing in
prostate imaging, where radiology residents
frequently pre-read prostate MRI examina-
tions, such a product may yield high user
satisfaction and a strong ROI. Conversely, its
benefits may be minimal in a center that sel-
dom performs prostate MRI examinations or
in a tertiary center where only expert radiol-
ogists interpret these examinations.

If this hypothetical product were to in-
clude additional features such as volumet-
ric assessment and structured reporting, it
could significantly reduce reporting time
and improve interdisciplinary communica-
tion.3**Thus, the product could also become
invaluable in the tertiary center only staffed
by expert prostate radiologists. Additionally,
it could enhance the performance of less-ex-

perienced radiologists in the center who
infrequently perform prostate MRI examina-
tions, potentially enabling these centers to
expand their patient base into prostate im-
aging.®

While this example is hypothetical, it
mirrors the complexity and diversity of re-
al-world scenarios in radiology departments.

It serves as a prompt for radiologists and

Table 1. Checklist for choosing the right Al solutions for your radiology department

Clinical relevance

Performance and

validation

Implementation and
integration

Clinical usability

Costs and ROI

Regulations, security and
privacy

Scope of the product: Assess if the product’s focus area aligns with the department’s priorities.

Intended end-users: Identify the primary users of the product-will it be more benéeficial for less-experienced or experienced
readers?

Product features and outputs: Examine the system’s outputs critically.

Potential clinical benefits: Evaluate how many patients or procedures could benefit daily from the product’s use.

Evidence of external validation: Seek validation from external independent bodies, studies, or reference centers.
Comprehensive performance metrics: Review all relevant performance metrics and compare them with field standards or
benchmarks.

Real-world performance data: Inquire about the model’s performance in diverse real-world clinical settings.

Pilot testing: Consider conducting a pilot test using the Al solution within the department to observe its real-time
performance and impact.

Vendor compatibility: Examine how well the Al tool integrates with MRI, CT, PACS, and products from different vendors.
IT resource availability: Assess if the department has adequate IT personnel for setup and integration or if additional
resources are required.

Implementation support: Determine if the vendor provides direct implementation support or if it is outsourced to a third
party.

Hardware requirements: Check if the Al tool demands high-performance GPUs or other specific hardware.

Workflow Integration: Evaluate how the Al tool will fit into the existing workflow and its potential impact on diagnostic
processes.

Integration with PACS system: Check the seamless integration of the Al tool with the existing PACS system.

User interface: Evaluate the intuitiveness and ease of navigation of the Al tool’s user interface, and the extent of training
required for effective usage.

Efficiency of use: Consider the number of steps or mouse clicks needed to operate the Al tool, particularly for high-volume
examination scenarios.

Automated processing and result presentation: Determine if the Al tool automates processing and offers a user-friendly
result presentation, such as through DICOM secondary capture or PDF reports.

Alignment with workflow and case types: Ensure that the Al tool’s design and functionality align with the department’s
workflow and the types of cases commonly handled.

Outputs: Evaluate the simplicity and accessibility of the Al outputs, including the placement of elements such as binary labels
(“normal image,"“abnormal image”) and the option to hide or display additional features, such as bounding boxes or heat
maps.

Financial investment evaluation: Assess the overall financial investment required for implementing the Al solution, including
initial costs and any recurring expenses.

Insurance reimbursement: Determine the availability and extent of insurance reimbursements for the Al solution.

Purchasing models comparison: Compare different purchasing models offered, such as annual licenses versus per-use fees, to
identify which is most cost-effective for your department’s needs.

ROl analysis: Analyze the potential value and efficiency improvements provided by the Al solution to justify its costs, focusing
on both quality and efficiency improvements.

Potential benefits estimation: Estimate potential financial benefits, such as reduced workload or diagnostic errors, and
consider scientific evidence to support these benefits.

Compliance with international standards: Verify that the Al system complies with international regulatory standards, such as
the FDA in the United States and the European Union’s CE marking.

Adherence to data protection laws: Confirm that the Al solution adheres to health data protection standards relevant to the
region, such as HIPAA in the United States or GDPR in Europe, and any national standards, such as Turkiye's KVKK.

Data security measures: Evaluate the Al system’s data security measures, including encryption protocols and access controls,
to ensure patient data are protected, particularly if cloud-based solutions are used.

Local data storage capabilities: For regions with specific data residency requirements, check whether the Al solution can store
data locally, in compliance with national laws.

Vendor data usage policies: Review the Al vendor’s policies regarding the use of hospital data, particularly clauses related to
data usage for product improvement or other purposes, to ensure alignment with the hospital’s data privacy policies.

Trial integration and IT assessment: Conduct a trial integration of the Al solution with the assistance of IT professionals to
identify potential compliance or technical issues before full implementation.

Al, artificial intelligence; MRI, magnetic resonance imaging; CT, computed tomography; PACS, picture archiving and communication system; IT, information technology;

GPU, graphics processing unit; DICOM: Digital Imaging and Communications in Medicine; PDF, portable document format; ROI, return on investment; FDA, Food and Drug
Administration; CE, “Conformité Européene” (European Conformity); HIPAA, Health Insurance Portability and Accountability Act; GDPR, General Data Protection Regulation; KVKK,
“Kisisel Verileri Koruma Kanunu” (Personal Data Protection Act).
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administrators to consider a wide array of
factors in their decision-making process, en-
suring that the Al solutions they adopt truly
enhance their practice and patient care.

This scenario underscores several critical
considerations for radiology departments
when selecting an Al solution: scope of the
product, intended end-users, product fea-
tures and outputs, and potential clinical ben-
efits. Further details are presented in Table 1.

Performance and validation

The evaluation of diagnostic performance
in Al models is led by established guidelines,
such as the Consolidated Standards of Re-
porting Trials-Artificial Intelligence and the
Checklist for Artificial Intelligence in Medical
Imaging.?* These standards advocate best
practices in assessing Al models, necessitat-
ing detailed information about the Al model.
This includes model architecture, training
strategy, hyperparameters, unique additions
to the base model, overfitting avoidance
techniques, and explainability mechanisms.
In addition, comprehensive data details,
such as size, demographics, scanner types,
potential biases, preprocessing methods,
and augmentation techniques, are crucial.

In research contexts, where models are
trained, validated, and tested, this exhaus-
tive information is typically available for re-
view and audit. This transparency facilitates
the assessment of Al models against perfor-
mance and transparency standards.

However, in clinical settings, Al solutions
are often provided by commercial firms or
startups, which may be hesitant to disclose
in-depth information about their technolo-
gy or data due to proprietary concerns and
commercial sensitivities.®

To illustrate these challenges, let us con-
sider a hypothetical scenario: imagine an Al
solution designed for detecting large vessel
occlusion (LVO) in computed tomography
(CT) angiography. This product, boasting a
diagnostic accuracy of 88% on an external
dataset from two hospitals and 24,355 pa-
tients, is marketed for its rapid assessment
capability, alerting physicians within 5 min-
utes of image receipt.

At first glance, this seems promising; how-
ever, critical information is often missing. For
example:

- The diagnostic accuracy alone offers an
incomplete performance picture; addition-
al metrics, such as sensitivity, specificity,
and negative and positive predictive values

scores, are necessary for a comprehensive
understanding.

-The prevalence of LVO in the study popu-
lation and the patient demographics should
be clarified.

- Details on the model’s ability to detect
distal or posterior system LVOs and wheth-
er these cases were included in the perfor-
mance metrics are crucial.

- Information on whether the study was
retrospective or if the model was tested in
real-time clinical settings is vital.

- Independent research using the soft-
ware, potential conflicts of interest among
authors, and the nature of the research are
important considerations.

Radiologists may also seek real-life perfor-
mance evidence from peers who have used
similar products or may request the com-
pany to demonstrate the product’s efficacy
with their own cases.

This scenario underscores several critical
considerations regarding the performance
and validation for radiology departments
when selecting an Al solution: evidence of
external validation, comprehensive perfor-
mance metrics, real-world performance data,
and pilot testing. These are summarized in
Table 1.

Although the “performance and valida-
tion” is crucial, as discussed above, we also
acknowledge the difficulty of rigorously
evaluating the diagnostic performance of
Al models, particularly in high-demand ra-
diological environments. The practical chal-
lenges of conducting such evaluations in
busy practices cannot be overlooked, given
that not every radiology department has
the necessary infrastructure or resources for
comprehensive, independent assessments
of Al solutions.

This recognition extends to well-estab-
lished and trusted firms in our sector, includ-
ing picture archiving and communication
systems (PACS) and hardware providers, who
have already begun offering validated prod-
ucts from third-party vendors (e.g., startups
that are relatively new compared with the
sector’s stalwarts).**4! Such initiatives by
trusted firms and collaborations between ra-
diology departments and these entities are
crucial. They enable radiology departments
to leverage the expertise and resources of es-
tablished providers, streamlining the process
and ensuring that the evaluation of Al solu-
tions meets rigorous and reliable standards.

This collaborative approach not only reduces
the workload on individual departments but
also facilitates a more efficient and effective
integration of Al technologies into radiolog-
ical practices.

Implementation and
integration

A critical, yet often overlooked, aspect of
Al products is the ease of integration into the
existing workflow of a radiology department.
Itis essential that this integration causes min-
imal-ideally no-disruption. Determining who
will perform the implementation is equally
important. Additionally, choosing between
cloud-based or on-premises solutions, and
considering the necessary computational
power, are key elements. These latter factors
are often more apparent to potential buyers
of radiology Al solutions.

A recent survey by the Dutch Society
of Radiology highlights implementation
challenges as a major obstacle to broader
Al adoption in radiology clinics.* The im-
plementation process, though seemingly
straightforward, is in fact complex and multi-
faceted, requiring collaboration between ra-
diologists, IT specialists, software engineers,
and hospital administrators to ensure accu-
rate and safe integration.*

Hospitals vary in their infrastructure, ex-
pertise, and PACS capabilities. Many experts
emphasize the need to build a suitable in-
frastructure for the seamless integration of
machine learning-based applications in ra-
diology clinics.** This infrastructure devel-
opment requires substantial effort and time
and extends beyond the sole responsibility
of radiologists. However, radiologists should
be aware of their current capabilities and
seek products that align well with their exist-
ing infrastructure.

From our perspective, the burden of en-
suring smooth integration should not rest
solely on radiologists. Al solution developers
for radiology must provide flexible, easily
integrable products suitable for a range of
infrastructures, from basic to advanced. They
should actively participate in the integration
process, alleviating the strain on IT resources
and facilitating the adoption of their prod-
ucts.*

Here, we construct a hypothetical scenar-
io to illustrate the complexity of implemen-
tation and the factors radiologists should
consider when purchasing an Al product.
Consider a small team of radiologists from a
mid-sized department who are evaluating an
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Al solution for chest X-ray analysis, driven by
an inability to keep pace with high imaging
demand. Having successfully identified their
clinical needs and evaluated the diagnostic
performance of the solution, they now face
several implementation challenges.

First, system compatibility issues arise, as
the Al tool is not fully compatible with their
existing PACS system, necessitating system
modifications or additional modules from
the Al vendor. This adds complexity to the
implementation process. Additionally, ded-
icated IT personnel are needed for the set-
up and integration, but the department’s IT
resources are already overstretched and are
raising concerns about managing this extra
workload. After buying the product, the ra-
diologists realize that the vendor of the soft-
ware provided implementation via a third
party in their country, which does not have
the necessary expertise or knowledge re-
garding the product.

As the implementation process progress-
es, the radiology department encounters
additional challenges related to hardware re-
quirements.The Al tool, being advanced in its
capabilities, requires a robust computational
setup, including high-performance graph-
ics processing units, to efficiently process
the imaging data. The department’s exist-
ing hardware infrastructure is not equipped
to handle such demanding computational
tasks, leading to the necessity of significant
hardware upgrades.

This example shows the importance and
complexity of implementation and what
may go wrong and cause frustrations during
the implementation. Unfortunately, such a
hypothetical scenario is not uncommon and
underscores the need for a thorough evalua-
tion of various factors beyond clinical utility
and performance when implementing an Al
solution in a radiology department.*

Detailed explanations of critical consid-
erations concerning the implementation
and integration of Al solutions for radiology
departments are provided in Table 1, catego-
rized under the subheadings of vendor com-
patibility, availability of IT resources, support
for implementation, hardware requirements,
and workflow integration.

Apart from the key factors discussed
above, we acknowledge that the challenges
of implementing Al in radiology, notably the
communication gap between Al developers
and PACS administrators, alongside the ne-
cessity for interface customization, are well
recognized. In addressing these, the emer-

gence of commercial platforms, including Al
application marketplaces, offers a promising
solution.”*® These platforms enhance the
integration process, providing standardized
frameworks and addressing customization
needs, thereby supporting productivity im-
provements in radiological practices. Their
role in facilitating effective communication
and streamlined implementation is crucial
for the seamless adoption of Al technologies
in radiology.

Clinical usability

The widespread adoption and success of
Al in radiology depend on several factors,
notably how radiologists interact with Al sys-
tems. While no universally established best
practices exist for designing effective Al tools
in radiology, lessons can be learned from
successful technology products in other in-
dustries. A common feature of such products
is their simplicity, offering benefits in the
most straightforward manner possible.

Simplicity and user-centric design are es-
sential. Al tools that are easy to use and fea-
ture intuitive interfaces are more likely to be
adopted by radiologists, facilitating their in-
tegration into daily practice. Our experience
and literature review indicate that simplicity
in design and operation is crucial for the ef-
fectiveness and acceptance of Al tools in clin-
ical settings.*

Consider a hypothetical scenario high-
lighting the importance of simplicity: radiol-
ogists at a tertiary center specializing in mus-
culoskeletal imaging purchase an Al solution
for automated fracture evaluation in plain
radiographs. This high-performing product
integrates well with the department’s in-
frastructure and PACS. Radiologists interact
with the tool through a hyperlink in their pa-
tient browser, which opens a graphical user
interface for running the Al engine and view-
ing results.

While this software may be suitable for
low-throughput examinations such as pros-
tate or cardiac imaging, its use becomes
problematic for high-volume radiographic
examinations, particularly for time-pressed
radiologists. The repetitive interaction, tak-
ing a few minutes per case, adds up signifi-
cantly over the day. A more efficient solution
would be an Al tool that processes steps
automatically and presents results directly
in PACS, reducing the need for additional in-
teractions.

It is noteworthy that many products in
the market are even more difficult to use,
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as they require radiologists to switch from
their PACS to open the Al program or even
change computers. Purchasing a product not
integrated into PACS and having a complex,
intrusive interface can be more burdensome
and time-consuming than manually examin-
ing the image.

We suggest that a successful Al solution
must be fully integrated with PACS, featur-
ing a user-friendly interface that can be used
with minimal mouse clicks, or even without
any clicks in a fully automated fashion for
high-volume examinations. Such a solution
should immediately distinguish pathological
cases from normal ones with binary classi-
fication, ideally identify priority cases with
acute findings, and highlight them on the ra-
diologist’s worklist for triage. Such a product
would effectively serve as a second eye for
the radiologist, exemplifying the vital role of
simplicity in the design and functionality of
Al tools in radiology.

In this context, radiologists should evalu-
ate the simplicity of a radiology solution as
follows: integration with a PACS system, user
interface, efficiency of use, automated pro-
cessing and result presentation, alignment
with workflow and case types, and outputs
(Table 1).

Costs and return on
investment

According to the Dutch Society of Radiol-
ogy, the primary obstacle to Al adoption in
radiology clinics is cost.* Implementing Al
solutions in radiology departments involves
significant financial investments. In most
healthcare systems, Al solutions are not gen-
erally covered by government or private in-
surance policies, with a few exceptions in the
United States, as indicated by the expanding
coverage of certain Al products under Medi-
care or Medicaid.’' This supports the findings
of the Dutch Society of Radiology survey,
which highlights the crucial role of cost in Al
solution adoption.

Al solutions are presently available with
various purchasing models, including life-
long licensing, annual licenses, and per-use
fees. Radiologists must carefully consider
which model best suits their department’s
needs. Many Al startups favor subscrip-
tion-based models over outright capital in-
vestments in contrast to traditional medical
hardware or software manufacturers.

Determining the most suitable purchas-
ing model is a critical task that requires
careful evaluation. For example, consider a
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radiology department that performs 10,000
mammography examinations each year and
is considering adopting software to perform
breast cancer evaluation for mammography
screening. Suppose this software is available
with an annual licensing fee of $20,000, inclu-
sive of hardware and service costs. Although
this may be a familiar purchasing approach
for many radiologists, it is not necessarily the
most cost-effective option.

Now consider an alternative purchasing
model where the software is available with
an initial installation fee of $2,000, plus a
per-examination fee of $1. In this scenario,
the department may realize significant cost
savings. With 10,000 examinations a year, the
total cost would be $12,000 (52,000 installa-
tion plus $10,000 for examinations), substan-
tially lower than the flat annual license fee.
This example underscores the importance of
thoroughly examining and comparing differ-
ent purchasing models to identify the most
economically viable option for the depart-
ment.

When evaluating the costs of Al solutions
in radiology, it is equally important to con-
sider the ROI. This analysis assesses whether
the Al solution will provide sufficient value
and efficiency improvements to justify its ex-
penses. While ROI analysis is more straight-
forward for algorithms that speed up MRI
examinations or reduce CT radiation doses,
it becomes complex for Al solutions aimed
at medical image interpretation.*? This com-
plexity arises from the challenge of quantify-
ing intangible benefits.

For hospital or radiology administrators,
financial viability often hinges on ROI, which
can be a major obstacle, particularly in the
absence of insurance reimbursements for ra-
diology Al software.”® The evaluation of ROI
encompasses two aspects: quality and effi-
ciency improvement. Quality improvement,
such as enhanced diagnostic accuracy or
error reduction, can be difficult to translate
into financial ROI due to its complexity and
reliance on assumptions. Efficiency improve-
ments, however, can be more directly mea-
sured by time savings in study read times us-
ing Al software. Saved person-hours provide
a tangible way to demonstrate the software’s
value, making it particularly appealing in
competitive markets where efficiency in re-
petitive tasks is prized.>*

Although calculating the exact ROl can
be challenging or even impossible for ra-
diology departments or hospital managers,
it remains a critical exercise. This challenge
is comparable with the difficulty in demon-

strating the financial benefits of national
breast cancer screening programs, which re-
quire extensive time and data across numer-
ous cases.” Consequently, it may not be fea-
sible for a radiology department to precisely
determine the ROI of an Al solution for breast
cancer detection in mammography.

Despite this, radiologists should still eval-
uate potential financial benefits and roughly
estimate the ROI, while also considering oth-
er key factors, such as clinical relevance, per-
formance, implementation, and simplicity. If
a department has the necessary budget or
means to cover the product’s costs, and there
is an expectation of benefits, such as reduced
workload or diagnostic errors, potentially
supported by scientific evidence, it may still
be justifiable to invest in an Al solution with-
out exact ROI calculations.

In this context, radiologists should evalu-
ate the costs and ROI of radiology solutions
as follows: financial investment evaluation,
insurance reimbursement, purchasing mod-
els comparison, ROI analysis, and potential
benefits estimation (Table 1).

In addition to the considerations dis-
cussed above, it is important to acknowl-
edge the geographical variability in practic-
es related to the cost and reimbursement
for Al solutions in radiology. For example,
in the United States, Medicare offers reim-
bursement for certain medical imaging Al
solutions, such as those related to stroke
imaging, as well as candidate applications,
such as pulmonary embolism and subdural
hematoma.’’ However, even these policies
are subject to change, being valid for defined
periods with uncertain futures regarding
their continuation. Therefore, it is essential
to stress that reimbursement policies for Al
solutions are rapidly evolving. While it may
be possible to describe the current state of
affairs, these conditions are likely to change
over time, making it challenging to provide a
static overview that remains accurate.

Regulations, security, and privacy

Security and privacy are paramount in
healthcare and radiology departments,
particularly when considering the sensitive
nature of health and imaging data. The rap-
id integration of Al solutions into radiology
necessitates robust security and privacy
measures. Al solutions, whether on-premises
or cloud-based, involve integration with var-
ious data sources, such as health information
systems (HIS), research information systems
(RIS), and PACS, encompassing both imaging
and other data processing tasks. The sensi-

tive nature of medical data, including patient
images, diagnostic information, and person-
ally identifiable information, requires strin-
gent data protection mechanisms. Radiology
departments, being central hubs of medical
data, Al solutions, and caregivers, must ad-
here to strict security standards and regu-
lations. In 2021, Expert Insights from Health
Devices identified Al in radiology as a major
healthcare risk.>

Medical device regulations vary global-
ly but typically align with major standards,
such as the FDA in the United States® or the
European Union’s CE marking.?® Health data
protection standards, such as the Health In-
surance Portability and Accountability Act
(HIPAA) in the United States or the General
Data Protection Regulation (GDPR) in Eu-
rope, ¥ are also critical. Additionally, na-
tional standards, such as Turkiye's “Kisisel Veri
Koruma Kanunu” (Personal Data Protection
Act) have similarities with GDPR and HIPAA
but also include unique requirements, such
as mandating that healthcare providers keep
health data within the country’s borders, ir-
respective of anonymization.? Furthermore,
the FDA and CE markings encompass re-
sponsibilities regarding patient data integri-
ty and cybersecurity.>>®

However, it is important to note that ad-
dressing regulations, security, and privacy
in the context of Al acquisition is a complex
task. It involves not only radiologists but also
hospital managers, IT specialists, device pro-
viders, and legal experts specializing in med-
ical devices. Consider a scenario in which a
leading radiology department in Europe
plans to implement an Al system for en-
hanced brain MRI analysis. The department
is known for its innovative approach and di-
verse patient base and must navigate com-
plex regulatory and security challenges. The
Al system, developed by a global technology
company, claims compliance with stringent
regulations, including the FDA standards in
the United States, the European Union’s CE
marking, and the HIPAA and GDPR frame-
works.

The integration of the device involves
connecting with existing HIS, RIS, and PACS
systems. It is declared compliant with inter-
national standards and incorporates data
security measures, encryption protocols, and
access controls. The radiologists conduct
evaluations with the manufacturer, focusing
on the “CIA triad”: confidentiality, integrity,
and availability,*® which includes robust au-
thentication protocols, regular security au-
dits, and keeping up with cybersecurity best
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practices.®® A decision is made to initiate a
demonstration integration of the product.

However, initial document checks by the
information technology (IT) department re-
veal that the device complies with HIPAA
but not GDPR requirements and runs on
the cloud, not accommodating the local
data storage rule of their country. Discus-
sions with the manufacturer reveal that they
are close to finalizing GDPR registration, as
evidenced by their documents. When the
hospital IT team and the manufacturer as-
sess the possibility of running the device on
cloud servers within the country’s borders,
they find no dedicated hardware available
for running this advanced algorithm locally.
Moreover, the legal team, upon reviewing
the contract proposed by the manufacturer,
discovers a clause allowing the company to
use the hospital’s data to improve their prod-
uct, which is firmly opposed by the hospital
administrators.

Despite initial intentions, the process
brings many challenges and ends in disap-
pointment, highlighting the complexities
and importance of considering regulations,
security, and privacy. This scenario under-
scores the need for involvement from legal
experts and IT personnel in the early stages
and the meticulous assessment of these key
areas.

Table 1 offers additional elaboration with
subsections including compliance with in-
ternational standards, adherence to data
protection laws, data security measures, local
data storage capabilities, vendor data usage
policies, and trial integration and IT assess-
ment.

These items provide a comprehensive
checklist to guide radiologists and hospital
administrators in ensuring that the integra-
tion of Al solutions into radiology practices
complies with necessary regulations and
maintains the highest standards of security
and privacy.

Final thoughts and conclusions

In this review-opinion article, we first pro-
vided an overview of the current Al solutions
for radiology and discussed key factors to
consider when choosing appropriate Al solu-
tions for radiology departments. We mainly
focused on Al solutions aiming at carrying
out interpretative tasks, which routinely ne-
cessitate the expertise and active participa-
tion of radiologists.

Although we did not and could not cover
every aspect of choosing the right solution

for a radiology department, and key factors
and their content may rapidly change due to
the fast pace of developments of Al technol-
ogies, throughout the paper, we attempted
to simplify the concepts with hypothetical
examples, drawing on our 5 years of clinical,
industrial, and academic experience and the
existing literature. Furthermore, we provided
a checklist consisting of a set of questions
and/or items for each criterion, which ra-
diologists may quickly check before starting
discussions with Al providers. This will help
them make well-informed decisions about
integrating Al solutions into their practice,
thus contributing significantly to the ad-
vancement of radiological services and pa-
tient care.

In addition to the considerations outlined
above, we recommend the establishment
of a departmental review (or assessment)
board specifically for the procurement of Al
solutions. This board should ideally comprise
a multidisciplinary team, including institu-
tional IT officials, legal counsel, end-users,
and administrative officials. The creation
of such a board facilitates a structured and
comprehensive evaluation process, ensuring
that the selected Al solutions align with the
strategic goals of the department, adhere
to legal and ethical standards, and meet the
practical needs of end-users. The establish-
ment of these boards, as observed in our
experiences and those of our international
colleagues, may represent a proactive step
towards embracing the complexities and op-
portunities presented by Al in radiology.
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cal images, which can substantially aid in several diagnostic and prognostic tasks.' Al-

though numerous studies have demonstrated promising results with this approach, its
integration into clinical practice remains limited, necessitating additional validation for clini-
cal application.? A major barrier to this integration is the lack of standardization of key stages
in the complex multi-step radiomic pipeline,® which could be assessed and enhanced through
structured guidelines and quality assessment tools.*”

Radiomics facilitates the extraction of vast quantities of quantitative data from medi-

In 2017, Lambin et al.® introduced the radiomics quality score (RQS) as a methodological
assessment tool to enhance the quality of radiomics studies. The RQS comprises 16 items
that evaluate the entire lifecycle of radiomics research, with a total raw score ranging from
—8 to +36. Although the rationale for the scores assigned to each item remains unclear, the
radiomics research community has widely adopted this tool since its introduction, leading to
numerous systematic reviews.? The success of the RQS within the research community also
signifies a strong desire for standardization in radiomics, despite its limitations.

Recently, new consensus guidelines specific to radiomics research, namely, the Check-
List for EvaluAtion of Radiomics Research (CLEAR) and the METhodological RadiomICs Score
(METRICS), have been introduced and endorsed by leading imaging societies.” CLEAR aims to
promote transparent reporting practices, whereas METRICS provides a standardized tool for
assessing the methodological quality of radiomics research. METRICS includes 30 items spread
over five conditions, designed to accommodate almost all potential methodological scenar-
ios in radiomics research, from traditional handcrafted methods to advanced deep-learning
computer vision models.® The development process for METRICS involved a modified Delphi
method and a broad international panel to mitigate bias and focus on specific aspects of
radiomics research related to medical imaging. The European Society of Medical Imaging In-
formatics has endorsed the METRICS tool, and its website offers an online calculator for the
final quality score, which also considers item conditionality (available online at https://met-
ricsscore.github.io/metrics/METRICS.html).6

Published in 2024, METRICS is just beginning its journey, and its differences from RQS have
not yet been fully explored, which could offer valuable insights for the radiomics community.
Therefore, we aimed to compare METRICS and RQS through hypothetical examples, focusing
on the unique or missing items of each quality scoring tool. For this comparison, the meth-
odological quality of an ideal hypothetical study was defined as achieving a score of 100%
using one tool before being assessed using the other tool, and vice versa. For simplicity, all
conditions of METRICS were deemed fulfilled (i.e., scored as “yes”) in both comparisons. To
establish a baseline, we assumed that a perfect study meets only the minimum requirements
of a quality scoring tool (either RQS or METRICS) to attain the highest possible score. This
assumption allowed us to evaluate the probable lowest boundary of the highest potential
score achievable by the alternative tool. Following the conventions in the literature and rec-
ommendations by its developers, the RQS percentage score was calculated by dividing the
total points by 36 and multiplying by 100. We also examined the scaling method used for RQS
in the literature compared with that of METRICS.
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The upper panels of Figure 1 clearly depict
a comparison of final quality scores using al-
ternative tools in these hypothetical scenar-
ios. A hypothetical perfect study based on
RQS could only achieve a 30% score, which
means it lacks up to 70% of the total MET-
RICS percentage score. Conversely, a hypo-
thetical perfect study based on METRICS
could reach a 42% score, thus missing 58%
of the potential RQS percentage score. Nota-
bly, the hypothetical perfect study based on
METRICS achieved a higher score in the RQS
(42% or 15 total points) compared with the
study based on RQS (METRICS: 30%). In the
scenario where the perfect study adheres to
RQS standards (i.e., RQS: 100%), the require-
ments for 20 of the 30 items (67%) were not
fully met in the METRICS tool. Conversely, in
the scenario where METRICS is the standard
(i.e, METRICS: 100%), 12 of the 16 (75%) RQS
items were not satisfied. Of these, 9 had no
direct counterpart in the other tool, whereas
the remaining 3 were only partially covered.
The lower panels of Figure 1 provide further
details about the item-wise comparison in
these hypothetical scenarios. Additionally,
the items missed in the alternative tools are
comprehensively listed in Table 1.

In a perfect study based on RQS, the MET-
RICS evaluation revealed numerous missing
items that span almost all sections of the
tool, with some sections completely lacking
coverage: “study design,” “segmentation,
“image processing and feature extraction,’
and “preparation for modeling” The “study
design” section of METRICS places substan-
tial emphasis on transparent reporting prac-
tices and encourages adherence to specific
guidelines tailored to radiomics, such as
CLEAR.” These METRICS items also highlight
crucial aspects of any experimental setup,
including the accurate reporting of patient
eligibility criteria and reference standards.
The “segmentation” section emphasizes the
important but often overlooked nuances of
data labeling methodology. These include
the formal evaluation of fully automatic seg-
mentation (when employed) and the clinical
applicability of the segmentation methodol-
ogy. Specifically, if masks are required for the
test set to simulate real-world inference, they
should mirror what would reasonably be
expected in this context (i.e., produced by a
single reader or automated software).“Image
processing and feature extraction” considers
standardization initiatives such as the Image
Biomarker Standardization Initiative, as well
as the transparency and appropriateness of
settings used in data preprocessing and fea-
ture extraction.® The items in “preparation

”
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Figure 1. Score-wise (upper panels) and item-wise (lower panels) comparisons of METhodological RadiomICs
Score (METRICS) and radiomics quality score (RQS) evaluations in methodologically exemplary hypothetical
radiomic studies using RQS and METRICS, respectively. Note: The RQS was calculated by dividing the total

score by 36 and then multiplying by 100.

for modeling” address key sources of bias,
such as proper data partitioning to prevent
information leakage during model develop-
ment and the handling of confounders. Im-
portantly, missed items extend beyond these
sections. For instance, METRICS emphasizes
the importance of model availability in the
“open science” section, which is critical for
validating proposed approaches with new
data, ideally from a diverse source.

In the same vein, METRICS has not ad-
dressed several RQS items. While theoretical-
ly possible, certain RQS items such as “phan-
tom study,”“multiple time points,”“biological
correlates,” and “prospective study” may be
deemed too abstract or lack practical rele-
vance to necessitate their systematic inclu-
sion in every radiomics study.'® Interestingly,
the “prospective study” was initially consid-

ered and voted on during the development
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Table 1. Missed METRICS and RQS items in the case of methodologically perfect scores in RQS and METRICS, respectively®®

Category Item no. Item definition
Item#1 Adherence to radiomics and/or machine learning-specific checklists or guidelines
Item#2 Eligibility criteria that describe a representative study population
ltem#3 High-quality reference standard with a clear definition
ltem#5 Clinical translatability of the imaging data source for radiomics analysis
ltem#7 The interval between imaging used and reference standard
Iltem#8 Transparent description of segmentation methodology
Iltem#9 Formal evaluation of fully automated segmentation
Item#10 Test set segmentation masks produced by a single reader or automated tool
Item#11 Appropriate use of image preprocessing techniques with transparent description
ltem#12 Use of standardized feature extraction software
Missed METRICS items in a perfect
study according to RQS' ltem#13 Transparent reporting of feature extraction parameters, otherwise providing a default
configuration statement
ltem#16 Appropriateness of dimensionality compared with data size
Iltem#17 Robustness assessment of end-to-end deep learning pipelines
Item#18 Proper data partitioning process
Item#19 Handling of confounding factors
Item#20 Use of appropriate performance evaluation metrics for task
Item#21 Consideration of uncertainty
Iltem#23 Use of uni-parametric imaging or proof of its inferiority
Item#25 Comparison with simple or classical statistical models
Item#30 Model availability
Item#1 Image protocol quality (2" sub-item)
Iltem#3 Phantom study
ltem#4 Multiple time points
ltem#6 Multi-variable analysis with non-radiomic features
ltem#7 Biological correlates
Missed RQS items in a perfect study Itemi#8 Cut-off analyses
according to METRICS! Item#9 Discrimination statistics
Iltem#10 Calibration statistics
Item#11 Prospective study
ltem#12 Validation (5% and 6% sub-items)
Item#15 Cost-effectiveness analysis
Item#16 Open science and data (any two of 1%, 2", or 4" sub-items)

'A perfect study is defined as one that meets only the minimum requirements of a quality scoring tool (e.g., RQS or METRICS) to achieve the maximum score available. METRICS,
METhodological RadiomICs Score; RQS, radiomics quality score.

of METRICS but failed to reach the consensus
threshold for inclusion in the final scoring
tool. Likewise, other items were proposed
by participants during the METRICS develop-
ment phase but were excluded from the final
tool following open and anonymous discus-
sions throughout the Delphi process, indi-
cating a general consensus on their limited
utility. For additional METRICS and RQS items
not discussed here, please refer to Table 1.

Although METRICS presents the final
score as a percentage value with linear
scaling, the RQS does not advocate for this
method when converting total RQS points to

a percentage. A re-analysis of the papers in
the seminal study by Spadarella et al.®, which
included 44 systematic reviews using RQS,
revealed that 32 used non-linear scaling (i.e.,
total points/36*100), and none used linear
scaling (i.e,, [total points + 8]/44*100). De-
spite questions about the appropriateness of
the non-linear conversion method, this prac-
tice follows the developer’s suggestion (i.e.,
36 = 100%).2 This method of calculation does
not account for negative values in scaling,
where both scores of —8 and 0 correspond to
0%, potentially overestimating the score of
studies with negative RQS totals. This could
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lead to the impression that the absence of
“feature reduction or adjustment for multiple
testing” and “validation” renders the remain-
ing methodological points unsubstantial un-
til an overall positive score is achieved, pos-
sibly underestimating the quality of studies
on the percentage scale. The upper panel of
Figure 2 illustrates a simple comparison of
RQS percentage calculations by the widely
used non-linear method versus the linear
method. The lower panel of Figure 2 shows
the impact of using the non-linear method
compared with the linear method. This sim-
ulation demonstrates that the non-linear
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Figure 2. Upper panel: comparison of non-linear (widely used) and linear scaling methods for calculating
radiomics quality score (RQS) percentages. Lower panel: differences and consequences resulting from the

use of these methods.

method tends to underestimate the final
RQS percentage, with a mean, standard de-
viation, and maximum of —8.9%, 5.4%, and
18%, respectively.

In this brief article, we aimed to draw the
scientific community’s attention to the differ-
ences between two quality scoring tools for
radiomics research, specifically the recently
published METRICS and the well-established
RQS. Given the absence of an independent
reference standard, which would provide in-
valuable additional insights, we relied on hy-
pothetical perfect studies to evaluate these
tools’ relative value and content. Although
this approach was hypothetical, it under-
scored the distinct focus of each tool on dif-
ferent aspects of the radiomic pipeline, given
the substantial disparity in relative scores
and missed items. Therefore, a direct com-

parison of the scores from these tools is not
feasible, and researchers should consider the
unique features of each tool. Based on the
insights from this analysis and the emerg-
ing limitations regarding the reproducibility
and accuracy of the RQS percentage score '
METRICS may be the preferable choice if only
one tool is to be used.
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Diagnostic performance of multishot echo-planar imaging (RESOLVE)
and non-echo-planar imaging (HASTE) diffusion-weighted imaging in
cholesteatoma with an emphasis on signal intensity ratio measurement
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PURPOSE

To evaluate the diagnostic efficacy of multishot echo-planar imaging (EPI) [RESOLVE (RS)] and non-
EPI (HASTE) diffusion-weighted imaging (DWI) in detecting cholesteatoma (CHO), and to explore
the role of signal intensity (SI) ratio measurements in addressing diagnostic challenges.
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METHODS

We analyzed RS-EPI and non-EPI DWI images from 154 patients who had undergone microscopic
middle ear surgery, with pathological confirmation of their diagnoses. Two radiologists, referred to
as Reader A and Reader B, independently reviewed the images without prior knowledge of the out-
comes. Their evaluation focused on lesion location, T1-weighted (T1W) signal characteristics, and
contrast enhancement in temporal bone magnetic resonance imaging. Key parameters included
lesion hyperintensity, size, SI, Sl ratio, and susceptibility artifact scores across both imaging modal-
ities.

RESULTS

Of the patients, 62.3% (96/154) were diagnosed with CHO, whereas 37.7% (58/154) were found
to have non-CHO conditions. In RS-EPI DWI, Reader A achieved 89.6% sensitivity, 79.3% specifici-
ty, 87.8% positive predictive value (PPV), and 82.1% negative predictive value (NPV). Non-EPI DWI
presented similar results with sensitivities of 89.6%, specificities of 86.2%, PPVs of 91.5%, and NPVs
of 83.3%. Reader B’s results for RS-EPI DWI were 82.3% sensitivity, 84.5% specificity, 89.8% PPV, and
74.2% NPV, whereas, for non-EPI DWI, they were 86.5% sensitivity, 89.7% specificity, 93.3% PPV,
and 80% NPV. The interobserver agreement was excellent (RS-EPI, k: 0.84; non-EPI, k: 0.91). The S|
ratio measurements were consistently higher in non-EPI DWI (Reader A: 2.51, Reader B: 2.46) for the
CHO group compared with RS-EPI. The Sl ratio cut-off (>1.98) effectively differentiated hyperintense
lesions between CHO and non-CHO groups, demonstrating 82.9% sensitivity and 100% specificity,
with an area under the curve of 0.901 (95% confidence interval: 0.815-0.956; P < 0.001). Susceptibil-
ity artifact scores averaged 1.18 + 0.7 (Reader A) and 1.04 + 0.41 (Reader B) in RS-EPI, with non-EPI
DWI recording a mean score of 0.

CONCLUSION

Both RS-EPI and non-EPI DWI exhibited high diagnostic accuracy for CHO. While RS-EPI DWI cannot
replace non-EPI DWI, their combined use improves sensitivity. Sl ratio measurement in non-EPI DWI
was particularly beneficial in complex diagnostic scenarios.

CLINICAL SIGNIFICANCE

This study refines CHO diagnostic protocols by showcasing the diagnostic capabilities of both RS-
EPI and non-EPI DWI and highlighting the utility of SI measurements as a diagnostic tool. These
findings may reduce false positives and aid in more accurate treatment planning, offering substan-
tial insights for clinicians in managing CHO.
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holesteatoma (CHO), characterized by
Cits invasive growth in the middle ear,

poses substantial health risks, includ-
ing hearing loss, vestibular disturbances,
facial paralysis, and potential intracranial
complications.” Accordingly, accurate diag-
nosis and effective treatment are essential.
Magnetic resonance imaging (MRI) with
diffusion-weighted imaging (DWI) serves as
a critical tool for the initial assessment and
diagnosis of CHO, as well as for monitoring
local recurrence or residual CHO.2 Due to its
practicality and diagnostic efficacy, DWI has
increasingly been adopted as a substitute for
post-contrast sequences in MRI assessments.

The DWI techniques are primarily divided
into two categories: echo-planar imaging
(EPI)-based and non-EPl-based methods.
Despite its rapid acquisition capability, sin-
gle-shot (SS) EPI-DWI is susceptible to arti-
facts such as susceptibility, chemical shift,
and geometric distortion.> These artifacts
can obscure areas showing restricted diffu-
sion, substantially compromising the detec-
tion of CHO. Additionally, the inherent limita-
tions of EPI-DWI in terms of spatial resolution
and section thickness pose challenges in de-
tecting CHOs smaller than 5 mm.*

Recent technological advancements have
led to the development of an improved mul-
tishot (MS) EPI technique that offers high-res-
olution DWI while reducing geometric dis-
tortions. However, this method necessitates
longer imaging times. The RESOLVE DWI,
utilizing a readout-segmented echo-planar
[RESOLVE EPI (RS-EPI)] approach, introduc-
es a cutting-edge method for capturing
high-quality DWI images. This technique
enhances image sharpness, increases spa-
tial resolution, and reduces slice thickness,
thereby improving the detection of even

* RESOLVE echo-planar imaging (RS-EPI) and
non-EPI (HASTE) diffusion-weighted imag-
ing (DWI) both demonstrate high diagnostic
accuracy for cholesteatoma (CHO) individ-
ually. However, when used in conjunction,
these techniques enhance diagnostic sen-
sitivity.

* Signal intensity ratio measurements, par-
ticularly in non-EPI DWI, serve as a valuable
quantitative tool for differentiating CHO
from other conditions, thereby increasing
diagnostic certainty.

* Susceptibility artifacts are minimal in RS-EPI
DWI and completely absent in non-EPI DWI,
underscoring the latter’s potential for high-
er imaging quality and greater diagnostic
value.

small CHOs. By segmenting the k-space tra-
jectory into multiple parts in the phase en-
coding direction, RESOLVE DWI reduces echo
time (TE) and is substantially less affected by
distortions, susceptibility, and T2* blurring
artifacts, enhancing overall image quality.

Non-EPI DWI turbo spin-echo (TSE) is
a spin-echo-based technique that can be
applied in either SS or MS formats. It is re-
nowned for its higher signal-to-noise ratio
(SNR) and minimal image distortions, sur-
passing SS EPI-DWI in these respects. TSE
provides enhanced spatial resolution in the
middle ear, facilitating rapid multiplanar im-
aging and thinner slice capabilities compared
with EPI sequences.® Moreover, TSE-DWI can
be integrated with half-fourier acquisition SS
TSE (HASTE), which offers excellent motion
insensitivity and notably reduced suscepti-
bility artifacts. Additional non-EPI DWI tech-
niques, such as PROPELLER DWI and BLADE
DWI, further minimize susceptibility artifacts
and improve overall imaging quality.

The current body of literature features
numerous studies that have compared stan-
dard EPI DWI with non-EPI DWI sequences in
diagnosing CHO, consistently highlighting
the superiority of non-EPI sequences.” Nev-
ertheless, there have been limited studies
comparing MS EPI sequences, such as RE-
SOLVE, with non-EPI sequences. This study
aims to assess the diagnostic performance
of the MS EPI sequence, which offers shorter
imaging times, as a viable alternative to non-
EPI sequences. Furthermore, this research
seeks to explore the role of signal intensity
(SI) measurement in DWI, particularly when
addressing diagnostic challenges, to poten-
tially enhance the accuracy and reliability of
CHO diagnosis.

Methods

Patient selection and criteria

Following approval from the Clinical
Research Ethics Committee of University
of Health Sciences Tiirkiye, izmir Bozyaka
Training and Research Hospital (approval
no: 2023/123, dated 23.08.2023), we con-
ducted a retrospective single-center study.
This study encompassed patients who un-
derwent tympanoplasty and mastoidectomy
for chronic otitis media (COM) between 2017
and 2023. Inclusion criteria included individ-
uals with pre-operative temporal MRI scans
featuring both RS-EPI and non-EPI (HASTE)
sequences, as well as confirmed pathological
diagnoses. The exclusion criteria were cases
with incomplete or excessively artifact-laden

MRI sequences and patients whose patho-
logical results were inconclusive for diag-
nosis. Lesions located solely in the external
acoustic canal (EAC) were also excluded.
Ultimately, 154 patients met the criteria and
were enrolled in the study.

Imaging technique

MRI was conducted using a 1.5T scanner
(Siemens Healthineers, Magnetom Aera, Ger-
many). Informed consent was obtained from
all participants prior to imaging. The imaging
protocol comprised axial T2-weighted (T2W)
SPACE and T2W TSE sequences with fat satura-
tion alongside axial and coronal T1-weighted
(TTW) TSE sequences. Additionally, the proto-
col included coronal RESOLVE for DWI and ap-
parent diffusion coefficient sequences, as well
as coronal HASTE DWI. Post-contrast imaging
was performed using axial and coronal T1TW
TSE sequences with gadobutrol (Gadovist™,
Bayer AG, Berlin, Germany, 0.1 mmol/kg).

The RESOLVE DWI parameters were as
follows: TR/TE: 3,780/60 ms; flip angle: 180°%
15 slices; slice thickness: 2.5 mm; b values (s/
mm?) = 0-1,000; field of view (FOV): 218; and
matrix: 160 x 104, with an imaging duration
of 2 minutes and 55 seconds. The HASTE DWI
parameters included TR/TE: 2,000/103 ms;
flip angle: 150°% 11 slices; slice thickness: 3
mm; b value (s/mm?): 1,000; FOV: 220; matrix
=192 X 144; and an imaging time of 3 min-
utes and 42 seconds.

Imaging analysis

Two radiologists, with 32 years (Reader A)
and 7 years (Reader B) of neuroradiological
experience, respectively, independently as-
sessed the MRI scans of the patients at work-
stations (Siemens Healthineers) without pri-
or knowledge of the pathological outcomes.
The study focused on patients who under-
went surgical treatment and had a confirmed
diagnosis, assessing both ears in each case.

The evaluation process commenced with
an examination of standard temporal MR se-
quences. Lesion locations were categorized
into several groups: middle ear; mastoid an-
trum; a combination of both; or middle ear
and EAC.

The analysis proceeded with the selec-
tion of a single diffusion sequence for each
patient, chosen randomly without a prede-
termined order. Approximately 1 month af-
ter completing the initial evaluations for all
patients, the second diffusion sequence was
reviewed. Lesions demonstrating hyperin-
tensity in diffusion sequences relative to the
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brain parenchyma were classified as diffu-
sion-positive; those that did not were classi-
fied as diffusion-negative.*®

For the radiological assessment, both the
RS-EPland non-EPI sequences were reviewed
for each ear to determine the presence or ab-
sence of CHO. A positive finding in at least
one of the sequences led to a radiological
conclusion of CHO presence; absence in both
indicated no CHO (Figures 1, 2).

The maximum diameter of hyperintensity
was measured in the coronal plane for both
diffusion sequences. Additionally, using a re-
gion of interest (ROI) approach, the Sl of the
area showing the highest hyperintensity and
the SI of the temporal cortex on the same
side were measured. The size of the ROI var-
ied depending on the lesion size, and signal
measurements were not performed in cases
without diagnostic hyperintensity.

Susceptibility artifact scores were as-
signed as follows: 0 for no artifact; 1 for ar-
tifacts at the skull base; 2 for artifacts below

the skull base; and 3 for artifacts interfering
with diagnosis (Figures 1, 3). These scores
were noted for both the RS-EPI and non-EPI
DWI sequences and were included in the sta-
tistical analysis, considering the side (right or
left) that underwent surgery.

Lesion T1W signal characteristics were
categorized as either iso-hypointense or
hyperintense relative to cerebral white mat-
ter. Post-contrast TTW enhancement of le-
sions was classified into four categories: no
enhancement; peripheral enhancement;
homogeneous enhancement; or heteroge-
neous enhancement.

Surgical and pathological confirmation

All patients included in the study under-
went microscopic middle ear surgery, with
histopathological results subsequently an-
alyzed. For those diagnosed with CHO, the
presence of the condition was confirmed
both intraoperatively -indicated by the de-
tection of keratinized squamous epitheli-

Figure 1. Cholesteatoma case confirmed intraoperatively and histopathologically. A hyperintense
lesion (arrow) appears in the middle ear on the coronal T2-weighted image (a), with peripheral contrast
enhancement (arrow) visible in the post-contrast T1-weighted coronal image (b). The lesion is also
hyperintense (arrow) in readout-segmented (RS)-echo-planar imaging (EPI) (c) and non-EPI (d) diffusion-
weighted images, which is typical for cholesteatoma. Additionally, a susceptibility artifact score of 1
(arrowhead indicating artifact at the skull base) is evident in RS-EPI (c).
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um and debris within the middle ear- and
through histopathological examination.
Conversely, the non-CHO group comprised
patients for whom no CHO was detected
during surgery, a finding supported by his-
topathology, which confirmed the diagnosis
of COM.

Statistical analysis

The data analysis was conducted using
SPSS version 26 (IBM Corp., Armonk, NY, USA).
Continuous variables were summarized us-
ing the mean, standard deviation (SD), and
median interquartile range. Categorical vari-
ables were presented as frequencies and
percentages. The distribution of continuous
variables was assessed through graphical
methods, normality tests, and consideration
of sample size to determine normalcy.

Comparisons  between  independent
groups were made using both the Student’s
t-test and the Mann-Whitney U test, depend-
ing on the distribution of the data. The Wil-
coxon signed ranks test was employed for re-
lated samples. The distribution of categorical
variables across independent groups was an-
alyzed using the chi-square test. Changes in
related samples were assessed using the Mc-
Nemar test and the McNemar—Bowker test.

The agreement between the observations
of the two radiologists and the pathological
results was quantified using kappa (k) val-
ues. Diagnostic test values, such as sensitiv-
ity, specificity, positive predictive value, and
negative predictive value, were calculated
based on the radiologists’ assessments and
compared with the pathology results. For all
statistical tests, the significance level for type
| error was set at a: 0.05, and the tests were
conducted as 2-tailed.

Results

In this study, we evaluated 154 patients,
comprising 94 men and 60 women, with
a mean age of 44.79 years (£ SD of 16.78
years). Of these, 96 patients (62.3%) were
allocated to the CHO group, whereas 58 pa-
tients (37.7%) were classified in the non-CHO

group.

Reader A identified CHO in 86 out of 96
patients (89.5%) in the CHO group using
both RS-EPI and non-EPI DWI sequences.
Reader B detected CHO in 79 out of 96 pa-
tients (82.3%) with RS-EPI DWI and in 83
out of 96 patients (86.5%) with non-EPI DWI
within the same group. In the non-CHO
group, Reader A correctly identified 46 out of
58 patients (79.3%) as not having CHO using
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Figure 2. Intraoperatively and histopathologically confirmed case of chronic otitis media (non-cholesteatoma).
In the coronal T2-weighted image (a), a hyperintense lesion (arrow) appears in the middle ear. The post-
contrast T1-weighted coronal image (b) shows homogeneous contrast enhancement (arrow). The lesion,
displaying no diffusion restriction in readout-segmented-echo-planar imaging (EPI) (c) and non-EPI
diffusion-weighted images (d), is consistent with chronic otitis media.

RS-EPI DWI and 50 out of 58 patients (86.2%)
using non-EPI DWI. Reader B's specificities in
the non-CHO group were 84.5% with RS-EPI
DWI (49 out of 58) and 89.7% with non-EPI
DWI (52 out of 58).

Table 1 outlines the diagnostic accuracy
of CHO detection by Readers A and B across
both imaging sequences. Reader A had 10
false negative results in both RS-EPI and non-
EPI sequences (10.4% of the CHO group),
whereas Reader B recorded false negative
results for 17 patients (17.7%) in RS-EPI and
for 13 patients (13.5%) in non-EPI.

For false positives in the RS-EPI sequence,
Reader A incorrectly diagnosed 12 out of 58
(20.7%) patients with non-CHO and 8 out
of 58 (13.8%) in the non-EPI DWI sequence.
Reader B identified false positives in 9 out
of 58 patients (15.5%) in the RS-EPI DWI se-
quence and in 6 out of 58 (10.3%) in the non-
EPI DWI sequence.

The RS-EPI DWI interobserver agreement
coefficient was k: 0.84 [95% confidence in-
terval (Cl): 0.75-0.92], indicating substantial

consistency between the readers. Similar-
ly, the non-EPI DWI coefficient was k: 0.91
(95% Cl: 0.84-0.97), signifying a high level of
agreement in their interpretations (Table 1).

Reader A measured a minimum CHO size
of 2 mm using the RS-EPI DWI sequence and
2.5 mm with the non-EPI DWI sequence. Con-
versely, Reader B recorded minimum sizes of
2.2 mm for RS-EPI and 1.7 mm for non-EPI
DWI sequences. The median values of the
longest diameters measured by the readers
are detailed in Table 2.

In the group of patients with CHO, Read-
er A observed the most common contrast
enhancement pattern to be peripheral en-
hancement, occurring at a rate of 66/96
(68.8%); in the non-CHO group, the prevalent
pattern was homogeneous enhancement at
a rate of 33/58 (56.9%). Reader B reported
peripheral enhancement in 73/96 (76.0%)
and homogeneous enhancement in 29/58
(50.0%) of cases, respectively. Other contrast
enhancement patterns were less frequently
observed in both groups (Table 3).

In the analysis of RS-EPI DWI images from
154 patients, the mean =+ SD susceptibility ar-
tifact score was 1.18 + 0.70 for Reader A and
1.04 + 0.41 for Reader B. The mean suscep-
tibility artifact score in non-EPI DWI images
was recorded as 0.

Reader A and Reader B measured the SI
ratio higher in lesions of the CHO group com-
pared with lesions in the non-CHO group for
both RS-EPI and non-EPI DWI sequences. SI
measurements were conducted on lesions
exhibiting diagnostic hyperintensity. In the
non-CHO group, SI measurements consisted
of lesions that the readers mistakenly clas-
sified as CHO, but histopathological results
later confirmed as non-CHO (false positives).
Furthermore, both readers noted that the SI
ratio in non-EPI DWI images was higher than
in RS-EPI DWI images, with measurements of
2.51 for Reader A and 2.46 for Reader B in the
CHO group.

The cut-off value for detecting lesions in
the CHO and non-CHO groups was deter-
mined by averaging the SI measurements of
the two readers. In the RS-EPI sequence, the
cut-off was >1.15, providing 88.2% specific-
ity, 50% sensitivity, an area under the curve
(AUC) of 0.660 (95% Cl: 0.547-0.761), and a P
value of 0.216. For the non-EPI sequence, the
cut-off was >1.98, yielding 82.9% sensitivity,
100% specificity, an AUC of 0.901 (95% Cl:
0.815-0.956), and a P value of <0.001 (Figure
4, Table 4).

The AUC superiority analysis between
the RS-EPI and non-EPI sequences showed a
difference of 0.241, favoring the non-EPI se-
quence (P =0.042) (Table 4).

Discussion

In this study, high sensitivity and speci-
ficity were achieved with RS-EPI and non-EPI
DWI sequences in detecting CHO, with both
readers demonstrating consistent results
(Table 1). There was a high level of agree-
ment between the readers across both diffu-
sion sequences.

Simultaneous evaluation of RS-EPI DWI
and non-EPI DWI images led to enhanced
sensitivity in detecting CHO for both read-
ers. Reader A achieved a sensitivity of 91.7%,
whereas Reader B reported a sensitivity of
88.5%. The specificity when evaluating RS-
EPI alongside non-EPI DWI was comparable
to that observed with RS-EPI DWI alone, al-
though it was lower than that observed with
non-EPI DWI for both readers (Table 1).
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Figure 3. Afalse positive case in non-echo-planar imaging (EPI) diffusion-weighted imaging (DWI) confirmed
histopathologically and intraoperatively as non-cholesteatoma. The lesion in the middle ear is hyperintense
(arrow) on the T2-weighted coronal image (a) and exhibits peripheral contrast enhancement (arrow) on
the post-contrast T1-weighted coronal image (b). In readout-segmented-EPI DWI (c), a susceptibility artifact
score of 3 (artifact interfering with diagnosis) (arrowhead) is present. Despite appearing hyperintense
(arrow) on the non-EPI diffusion-weighted image (d), the lesion has been surgically and histopathologically
confirmed to be non-cholesteatoma (false positive).

Wiesmueller et al's® study, which involved
a smaller sample size (n = 25) and used the
same device and similar DWI sequence pa-
rameters, yielded different results. For TSE
DWI, their readers achieved sensitivities of
92% and 88%, respectively, and a specificity
of 80% for both. In the case of RESOLVE DWI,
the sensitivities were 76% and 68% for read-
ers 1 and 2, respectively, with both readers
showing a specificity of 60%. Their study re-
ported an overall agreement of 97% (k: 0.9)
for TSE DWIand 87% (k: 0.7) for RESOLVE DWI.

In our research, the slice thickness for RE-
SOLVE DWI was 2.5 mm, whereas HASTE DWI
had a slice thickness of 3 mm. In contrast, Wi-
esmueller et al.’ used a 3-mm slice thickness
for both sequences. This difference in slice
thickness, in addition to reader-dependent
factors, may explain the lower sensitivity and
specificity in their RESOLVE DWI compared
with ours.

Benson et al’s™ study involving 23 par-
ticipants demonstrated high accuracy in
HASTE images, correctly identifying CHO in
all patients (100%). In contrast, with RS-EPI
sequences, the results were 69.6% positive
identifications, 21.7% equivocal, and 8.7%
falsely negative. They also observed a sub-
stantial degree of interobserver agreement
with k values of 1.0 for HASTE and 0.9 for RS-
EPI sequences, highlighting the consistency
across readers.

In the present study, the matrix size of the
RS-EPI DWI (160 x 104) was smaller than that
of the non-EPI DWI (192 x 144). Additionally,

Table 1. Diagnostic performance and interobserver agreement of RS-EPI DWI and non-EPI DWI sequences in diagnosing cholesteatoma

RS-EPI DWI Non-EPI DWI RS-EPI DWI with non-EPI DWI
Reader A Reader B Reader A Reader B Reader A Reader B
True positive 86/96 (89.6%) 79/96 (82.3%) 86/96 (89.6%) 83/96 (86.5%) 88/96 (91.7%) 85/96 (87.5%)
True negative 46/58 (79.3%) 49/58 (84.5%) 50/58 (86.2%) 52/58 (89.7%) 46/58 (79.3%) 49/58 (84.5%)
False positive 12/58 (20.7%) 9/58 (15.5%) 8/58 (13.8%) 6/58 (10.3%) 12/58 (20.7%) 9/58 (15.5%)
False negative 10/96 (10.4%) 17/96 (17.7%) 10/96 (10.4%) 13/96 (13.5%) 8/96 (8.3%) 11/96 (12.5%)

Sensitivity (%)
Specificity (%)
LR (+)

LR ()

Disease pre. (%)
PPV (%)

NPV (%)

Accuracy (%)

Interobserver agreement (k)

(95% ClI)

89.6 (81.7-94.9)
79.3 (66.7-88.8)
4.3(2.6-7.2)
0.1(0.1-0.2)
62.3 (54.2-70)
87.8 (81.2-92.3)
82.1(71.6-89.4)
85.7 (79.2-90.8)

82.3 (73.2-89.3)
84.5(72.6-92.7)
5.30(2.9-9.7)
0.21 (0.1-0.3)
62.3 (54.2-70)
89.8 (82.7-94.2)
74.2 (64.9-81.8)
83.1(76.3-88.7)

0.84 (0.75-0.93)

89.6 (81.7-94.9)
86.2 (74.6-93.7)
6.5(3.4-12.4)
0.1(0.1-0.2)
62.3 (54.2-70)
91.5 (84.9-95.4)
83.3 (73.4-90.1)
88.3 (82.2-92.9)

86.5 (78-92.6)
89.7 (78.8-96.1)
8.36 (3.9-17.9)
0.15(0.1-0.3)
62.34 (54.2-70)
93.3 (86.6-96.7)
80 (70.5-87)
87.7 (81.4-92.4)

0.91 (0.84-0.97)

91.7 (84.2-96.3)
79.3 (66.7-88.8)
4.4(2.7-7.4)
0.1(0.1-0.2)
62.3 (54.2-70)
88 (81.5-92.4)
85.2(74.5-91.9)
87 (80.7-91.9)

88.5 (80.4-94.1)
84.5 (72.6-92.7)
5.7 (3.1-10.5)
0.1(0.1-0.2)
62.3 (54.2-70)
90.4 (83.8-94.5)
80.7 (71.7-88.7)
87 (80.7-91.9)

0.89 (0.81-0.96)

LR (+), positive likelihood ratio; LR (-), negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value; k: Cohen’s kappa coefficient; Cl, confidence interval;
RS-EPI, readout-segmented echo-planar imaging; DWI, diffusion-weighted imaging; non-EPI: non-echo-planar imaging.
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Table 2. Quantitative analysis of lesion characteristics in histopathologically confirmed cholesteatoma and non-cholesteatoma groups by
Readers A and B

Reader A Reader B
CHO (Histo) Non-CHO (Histo) CHO (Histo) Non-CHO (Histo)
N Median (IQR) N Median (IQR) p* N Median (IQR) N Median (IQR) P*

RS-EPIDWIsizelongest o0 g 46 (630-13.90) 12 9.80 (5.15-11.95) 0637 79 7.70(5.00-1340) 9 6.00(5.10-9.20)  0.320
diameter (mm)

RS-EPI DWI Sl mean 86  482(342-571) 12 280 (232-369) 0003 79  411(307-503) 9  272(225-373)  0.026
fzrf:)i SWI e 86  271(238-298) 12 251 (234-274) 0293 79  258(228-281) 9  225(196-248)  0.097
RS-EPI DWI Sl ratio 86  1.66(133-233) 12 1.11 (0.91-1.39) 0003 79 156(1.31-1.88) 9 1.21(1.09-1.83) 0.116
e s Lo e 86 10.35(7.00-14.20) 8 7.15 (5.40-9.45) 0063 83 820(560-12.00) 6 6.60(5.50-7.70)  0.266
diameter (mm)

Non-EPI DWI SI mean 86  201(155-265) 8  134.50(92.50-161.50) 0.002 83  189(144-246) 6  157(114-179)  0.060
e EHIDR el g 81 (74-93) 8 86.5 (77-96) 0420 83 79 (70-89) 6  89.5(84-94) 0.185
cortex S|

Non-EPI DWI Sl ratio 86  251(1.94-3.06) 8 1.49 (1.19-1.80) <0001 83 246(1.92-3.15 6 1.88(1.61-201)  0.026

*Mann-Whitney test. CHO, cholesteatoma; non-CHO, non-cholesteatoma; RS-EPI, readout-segmented echo-planar imaging; DWI, diffusion-weighted imaging; non-EPI, non-echo-
planar imaging; S|, signal intensity; IQR, interquartile range.

Table 3. Comparative lesion characteristics in histopathologically confirmed cholesteatoma and non-cholesteatoma groups by Readers A
and B

Reader A Reader B
Histopathological Histopathological
CHO Non-CHO P* CHO Non-CHO P*
N (%) N (%) N (%) N (%)
Hypointense or isointense 88 (91.7%) 49 (84.5%) 90 (93.8%) 47 (81.0%)
T1-weighted signal
Hyperintense 8 (8.3%) 9 (15.5%) 0.266 6 (6.3%) 11 (19.0%) 0.030
No contrast enhancement 2 (2.1%) 0 (0.0%) 15 (15.6%) 3 (5.2%)
Peripheral 66 (68.8%) 12 (20.7%) NA 73 (76.0%) 15 (25.9%)
Contrast enhancement <0.001
Homogeneous 14 (14.6%) 33 (56.9%) 7 (7.3%) 29 (50.0%)
Heterogeneous 14 (14.6%) 13 (22.4%) 1 (1.0%) 11 (19.0%)
Middle ear 33 (34.4%) 7 (12.1%) 45 (46.8%) 10 (17.2%)
Mastoid antrum 3(3.1%) 1(1.7%) 2 (2.1%) 4 (6.9%)
Location NA NA
Both of two 56 (58.3%) 48 (82.8%) 45 (46.9%) 42 (72.4%)
Middle ear and EAC 4 (4.2%) 2 (3.4%) 4 (4.2%) 2 (3.4%)
No artifact 14 (14.6%) 4 (6.9%) 3(3.1%) 6 (10.3%)
Artifact at the skull base 55 (57.3%) 44 (75.9%) 85 (88.5%) 46 (79.3%)
RS-EPI susceptibility artifact NA NA
scores Artifact below the skull base 19 (19.8%) 10 (17.2%) 7 (7.3%) 6(10.3%)
IS U 8 (8.3%) 0(0.0%) 1(1.0%) 0(0.0%)
diagnosis
e sveealian iy e No artifact 96100%) 58 100.9%) NA 96100%) 58 (100%) NA

scores

*Chi-square tests. CHO, cholesteatoma; non-CHO, non-cholesteatoma; RS-EPI, readout-segmented echo-planar imaging; non-EPI, non-echoplanar imaging; EAC, external acoustic
canal.

the slice thickness for our RS-EPI DWI sequence
(2.5 mm) was less than that for the non-EPI
DWI (3 mm). Generally, increasing the matrix
size improves resolution but may reduce the
SNR. Conversely, a thicker slice increases SNR
but may compromise resolution.” Although
the RS-EPI DWI sequence had a smaller matrix
size and slice thickness compared with the
non-EPI DWI, the resolution was still lower. De-

spite this, the smaller slice thickness can facili-
tate better image evaluation.

Fischer et al’s'? study, involving 50 pa-
tients, found that the sensitivity of RESOLVE
DWI in detecting CHO was similar to our re-
sults but exhibited higher specificity. They re-
ported an accuracy of 92%, with a sensitivity
of 88% and a specificity of 96%.

In light of these findings, non-EPI DWI re-
mains the most effective diffusion sequence
for detecting CHO. However, with its short-
er imaging times, RS-EPI DWI also proves to
be a viable option, boasting high sensitivity
and specificity. Reducing the slice thickness,
if feasible, may further enhance diagnostic
accuracy.
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Table 4. Determining signal intensity ratio cut-offs for hyperintense lesions in RS-EPI DWI

and non-EPI DWI in cholesteatoma diagnosis

Signal intensity ratio (reader mean)

RS-EPI DWI Non-EPI DWI Difference between areas

AUC (95% Cl) 0'668.(706'?;‘7 to (0.81 2'332)1956) 0.241(0.009-0.474)
p 0.216a <0.001* 0.042

P 0.382 0.829° =
cholesteatoms
True positive 67/76 (88.2%) 63/76 82.9%
True negative 3/6 (50%) 6/6 (100%)
False positive 3/6 (50%) 0/6 (0.0%)

False negative
Sensitivity (%)
Specificity (%)
LR (+)

LR ()

Disease pre. (%)
PPV (%)

NPV (%)

Accuracy (%)

9/76 (11.8%)
88.2 (78.7-94.4)
50(11.8-88.2)
1.8 (0.8-3.9)
0.2 (0.1-0.7)
92.7 (84.8-97.3)
95.7 (90.9-98.0)
25(10.8-47.7)
85.4(75.8-92.2)

13/76 (17.1%)
82.9 (72.5-90.6)

100 (54.1-100)

0.2 (0.1-0.3)
92.68 (84.8-97.3)

100

31.6 (22-43.1)

84.2 (74.4-91.3)

ap (area: 0.5). LR (+), positive likelihood ratio; LR (-), negative likelihood ratio; PPV, positive predictive value; NPV,
negative predictive value; AUC: area under curve; RS-EPI, readout-segmented echo-planar; DWI, diffusion-weighted

imaging; non-EPI, non-echoplanar imaging.
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Figure 4. Receiver operating characteristic analysis of signal intensity ratio cut-off in cholesteatoma
diagnosis using readout-segmented-echo-planar imaging (EPI) diffusion-weighted imaging (DWI) (a) and

non-EPI DWI (b).

In the present study, 6 patients exhibited
false positives in both RS-EPI and non-EPI
DWIimages. The histopathological results re-
vealed “granulation tissue with foreign body
giant cells” in 1 patient; “polypoid granula-
tion tissue with chronic pyogenic infection”
in another; “inflammatory pseudopolyp and
granulation tissue”in 2 patients; and “chronic
inflammatory granulation tissue” in 2 other
patients. Additionally, other cases of false
positives in either RS-EPI or non-EPI DWI im-

ages were diagnosed with “chronic inflam-
matory granulation tissue”

The literature identifies several entities as
potential sources of false positives, includ-
ing cholesterol granuloma,’® earwax,' ab-
scesses,’” ceruminous adenomas,'®and bone
grafts.”

The literature reveals varying rates of false
positives in CHO detection using DWI MRI. A
study by Muhonen et al.’® showed that out
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of 27 patients who underwent second-look
surgery after detecting increased Sl on non-
EPI DWI, two cases (7.4%) were identified as
false positives. Another study by Semiz-Oysu
etal.’®, which involved 112 ears, reported five
cases (4.5%) as false positives.

Reducing the false positive rate could
minimize unnecessary surgical interventions
and reduce the frequency of second-look
surgeries. In the present study, we conduct-
ed SI measurements on two DWI sequences
to differentiate between false positives and
true positive cases, establishing a cut-off
value in non-EPI DWI. The literature on this
subject is sparse. Ozgen et al.2 established
an Sl ratio cut-off of 0.9 in TSE-DWI images,
achieving 100% sensitivity and specificity in
distinguishing between CHO and non-CHO
in 57 patients. In contrast, our investigation
focused solely on lesions identified with hy-
perintensity on DWI, and we established a
cut-off value to discern the more challenging
cases of true positives and false positives.
Consequently, a substantially higher cut-off
value was identified in our study.

Specifically, in the present study, when
the Sl ratio in the non-EPI DWI sequence ex-
ceeded the established cut-off value of 1.98,
the consideration of CHO was supported by
high sensitivity and specificity. The reported
values are as follows: sensitivity 82.9% and
specificity 100%. The RS-EPI DWI sequence
demonstrated a cut-off value with lower sen-
sitivity and specificity, reporting a sensitivity
of 88.2% and a specificity of 50% (Table 4). To
the best of our knowledge, no existing study
has measured Sl in both diffusion sequenc-
es and established cut-off values. Further
research in this area is warranted, and our
findings could pave the way for future inves-
tigations.

Dudau et al.?' reported an average artifact
score of 0.73 for RS-EPI (range: 0-3), assess-
ing all 426 scored entries. They also found an
average artifact score of 0 for non-EPI DWI,
aligning with our results. The increased sus-
ceptibility artifact in RS-EPI DWI, compared
with non-EPI DWI, may contribute to a higher
incidence of false-negative results in RS-EPI
DWI for Reader B. By implementing measures
to reduce susceptibility artifacts, we can en-
hance both the utilization and diagnostic
performance of the RS-EPI DWI technique.

It is widely acknowledged that non-EPI
techniques exhibit fewer susceptibility ar-
tifacts at the skull base compared with EPI
techniques.?? However, in the present study,
when examining the artifact score distribu-
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tion in RS-EPI DWI, Reader A reported “arti-
fact interfering with diagnosis” in 8 images
(5.2%), whereas Reader B reported it in only
1 image (0.65%) (Table 3). This suggests that
while RS-EPI DWI may present more artifacts
compared with non-EPI DWI, these do not
substantially affect the diagnosis.

This study has certain limitations. First, it
was conducted retrospectively, which may
have influenced the outcomes. Additional-
ly, there were differences in slice thickness
between RS-EPI DWI and non-EPI DWI. The
measurement of SI was performed manually
using a ROI. Despite efforts to minimize bias
through the involvement of two readers and
averaging their measurements for the cut-off
assessment, acknowledging the potential
limitations due to individual practitioner
variability remains important.

To validate and expand upon the find-
ings of this research, conducting prospective
studies with a larger sample size is recom-
mended. Increasing the number of studies
that thoroughly evaluate SI measurements
will contribute to a more nuanced under-
standing of DWI in the diagnosis of CHO.
Future research should prioritize efforts to
mitigate susceptibility artifacts in RS-EPI DWI
acquisition while maintaining an optimal ac-
quisition time.

In conclusion, our research suggests that
both non-EPI and RS-EPI DWI sequences ef-
fectively detect CHO with notable sensitivity
and specificity when used individually. While
RS-EPI DWI does not serve as a substitute for
non-EPI DWI, integrating both sequences
may enhance overall sensitivity. The assess-
ment of Slin DWI appears to be beneficial for
diagnosing CHO. Moreover, establishing an SI
ratio cut-off value seems to reliably differen-
tiate between CHO and non-CHO with high
precision. Finally, RS-EPI DWI demonstrated
minimal susceptibility artifacts, which did
not substantially affect the diagnostic accu-
racy.
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Dear Editor,

e read with great interest and commend Taydas et al." for their detailed description

of their experience with percutaneous nephrostomies (PCN) in neonates and infants

(<1 year of age). The authors have contributed to the literature by examining the
feasibility, safety, and efficacy of imaging-guided PCN in infants over a period of 20 years.
Taydas et al." reported a 100% technical success and low major complication rates. In this
single-center trial, 75 infants underwent PCN for various underlying pathologies, such as uret-
eropelvic junction obstruction, ureterovesical junction obstruction and others. We would like
to raise questions regarding the specifics of this trial to potentially enhance the interpretation
and further applicability of its results.

First, both fluoroscopic and sonographic guidance were implemented for the nephrosto-
my insertions. Reports on the radiation dose information are of great interest for any interven-
tional radiology procedure, such as a PCN, especially given the very young age of this cohort
and the ramifications it can have later in life. We believe that this would have enriched the
current study, as the authors already recognise.? As with all trials of procedural techniques,
patient safety is paramount and should take precedence.

Second, Taydas et al.' found a low occurrence of major complications and no periopera-
tive/postoperative sepsis, hemorrhage, or vascular/bowel injury. The number of patients in
this single-center trial is low (n = 75), and reporting the outcomes of a larger cohort might be
beneficial to drawing more concrete conclusions associated with a higher statistical power.
Cyphers et al.® reported a 2.3% incidence of urosepsis and a 18.6% incidence of urinary tract
infections in 46 cases; hence, they concluded that infection constitutes a challenge of PCN
placement in infants and neonates.

Third, some key details needed to fully evaluate this study are missing, including the spe-
cific timeframe of the conducted follow-up. Taydas et al.! assessed serum creatinine levels
and the presence of hydronephrosis at 3-month intervals. However, the total duration of the
follow-up has been omitted. In addition, as far as the underlying pathology necessitating PCN
is concerned, the authors reported the outcomes, along with the clinical and laboratory find-
ings, of a quite heterogenous cohort. Hence, given the variability in underlying pathologies
(e.g., ureteropelvic junction obstruction, ureterovesical junction obstruction, and vesicouret-
eral reflux), examining and reporting the long-term outcomes might be more beneficial to
drawing conclusions regarding the safety and efficacy of PCN in infants.

Fourth, the experience of the operators has not been included in the paper. This consti-
tutes a key detail that would allow for a complete appraisal of their technical success and a
low prevalence of complications. Lee et al.* demonstrated that the operator’s level of experi-
ence can influence the occurrence of complications.

We would like to congratulate Taydas et al.! for contributing to the literature, expounding
their methodology and evaluating PCN in infants. However, we believe their findings should
be interpreted cautiously considering the issues highlighted here.' We welcome Taydas et al’s’
next work and eagerly await the results of further research on this very interesting topic.
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PURPOSE

To compare computed tomography (CT)-guided transthoracic lung biopsies (CTLB) with and with-
out pre-procedure '"®F-fludeoxyglucose positron emission tomography ("®F-FDG PET)/CT images in
the diagnosis of pulmonary nodules/masses.

METHODS

This is a case-control study in a single center. The data of patients with a transthoracic lung biopsy
guided by CT and pre-procedure *F-FDG PET/CT (group 2, here called the “PETCTLB” group), in-
cluding demographics, clinical characteristics, and biopsy-related parameters, were collected. The
PET/CT scan was performed within 15 days before the biopsy. The data from patients with CTLB
were used as controls (group 1). Biopsies for all patients were performed by the same physician
between January 2019 and December 2021. The final diagnosis was based on surgical outcomes, or
imaging findings, and the results of at least one 6-month follow-up. The demographics and clinical
characteristics of patients, lesions and biopsy-related variables, diagnostic yields, and incidence of
complications were compared between the two groups. Two-tailed t-tests were used to compare
the mean values in the two independent groups, while categorical variables were compared using
the Pearson chi-squared test, and P values < 0.05 were considered to be significant.

RESULTS

A total of 84 patients were included, and 84 biopsies of 84 lung nodules/masses were analyzed.
The demographics and clinical characteristics of group 2 (n = 39; 21 men; mean age, 63.2 + 9.29
years) and group 1 (n = 45; 30 men; mean age, 61.2 + 12.3 years) had no significant difference (P =
0.230 and 0.397, respectively). The procedure duration (11.1 £ 3.0 vs. 12.9 + 3.3 minutes, P = 0.008),
the number of samples (2.6 £+ 0.5 vs. 3.1 + 0.4, P < 0.001), diagnostic accuracy (97.4% vs. 82.2%, P =
0.033), and bleeding complication (25.6% vs. 42.2%, P = 0.034) of group 2 and group 1 were statis-
tically different.

CONCLUSION

A biopsy guided by CT plus pre-procedure '®F-FDG PET/CT (PETCTLB) is a safe procedure that can
provide a precise diagnosis in the majority of lung nodules/masses. It has better diagnostic perfor-
mance than CTLB.

KEYWORDS
8F-FDG PET/CT, CT-guided transthoracic biopsy, lung, nodule, mass

ung cancer is currently the leading cancer in incidence and cancer-related mortality

worldwide,' and tumor screening is an important approach to its early diagnosis and

management.? Lung nodules/masses are frequent findings on radiography and/or com-
puted tomography (CT) scans. With the gradual promotion and popularization of low-dose
CT as a device for lung cancer screening, a large number of suspicious lung nodules/masses
are being discovered. The biggest challenge in the management of suspected lung nodules/
masses is the need to distinguish malignant and benign occurrences, as malignant lesions are
treated using a completely different strategy when compared with benign lesions.
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Common methods for clinical diagnosis
of malignant lung nodules/mass include the
detection of serum biomarkers (DSB), exfoli-
ative sputum cytological analysis (ESC), chest
imaging, fiberoptic bronchoscopy examina-
tion (FBE), and transthoracic lung biopsy.* Tu-
mor cells can be found only in a small number
of patients with lung cancer using ESC;* the
application of FBE (including endobronchial
ultrasound-guided transbronchial needle
aspiration) is restricted by its limited scope;®
DSB and imaging fail to obtain histological
and cytological evidence in the diagnosis. A
computed tomography-guided transthorac-
ic lung biopsy (CTLB) is a minimally invasive
procedure and widely implemented for the
histologic analysis of suspected lung lesions,
but may be inconclusive. Strategies that
improve CTLB performance are required.
Both CTLB and '8F-fludeoxyglucose positron
emission tomography ("8F-FDG PET)/CT are
conducted routinely in patients with sus-
pected pulmonary nodules/masses for diag-
nosis and staging. '8F-FDG PET/CT metabolic
information about lung lesions, and several
studies have explored its use in lung biop-
sies.®” In the present study, we aim to eval-
uate the performance of CTLB without and
with pre-procedure '®F-FDG-PET/CT images
[i.e., a transthoracic lung biopsy by CT plus
pre-procedure ®F-FDG PET/CT (PETCTLB)].

Methods

This is a retrospective case-control study
in a single center concerning the period be-
tween January 2019 and December 2021.
The Research Ethics Committee of the Institu-
tional Ethics Committee of Jiangxi Provincial
People’s Hospital (the First Affiliated Hospital
of Nanchang Medical College) has confirmed
that no ethical approval is required. Individ-

* Compared with a computed tomography
(CT)-guided biopsy, a biopsy guided by CT
plus pre-procedure '8F-fludeoxyglucose
positron emission tomography (**F-FDG
PET)/CT can offer better diagnostic perfor-
mance.

8F-FDG PET/CT can distinguish between
viable tumors and necrosis or fibrosis in re-
sidual masses.

* The complementary morphological and
metabolic data (using 40% of maximum
standardized uptake value as the threshold)
can be relevant for defining biopsy targets.

* Marking the target of a percutaneous bi-
opsy in the ®F-FDG PET/CT images before
puncture biopsy can improve the success
rate of a CT-guided puncture biopsy.

ual consent for this retrospective study was
exempted.

Inclusion and exclusion criteria

All patients were considered for a biopsy
due to pulmonary nodules. All enrolled pa-
tients had signed written informed consent
forms for the biopsy and had undergone a
routine blood test, coagulation function test,
renal and hepatic function test, and electro-
cardiogram before the biopsy. The inclusion
criteria of the PETCTLB patients were as fol-
lows: PET/CT imaging was performed with-
in 15 days before the biopsy; no suspicious
distant metastases were found on the PET/
CT images; the lesion had high metabolic
activity (the FDG uptake in the lesion was
higher than that in the liver); all biopsies
were performed by the same physician and
guided by the same PET/CT scanner. The ex-
clusion criteria were as follows: patients with
preoperative pneumothorax or hemothorax;
patients with obstructive emphysema before
the biopsy; patients with incomplete medi-
cal records, including follow-up data. The
inclusion criteria of the patients undergoing
CTLB were as follows: as the control group,
the CTLB was performed on the same days
on which PETCTLB was performed; the CTLB
was performed by the same practitioner who
performed the PETCTLB. The exclusion crite-
ria were the same as the PETCTLB exclusion
criteria. The patients with CTLB and PETCTLB
each formed a consecutive series.

The histological specimens were re-
viewed, and the pathological diagnoses of
the histologic grades and types were con-
firmed by a pathologist.

The patients who had undergone CTLB
were assigned to group 1 (the control group),
and the patients who had undergone PETCT-
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LB were assigned to group 2 (the study
group).

Computed tomography-guided transtho-
racic lung biopsy

A CTLB is a commonly performed and
minimally invasive diagnostic procedure for
pulmonary nodules and masses.

Group 1: all relevant laboratory examina-
tions and imaging (not including ®F-FDG
PET/CT) were performed before the biopsy
to exclude patients with contraindications
to transthoracic biopsy; the CT technician
trained the patients to breath-hold to ensure
that they could cooperate with the biopsy;
the principles of the biopsy pathway selec-
tion were the minimum vertical distance, no
big blood vessel on the pathway, and easy
for the patient to cooperate. The entry site,
depth, and inclination angle to direct the
needle into the lesion were determined by
initial low-dose CT localization scans (tube
voltage 120 kV, tube current 80-100 mA, re-
construction thickness 5.0 mm. PET/CT scan-
ner; GE Healthcare, USA, Discovery STE) with
a gradient grid metallic marker fixed on the
patient’s body surface (Figure 1). The biopsy
was performed using an 18-gauge X 160 mm
co-axial core needle.

Computed tomography-guided trans-
thoracic lung biopsy with pre-procedure
"8F-FDG PET/CT

Group 2: all the patients underwent an
F-FDG PET/CT examination. PET/CT imag-
ing: all patients were instructed to fast for
at least 6 hours before the '®F-FDG injection,
and their blood glucose levels remained in a
normal range. Each patient was injected via a
venous line with an activity of mean 282 MBq
(5.5 MBg/kg) '8F-FDG. The patient was rested

Figure 1. Schematic diagram of body surface gradient grid locating technique. The dashed lines (D-®&)
on the locator correspond to the slices (b-e), respectively, on the computed tomography (CT) scan. (a)
Homemade body surface gradient grid locator; (b-e) CT localization slices; red arrow, indicating the biopsy

path.
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for a scheduled 45-60-minute uptake peri-
od, followed by image acquisition on a PET/
CT scanner (Discovery STE; GE Healthcare,
USA). No oral or intravenous contrast was
administered. A CT scan from the vertex of
the skull to the upper thigh, with the patient
supine, was performed for PET attenuation
correction and anatomical location. The CT
parameters were as follows: 120 kV, automat-
ic tube current, and CT reconstruction thick-
ness of 3.75 mm. The PET data were acquired
covering the same area in three-dimensional
mode, the acquisition time per bed position
was 2.5 or 3.0 minutes, with a total of 6-8
bed positions acquired. Two-dimensional
PET images were reconstructed with a slice
thickness of 3.75 mm using the ordered sub-
set expectation maximization iterative im-
age reconstruction method. Forty percent of
the maximum standardized uptake value of
the lesion was used as a threshold to delin-
eate the target on axial, coronal, and sagittal
fusion images (Figure 2); the optimal entry

sites and pathway were then determined
according to the metabolic distribution and
the shortest distance from the surface punc-
ture site. The remaining procedures were the
same as in group 1.

The depth of the needle was measured
from the pleura to the edge of the intrapulmo-
nary lesion along the needle path (Figure 3a).

After the biopsy was completed, a low-
dose chest CT scan was performed to ob-
serve whether there were complications,
such as pneumothorax or lung bleeding (Fig-
ure 3b), and corresponding treatment was
carried out.

Biopsy results

(1) Definition of “diagnosis”: tumor cells
(primary or metastatic), mycobacterium tu-
berculosis, and fungi were found; (2) defini-
tion of “possible diagnosis”: the pathological
diagnosis of the specimen was non-specific
inflammation or granuloma; (3) definition of

Figure 2. Metabolic distribution of lung lesions on positron emission tomography/computed tomography
image. (a-c) An adenocarcinoma of the right upper lung; (d-f) postoperative recurrence of the right upper
lung squamous cell carcinoma. Left: axial CT; middle: fused image; right: the biopsy area represented by

green on the fused image.

—

-~

Figure 3. Needle path length and complication. (a) Needle path length through the ventilated lung,
measured from the pleura to the edge of the lesion; (b) pneumothorax and pulmonary hemorrhage.
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“biopsy failure”: no pathological tissues were
observed, or only normal lung, diaphragm,
and liver tissues were observed.

The final diagnosis was based on surgical
outcomes or imaging findings and the re-
sults of a 6-month follow-up.

Follow-up

All patients were routinely followed up.
The patients in this study were followed up
for 6-28 months (mean: 12.8 + 9.3 months).
The follow-up methods included telephone
or web chat (n = 47), outpatient examina-
tion (n = 19), and assessment of inpatient
medical records (n = 4). Patients who did not
have surgery (n = 35) were followed up for
at least 6 months, during which at least one
CT was performed. The follow-up time was
calculated from the biopsy date to the last
CT follow-up date of patients; the mean CT
follow-up time was 6.2 months (range: 3-11
months). When the suspected lung nodules/
masses were confirmed to be stable in size
and features, or subsided on CT, it was con-
sidered to be truly benign.

Statistical analyis

The measurement data was described
as mean = standard deviation (SD) and cat-
egorical variables were reported as n (%).
Statistical analysis was performed using
SPSS v19 statistical software. The t-test was
used to compare continuous variables in the
groups. Pearson’s chi-squared test or Fisher’s
exact test was used to compare categorical
variables in the groups. The significance level
was established as a = 0.05.

Results

Demographics and clinical characteristics
of the eligible patients

A total of 84 patients were finally included
in this study, including 51 men and 33 wom-
en, with a mean age of 61.2 + 12.3 years. Of
84 biopsy lesions, 17 were benign and 67
were malignant. The longest diameter of the
lesion measured in the axial CT ranged from
10 mm to 68 mm, with a mean of 33.1 £ 13.9
mm. A CTLB was performed in 45 (53.6%) pa-
tients (group 1) and PETCTLB in 39 (46.4%)
patients (group 2). All biopsies were com-
pleted between January 2019 and Decem-
ber 2021. The demographic and clinical data
of the two groups are summarized in Table 1
and show that there was no significant differ-
ence between the two groups (P> 0.05).

Jinetal.



The number of needle adjustments, the
number of samples, and the procedure
time

The needle placement efficiency for ob-
taining specimens was evaluated by the
number of needle adjustments and the pro-
cedure time.

The mean number of needle adjustments
for each patient was (3.3 = 1.0 SD, range:
2-6) for PETCTLB procedures and (3.6 £ 1.1
SD, range: 2-8) for CTLB procedures. A com-
parison of the two groups showed no signifi-
cant statistical difference between them (P >
0.05). The mean number of samples was (2.6
+ 0.5 SD, range: 2-3) in group 2 and (3.1 +
0.4 SD, range: 2-5) in group 1, respectively;
the difference between the two groups was

significant (P < 0.05). The procedure time was
calculated from the start of the localization
scan to the acquisition of the specimen. The
mean procedure time was (11.1 + 3.0 SD,
range: 7-17) minutes in group 2 and (12.9 +
3.3SD, range: 7-19) minutes in group 1; a sig-
nificant statistical difference was observed in
the comparison of the procedure time in the
two groups (P < 0.05, Table 2), with the pro-
cedure time in group 2 being less than that
ingroup 1.

Initial pathological results and complica-
tions

In group 1, the initial pathological results
in 37 (82.2%) patients were consistent with
the final diagnosis, biopsies failed in 1 pa-
tient, and no malignant cells were observed

Table 1. Demographic data and clinical characteristics of the two groups

CTLB (group 1) PETCTLB (group 2) P value
n=45 n=39

Age (years) 61.2+123 63.2+9.3 0.397
Sex, male, n (%) 66.7% (30/45) 53.8% (21/39) 0.230
Lesion sites
U/M lobes 26 24 0.726
Lower lobe 19 15
LD of lesion (mm) 328+ 14.0 334 +13.9 0.837
Lesion nature
Benign 10 7 0.627
Malignant 35 32

CTLB, computed tomography guided transthoracic lung biopsy; PETCTLB, computed tomography guided
transthoracic lung biopsy with pre-procedure '®F-FDG PET/CT images; UM lobes, upper and middle lobe
of the lung; LD, the longest transverse diameter in the axial computed tomography plane; '®F-FDG PET/CT,
'*F-fluorodeoxyglucose positron emission tomography/computed tomography.

Table 2. Comparison of the procedure and results of biopsies between the two groups

CTLB PETCTLB P value
(group 1) (group 2)

n=45 n=39
Number of needle position checks 36+ 1.1 33+£1.0 0.329
Procedure time (minutes) 129+33 11.1+£3.0 0.008
Needle path length (mm)
<20 18 17 0.739
>20 27 22
Number of samples 31+04 26+0.5 <0.001
Diagnostic accuracy of the biopsy (cases) 82.2% (37/45) 97.4% (38/39) 0.033
Complications, % (cases)
Subcutaneous emphysema and/or 22.2% (10/45) 23.1% (9/39) 0.926
pneumothorax
Intrapulmonary hemorrhage and/or 42.29% (13/45) 25.6% (4/39) 0034
hemothorax
Biopsy failure, % (cases) 4.4% (2/45) 0% (0/39) 0.497

CTLB, computed tomography guided transthoracic lung biopsy; PETCTLB, computed tomography guided
transthoracic lung biopsy with pre-procedure '®F-FDG PET/CT images; needle path length, needle path
length through the ventilated lung, measured from the pleura to the edge of the lesion; '®F-FDG PET/CT,
'*F-fluorodeoxyglucose positron emission tomography/computed tomography.

in the samples of 6 patients with malignan-
cies. In group 2, the initial pathological re-
sults in 38 (97.4%) patients were consistent
with the final diagnosis, and only one case of
pulmonary tuberculosis was misdiagnosed
as non-specific inflammation. The difference
between the two groups was statistically
significant for them (P < 0.05), and the diag-
nostic coincidence rate was higher in group
2 than in group 1. Developed pneumotho-
rax and/or subcutaneous emphysema were
observed in 10 (22.2%) patients of group 1
and in 9 (23.1%) patients of group 2, during
or after the procedure; no statistically sig-
nificant differences were observed between
the two groups (P > 0.05). However, the in-
cidence of hemorrhage (intrapulmonary
hemorrhage and/or hemothorax) during or
after the biopsy was observed in 13 (42.2%)
patients of group 1 and 4 (25.6%) patients
of group 2, and a significant statistical differ-
ence was observed between the two groups
(P < 0.05); bleeding complications occurred
less in group 2 than in group 1. One patient
in group 1 developed massive hemoptysis
(single hemoptysis >100 cc), there were four
cases of massive pneumothorax (pneumo-
thorax volume >30% of volume thoracic cav-
ity) in each group, and no procedures-related
deaths were reported in either group.

Discussion

In the present study, we compared the
outcomes of PETCTLB and CTLB. We found
that (1) the mean procedure time was less
(11.1 £3.0vs. 12.9 + 3.3), (2) the mean num-
ber of samples was less (2.6 £ 0.5 vs. 3.1 +
0.4), (3) the diagnostic accuracy was higher
(97.4% vs. 82.2%), and (4) bleeding complica-
tions occurred less (25.6% vs. 42.2%) in the
PETCTLB group than in the CTLB group, re-
spectively. These results suggest that PETCT-
LB is a feasible approach that improves the
diagnostic performance of a transthoracic
lung biopsy, thus providing greater potential
benefits for patients than CTLB.

As a reliable and safe procedure for the
diagnosis of indefinite pulmonary lesions,
CTLB, which allows both histological and
biomolecular study, is a standard sampling
technique and is widely used.® Although it
has a higher accuracy,' the inhomogene-
ity (such as necrotic and cystic area) of lung
nodules/masses, atelectasis or consolidation,
obstructive pneumonia, and peripheral re-
gion of reactive inflammatory tissue inevi-
tably leads to an increase in false negatives.
Since histological cuts of biopsies can only
obtain a small part of the lesion for analysis,
CTLB of lung nodules/masses may be subject
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to sampling errors.' There are more advan-
tages to PETCTLB than CTLB, since PET/CT
can show the distribution of metabolic ac-
tivity in the lesion, providing a well-defined
biopsy target and effectively avoiding areas
of necrosis, cystic degeneration, atelectasis,
and some inflammation, leading to higher
accuracy.

There is currently no consensus or guide-
lines for the number of samples to be taken,
but the number of samples taken is usually
3-4," and to obtain reliable samples during
CTLB, the sampling sites are often scattered
in the lesion. However, in the metabolic dis-
tribution provided by PET/CT images, the
biopsy target is specific, the biopsy sites se-
lected are relatively concentrated, and with
the accumulation of technique experience, a
smaller number of samples may be required,
thus reducing the adjustment range of in-
clination of the needle and shortening the
procedure time. In the present study, com-
paring the number of samples taken by the
two groups, the difference was statistically
significant, and the mean number of samples
taken in group 2 was less than that in group
1; the procedure time and the bleeding com-
plication incidence were also reduced corre-
spondingly.

Biopsies guided by PET/CT can be broadly
divided into real-time PET/CT-guided biop-
sies and PETCTLB.%'""'2 One study' showed
that the accuracy of real-time PET/CT-guided
lung biopsies was higher than that of CTLB,
reducing re-biopsies. However, there are
currently no guidelines on real-time PET/
CT-guided biopsies, and they also carry some
radiation risks for the operators and patients.
"8F-FDG PET/CT has been widely used in the
evaluation of tumors, and despite patients
being inevitably also exposed to a certain
amount of radiation, it has been proven to
be safe. A study of PET/CT examinations
in children showed that a proper scanning
regimen can minimize the radiation dose
received during the examination." Lin et
al."" compared the results of intraprocedural
CT-guided biopsies with prior PET/CT fusion
images and CT-guided biopsies alone, show-
ing no significant difference in procedure
time, but there was a higher diagnostic yield
for malignancy in the fusion images group
than that in the routine group. Our study is
a more comprehensive comparison of CTLB
and PETCTLB. Although PETCTLB requires
less time and fewer samples, it has higher di-
agnostic accuracy and fewer bleeding com-
plications.

In group 2, the low incidence of bleeding
may be because the sample was taken in the
middle of the tumor tissue rather than the
edge.

In addition, we also highlight herein the
importance of body surface determination
during a transthoracic biopsy. In the present
study, we used a self-made gradient grid lo-
cator. Verified through clinical application
and evaluation, it is simple, practical, and ef-
fective in ensuring the stability and reliability
of body surface positioning.

There are several limitations in our study.
First, this is a single-center retrospective
study. Second, PET/CT is not a routine item
covered by health insurance in China, and a
potential selection bias is inevitable for the
patients in PETCTLB. Third, in both group 1
and group 2, the range of sizes of the pulmo-
nary lesions was large.

In conclusion, compared with CTLB,
PETCTLB can reduce the number of samples
taken, shorten procedure time, improve di-
agnostic yield, and reduce bleeding com-
plications; it is a safe procedure that can
provide a precise diagnosis in the majority
of lung nodules/masses, and it has a better
diagnostic performance.
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Correlation between computed tomography-based body composition
parameters and hepatic venous pressure gradient in patients with
cirrhosis: a systematic review and meta-analysis

Siwei Yang'
Zhiyuan Zhang' PURPOSE
Qiyang Chen? Computed tomography (CT)-based body composition parameters and the hepatic venous pressure

gradient (HVPG) are key characteristics in patients with liver cirrhosis. The present study aims to
explore the correlation between CT-based body composition parameters and HVPG, as well as the

Yuefeng Hu'

Tianhao Su' difference in HVPG between patients with and patients without sarcopenia.
Xuedong Sun'
Long Jin? METHODS

A literature search for studies reporting the correlation between HVPG and CT-based body com-
position parameters published in English up to August 2023 in four databases, Embase, MEDLINE
(via PubMed), Web of Science, and Cochrane Library, was conducted. The correlation coefficient
between HVPG and CT-based body composition parameters was the primary outcome, and the

1Capital Medical University, Beijing Friendship
Hospital, Department of Interventional Radiology,

Beijing, China X . X 5

)ing difference in the HVPG value between the sarcopenia and non-sarcopenia groups was the second-
2Capital Medical University, Beijing Tongren Hospital, ary outcome. A meta-analysis was conducted using a random-effects models. The methodologic
Department of Ultrasound, Beijing, China quality was assessed using the Quality Assessment of Diagnostic Studies instrument.

RESULTS

A total of 652 articles were identified, of which nine studies (n = 1,569) met the eligibility criteria.
Among them, seven studies reported the primary outcome via the muscle index, five via the skel-
etal muscle index (SMI), two via the psoas-muscle-related index (PRI), and three via two adipose
tissue indexes. A total of five studies reported the secondary outcome: four via SMl and one via PRI.
No evidence of a significant correlation was determined between the various body composition pa-
rameters and the HVPG value, either in the muscle index or the adipose tissue index. Higher HVPG
values were observed in patients with sarcopenia than in patients without sarcopenia [pooled stan-
dardized mean difference (SMD): 0.628 (—0.350, 1.606), P < 0.001; * = 92.8%; P < 0.001] when an
Asian sarcopenia definition was adopted. In contrast, when a Western cut-off value was applied,
the HVPG value was higher in patients without sarcopenia than in patients with sarcopenia [pooled
SMD: —0.201 (-0.366, —0.037), P = 0.016; > = 0.00%; P = 0.785].

CONCLUSION
No sufficient evidence regarding a correlation between the CT-based body composition and HVPG
value was discovered. The difference in the HVPG value between the sarcopenia and non-sarcope-

This study was registered prospectively on the nia groups was likely dependent on the sarcopenic cut-off value.
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arcopenia, a disease entity representing

a progressive and generalized skeletal

muscle disorder, is a prevalent mor-
bidity of liver cirrhosis (LC)." Due to the con-
comitant altered catabolic state, insulin re-
sistance, chronic systemic inflammation and
physical inactivity, sarcopenia exists in differ-
ent LC stages and is closely related with de-
compensation risk and postoperative com-
plications, as well as mortality independent
of commonly used tools, such as Child-Pugh
score or the model for end-stage liver disease
(MELD) score.”* Furthermore, the role of adi-
pose quantity or distribution as a precipitat-
ing event for poor prognosis in patients with
LC has also been proposed.>® Importantly, as
two body phenotypes, the muscle and adi-
pose quantity may interact with each other
instead of acting as two independent patho-
physiological conditions.”

Computed tomography (CT) is considered
the gold standard for assessing muscle or ad-
ipose quantity, and CT-based muscle quanti-
ty is recommended for defining sarcopenia.®®
In patients with LC, CT is routinely performed
with the aim of monitoring portal-systemic
collaterals and tumor development or re-
currence; thus, CT-based body composition
parameters are accessible and reproducible.
In addition, the hepatic venous pressure
gradient (HVPG) is recognized as the gold
standard for evaluating portal hypertension
(PH).™® To stratify the risk of decompensation
with intent for early intervention, HVPG mea-
surement has also been encouraged in pa-
tients with LC in real-life practice.”

Body composition, especially muscle
quantity, and HVPG have been characterized
as important characteristics in patients with
LC. With the progress of LC, clinically signif-

* The present study is deemed to be the first
meta-analysis to quantify evidence of a cor-
relation between the hepatic venous pres-
sure gradient (HVPG) and the body compo-
sition parameters.

* The association between portal hyperten-
sion (PH) and body composition parameters
as two characteristics in patients with cir-
rhosis was revealed, with the goal of explor-
ing the impact of PH on skeletal muscle loss
or adipose tissue change.

* No evidence of significant correlation was
determined between various body compo-
sition parameters and HVPG.

* The difference in the HVPG value between
patients with sarcopenia and patients with-
out sarcopenia is likely dependent on the
sarcopenic definition.

icant PH is concomitant. Muscle depletion
and fat accumulation or redistribution also
likely occur in this course."'? Specifically, the
metabolism changes of such a population are
characterized by insulin resistance, dysregu-
lated muscle protein turnover, and altered
lipid redistribution.” Furthermore, some clin-
ical events, such as loss of appetite, fluid re-
tention, and sedentary behavior, contribute
to alterations of the body phenotype. A large
sample cross-sectional study revealed that
muscle mass depletion was independent-
ly associated with the liver fibrosis stage.™
In addition, a preclinical study showed that
ammonia-lowering therapy could result in
an increase of skeletal muscle mass.” Nev-
ertheless, the evidence on the correlation
between HVPG and body composition is still
weak. The number of existing studies is too
limited to provide relevant data. Discrepant
results were yielded among these studies.
The study by Matsui et al."® showed that the
HVPG value was inversely correlated with
the skeletal muscle index (SMI). In contrast,
other published data showed a null associa-
tion.>'7'? Similarly inconsistent results have
also been observed regarding the adipose
tissue index and HVPG. Rodrigues et al.> con-
cluded that there was a significant negative
correlation between the subcutaneous adi-
pose tissue index (SATI) and the HVPG value,
but Cho et al.’”® and Zeng et al.” did not.

Whether the HVPG value is correlated
with a certain body composition parameter,
and to what extent the HVPG value differs
between patients with sarcopenia and pa-
tients without sarcopenia remains unknown.
Knowledge of the impact of PH on muscle
or adipose tissue is highly desirable, guiding
nutrition support and tailoring individual-
ized therapy. The additional value of HVPG,
known as a validated index mirroring PH,
would be detected for association with body
tissue alternations in patients with LC. Hence,
a meta-analysis was conducted to overview
the current evidence and address this issue.

Methods

Protocol registration

The present review was performed fol-
lowing the 2020 Preferred Reporting Items
for Systematic Reviews and Meta-Analyses
(PRISMA) statement.®® The PRISMA checklist
is shown in Online Resource 1. This study
was registered prospectively in the Inter-
national Prospective Register of System-
atic Reviews in 2023 (registration number:
CRD42023392942). The requirement for in-
formed consent and ethical approval from
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the Institutional Review Board were waived
because the study quantified all existing
publicly available data instead of involving
specific patients.

Eligibility criteria

Population, interventions, comparisons,
outcomes: the population of interest was pa-
tients with LC. The interventions of interest
included CT scanning and HVPG within an
acceptable interval. The outcomes of inter-
est included: (1) the correlation analysis be-
tween various body composition parameters
and HVPG; and (2) the HVPG value reported
in patients with or without sarcopenia. The
comparison and study of interest were not
applicable or limited.

The abstract of a conference poster
containing relevant information was also
eligible. The authors contacted the corre-
sponding author for detailed information.
References cited in the text of selected arti-
cles were also further searched to minimize
publication bias.

Search strategy

Peer-reviewed articles written in English
and published up to August 2023 were
searched in Embase, MEDLINE (via PubMed),
Web of Science, and Cochrane Library. The
retrieval protocol combined medical subject
headings and text, which were mostly de-
rived from entry terms in the PubMed and
Embase databases. The search strategy is
available in Online Resource 2.

Study selection

The exclusion criteria were as follows: (1)
duplicate and irrelevant articles; (2) cell-line
studies; (3) review articles; (4) case reports;
(5) letters; (6) comments and editorials; (7)
subjects from pediatric and non-human
sources; and (8) cadavers.

The further exclusion criteria in a full-text
assessment were as follows: patients with
(1) LC with non-intrahepatic causes; (2) pres-
ence of evident intrahepatic vessel commu-
nication in measuring HVPG; and (3) a history
of transjugular intrahepatic portosystemic
shunt.

The HVPG value and body composition
parameter on a continuous scale were eligi-
ble for analysis.

The correlation analysis should be per-
formed using Pearson’s (r) or Spearman’s rho
analysis according to the normality of the
raw data. Presently, the impact of tumors

Yang et al.



not involving an intra- or extra-hepatic great
vessel on the HVPG value remains unclear.
Measurements of HVPG were performed in
selected patients with hepatocellular carci-
noma (HCC) and LC in real-life practice; thus,
patients with HCC with a Barcelona Clinic Liv-
er Cancer stage of 0, A, or B would not have
been excluded in this meta-analysis. In ad-
dition, this potential effect could be further
eliminated in the subgroup analysis.

Definitions

Transversal-psoas muscle thickness and
psoas muscle thickness by height are the
same measurement with different names,
referring to the transversal diameter of the
psoas muscle perpendicular to the largest
axial psoas muscle diameter at the L3 plane
normalized by height. Therefore, these two
indexes were replaced with the psoas-mus-
cle-related index (PRI) for analysis. All muscle
and adipose indexes are defined and illus-
trated in Supplementary Figure 1.

Outcomes

The primary outcome was the correlation
coefficient between various body composi-
tion parameters and HVPG. The difference in
HVPG value between the sarcopenia group
and the non-sarcopenia group was the sec-
ondary outcome. Due to a lack of a validated
cut-off value to define adipopenia, the sec-
ondary outcome analysis was not performed
in adipose indexes.

Data extraction

Two review authors (S.Y. and Q.C.) blindly
and independently extracted the following
items from each article: the first co-author,
year of publication, country, study design,
sample size, body mass index (BMI), sex,
cause of liver disease, albumin, decompen-

sation proportion, Child-Pugh score, MELD
score, the interval between CT scan and
HVPG measurement, sarcopenia definition,
sarcopenia cut-off value, sarcopenia pro-
portion, HVPG value in the sarcopenia and
non-sarcopenia groups, correlation coeffi-
cient between body composition parame-
ters and the HVPG value, and details of the
HVPG measurement technique.

All data were respectfully recorded by two
review authors using Microsoft Excel. Any in-
consistency was resolved by reviewing the
original article to achieve a consensus.

Risk of bias and certainty of evidence as-
sessment

Two review authors independently as-
sessed the methodological quality with re-
gard to risk of bias and applicability concern
using the Quality Assessment of Diagnostic
Studies instrument. The Grading of Rec-
ommendations Assessment, Development
and Evaluation (GRADE) system and online
tool (GRADE Pro GDT, https://gdt.gradepro.
org/) were used to rate the outcome if pos-
sible. The certainty of evidence was classified
into four levels based on the five domains
(https://training.cochrane.org/resource/
grade-handbook) high, moderate, low, and
very low.

Statistical analysis

The HVPG values in the sarcopenia and
non-sarcopenia groups presenting as mean
+ standard deviation were summarized. Val-
ues presenting as the median (interquartile
range) would have been converted using an
established fashion if necessary.?'

The difference in the HVPG values was
compared using the standardized mean dif-
ference (SMD) with a 95% confidence inter-

(n=878)
Cochrane n=92
Embase n=379
PubMed n=246

Identification

Records identified through database searching

Web of science n=161

(n=652)

‘ After removing duplicated records ‘

}

‘ Records screened(n=652)

Irrelevant records
exclusion(n=641)

l

Full-text assessment for eligibility(n=11)

Exclusion:
Portal pressure gradient measurement n=1
Data not available n=1

Eligibility | Screening |

l

Includsion

Studies included in meta-analysis(n=9) ‘

Figure 1. Flow diagram of the study selection process.

val (Cl). The Pearson correlation coefficient
was collected and converted to the Fisher-Z
value according to the following equation: Z
=0.5[n (1 + 1 -In(1—-r)]; the correspond-
ing standard error was calculated according
to the following equation: SEz= ——, and

d

summary r was recovered using the follow-
ing equation: r = (e*—1) / (e¥+1).22

A Fisher transformation was used to con-
vert the Spearman coefficient into an ap-
proximately normal distribution and further
calculate the 95% Cl. Subsequently, the same
summary process was conducted as a Pear-
son analysis. Fisher’s Z value was used in the
meta-analysis and shown in the plots, and
the correlation coefficient derived from the
inverse Fisher's transformation was present-
ed as the summary result. The heterogeneity
was identified using Cochran’s Q test and fur-
ther quantified using the P statistic among
the studies. When the P value was <0.05 or
the PP value was >50%, the heterogeneity was
considered high, and the source of bias was
explored. Publication bias was assessed if the
number of included studies was >10.2In the
prespecified sensitivity analysis, pooled cor-
relation coefficient estimates were further
stratified as per presence of HCC and differ-
ent sarcopenic cut-off values.

A P value of <0.05 was indicative of a sig-
nificant difference. Considering the hetero-
geneity and sample size, a random effects
model was selected to calculate the pooled
effect size. The Stata MP (version 16.0, Sta-
ta Corp, College Station, USA) package was
used for meta-analysis, and Review Manager
(version 5.3) was used to evaluate the meth-
odological quality.

Results

Study characteristics

Of the 652 studies screened initially, nine
involving a total of 1,569 patients with LC
were included for meta-analysis.>'¢192427 A
corresponding flow diagram is shown in Fig-
ure 1.

One poster including relevant data was
excluded because it had not been published
officially, and the request for raw data or ef-
fect size had not been answered.?® The char-
acteristics of the included studies are shown
in Table 1.

Regarding the characteristics of the in-
cluded patients, the sarcopenia proportion
ranged from 34.7% to 71% across the eligible
studies. The most common cause of liver dis-
ease was alcohol in six studies, followed by
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virus in the remaining three studies. There
were 13 participants with HCC in the context
of LC included in one study."”

A total of seven studies reported the pri-
mary outcome. Of these, five comprised 718
patients reported via SMI>'¢' (one reported
the correlation coefficient separately in the
sarcopenia and non-sarcopenia subgroups)'’
and two comprised 268 patients reported in
PRI.2>% A total of three studies provided the
primary outcome in SATI and the visceral ad-
ipose tissue index (VATI).>181°

In addition, five studies reported the
secondary outcome: four reported via SMI
and one reported via PRI.>> Among the four
studies reporting via SMI, the cut-off value
was 42 cm?/m? for men and 38 cm?/m? for
women in two studies'®’” and 52.4 cm?/m?
in men and 38.5 cm?’/m? in women in the
other two studies.?*?” Considering that SMI
was recommended for defining sarcopenia
by most societies, the study reporting via
PRI was not included for the secondary out-
come.

For the publication nation, one study was
conducted in Australia,?® one in Switzerland,®

ilﬂ

% 0% 25% 50%
Applicability Concerns

and the remaining seven in Asian countries,
including China,™ Japan,'®'” and the Repub-
lic of Korea.'8242627

All included studies were retrospective
studies published in the last 5 years.

Quality assessment and risk of bias

All included studies were considered to
be of low or moderate risk of bias, as illustrat-
ed in Figure 2. The detailed scales are shown
in Online Resource 3. The GRADE summary of
findings for the outcome is provided in Sup-
plementary Table S1.

Primary outcome

Muscle index

Only Matsui et al.’ reported a significant-
ly negative correlation between SMI and
HVPG in 202 patients; the remaining studies
reported a null correlation.

The pooled correlation coefficient, re-
gardless of muscle index, was —0.08 (-0.25,
0.09; P = 0.368), with significant heterogene-
ity observed (overall: *= 85.3%; P < 0.001);
similar results were observed in the SMI and

__RiskofBias  Applicability Concerns
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Figure 2. Methodological quality of all included studies. Left: methodological quality graph; right:

methodological quality summary.

Figure 3. Pooled correlation coefficient for the muscle index in all eligible studies.

PRI subgroups [SMI: r = —0.09 (-0.31, 0.14); P
= 0.442; P= 88.4%; P < 0.001; PRI: r = —0.01
(=0.15,0.12); P=0.852; = 16.1%; P = 0.275]
(Figure 3).

Adipose tissue index

No significant correlation was pooled [r =
—0.03 (-0.12, 0.05), *= 34.5%, P = 0.177] in
either of the adipose index subgroups [SATI: r
=-0.06 (-0.24,0.13), P=0.545; VATIl: r =-0.03
(=0.12, 0.07), P = 0.586]. The high heteroge-
neity was detected in the SATI subgroup (
=71.1%, P = 0.032) but not in the VATI sub-
group (= 0.0%, P = 0.695). The correspond-
ing forest plot is shown in Figure 4.

Secondary outcome

The summary difference of the HVPG
value between the sarcopenia and non-sar-
copenia groups indicated statistical signifi-
cance, with unstable results due to different
sarcopenia definitions. When using the cut-
off value from the Japan Society of Hepatol-
ogy guidelines for sarcopenia (SMI <42 cm?/
m? for men or <38 cm?/m? for women), high-
er HVPG values were observed in patients
with sarcopenia than in patients without sar-
copenia [pooled SMD: 0.628 (—0.350, 1.606),
P <0.001; P=92.8%; P < 0.001]. When a com-
monly used cut-off value in the Western pop-
ulation was applied (50 cm?*/m? for men and
39 cm?/m? for women), the HVPG value was
higher in patients without sarcopenia than
in patients with sarcopenia [pooled SMD:
—0.201 (-0.366, —0.037), P = 0.016; = 0.00%;
P=0.785] (Figure 5).

Sensitivity analysis

After exclusion of the study including 13
patients with HCC, the correlation between
either PRI or SMI and HVPG was not signifi-
cant [overall:r=-0.10(-0.30,0.11), P=0.341;
= 89.1%, P < 0.001; SMI: r = —0.13 (-0.40,
0.17), P=0.401; P=92.6%; P < 0.001]. The cor-
responding forest plot is shown in Figure 6.

Discussion

In the present review, a meta-analysis
was performed to identify and quantify the
current evidence regarding the correlation
between body composition parameters
and HVPG. The pooled results indicated that
there was no significant correlation between
muscle or adipose quantity and the HVPG
value, regardless of muscle index. The results
of the secondary outcome were unstable
due to different sarcopenia definitions. With
consideration of the statistical significance
and ethnicity-specific cut-off value of sarco-
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penia, the result appears to reveal that pa-
tients with lower muscle mass may have a
higher HVPG value.

Body composition and HVPG are of para-
mount importance for patients with LC. Nev-
ertheless, a knowledge gap remains in the
correlation between them. To the best of the
present authors’ knowledge, this meta-anal-
ysis is the first to quantitatively combine cur-
rent data to assess the correlation between
body composition parameters and HVPG.

In fact, limited LC-related studies have
reported both composition parameters and

et

HVPG values at the same time, seldom ex-
ploring the association between them. Spe-
cifically, CT-based quantitative analysis and
invasive operation hamper the acquisition
of data in clinical practice. Despite the fact
that the limited evidence grade leads to a
cautious interpretation of the results, the
findings of this meta-analysis could help ex-
plore the impact of PH on body composition
parameters and might be instrumental in re-
fining a comprehensive evaluation algorithm
of patients with LC.

In this meta-analysis, several points mer-
it attention. First, the HVPG value was used

Figure 4. Pooled correlation coefficient for the adipose tissue index.

SMD (95% C1) Weight
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Figure 5. Summary difference of the hepatic venous pressure gradient value between the sarcopenia and

non-sarcopenia groups.

¥

Sublotal (1-squared = 16.1%,p = 0.275) <

Figure 6. Sensitivity analysis. The pooled correlation coefficient for muscle index after the exclusion of

patients with hepatocellular carcinoma.
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to evaluate the PH instead of the portosys-
temic pressure gradient, largely because
the portosystemic pressure gradient was
commonly collected in the transjugular in-
trahepatic portosystemic shunt procedure
with a limited clinical application prospect.
Second, to reduce the bias derived from dif-
ferent global cut-off values of sarcopenia,
only the muscle or adipose tissue quantity
as the continuous variable normalized to
height or height?> was extracted and com-
parable. In addition, other statistics would
have been summarized if they could have
been converted to the correlation coeffi-
cient using a validated statistical method,
including the contingency coefficient and
standardized beta value; however, such a
study was not found in the study screening.
Third, SMI is recognized as the gold stan-
dard for measuring muscle quantity in de-
fining sarcopenia, and psoas-muscle-relat-
ed parameters have been shown to be less
strongly correlated with the total body pro-
tein or mortality risk compared with SMI.23°
Therefore, of the five studies reporting the
secondary outcome, one study reporting
via PRI was not included in the meta-analy-
sis. Last, all included studies were published
in the past 5 years, thereby enabling a stan-
dard care for patients with LC.

Negative results of the primary outcome
are partly explainable because of a consid-
erable interindividual variation of the liver
function reserve among the included pa-
tients. In the included studies, decompensat-
ed cirrhosis or clinical signs of PH, such as as-
cites, gastro-esophageal varices, and hepatic
encephalopathy, were deemed indications
of HVPG measurement. Among all the eval-
uable patients, the mean values of the MELD
score were 9-13, the decompensation pro-
portions were 54.8%-100%, and the base-
line HVPG values were 14-19 mmHg. In fact,
sarcopenia is relatively frequently found in
advanced liver disease or the decompensat-
ed stage.?'* Furthermore, some characteris-
tics of patients with LC, including the cause
of liver disease, decompensated cirrhosis,
or oral beta-blocker administration should
have been used in the subgroup analyses
with the aim of ruling out confounding fac-
tors and further identifying a potential asso-
ciation between the muscle quantity and the
HVPG value in a certain subgroup of patients
with LC. Likewise, adipose tissue change and
re-distribution could be affected by BMI and
sex.3 Therefore, for the primary outcome of
the adipose tissue, the non-significant sum-
mary result may indicate the likelihood of the
correlation between adipose tissue indexes
and HVPG depending on the baseline char-
acteristics of the included patients.

Yang et al.



In addition, the result of the secondary out-
come was not robust. It is speculated that a
lower cut-off value (42 cm?/m? for men or <38
c¢m?/m? for women) could identify more indi-
viduals with a low muscle quantity and further
re-classify a proportion of patients as having
sarcopenia; that is, a lower cut-off value of sar-
copenia has more statistic power to differen-
tiate patients with different PH stratifications.
Itis noted that all included studies on the sec-
ondary outcome were from Asian countries
(Japan and the Republic of Korea). The Asian
sarcopenia definition (42 cm?/m? for men or
<38 cm?/m? for women) thus allows for better
interpretability and practical applicability.?

As the present study is a pilot meta-anal-
ysis exploring the unknown relationship
between two important characteristics of
patients with LC, some limitations exist. First,
a considerable interindividual variation of
baseline characteristics among included pa-
tients, especially liver function status, leads
to a cautious interpretation of the results.
Second, some included studies only present-
ed the effect size instead of analyzing itin the
subgroups. The evidence grade is limited by
the number of included studies and the data
blank. Most importantly, the number of avail-
able studies that fulfilled the present study’s
inclusion criteria is low, precluding meta-re-
gression to further identify the potential con-
founding factors. Hence, a prospective study
dedicated to recording relevant information
is required in the future.

In conclusion, overall, this meta-analysis
showed a non-significant correlation be-
tween body composition parameters, includ-
ing muscle and adipose tissue quantity, and
the HVPG value. However, its current clinical
usefulness is uncertain due to a lack of uni-
versal definition and limited research.

Reporting checklist

This review was performed following the
2020 Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA)
statement.
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Supplementary Figure 1. The skeletal muscle index was the total skeletal muscle
area normalized by height? including the psoas major, erector spinae, quadratus
lumborum, transverse abdominis, internal and external oblique, and rectus
abdominis (green mask). Transversal-psoas muscle thickness and psoas muscle
thickness by height were named differently but measured in the same way; they
were defined as the transversal diameter of the psoas muscle perpendicular to
the largest axial psoas muscle diameter. Therefore, the psoas-muscle-related
index replaced two aforementioned indexes for statistics (dotted line). The
subcutaneous adipose tissue index and visceral adipose tissue index were
estimated as the adipose area normalized by height? between the skin line and
outer abdominal wall (yellow mask) and the adipose tissue within the abdominal
wall, respectively (blue mask).
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Supplementary Table S1. GRADE summary of findings of secondary outcome

Patient or population

Question

Patients with HVPG value and CT-based body composition parameter

HVPG of sarcopenia compared to HVPG of non-sarcopenia for liver cirrhosis patients

All
Bibliography.

Setting

Importance

Certainty

Effect

No of patients

Certainty assessment

No of

Anticipated
absolute effects

Relative

HVPG of

HVPG of
sarcopenia

Other considerations

Risk of  Inconsistency Indirectness  Imprecision

Study design

(95% Cl)

non-
sarcopenia

bias

studies

(95% Cl)

SMD (Western cut-off)

SMD -0.20
(-0.37 lower to

Strong association

Important

DDDO

Not
estimable

329/583
(56.4%)

254/583
(43.6%)

all plausible residual
confounding would reduce the

Moderate

-0.04 higher)

Serious?

Not serious

et Not serious

serious

Observational

studies

demonstrated effect

SMD (Eastern cut-off)

SMD 0.63 (-0.35

Strong association
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Online Resource 1.

= PRISMA 2020 Checklist

TITLE
Title | 1 | Identify the report as a systematic review. Line 1-2
ABSTRACT
Abstract 2 | See the PRISMA 2020 for Abstracts checklist. Line 3-28
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of existing knowledge. Line 61-82
Objectives 4 | Provide an explicit statement of the objective(s) or question(s) the review addresses. Line 83-88
METHODS
Eligibility criteria 5 | Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. Line 98-105
Information 6 | Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the Line 107-110
sources date when each source was last searched or consulted. ine )
Search strategy 7 | Present the full search for all datab r and , including any filters and limits used. Line 110
Selection process 8 | Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record .
and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process. Line 111-123
Data collection 9 | Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked .
process independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the | Line 143-151
process.
Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each Line 130-134
study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect.
10b | List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any Line 143-149
assumptions made about any missing or unclear information.
Study risk of bias 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each .
assessment study and whether they worked indep tly, and if applicable, details of automation tools used in the process. Line 152-158
Effect measures 12 | Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. Line 130-134
Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and : _
- . o Line 185-186
methods comparing against the planned groups for each synthesis (item #5)).
13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data Line 163-176
conversions.
13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses. Line 177-180
13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the .
model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used. Line 177
13e | Describe any methods used to explore possible causes of h ity among study results (e.g. subgroup analysis, meta-regression). Line 172-176
13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized resullts. Line 175
Reporting bias 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). not applicablg
assessment
Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. Line 155-158

! PRISMA 2020 Checklist

cation

other materials

where item
is reported
RESULTS
Study selection 16a | Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in | | ine 175-179
the review, ideally using a flow diagram.
16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded. Line 177-179|
Study 17 | Cite each included study and present its characteristics. .
characteristics Line 180-200
Risk_ of bias in 18 | Present assessments of risk of bias for each included study. Line201-203
studies
Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision Line 204-233
individual studies (e.g. confidence/credible interval), ideally using structured tables or plots. ine B
Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies. Line 204-233
syntheses 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision (e.g. Line 204-233
confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect.
20c | Present results of all investigations of possible causes of heterogeneity among study results. Line 204-233
20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. Line 204-233
Reporting biases 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed. not applicablg
Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. .
evidence Line 204-233
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the context of other evidence. Line 236-243
23b | Discuss any limitations of the evidence included in the review. Line 297-302
23c | Discuss any limitations of the review processes used. Line 297-302|
23d | Discuss implications of the results for practice, policy, and future research. Line 303-307
OTHER INFORMATION
Registration and 24a | Provide registration information for the review, including register name and registration number, or state that the review was not registered. Line 86-87
protocol 24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared. Line 86-87
24c | Describe and explain any amendments to information provided at registration or in the protocol. not applicable
Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review. not applicablé
Competing 26 | Declare any competing interests of review authors. .
interests not applicable
Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from included
data, code and studies; data used for all analyses; analytic code; any other materials used in the review. available

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
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Online Resource 2.

Pubmed searching strategy

#1

(((((("Body Composition"[Mesh]) OR ("Intra-Abdominal Fat"[Mesh])) OR ("Subcutaneous Fat"[Mesh])) OR ("Adiposity"[Mes
h])) OR ("Sarcopenia"[Mesh])) OR ("Muscle, Skeletal"[Mesh])) AND ((((Hepatic venous pressure gradient|Title/Abstract]) O

R ("Hypertension, Portal"[Mesh])) OR ("Hepatic Veins"[Mesh])) OR ("Portal Pressure"[Mesh]))

156

#2

(((((((pressure, portal[Title/Abstract]) OR (portal venous pressure[Title/Abstract])) OR (pressure, portal venous|Title/Abstrac
t])) OR (venous pressure, portal[Title/Abstract])) OR (((hepatic vein[Title/Abstract]) OR (vein, hepatic[Title/Abstract])) OR

(veins, hepatic[Title/Abstract]))) OR ((((((((portal hypertension|[Title/Abstract]) OR (portal hypertensions|Title/Abstract])) OR

(cruveilhier-baumgarten syndrome| Title/Abstract])) OR (cruveilhier baumgarten syndrome[Title/Abstract])) OR (syndrome, cru
veilhier-baumgarten[ Title/Abstract])) OR (cruveilhier-baumgarten disease[Title/Abstract])) OR (cruveilhier baumgarten disease
[Title/Abstract])) OR (disease, cruveilhier-baumgarten|Title/Abstract]))) OR (Hepatic venous pressure gradient|Title/Abstract]))
AND (((((CCCCCC(((((((((muscles, skeletal[Title/Abstract]) OR (skeletal muscles[Title/Abstract])) OR (muscle, voluntary[Title/A
bstract])) OR (muscles, voluntary[Title/Abstract])) OR (voluntary muscle[Title/Abstract])) OR (voluntary muscles|[Title/ Abstra
ct])) OR (skeletal muscle[Title/Abstract])) OR (soleus muscle[Title/Abstract])) OR (muscle, soleus|[Title/Abstract])) OR (plant
aris muscle[Title/Abstract])) OR (muscle, plantaris[Title/Abstract])) OR (anterior tibial muscle[Title/Abstract])) OR (muscle,

anterior tibial[Title/Abstract])) OR (tibial muscle, anterior[Title/Abstract])) OR (gastrocnemius muscle[Title/Abstract])) OR

(muscle, gastrocnemius|Title/Abstract])) OR (((((sarcopenias|Title/Abstract]) OR (presarcopenia| Title/Abstract])) OR (skeletal

muscle index[Title/Abstract])) OR (SMI[Title/Abstract])) OR (muscle atrophy[Title/Abstract]))) OR (((((fats, subcutaneous|Titl
e/Abstract]) OR (subcutaneous fats[Title/Abstract])) OR (adipose tissue, subcutaneous|Title/Abstract])) OR (fat, subcutaneous
[Title/Abstract])) OR (subcutaneous adipose tissue[Title/Abstract]))) OR (((((((((C(C(C(((((((((((fats, intra-abdominal[Title/Abstrac
t]) OR (intra abdominal fat[Title/Abstract])) OR (intra-abdominal fats[Title/Abstract])) OR (fat, intra-abdominal[Title/Abstrac
t])) OR (fat, intra abdominal[Title/Abstract])) OR (intra-abdominal adipose tissue[Title/Abstract])) OR (adipose tissue, intra-a
bdominal[Title/Abstract])) OR (intra abdominal adipose tissue[Title/Abstract])) OR (retroperitoneal fat[Title/Abstract])) OR (f
at, retroperitoneal|Title/Abstract])) OR (fats, retroperitoneal[Title/Abstract])) OR (retroperitoneal fats[Title/Abstract])) OR (retr
operitoneal adipose tissue[Title/Abstract])) OR (adipose tissue, retroperitoneal[Title/Abstract])) OR (visceral fat[Title/Abstrac
t])) OR (fat, visceral[Title/Abstract])) OR (fats, visceral[Title/Abstract])) OR (visceral fats[Title/Abstract])) OR (abdominal v
isceral fat[Title/Abstract])) OR (abdominal visceral fats[Title/Abstract])) OR (fat, abdominal visceral[Title/Abstract])) OR (fat
s, abdominal visceral[Title/Abstract])) OR (visceral adipose tissue[Title/Abstract])) OR (adipose tissue, visceral[ Title/Abstrac

t]))) OR (((body compositions|[Title/Abstract]) OR (composition, body[Title/Abstract])) OR (compositions, body[Title/Abstrac

)

90

#1: MeSH word search

#2: Text word search
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Embase searching strategy

#1 'hepatic venous pressure gradient'/exp 1,042
#2 'portal vein blood pressure'/exp 6,542
#3 'portal hypertension'/exp 41,132
#4 'hepatic vein pressure gradient'ti,abkw OR 'porta pressure':ti,abkw OR 'porta vein pressure':ti,abkw OR 'portal blood p | 6,933

ressure':ti,abkw OR 'portal pressure':ti,abkw OR 'portal vein pressure':ti,ab,kw OR 'portal venous pressure':ti,ab,kw OR
‘pressure, portal vein':ti,abkw OR ‘hypertension, portal':tiab,kw OR 'hypertension, portal vein'":ti,ab,kw OR 'porta hypert

ension"ti,abkw OR 'portal congestion':ti,ab,kw OR 'portal vein hypertension"ti,ab,kw OR 'vena portae hypertension'ti,ab,

kw
#5 'skeletal muscle'/exp 432,889
#6 'sarcopenia'/exp 20,474
#7 'subcutaneous fat'/exp 25,911
#8 'body composition'/exp 128,357
#9 'intra-abdominal fat'/exp 25,745
#10 ‘cross striated muscle':ab,ti OR 'cross striped muscle:ab,ti OR 'muscle, skeletal':ab,ti OR 'skeletal musculature':ab,ti OR '

skeleton muscle':ab,ti OR 'trunk muscle":ab,ti OR presarcopenia:ab,ti OR 'fat, subcutaneous"ab,ti OR 'panniculus adiposu

s':ab,ti OR 'subcutaneous adipose tissue':ab,ti OR 'subcutaneous fat tissue':ab,ti OR 'abdominal visceral adipose tissue':a

36,031
b,ti OR 'abdominal visceral fatab,ti OR 'intra-abdominal adipose tissue':ab,ti OR 'intraabdominal adipose tissue':ab,ti O
R 'intraabdominal fat':ab,ti OR 'organ adipose tissue"ab,ti OR 'organ fat:ab,ti OR 'visceral abdominal adipose tissue"ab,
ti OR ‘'visceral abdominal fat:ab,ti OR 'visceral adipose tissue":ab,ti OR 'visceral fatab,ti OR 'composition, body'"ab,ti
#11 #1 OR #2 OR #3 OR #4 45,318
#12 #5 OR #6 OR #7 OR #8 OR #9 OR #10 596,687
#13 #11 AND #12 379
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Web of Science searching strategy

#1 TS="Hepatic venous pressure gradient” OR "hepatic vein pressure gradient” OR "portal vein blood pressure” OR "porta | 23,028
pressure” OR "porta vein pressure" OR "portal blood pressure” OR "portal pressure" OR "portal vein pressure" OR "

portal venous pressure" OR "pressure, portal vein" OR "portal hypertension” OR "hypertension, portal" OR "hypertensi
on, portal vein" OR "porta hypertension" OR "portal congestion" OR "portal vein hypertension" OR "vena portae hype
rtension"”

#2 TS="skeletal muscle" OR "cross striated muscle" OR "cross striped muscle" OR "muscle, skeletal” OR "skeletal muscu | 226,391
lature" OR "skeleton muscle" OR "trunk muscle" OR "Sarcopenia" OR "presarcopenia”

#3 TS="Subcutaneous Fat" OR "fat, subcutaneous" OR "panniculus adiposus" OR "subcutaneous adipose tissue" OR "subc | 113,631
utaneous fat tissue" OR "intra-abdominal fat" OR "abdominal visceral adipose tissue" OR "abdominal visceral fat" OR
"intra-abdominal adipose tissue" OR "intraabdominal adipose tissue" OR "intraabdominal fat" OR "organ adipose tissue"

OR "organ fat" OR "visceral abdominal adipose tissue" OR "visceral abdominal fat" OR "visceral adipose tissue" OR
"visceral fat" OR "body composition" OR "composition, body"

#4 #2 OR #3 325,823

#5 #1 AND #4 161

Cochrane searching strategy

Mesh word search

#1 MeSH descriptor: [Muscle, Skeletal] explode all trees 15,568
#2 MeSH descriptor: [Sarcopenia] explode all trees 835
#3 MeSH descriptor: [Adiposity] explode all trees 964
#4 MeSH descriptor: [Subcutaneous Fat] explode all trees 407
#5 MeSH descriptor: [Intra-Abdominal Fat] explode all trees 576
#6 MeSH descriptor: [Body Composition] explode all trees 7120
#1 MeSH descriptor: [Portal Pressure] explode all trees 71

#8 MeSH descriptor: [Hepatic Veins] explode all trees 115
#9 MeSH descriptor: [Hypertension, Portal] explode all trees 1374
#10 ("hepatic venous pressure gradient"):ti,ab,kw (Word variations have been searched) 332
#11 ("hepatic vein pressure gradient"):ti,abkw (Word variations have been searched) 26
#12 #10 or #11 353
#13 #1 or #2 or #3 or #4 or #5 or #6 22,925
#14 #7 or #8 or #9 or #12 1,663
#15 #13 and #14 6
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Text word search

#1 (muscles, skeletal):ti,ab,kw OR (skeletal muscles):ti,ab,kw OR (muscle, voluntary):ti,abkw OR (muscles, voluntary):ti,ab, | 18,384
kw OR (voluntary muscle):ti,ab,kw (Word variations have been searched)

#2 (voluntary muscles):ti,ab,kw OR (skeletal muscle):ti,abkw OR (soleus muscle):ti,abkw OR (muscle, soleus):ti,ab,kw OR | 18,848
(plantaris muscle):ti,ab,kw (Word variations have been searched)

#3 (muscle, plantaris):ti,abkw OR (anterior tibial muscle):ti,ab,kw OR (muscle, anterior tibial):tiab,kw OR (tibial muscle, 1,894
anterior):ti,ab,kw OR (gastrocnemius muscle):ti,ab,kw (Word variations have been searched)

#4 (muscle, gastrocnemius):ti,abkw (Word variations have been searched) 1,597
#5 #1 or #2 or #3 or #4 19,793
#6 (sarcopenias):ti,ab,kw OR (presarcopenia):ti,ab,kw OR (skeletal muscle index):ti,ab,kw OR (SMI):ti,ab,kw OR (muscle at | 8,939

rophy):ti,ab,kw (Word variations have been searched)

#7 (fats, subcutaneous):ti,abkw OR (subcutaneous fats):ti,ab,kw OR (adipose tissue, subcutaneous):ti,abkw OR (fat, subcuta | 3,239
neous):ti,abkw OR (subcutaneous adipose tissue):ti,ab,kw (Word variations have been searched)

#8 (fats, intra-abdominal):ti,ab,kw OR (intra abdominal fat):ti,ab,kw OR (intra-abdominal fats):ti,ab,kw OR (fat, intra-abdom | 1,259
inal):ti,ab,kw OR (fat, intra abdominal):ti,ab,kw (Word variations have been searched)

#9 (intra-abdominal adipose tissue):ti,ab,kw OR (adipose tissue, intra-abdominal):ti,ab,kw OR (intra abdominal adipose tissu | 594
e):ti,abkw OR (retroperitoneal fat):ti,abkw OR (fat, retroperitoneal):ti,abkw (Word variations have been searched)

#10 (fats, retroperitoneal):ti,abkw OR (retroperitoneal fats):ti,abkw OR (retroperitoneal adipose tissue):ti,abkw OR (adipose 3,087
tissue, retroperitoneal):tiabkw OR (visceral fat):ti,ab,kw (Word variations have been searched)

#11 (fat, visceral):ti,abkw OR (fats, visceral):ti,abkw OR (visceral fats):ti,ab,kw OR (abdominal visceral fat):ti,abkw OR (a | 3,066
bdominal visceral fats):ti,ab,kw (Word variations have been searched)

#12 (fat, abdominal visceral):ti,abkw OR (fats, abdominal visceral):ti,abkw OR (visceral adipose tissue):ti,abkw OR (adipos | 2,301
e tissue, visceral):ti,abkw (Word variations have been searched)

#13 #8 or #9 or #10 or #11 or #12 3,486

#14 (body compositions):ti,ab,kw OR (composition, body):ti,ab,kw OR (compositions, body):ti,ab,kw (Word variations have | 23,051
been searched)

#15 (pressure, portal):ti,abkw OR (portal venous pressure):tiab,kw OR (pressure, portal venous):ti,ab,kw OR (venous pressu | 1,133
re, portal):ti,ab,kw (Word variations have been searched)

#16 (hepatic vein):tiab,kw OR (vein, hepatic):ti,ab,kw OR (veins, hepatic):ti,ab,kw (Word variations have been searched) 1,743
#17 (portal hypertension):ti,abkw OR (portal hypertensions):ti,ab,kw OR (cruveilhier-baumgarten syndrome):ti,ab,kw OR (cru | 1,815
veilhier baumgarten syndrome):ti,abkw OR (syndrome, cruveilhier-baumgarten):ti,ab,kw (Word variations have been sear
ched)
#18 (cruveilhier-baumgarten disease):ti,abkw OR (cruveilhier baumgarten disease):ti,ab,kw OR (disease, cruveilhier-baumgarte | 0

n):ti,ab,kw (Word variations have been searched)

#19 #17 or #18 1,815

#20 (Hepatic venous pressure gradient):ti,abkw OR (hepatic vein pressure gradient):tiabkw OR (HVPG):ti,abkw (Word var | 497
iations have been searched)

#21 #5 or #6 or #7 or #13 or #14 47,332
#22 #15 or #16 or #19 or #20 3,731
#23 #21 and #22 86

#23 includes two Cochrane reviews and 84 trials

Body composition parameters and HVPG in patients with cirrhosis « 397



Online Resource 1.

Quality assessment based on QUADAS-2

P I R FT P I R

Jeong, J. Y.(2018) ? v v v ? v v
oy o

Maruyama, H. (2017) ? v v v ? v v
R

Kang, S. H. (2018) v v v v v v v
ey o |

Cho, Y. S.(2021) ? v v v ? v v
oo |

Xin Zeng(2023) v v v v v v v

Note:P = Patient Selection; | = Index Test; R = Reference Standard; FT = Flow and Timing.

v indicates low risk; X indicates high risk; ? indicates unclear risk.
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Detailed description of included studies

Study Domain Item Description of decision

A consecutive or random sample was not described, but with a clear

P
period
. . I
Risk of bias
R
Jeong, J. Y.(2018) FT
p A consecutive or random sample was not described, but with a clear
Applicability period
concerns I
R
P
I
Risk of bias R The value of TPMT for sarcopenia definition compared with SMI
was uncertain
Paternostro, FT
R.(2021)
P
Applicability I
concerns
R The value of TPMT for sarcopenia definition compared with SMI
was uncertain
Of 98 patients, one with paraumbilical vein was excluded due to
P shunt-related increase of portal venous flow(proportion less than
20%)
Risk of bias I
Maruyama, H. R
(2017) FT
p Thirteen patients with HCC at early stage were included, the impact
Applicability of early HCC on muscle loss is uncertain
concerns I
R
P
Kim, T.Y.(2014) Risk of bi . . .
o, ( ) 1Sk ot bias I The threshold was derived from mortality with maximum
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log-rank statistic instead of a pre-specified value

The value of PMTH for sarcopenia definition compared with SMI is

R .
uncertain
FT
p All included patients were non-critically-ill patients with
decompensated cirrhosis
Applicability I The threshold was derived from mortality with maximum
concerns log-rank statistic instead of a pre-specified value
R The value of PMTH for sarcopenia definition compared with SMI is
uncertain
P
I
Risk of bias
R
Kang, S. H. (2018) FT
P
Applicability I
concerns
R
p A consecutive or random sample was not described, but with a clear
period
I
Risk of bias
R
The int 1 ot described; liver fibrosis or cirrhosis is a chronic
Matsui, T. (2022) FT cimiervalwas v
condition.
p A consecutive or random sample was not described, but with a clear
period
Applicability
concerns I
R
p A consecutive or random sample was not described, but with a clear
period
I
Cho, Y. S.(2021)  Risk of bias
R
FT
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A consecutive or random sample was not described, but with a clear

P
period
Applicability
concerns I
R
P
I
Risk of bias
R
Rodrigues, S. FT
G.(2019)
P
Applicability I
concerns
R
P
I
Risk of bias
R
Xin Zeng(2023) FT
P
Applicability I
concerns
R

Note: hepatocellular carcinoma: HCC
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Experimental study of a canine model for a newly designed adjustable
prefenestration aortic stent graft

Lei Zhang'.2*

Chang Shu'.23* PURPOSE

Yuchen Qiu4 When performing thoracic aortic endovascular repair (TEVAR) on lesions of the aortic arch, phy-

ZeIiang Fu4 sician-modified fenestration or in situ fenestration is often used to maintain patent branches. We
designed a new adjustable prefenestration aortic stent graft that can both isolate pathologies in

Pengcheng Guo'2 the aortic arch and obtain patent branches simultaneously. In this study, we use this new type of

Xin Li12 stent to perform fenestrated TEVAR in a canine’s aorta. This study aims to evaluate the safety and

feasibility of the new device, which may provide preliminary data for potential human application.

1Central South University, The Second Xiangya

Hospital, Vascular Center, Department of Vascular METHODS
Surgery, Changsha, China Eight Labrador Retriever canines underwent fenestrated TEVAR using the new stent device. Digi-

tal subtract angiography (DSA) was performed before and after fenestrated TEVAR to evaluate the
safety and feasibility of the procedure. For the device deployment, at the “large curvature” side in
the endograft, there is a rectangular prefenestration area (2 x 5 cm) without the polytetrafluoro-

2Central South University, The Institute of Vascular
Diseases, Changsha, China

3State Key Laboratory of Cardiovascular Diseases, ethylene membrane, and at both longer side edges of the fenestration, there are two slide rails. A
Center of Vascular Surgery, Fuwai Hospital, National moveable membrane that covers the same area as the prefenestration area is initially set at the pre-
Center for Cardiovascular Diseases, Chinese Academy fenestration position. A stay line is connected from the distal site of the moveable membrane that
of Medical Science and Peking Union Medical College, controls it to the distal position along the slide rail, which releases the fenestration. After the po-
Beijing, China sitioning of the prefenestration is determined, the outer sheath of the delivery system is released,
4APT Medical, Shenzhen, China and the stay line at the end of the delivery system is pulled outside the body. The animals were

divided into a 1-month group (n = 4) and a 3-month group (n = 4) after the fenestrated TEVAR.
Computed tomography (CT) was performed before euthanasia, and video of the DSA during the
procedures and CT angiography (CTA) images were then studied.

RESULTS

The procedure success rate was 100%, but the total survival rate was only 87.5%. There were no
aortic-related deaths during follow-up, and during the operation, there were no stent-graft-related
accidents. In addition, no stent-graft migrations were observed in the CTA, and all branch arteries
were kept patent by the adjustable fenestration. Finally, histological examination and electron mi-
croscope results showed no obvious vascular injury or inflammation.

CONCLUSION

Based on the results of this study, we judge the safety and feasibility of the use of the newly de-
signed adjustable prefenestration aortic stent graft in a fenestrated-TEVAR canine model to be ac-
ceptable. Our preliminary data may serve as an initial reference for evaluating the potential appli-
cation of the new stent in humans.

*Joint first authors
KEYWORDS
Corresponding author: Xin Li Thoracic aortic endovascular repair, fenestrated thoracic aortic endovascular repair, adjustable pre-

E-mail: lixin1981 @csu.edu.cn fenestration aortic stent graft, canine, aortic arch

Received 30 August 2023; revision requested 30
September 2023; accepted 15 December 2023.

[m] %2 [m]  Epub:31.01.2024
n

rH Publication date: 06.11.2024

[=:

DOI: 10.4274/dir.2023.232440

You may cite this article as: Zhang L, Shu C, Qiu Y, Fu Z, Guo P, Li X. Experimental study of a canine model for a newly designed adjustable prefenestration
aortic stent graft. Diagn Interv Radiol. 2024;30(6):402-408.

402


https://orcid.org/0000-0002-7238-6999
https://orcid.org/0000-0002-5096-4655
https://orcid.org/0009-0000-6795-7286
https://orcid.org/0000-0003-0634-3998
https://orcid.org/0009-0004-6253-5913
https://orcid.org/0000-0002-3431-226X

horacic aortic endovascular repair
T(TEVAR) is the most successful mini-

mally invasive treatment for aortic pa-
thologies developed in the past 3 decades.
Currently, there is also a “hybrid operation”
involving TEVAR and extra-anatomic bypass
for lesions involving the aortic arch, which
is even more minimally invasive and may
reduce complication rates compared with
open surgery under extracorporeal circula-
tion."? At present, the most difficult issue for
the use of TEVAR in the aortic arch is simul-
taneously isolating the pathologies without
endoleak and keeping the superior arch
branches patent; fenestration in the stent
graft is often used to meet both of these ob-
jectives.

The fenestration technique falls into two
categories, physician-modified graft fenes-
tration (PMGF)** and in situ fenestration.’
The former involves relatively simple manip-
ulation but carries with it the possibility of
misfitting the fenestration and branch orific-
es. The latter method requires a large num-
ber of endovascular devices. However, both
these techniques share a common short-
coming-the modification of the structure of
the endograft may result in physical and dy-
namic risk. Therefore, TEVAR for proximal aor-
tic arch lesions must be evaluated carefully
through further studies with long-term time-
frames and specific standardized designs.®

Physicians treating aortic arch lesions
with an endograft may significantly benefit
from an adjustable fenestration device that
can adapt to the orifices of the branches. To
this end, we designed a method using pre-
fenestration in the stent graft and made its
position and area adjustable. The new device
was fabricated by APT Medical (Xiangxiang,

* When performing thoracic aortic endovas-
cular repair (TEVAR) on lesions of the aortic
arch, fenestration techniques require struc-
tural modification of the stent graft.

* We designed a new adjustable prefenestra-
tion aortic stent graft that can simultane-
ously isolate pathologies in the aortic arch
and obtain patent branches. In this study,
we used this new type of stent to perform
fenestrated TEVAR in canine aortas.

* Based on the results of this study, we judge
the safety and feasibility of the newly de-
signed adjustable prefenestration aortic
stent graft in a fenestrated TEVAR canine
model to be acceptable. Our preliminary
data may provide a first reference for eval-
uating the new stent’s potential use in hu-
mans.

China, 411400), and we have already tested it
in a fluid-dynamic mimic tube system (Figure
1). In this paper, we further examine its safe-
ty and feasibility in a canine model based on
fenestrated TEVAR.

Methods

This study was approved by the Ethics
Committee of the Second Xiangya Hospital
(ethics approval number: 2018-S034) and it
is also obeyed the laboratory animals prac-
tice guidelines of China (YY/T1754.1-2020
pre-clinical animal experiment of medical de-
vice). The total number of experimental ani-
mals was 8, and their specific type was Lab-
rador Retriever (experimental animal quality
certificated number, 370825210100047374,
Advanced Medical, Shenzhen, China). There
were 3 females and 5 males, and the average
weight of the 8 animals was 25.8 + 3.5 kg.

Device description

The stent graft is composed of a nickel-ti-
tanium (NiTi) alloy scaffold and an expanded
polytetrafluoroethylene membrane woven
to the surface of the scaffold structure. At

the “large curvature” side in the endograft,
there is a rectangular prefenestration area (2
x 5 ¢cm) without the polytetrafluoroethylene
membrane, and at both longer side edges
of the fenestration, there are two slide rails.
A moveable membrane in the same area as
that of the prefenestration is initially set at
the position of the prefenestration (Figure 1).
A stay line is connected from the distal site of
the moveable membrane that controls it to
the distal position along the slide rail, which
releases the fenestration (Figure 1). The stay
line is connected to the moveable mem-
brane by a fixed device, and the moveable
membrane can be moved backward when
the stay line is pulled back. There are also
radiopaque markers in the tip head of the
delivery system that can show the direction
of the fenestration and a radiopaque mark-
er in the middle of the movable membrane
that can show the position of the membrane
(Figures 1, 2).

The implantation procedure

All the fenestrated-TEVAR procedures us-
ing this new stent graft were performed at
Advanced Medical’s digital subtraction an-

Figure 1. Adjustable prefenestration stent graft. (a) Black arrow shows the prefenestration sealed by a
membrane patch. (b) Black arrow shows the fenestration already opened by the membrane patch moving
distally. (c) View from the inner angle of the adjustable prefenestration stent graft; black arrow shows the
initial situation of the fenestration. (d) X-ray screening of the device by mimicking deployment in a digital
subtract angiography operation room. (e) Black arrow shows the radiopaque marker in the tip of the
stent graft. (f, g) Black arrows show the stay line at the end of the delivery system that can be loaded in an

independent tube.
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giography (DSA) theater. The details of the
procedures (Figure 2) are as follows. (1) The
dogs were placed in a supine position with
their extremities fixed. General anesthesia
with intubation was then administered, the
fur was removed from the groin area, and
the exposed skin was sterilized. (2) An inci-
sion was then made to the femoral artery on
one side using an arterial tourniquet control.
After this, the femoral artery was punctured
and a 5-French sheath was inserted. (3) The
animal was then given 200 1U/kg of heparin,
and the 5-French Pigtail catheter (William
Cook Europe Aps, Sandet 8 DK-4832 Bjaever-
skov, Denmark) was sent to the ascending
aorta. Subsequently, DSA was performed to
show the aorta and the configuration of its
branches. (4) Next, the Lunderquist super
stiff guide wire (William Cook Europe) was
exchanged through the pigtail catheter, and
the sheath was withdrawn. The adjustable
prefenestration stent-graft system was then
sent to the aortic arch, and the X-ray radi-
opaque marker in the tip of the head was ob-
served to ensure that the fenestration was in
the right position at the aortic “greater curva-
ture”side. (5) The outer sheath of the delivery
system was released, and the stay line at the
end of the delivery system was pulled out-
side the body. The radiopaque marker at the
movable membrane was used to adjust the
position of the fenestration. (6) After the fen-

'Y

estration position and release were deemed
satisfactory, the rear-release apparatus was
unlocked and the entire delivery system was
withdrawn. (7) Another DSA was performed
to clarify the position of the stent graft/fen-
estration and the patency of the branches.
(8) Finally, the femoral artery was sutured us-
ing 6-0 Prolene sutures, and the incision was
closed.

All 8 animals were then divided into a
4-week and 12-week follow-up group, at
which times computed tomography angi-
ography (CTA) was performed before eutha-
nasia. The specimens of the aortae with the
stent grafts were dispatched for pathology
and electron microscope assay.

Histological treatment, examination proto-
col, and electron microscope examination
protocol

For the examination of the specimens,
we used the following procedures. (1) The
tissue was fixed with formalin, dehydrated
with gradient alcohol, soaked with polymeric
solutions | and Il, immersed in an embedding
solution, placed under a vacuum to com-
plete plastic embedding, sliced with a pre-
cision cutting machine (to a thickness of ap-
proximately 200 um), polished, and, finally,
dyed with hematoxylin and eosin (H&E). (2)
The tissue samples were then fixed with for-

Figure 2. Operation steps performed during canine-fenestrated thoracic aortic endovascular repair (TEVAR)
using the adjustable prefenestration stent graft. (a) Digital subtract angiography (DSA) before TEVAR. (b)
When the stent graft approaches the aortic arch, DSA is performed again to check the location of the
branches. (c) Outer sheath is already pulled distally, and main body of the stent graft is deployed; pulling
the membrane patch distally makes it move distally. Black arrow shows the radiopaque marker on the
membrane patch at its initial site. (d) Black arrow shows the radiopaque marker on the membrane patch at
its final site. (e) Black arrow shows that the fenestration location is satisfactory and that the rear-release lock
is unlocked. (f) DSA after the operation was completed; black arrow shows that both branches on the aortic
arch remained patent; red curve shows the rough location of the fenestration.
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malin, and 5 mm-thick slices were cut from
each specimen. These were then dehydrat-
ed with gradient alcohol, soaked in paraffin
for embedding, and sliced with a Leica 2135
slicer (Leica Biosystems Nussloch GmbH
Postfach 1120 D-69222 Nussloch) using the
conventional method (5 um thickness). (3)
Next, these sections were scanned with a
digital pathology scanner, and the follow-
ing indicators were determined using image
analysis software: lumen area (LA), neointi-
ma thickness, and internal elastic membrane
area (IEMA). From this, the additional indica-
tors of neointima area (NA) (NA = IEMA — LA)
and occlusion % (NA / IEMA x 100%) were
calculated. (4) Finally, the blood vessels at
the implantation site were fixed using glutar-
aldehyde, and the surface attachments were
analyzed through electron microscopy after
alcohol gradient dehydration.

Results

The technical success rate of the fenes-
trated TEVAR was 100%. The procedure time
was 54 + 32 min, with a radiation exposure
time of 16 £ 8 min. There were no major
bleeding events in any of the procedures,
and no cardiovascular or cerebral events oc-
curred during the procedures. Furthermore,
no limb ischemia or instant retrograde dis-
section occurred after the procedures. The
stent-graft delivery processes were all suc-
cessful, and fenestration release obstruction
did not occur. The adjustment of the mov-
able membrane was smooth in every case.
All the stent-graft delivery systems were
withdrawn safely. In both the 4-week and 12-
week groups, the fenestration was selected
to preserve only one branch artery on the
aortic arch in one of the 4 animals. In the rest
of the animals, the fenestration was released
to keep both branches on the arch.

One animal died of an infection condition
that was not aortic related; the total survival
rate for follow-up was therefore 87.5%. The
CTA results of both groups show that there
was no stent-graft migration in any of the
remaining 7 animals. In addition, at the prox-
imal and distal sites of the stent graft, we ob-
served no retrograde or distal dissection, and
no pseudoaneurysms were found around
the stent graft or fenestration. All the branch
arteries reserved by the fenestration were
patent in the CTA results, with no dissections
observed in any of the patent branch arter-
ies (Figure 3). Finally, no thrombosis was ob-
served at the branch arteries or the location
of the fenestration. The above information
and stent-type information are summarized
inTable 1.
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Figure 3. Computed tomography (CT) follow-up results of the canine fenestrated thoracic aortic
endovascular repair; (a-c) show the 4-week group’s CT follow-up results; blue arrow shows the stent graft in
the aortic arch, and red and green arrows show the patent branch arteries; (d-f) show the 12-week group
CT follow-up results; blue arrow shows the stent graft in the aortic arch, and red and green arrows show the

patent branch arteries.

Table 1. General information and operation data of the animals

Group Animal  Gender  Weight Stent-graft Outer Branch preserved by
(week) number (kg) size (proximal sheath fenestration
diameter x diameter

distal diameter (French)

X length mm)
4 C642 Female 24.0 24 x 20 x 140 16 Innominate A.+ LSA
4 C646 Female 27.0 26 X 22 x 140 18 LSA
4 C649 Male 23.0 22 x 18 x 140 16 Innominate A.+ LSA
4 C650 Male 28.0 24 x 20 x 140 17 Innominate A.+ LSA
12 C651 Female 26.0 22 x 18 x 140 16 Innominate A.+ LSA
12 C652 Female 24.8 22 x18x 140 16 Innominate A.+ LSA
12 C655* Female 274 22 x18x 140 16 LSA
12 C656 Male 32.0 24 x 20 x 140 17 Innominate A.+ LSA

*C655 dog died of systemic infection 5 days after surgery. Innominate A., innominate artery; LSA, left subclavian

artery.

The histological results (H&E staining)
showed no obvious injuries on the stent-
graft segments of the aortae. In most parts
of the aorta, there were no obvious in-
flammation reactions (Figure 4). Electron
microscope results also showed that the
endothelial cells provided effective cover-
age of the stent-graft surface in all cases
(Figure 5).

Discussion

A new adjustable prefenestration aortic
stent-graft device was specially designed for
aortic arch pathologies. The design allows
the device to avoid partially releasing and
changing the structure of the endograft in
PMGF. In addition, it avoids the need to use
a large number of endovascular devices
during the in situ fenestration procedure. The

size and location of the prefenestration are
adjustable by moving the membrane distally
along the slide rail in the main body of the
stent graft. If the proximal site of the mem-
brane is located just distal to the innomi-
nate artery orifice, the fenestration release
may keep the left subclavian artery patent,
and if the proximal site of the membrane is
proximal to the site of the innominate artery
orifice, the prefenestration release may keep
both the innominate artery and left subclavi-
an artery patent.

In humans, the fenestration can be select-
ed to retain 1-3 branch arteries due to the
device’s proximal membrane edge position.
Once the stent-graft delivery and fenestra-
tion setup are deemed satisfactory, the stent
or stent graft in a branch can be deployed
through the same femoral access and further
through the fenestration.”® The advantage of
this design is that it preserves the patency
of the branch arteries and leaves a minimal
area of fenestration, which may decrease en-
doleak risk.

Introduction of the cable release window
laminating system

There is a long window preset on the
bracket of the device, and the axial sides
of the window are provided with a support
frame to ensure that the edge of the window
is attached to the wall to avoid leakage at this
site. The vertices around the window contain
X-ray-proof platinum markers to show the
window position, and the outer side of the
support frame comes equipped with a guide
rail located between the metal bracket and
the film covering. The window of the device
has a movable film covering sheet along
the guide rail axial direction with a width
greater than the preset window width. The
use of metal support and blood vessel wall
compression make the mobile film covering
sheet and support film form a relative clo-
sure, preventing leakage from the window.

A row of holes is arranged on both sides
of the mobile film covering sheet for use on
the guide rail. At the proximal end of the
removable laminate, there is an X-ray-proof
platinum marker to move the proximal end
of the laminate, and the distal end of the
removable laminate sheet is equipped with
a V-shaped frame that is used to adjust the
window size of the combined conveying sys-
tem to avoid laminate damage and serious
folding during adjustment.The bottom of the
V-shaped frame, which has a movable film
covering sheet, is fixed to the adjusting line
through the core wire. When pulled back, the
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adjusting line causes the mobile film to move
back. After adjustment, the core wire can be
withdrawn to realize the relief of the bottom
of the V-shaped frame and adjustment line.
Although this type of pre-opening may not
guarantee the prevention of leakage, its use
in conjunction with a branch bracket with a
leak-prevention device can dramatically re-
duce the risk of leakage.

Safety evaluation of the new stent graft

In this canine fenestrated-TEVAR proce-
dure study, the survival rate was 87.5%. One
animal died on postoperative day 5. How-
ever, autopsy results showed that the death
was not related to the aortic stent-graft
implantation but was the result of a severe
infection. In the other 7 animals, the rate of
branch arteries’ patency retained by fenes-
tration was 100% (Figure 3). The patency of
branches (both one and two branches) was
also maintained. Our observations of one/
two-branch patency by fenestration also
demonstrated the safety and flexibility of the
stent graft, which is possibly better than the
current three-branch endograft designs.®™"
In reviewing the results of the CTA, we found
that the branch arteries were all kept pat-
ent. None of the surviving animals suffered
cerebral vessel events due to thrombosis at
the fenestration location.'>'* In addition, the
stent graft was able to smoothly cross the
very steep canine aortic arch. There were no
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aortic rupture events and no access vessel in-
juries when the delivery systems were with-
drawn. Hence, we judge the safety of this
new stent graft to be satisfactory.

Feasibility evaluation of the stent graft in
fenestrated TEVAR

Here, we summarize our evaluation of the
feasibility of our new adjustable prefenes-
tration aortic stent graft. The compliance of
the stent graft was good in all 8 cases, de-
spite the steeper nature of a canine’s aortic
arch curvature compared with a human’s. In
fact, it is similar to a type Il aortic arch in a
human.'” A higher aortic curvature increas-
es the level of difficulty and rate of compli-
cations in TEVAR.® In this canine study, all
the stent-graft proximal sites were located
in zone 0. However, all the delivery systems
crossed the arch successfully without aortic
rupture or other complications. In one case
of extremely steep curvature of the aortic
arch, the stent graft crossed the arch suc-
cessfully by partially withdrawing the outer
sheath to decrease the friction. This is where
the device’s X-ray radiopaque marker at the
tip of the delivery system came into play. The
design aimed to “take the marker out” of the
NiTi wire and make it more readily direction-
ally functional. When the marker is viewed as
a longitudinal shape, the cephalic direction
of the longitudinal axis is the fenestration
(Figure 1d, e).

Figure 4. Histological examination (hematoxylin and eosin staining) after stent-graft implantation. Four-
week group: there was no vascular injury, and endothelialization of the stent and covered membrane

and thrombus organization of the vascular and covered space was observed, as was the proliferation of
fibroblasts, scattered infiltration of inflammatory cells, a small number of necrotic cells, and attachment of

foreign giant cells on the covered surface. Twelve-week group: slight vascular injury, vascular wall media
compression, and intimal hyperplasia were observed, as well as a small amount of inflammatory cell
infiltration and hemosiderin powder deposition; blank control group: intima was slightly thickened, and

there was no vascular injury, degeneration, or necrosis.
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The fenestrations in this study all occurred
in the greater curvature of the aorta, and we
deemed the reliability of this marker to be
satisfactory. The core part of our new stent
graft is the movable membrane located and
initially overlapped at the prefenestration
area. There is also a radiopaque marker at
the middle part of the movable membrane.
When the stay wire is pulled back at the rear
part of the movable membrane, the radi-
opaque marker indicates where the mem-
brane is and how large the fenestration is
(Figure 2¢, d). The stay wire, which is the con-
trol part of the movable membrane, can be
pulled distally at the end site of the delivery
system. During the procedures in this study,
the stay wire was stable and comfortable
during the fenestration-releasing procedure,
even in very steep aortic arches. No twining
occurred with other parts (Figure 1f, g).

The follow-up data for the 4-week and
12-week groups showed that the branches
in all surviving cases remained patent. In ad-
dition, no thrombosis was observed in the
branch arteries involved in fenestration. To
lower the risk of misfitting the fenestration
and branch orifices, we designed a relatively
large prefenestration area. The area of fen-
estration could be controlled and adjusted
more agilely by physicians based on their
specific needs. In addition, our stent graft
can potentially be used in repairing proximal
arch lesions, as the proximal end can land in
the ascending aorta.'” "

In the presence of anatomical branch ar-
tery variations, the adjustable position and
area of fenestration provide a definite advan-
tage over other methods.?*?" Furthermore,
we judge both histological safety and overall
healing to be satisfactory based on our H&E
staining and electron microscope results. Mi-
crovascular injury and minor inflammation
reactions were not found in the stent graft.
Electron microscope results showed that the
endothelial cell cover was also satisfactory
(Figure 5).

When designing this device, our primary
concern was to create an “off-the-shelf” stent
graft that could be used for fenestration with-
out the need to modify the endograft or use
multiple steps to puncture the membrane.
Accordingly, the use of our device could be
indicated for most pathologies in the aortic
arch.* However, we still have several ideas for
improving the design.

First, we aim to construct more appara-
tuses to help prevent endoleak around the
prefenestration area. Endoleak is the first
complication that should be prevented in
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Figure 5. Electron microscope results of 2 groups of canines after stent-graft implantation and a control
aorta. All locations in the stent graft or the aorta (red “A, B, C”) have been highly magnified at three different
powers. Four-week group: stent surface was partially covered by tissue, with a small number of endothelial
and red blood cells attached. Twelve-week group: stent surface was completely covered with endothelial
cells and a small number of red blood cells. Blank control group: mature endothelial cells can be seen on the

surface of blood vessels.

TEVAR, especially under conditions using the
chimney or fenestration techniques. In the
very early design phase, we did not design
extra endoleak prevention apparatuses for
our device, since a special gutter-free branch
artery stent-graft device already exists,>?
and we believe that our fenestration pro-
cedure, combined with the new gutter-free
branch artery stent graft, can lower endoleak
risk. However, if we design more endoleak
preventive devices around the edge of the
fenestration, the device could be made even
more effective at preventing endoleak when
combined with a gutter-free branch stent
graft. Second, this study only tested the safe-
ty and feasibility of the new device in healthy
animals and not in pathologic ones.?** Third,
there are differences in the anatomical struc-
ture of the human and canine aortic arch.
Although our new adjustable prefenestra-
tion aortic stent graft, used in fenestrated
TEVAR to preserve canine branch arteries,
achieved satisfactory results, its application
to a human aortic arch requires further study.
In addition, the follow-up period of this ex-
perimental study was short, and the stability
of this new adjustable prefenestration aortic
stent graft cannot be satisfactorily explained.
As such, this study has limitations in terms of
demonstrating the effectiveness, safety, and
feasibility of our new device for repairing dis-
section or aneurysm. This remains a topic for
future investigation.

In conclusion, we found our new adjust-
able prefenestration aortic stent graft, used in
fenestrated TEVAR to preserve canine branch
arteries in the aortic arch, to be satisfactory
in terms of both safety and feasibility. During
the procedures in this study, the adjustment
and manipulation of the position and area of
the fenestration were smooth. Furthermore,
the results for the stability of the stent graft
and the patency of the branch arteries on
the aortic arch were also satisfactory. These
preliminary data derived from a canine mod-
el may serve as a reference for the use of our
fenestrated-TEVAR device in humans.
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ABSTRACT

Imaging plays a key role in the diagnosis and management of rheumatic diseases. Although joints
and periarticular tissue are commonly involved in rheumatic diseases, entheses further away from
joints, such as in the Achilles tendon or plantar fascia insertion onto the calcaneus, as well as skin
and subcutaneous tissue, are among other -sometimes overlooked- targets. The link of enthesitis,
which describes inflammation at the insertions of ligaments, tendons, or joint capsules, with spon-
dyloarthritis (SpA) was established just before the turn of the century as a characteristic feature
based on imaging studies with histopathological correspondence. To highlight the association be-
tween enthesitis and synovitis in SpA, the anatomical unit of the “synovioentheseal complex” (SEC)
and the concepts of “functional enthesis” and “articular enthesis,” apart from the better known
“insertional enthesis,” were introduced to encompass other inflammatory lesions associated with
SpA. Studies from the last two decades revealed the involvement of the SEC in rheumatic and
non-rheumatic disorders with different pathogeneses. Although such involvement is sometimes
distinctive, it does not necessarily point to a specific diagnosis at other times. Nevertheless, the po-
tential of SEC inflammation in the differentiation of SpA from other forms of arthritis remains import-
ant. The purpose of this review was to provide essential information concerning the involvement
of the SEC in the diagnosis of rheumatic diseases and arthritis, focusing on imaging characteristics.
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Arthritis, enthesitis, synovioentheseal complex, magnetic resonance imaging, ultrasonography

heumatic diseases, including arthritis, are common and disabling health problems.’ In

the last few decades, the widespread use of disease-specific medications that carry the

promise of treating arthritis at earlier phases, before deformities develop, has bolstered
the importance of reaching a correct diagnosis.2 Imaging-based diagnosis in arthritis relies
mainly on the distribution across the body of inflammatory soft tissue and bone lesions and
structural bone changes.? Algorithms using an imaging-based diagnosis of arthritis that his-
torically relied on radiographs, which mostly show chronic lesions at joints and bones, usually
prioritize proximal or distal and axial or appendicular skeletal distribution.®> However, there
are many challenging instances in daily practice whereby such distribution-based generaliza-
tions simply do not work. The additional information that cross-sectional imaging provides is
crucial yet sometimes confusing with distribution-based algorithms or in the case of subtle
findings. Therefore, it is imperative for radiologists to know where to look and what to search
for on cross-sectional imaging to both identify the presence of pre-radiographic findings of
arthritis and attempt to classify the disease. In other words, factoring the characteristic in-
volvement of some specific microanatomic sites, such as “the enthesis organ,” which we ex-
plain below, may take precedence over the more generalized, distribution-based algorithmic
approach to diagnosis, especially when cases that do not conform to the existing algorithms
are encountered.

The term “enthesopathy,” which describes inflammation at the insertions of ligaments, ten-
dons, joint capsules, or fasciae to bone, was first used in 1966.* Although the link between
enthesitis and spondyloarthritis (SpA) has been mentioned thereafter in several studies, it
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was just over two decades ago that enthesi-
tis was highlighted as a characteristic feature
of SpA in the light of magnetic resonance
imaging (MRI).>¢ Based on high-resolution
(HR) MRI and histological studies, micro-
anatomical detailed analyses of enthesis
culminated in the concept of the “enthesis
organ”. The latter not only involves a group
of related tissues at the insertional sites
across the bones but also encompasses the
fibrocartilaginous periosteal or tendinous/
ligamentous lining that facilitates the glid-
ing of tendons/ligaments during motion.”®
In 2007, to better delineate the association
between enthesitis and synovitis in SpA,
McGonagle et al.? introduced the concept of
an anatomical unit dubbed the “synovioen-
theseal complex” (SEC). According to this
concept, the normal fibrocartilage related
to an enthesis is critically dependent on the
immediately adjacent synovium.? Currently,
based on studies from the last two decades,
it has been established that the SEC is in-
volved in various ways in several rheumatic
and non-rheumatic disorders with different
pathogeneses, somewhat limiting its value
as a discriminating factor favoring rheumat-
ic versus non-rheumatic diseases.’®'” Never-
theless, the potential of SEC inflammation in
the differentiation of SpA from other forms
of arthritis remains important, given the
differences in the treatment of SpA versus
other forms of inflammatory arthritis. The
purpose of this review is to provide essential
information on SEC involvement in the di-
agnosis of rheumatic diseases and arthritis,
focusing on imaging characteristics.

* As a major target site of involvement in
many forms of rheumatic diseases, the sy-
novioentheseal complex (SEC) needs to be
a primary focus on imaging-based assess-
ment of arthritis.

* Although the gross anatomic distribution
has long been a primary consideration in
the radiography-based differential diag-
nosis of arthritis, the ascertainment of SEC
involvement may be a better approach in
target-site prioritization on high-resolution
(HR) cross-sectional imaging.

* Entheseal bone marrow edema (suggesting
SEC involvement) is more common in spon-
dyloarthritis patients compared with rheu-
matoid arthritis and osteoarthritis patients.

* Focused or HR magnetic resonance imaging
that incorporates new technological ad-
vances is the best imaging tool for depicting
the entire SEC (i.e., osseous as well as soft tis-
sue components).

The anatomical rationale behind the term
“synovioentheseal complex”

Enthesis, which means “insertion” in an-
cient Greek, refers to the locations where
tendons, ligaments, fascia, or articular cap-
sules attach to a bone. There are two types
of entheses: fibrous and fibrocartilaginous.
Fibrous entheses attach tendons of large
muscle bodies directly to a broad surface
of diaphysis and metaphyses of long bones,
where the bone cortex is thick.®'2 Fibrocarti-
laginous entheses, which are the main target
of inflammatory lesions in SpA, comprise
the majority of entheses in the body. Clas-
sic fibrocartilaginous entheses are located
often in the vicinity of synovial joints, have a
unique composition that allows joint move-
ment, and attach tendons to epiphyseal
and apophyseal long bone ends, where the
bone cortex is thin.5'?In addition to classic
fibrocartilaginous enthesis, the concepts of
“functional” and “articular” fibrocartilaginous
entheses related to inflammatory lesions of
SpA have been introduced.'®

Fibrocartilaginous entheses, which, in
their classical form, serve as a functional
unit in the dissipation of mechanical stress
at the soft tissue-bone interfaces, are made
up of the following subunits: distal tendon,
ligament, or fascia; sesamoid and entheseal
fibrocartilage of the tendon; fat pads; bursae;
synovium; periosteal fibrocartilage; and the
bone. This overall arrangement of contigu-
ous structures is also known as the “enthesis
organ”. The most common fibrocartilagi-
nous entheses that are targeted by SpA are
the calcaneal insertions of the Achilles ten-

Achilles tendon

Calcaneus

Retrocalcaneal bursa
(lined with synovium)

Sesamoid fibrocartilage

Periosteal fibrocartilage

Entheseal fibrocartilage

don and plantar fascia, and patellar, lateral
humeral epicondylar, and greater trochan-
teric insertions of the quadriceps, common
extensor, and hip abductor tendons, respec-
tively (Figures 1 and 2).1*%

The term “functional enthesis”is coined to
define the fibrocartilage interface between
two musculoskeletal infrastructural parts
that absorb friction-related stress during
activity.? In other words, fibrocartilaginous
entheses exist not only at the tendon at-
tachment sites but are also found in friction
interfaces of tendons versus bones, such as
the extensor digitorum tendon and central
slip of the extensor tendon crossing over the
metacarpal head and the proximal interpha-
langeal joint, respectively, or the peroneus
longus tendon wrapping around the perone-
al trochlea of the calcaneus and cuboid (the
latter is referred to as the “cuboid pulley”)
(Figure 3). Other sites of friction interface are
pulleys on the volar surfaces of fingers and
toes versus the tendon sheaths that they
wrap around, whereby finger pulleys show fi-
brocartilaginous characteristics at their inner
gliding layer (Figure 4).821-

The “articular” form of fibrocartilaginous
enthesis is found in synovial joints that
are lined by fibrocartilage as well as hya-
line cartilage, such as the sacroiliac joints
(SlJs), symphysis pubis, acromioclavicular,
temporomandibular, and manubriosternal
joints.'®2426 Fibrocartilage/hyaline cartilage
proportions in some of these joints change
during skeletal maturation.’®?*26The articular
surface at the iliac side of the SIJ consists of
hyaline and fibrous cartilage, whereas the

Figure 1. Synovioentheseal complex in a classic fibrocartilaginous enthesis in the ankle. (a) Schematic
illustration of a midsagittal ankle section through the Achilles tendon shows the synovioentheseal
complex including subunits of the entheseal organ: distal tendon, sesamoid (green), and entheseal (red)
fibrocartilages of the tendon, periosteal fibrocartilage (yellow) of the calcaneus, retrocalcaneal bursa lined
with synovium (blue), and the surrounding fat pad (asterisk). (b) Sagittal fat-saturated T2W magnetic
resonance image shows Achilles tendon enthesitis as well as insertional plantar fasciitis, which also is a type
of enthesitis, in a 16-year-old girl with enthesitis-related arthritis. Note retrocalcaneal bursitis and extensive

bone marrow edema related to enthesitis.
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Figure 2. Synovioentheseal complex in the classic fibrocartilaginous enthesis of extensor tendon with
its nail root extensions. (a) Schematic illustration of a midsagittal distal finger section shows sesamoid
fibrocartilage (green) and entheseal fibrocartilage (red) of the extensor tendon with its extensions to the
nail root (superficial lamina, purple arrow) and the dorsal distal phalangeal periosteum (deep lamina, black
arrow). Asterisks denote the nail bed. (b, c) Sagittal fat-saturated T2W magnetic resonance images of the
second (b) and third (c) fingers in a 58-year-old woman with psoriatic arthritis reveal extensor tendon
enthesitis of the second finger characterized with peritendinous, nail root, and bed inflammation (b,
arrow), extensive periarticular osteitis of the middle and distal phalanges and synovitis of the second distal
interphalangeal joint in addition to uniform joint space narrowing and mild periarticular bone proliferation.
Extensor tendon enthesis, nail root, and bed of the third finger (c) are normal.

Figure 3. Synovioentheseal complex in a functional enthesis at a tendon-bone friction site. (a) Schematic
illustration of a midfoot coronal section shows the peroneus longus tendon (PL) enveloped in its synovial
tendon sheath. The sesamoid fibrocartilage (green) at the peroneus longus tendon facing the cuboid
and the corresponding periosteal fibrocartilage (yellow) at this site constitute a functional enthesis. (b, c)
Consecutive coronal fat-saturated TTW post-contrast magnetic resonance images through midfoot show
functional enthesitis at the cuboid pulley in a 16-year-old girl with enthesitis-related arthritis. Cu, cuboid.

A2 pulley

Sesamoid
fibrocartilage

Figure 4. Synovioentheseal complex in a functional enthesis at the finger pulley-flexor tendon gliding site.
(a) Schematic illustration of a transverse section through the mid-level of a proximal phalanx shows the
extensor mechanism (E), proximal phalanx (Prox), superficial (FS), and deep (FP) flexor tendons, which are
enveloped in a synovial sheath (blue). Phalangeal insertions of pulleys are classic entheses. The sesamoid
fibrocartilage at the A2 pulley (green) facing the flexor tendon group (which is a friction site) is a functional
enthesis. (b) Transverse fat-saturated T1W post-contrast magnetic resonance image shows functional
enthesitis of A2 pulley with accompanying subcutaneous inflammation, dactylitis, in a 34-year-old woman
with psoriatic arthritis.

sacral side joint surface is covered exclusive-
ly with hyaline cartilage (Figure 5). Articular
hyaline and fibrous cartilage blend with the
strong fibrous tissue of surrounding liga-
ments through a transitional zone of fibro-
cartilage (i.e, fibrocartilaginous enthesis). On
the iliac side of the SlJs, the articular hyaline
and fibrous cartilage are thinner compared
with the pure hyaline cartilage found on the
sacral side. At the iliac side, the abundance
of fibrocartilaginous components, which
are considered to be attacked first in SpA, as
well as the relative thinness of the articular
cartilage, results in a tendency for erosions
in sacroiliitis to occur earlier (and more prev-
alently) on the iliac (rather than the sacral)
side of the joint (Figure 5); progression to the
sacral side usually occurs later. Interestingly,
but not surprisingly, diskovertebral joints are
also considered “articular (fibrocartilaginous)
entheses,” since disks contain fibrocartilage
and are juxtaposed to the hyaline end-plate
cartilage of the vertebral bodies (without
any synovium involved). It is not coinciden-
tal that inflammatory lesions of SpAs tend
to involve diskovertebral junctions as well
as vertebral corners (classic entheses).”®
A summary of fibrocartilaginous enthesis
subtypes and examples of SEC sites across
the body are shown in Table 1.

In healthy conditions, the synovial sub-
unit of an enthesis organ lubricates and
nourishes the avascular fibrocartilage and
provides immunity to enthesis, just as the
neighboring bone marrow does when need-
ed. Cytokine-based pathophysiological
pathways that drive the disease processes
involving the SEC are a prime area of arthritis
research.?*® However, these are beyond the
scope of this review. Any pathological pro-
cess affecting the enthesis organ, including
inflammation, metabolic disorders, trauma,
or degeneration, is called “enthesopathy”
and may manifest as adjacent synovitis and
tenosynovitis or bursitis (Figure 6). Howev-
er, the microanatomical location of the epi-
center of inflammation within a single joint,
either the synovium or the entheseal organ,
may be different in the early phase of the
disease, particularly in cases of inflammato-
ry arthritis. In the later phases, both types
of these closely located inflamed structures
seem to be affected. This pathophysiologic
fact, which is grounded in anatomy, under-
scores the crucial importance of using HR
MRI to detect the epicenter of inflammation
in early phases.>'3?°
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Ventral
sacroiliac
ligament

Sacrum

Figure 5. Synovioentheseal complex (SEC) in the articular enthesis at the sacroiliac joint. (a) Schematic
illustration of an oblique axial section through the distal third of the sacroiliac joint shows entheseal
fibrocartilages (red) of the ventral sacroiliac ligament (VSIL) at the sacral and iliac bone insertions and at the
transition zone where hyaline cartilage of the sacral side (pink) blend with the VSIL. The articular cartilage
on the iliac side is thinner than on the sacral side and consists of a mixture of hyaline and fibrous cartilages
(shown shaded in pink and purple diagonal stripes, respectively), and at the joint periphery it merges with
the periosteum and is covered by the joint synovium (deep blue). (b, c) Transverse oblique fat-saturated
T1W pre- (b) and post-contrast (c) magnetic resonance images (MRI) show linear fibrocartilaginous
enhancement at the iliac joint surface with subchondral osteitis and enhancement of the VSIL compatible
with active sacroiliitis (the white rectangular box in c roughly corresponds to the area drawn in a). Although
the large field-of-view MRI does not distinctively depict each subunit of the SEC, it nevertheless shows the
involvement of this complex.

Table 1. Synovioentheseal complex sites across the body

Site Characteristic Examples*
Achilles tendon (Figure 1)
Classic Tl Mo oy el Plantar fascia-calcaneus insertion

Supraspinatus tendon

f|broca.rtllag|nous Joint capsule attachments to Extensor tendon’s nail root extension (Figure 2)
enthesis bones - o . ;
Peroneus brevis tendon-5" metatarsal insertion
Collateral ligament-phalanx insertions
. At friction interfaces \{vhere @il by (Fe s

Functional tendons, pulleys, or retinacula .

. Extensor tendon-metacarpal head interface
enthesis wrap around another

structure Finger pulleys (Figure 4)
Sacroiliac joint (Figure 5)
Temporomandibular joint
Acromioclavicular joint
Sternoclavicular joint

In synovial joints with a
fibrocartilage-as well as
hyaline cartilage-lining

Articular enthesis

*Please refer to the figures mentioned in parentheses for sample cases.

Imaging approach to the synovioentheseal
complex

Radiographs are generally the first-line
imaging modality used to assess patients
suspected of having arthritis. However,
when it comes to enthesitis, radiographs
may only reveal late signs of enthesopathy,
such as the presence of new bone forma-
tion (enthesophytes and syndesmophytes),
erosions, and sclerosis (e.g., “shiny corner”
lesions of vertebrae). In certain sites, such
as the Achilles or patellar tendon insertions,
which are surrounded with fat tissue, sub-
tle enthesitis-related soft tissue edema and
increased thickness of the tendon may be
detectable, especially if a comparative ra-
diograph of the corresponding normal side
is available. In terms of differential diagnosis
of arthritis, radiographs still maintain their
diagnostic yield in structural (i.e., chronic)
lesions.®

Ultrasonography (US) is particularly valu-
able for small and peripheral joints, with its
widespread availability, lack of ionizing radi-
ation, and HR probes. B-mode and Doppler
US (color and power) both depict the mor-
phological features and vascularity of the
enthesis and may aid in the diagnosis and
treatment response evaluation. According
to the Outcome Measures in Rheumatology
(OMERACT) US Working Group, US features
of enthesitis were grouped into lesions as
either active inflammatory (hypoechoge-
nicity, increased thickness with morpho-
logic abnormalities and Doppler activity of
the enthesis) or structural (insertional bone
erosions, intratendinous calcifications, and
enthesophytes).’’ Ultrasound is disadvan-
tageous for large and deep joints and the
axial skeleton, where MRI is the preferred
modality.

Figure 6. Synovioentheseal complex inflammation in chronic overuse, degenerative, and traumatic injuries. (a) Sagittal fat-saturated proton density-weighted
magnetic resonance image (MRI) of a 12-year-old boy with Osgood-Schlatter disease, which is an overuse injury, reveals distal patellar tendon enthesopathy
characterized by intra- and peritendinous hyperintensity, subcortical bone marrow edema at the entheseal insertion, and deep infrapatellar bursitis. (b) Sagittal fat-
saturated T2W MRI of a 54-year-old woman with Haglund syndrome shows Achilles tendon enthesopathy characterized by intra- and peritendinous hyperintensity,
subcortical bone marrow edema, and erosion at the entheseal insertion, and retrocalcaneal bursitis with Haglund deformity of the calcaneus. (c) Transverse fat-
saturated TTW post-contrast MR image of a 44-year-old man with a 1-month history of pain following an episode of lifting luggage with a single finger shows
traumatic A1 pulley enthesopathy (arrows) with mild flexor tenosynovitis.
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MRI, with its potential to visualize the en-
tire enthesis organ (including its subcortical
medullary bone component), is the best im-
aging modality for enthesitis involving both
the axial and peripheral skeleton. An MRI ex-
amination to assess inflammatory and struc-
tural lesions at entheses should include at
least short tau inversion recovery, T2-weight-
ed fat-saturated images, or T1-weighted
fat-saturated images with and without gad-
olinium enhancement.?? According to the
OMERACT Heel Enthesitis MRI Scoring Sys-
tem, MRl features of enthesitis were grouped
into lesions as either active inflammatory
(intratendinous and/or peritendinous hy-
perintensity, subcortical bone marrow
edema at the entheseal insertion, retrocal-
caneal bursitis, and tendon thickening) or
structural (insertional bone erosions and
enthesophytes).?> Advancements in hard-
ware and software over the past few decades
have enabled HR MRI of small joints, which,
in turn, has enhanced understanding of the
pathogenesis of psoriatic arthritis (PsA) by
providing insights into its microanatomical
aspects. HR MRI also enabled the visualiza-
tion of different types of enthesitis and dis-
crimination of inflammatory arthritis.28333¢
The term “HR MRI" does not imply employing
a specific set of parameters for imaging small
joints and body parts. Rather, it describes an
attempt to reduce slice thickness and fields
of view (by using the most appropriate sur-
face coils and up-to-date software) to such
a degree that the signal-to-noise ratio of im-
ages and acquisition times remain within an
acceptable limit while ensuring patient com-
fort and compliance.

Since SlJs are an articular enthesis, as ex-
plained above, sacroiliitis is a type of enthesi-
tis that manifests itself on imaging as con-
trast enhancement at the joint capsule and
within the articular fibrocartilage (Figure 5).
Inflammation may extend continuously from
the joint to the pericapsular tendon and lig-
ament attachments.?* For both active inflam-
matory and chronic structural lesions of sac-
roiliitis, MRI is indispensable. Osteitis, which
is a cardinal finding of the Assessment of
SpondyloArthritis International Society clas-
sification criteria for axial SpA,* represents an
extension of inflammation of articular fibro-
cartilage to the subcortical bone marrow of
the SIJ.% Chronic sacroiliitis is characterized
by subcortical marrow fat metaplasia, ero-
sions, subchondral sclerosis, transarticular
bone bridges, and bone buds.*”

The developmental process involving SlJs
has a bearing on the imaging assessment of

SpA in children. The sacrum is formed by the
fusion of numerous primary and secondary
ossification centers throughout early child-
hood and adolescence. Predominantly on
the sacral side, the metaphyseal-equivalent
high signal intensity is typically symmetrical
and results from ossifying epiphyseal carti-
lage and the underlying newly formed sub-
chondral bone, which may be misinterpreted
as osteitis. Distinctly in children, the ossifying
subchondral bone plate shows partial ab-
sence of the cortical black line and frequently
appears irregular and blurred at the iliac side
of the S1 level, mimicking erosions.®®

As with sacroiliitis, the imaging assess-
ment of enthesitis in children can also be
challenging due to the pitfalls related to
the ongoing development of the immature
skeleton.*®In children, entheseal radiograph-
ic findings within the bone occur very late
in the disease. In particular, enthesophytes
are seen less frequently in children than in
adults.* In evaluating enthesitis in growing
children, physiological cortical irregulari-
ties at the bone-cartilage interface and the
presence of normal intra-/peritendinous
vascularity detected by power Doppler US
(PD US) pose challenges that are not typi-
cally encountered in adults.** Nevertheless,
a standardized US definition of enthesitis in
children is not available, and observers have
to resort to a combined assessment of gray-
scale and PD US findings while considering
these physiological findings.*

Depending on the involved anatomical
structure, enthesitis in the axial skeleton
is grouped as inflammatory lesions of ei-
ther the vertebral body or the remainder of
a vertebra. Anterior or posterior vertebral
corner inflammatory lesion, vertebral end-
plate inflammatory lesion (which is called
“aseptic spondylodiskitis”), and thoracic
lateral inflammatory lesion (which is at the
costovertebral joint) involve the vertebral
bodies. Other inflammatory lesions involve
the facet and costotransverse joints or spi-
nal ligaments (ligamentum flavum, inter-
spinous, and supraspinous ligaments). All
those inflammatory lesions show edema/
contrast enhancement of bones and/or adja-
cent ligaments and/or synovium. In chronic
phases of SpA, structural lesions occur, in-
cluding erosions, focal fat metaplasia and
sclerosis of vertebral corners, bone spurs/
syndesmophytes at the attachment sites of
annulus fibrosus, and ankylosis of vertebrae
with bridging syndesmophytes and/or bony
fusion across the intervertebral disks or facet
and costovertebral joints.*

Whole-body MRI, which came of age
in the last decade in terms of the extent of
practical applications, presents the poten-
tial advantage of detecting multiple sites of
entheseal involvement in a single imaging
session.*

Synovioentheseal complex involvement in
different forms of arthritis and rheumatic
diseases

This section describes the current knowl-
edge of SEC involvement in a wide spectrum
of rheumatic diseases. The entities covered
here encompass all conditions whereby SEC
involvement has so far been described in the
literature.

Spondyloarthritis with a highlight on pso-
riatic arthritis

SpA refers to a group of rheumatic diseas-
es primarily affecting the spine and peripher-
al joints. PsA is one of the main forms of SpA
that affects the skin [psoriasis (PsO)] as well
as the joints. The established primary lesion
in PsA is enthesitis, reported in 30%-50%
of patients with PsA3°In contradistinction
to other forms of SpA, PsA tends to involve
in particular the small joints of the hands
and feet, resembling the joint involvement
seen in different forms of arthritis, such as
rheumatoid arthritis (RA) and osteoarthri-
tis (OA).2123%44 Although numerous studies
utilizing HR MRI and US have identified the
SEC as the epicenter of inflammatory lesions
in PsA, conflicting results have also emerged
suggesting that SEC inflammation may not
be specifically linked to PsA 8293335364448

PsA tends to involve distal interphalan-
geal (DIP) joints where OA is common, and
both of these arthritis forms may present
with bone proliferation and inflammation,
causing diagnostic challenges.** Although
inflammatory changes of ligament, tendon,
enthesis, and adjacent bone are common
both in PsA and OA, HR MRI studies have
shown that they are much less prominent
in OA than in PsA2 In a detailed microana-
tomical analysis of inflammatory lesions
with HR MRI and histology, the epicenter of
inflammation in DIP joints is at the extensor
tendon enthesis including the nail root, as a
part of the enthesis organ, in PsA rather than
patients with OA (Figure 2).3 Nail bed (as
well as nail root) involvement with active in-
flammation has been shown in patients with
PsA but without PsO.3*° The corollary here is
that the nail bed, as well as the nail root, may
also be considered part of the DIP extensor
tendon entheseal organ, which is a SEC. A re-
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cent study comparing PsA with PsO and OA
by utilizing US, MRI, and radiography found
no imaging variable as a positive predictor
for PsA.** Nevertheless, the major limitation
of that study was patient selection bias, be-
cause a considerable number of patients
with PsA and PsO had been receiving dis-
ease-modifying anti-rheumatic drugs, and
this may have caused subdued inflammatory
imaging findings.*

Another characteristic feature of PsA is
dactylitis (or “sausage” digits), which is de-
scribed in approximately 30%-40% of pa-
tients with PsA.2*°Studies performed with HR
MRI and US have demonstrated that dactyli-
tis is a combination of multiple “digital poly-
enthesitis,” featuring “classic” enthesitis at the
collateral ligament and extensor tendons,
and “functional” enthesitis at other sites.
Functional enthesitis in this context com-
prises inflammation of the extensor tendons
(and/or central slips of extensor tendons)
where they cross over bones, abnormal en-
hancement of volar and plantar plates, mi-
croenthesopathy of flexor tendon pulleys/
flexor sheaths, and edema/inflammation of
the surrounding soft tissue3>*%4 Interest-
ingly, although synovitis is the epicenter of
inflammation in patients with RA with gener-
alized involvement of hand joints, enthesitis

may also be involved. This is because synovi-
tis may spread to involve entheses of collat-
eral ligaments or pulleys, particularly in small
joints where anatomic structures are very
close (Figure 7). In challenging cases, de-
termining the dominant inflammatory lesion
pattern in conjunction with clinical charac-
teristics and diagnostic laboratory tests can
help make a decision. Another important
differential diagnosis of digital enthesitis is
traumatic or overuse injury of tendons or lig-
aments, whereby history of trauma, localized
findings (e.g., isolated pulley enthesitis) with-
out arthritis, and the presence of characteris-
tic bone deformity (e.g., Haglund syndrome)
are helpful clues (Figure 6).

Extensive bone marrow edema at the
phalangeal or metacarpal diaphyses (away
from entheses or subchondral bone) favors
PsA over other forms of arthritis (Figure 2).2
Moreover, hand or feet bone marrow edema
in RA and OA tends to be more confined to
the capsular attachments and subchondral
areas, respectively.’* In large joints, bone
marrow edema can be more easily demar-
cated as entheseal or perientheseal, allowing
more sensitive evaluation. Entheseal bone
marrow edema (suggesting SEC involve-
ment) is more common in patients with SpA
compared with patients with RA or OA. In

Figure 7. Synovioentheseal complex inflammation in rheumatic diseases other than spondyloarthritis.
(a, b) Transverse fat-saturated T1W post-contrast magnetic resonance images (MRI) of a 58-year-old woman
with seronegative rheumatoid arthritis show mild second through fourth metacarpophalangeal joint
synovitis along with A1 pulley enthesitis of the third finger (b, arrow). (c) Sagittal fat-saturated T2W MR
image of a 54-year-old woman with Sjogren syndrome shows Achilles tendon enthesitis characterized by
intra- and peritendinous hyperintensity, subcortical bone marrow edema at the entheseal insertion, and
retrocalcaneal bursitis. (d) Coronal short tau inversion recovery MR image of a 12-year-old boy with chronic
non-bacterial osteomyelitis shows bilateral active on chronic sacroiliitis prominent on iliac sides with

characteristic periphyseal osteitis at proximal femurs.
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contradistinction to SpA, both synovitis and
perientheseal bone erosions are more prev-
alent in RA.* Although a study has reported
conflicting results in this regard,* specifica-
tion of entheseal and perientheseal locations
was lacking, and the sample size was relative-
ly smaller.

Erosions, calcifications, and new bone for-
mation are late-stage findings of enthesitis,
and the latter is a key distinguishing feature
seen in PsA but not in RA. New bone forma-
tion in PsA can be in the form of an enthe-
sophyte or of periosteal fluffy appearance.
The combination of bone erosion and prolif-
eration at an enthesis gives the characteris-
tic appearance of “mouse ears” on the distal
surface of the interphalangeal joint, with fre-
quent involvement of the DIP joints.?

In early phases, although asymmetry of
sacroiliitis and/or cervical predilection of
spinal entheseal inflammatory lesions favor
axial PsA involvement, generally there is no
additional distinctive feature pointing to
a subtype of SpA. However, in late phases,
structural lesions show distinguishing char-
acteristics allowing the differential diagnosis
of axial PsA and ankylosing spondylitis (AS).
Axial PsA presents less with sacroiliitis (which
is usually asymmetrical) and more with
chunky syndesmophytes, which are predom-
inant at the cervical spine, whereas syndes-
mophytes in AS are marginal, symmetrical,
and well-delimited.’’

Juvenile idiopathic arthritis

Enthesitis and sacroiliitis are diagnostic
features of juvenile-onset spondyloarthrop-
athies (JSpAs), which make up approximate-
ly 20% of all juvenile idiopathic arthritis (JIA).
According to the International League of As-
sociations for Rheumatology, JSpAs are clas-
sified as enthesitis-related arthritis (ERA) and
juvenile PsA. On the other hand, according
to the European Spondyloarthropathy Study
Group, JSpAs are a separate group of diseas-
es, divided into entities as in adult patients.
In the initial stage of the disease, most JSpA
cases are classified as undifferentiated-the
so-called “seronegative enthesopathy and
arthritis syndrome”. Differentiated forms
comprise four entities: juvenile AS, PsA, re-
active arthritis, and arthritis associated with
inflammatory bowel disease (IBD).3%%2

In the early course of the disease, children
typically first present with enthesitis and
lower extremity peripheral monoarthritis
before developing sacroiliitis or spondylitis.>
The commonly involved entheses are locat-
ed at the lower extremities, including the

Yildiz and Ayding6z



knee, hip, and big toe. Moreover, the tarsal
joints and feet exhibit a higher frequency of
involvement (Figure 3).3%%2In patients with
ERA, the prevalence of sacroiliitis was report-
ed to be in approximately 75% of patients
with pelvic enthesitis. In keeping with these
results, it is recommended to add true axial
water-sensitive fat-saturated images to the
SIJ MRI protocol with a larger field of view to
depict the entire pelvis, including the hips, to
assess various entheseal sites at the pelvis.>
Subclinical enthesitis, which may be present
in ERA as well as with sacroiliitis associated
with familial Mediterranean fever (FMF), can
predict disease flare-ups.*®

Although rare, bursitis can be the sole
imaging finding in JIA®¢ The presence of
sesamoid fibrocartilage at the Achilles ten-
don-retrocalcaneal bursa interface is already
well known (Figure 1).° Bursitis without ac-
companying overt classic enthesitis, which
may be encountered elsewhere in patients
with ERA, warrants studies searching for oth-
er sesamoid fibrocartilage-bursa interfaces.
Bursitis may represent the involvement of
the SEC, along with chronic irritation ema-
nating from adjacent tendons gliding over
bones (i.e., functional enthesitis).

Rheumatoid arthritis

As the most common form of autoim-
mune inflammatory arthritis, RA primarily
affects the synovium. Although the joint
synovium and periarticular bone are the
most significant initial targets in RA, the sy-
novium-lined tendon sheaths, bursae, and
entheses are also affected.”” Awareness of
the SEC involvement patterns (entheseal vs
perientheseal) based on the location of bone
edema and erosions may help differentiate
RA from other inflammatory arthritis.* How-
ever, in small joints, the discrimination of
such entheseal lesions may be difficult due
to the close anatomic alignment of involved
structures. Seronegative (for rheumatoid
factor and/or anti-cyclic citrullinated pep-
tide) and/or human leukocyte antigen B27
(HLA-B27)-positive patients with RA are the
most challenging cases in the early phase
of the disease. However, it was shown that
HLA-B27-positive patients with RA do not
have more pronounced enthesitis than pa-
tients lacking this HLA allele.’®

In studies comparing entheseal abnor-
malities of PsA and patients with RA with
healthy controls, utilizing either US or HR
MR, significantly more entheseal abnormali-
ties in RA were found compared with healthy
controls, 3% regardless of the comparison

of results between PsA and RA (although
PsA was shown to have more entheseal ab-
normalities than RA).3%# It is likely that RA
primarily affects synovial tissue and subse-
quently involves adjacent structures, such as
entheses (Figure 7).

Retrocalcaneal bursitis can occur before
or together with Achilles tendon enthesitis
in the early phase of RA.”* This supports the
concept proposed by McGonagle et al.*® that
inflammation of the SEC in RA arises from
the synovial tissue. Moreover, the interest-
ing recent finding of the presence of isolat-
ed Achilles tendon enthesitis without retro-
calcaneal bursitis in a subgroup of patients
who have already been diagnosed with, and
are being treated for, RA,'® suggests several
possibilities. First, enthesitis may be more
resistant to RA treatment compared with
bursitis. Second, enthesitis may be partially
attributed to degenerative changes result-
ing from damage and deformities caused by
RA synovitis. Last, such enthesitis in patients
with RA may primarily indicate a reparative
process rather than ongoing inflammation.™
All these observations underline the impor-
tance of increased awareness of the SEC on
imaging-based detection of involved struc-
tures in RA.

Osteoarthritis

OA leads to inflammation and degenera-
tion of various components within the joint,
encompassing not only cartilage, cortical
bone, and bone marrow but also the joint
capsule and ligaments.® Studies from the
last two decades have shown that enthesitis
of ligaments and tendons seems to contrib-
ute to early OA as a trigger of further inflam-
matory changes.'"®' On the other hand, a
recent study challenged the hypothesis that
enthesitis is a precursor to OA by revealing
a more frequent osseous involvement of the
perientheseal (instead of the actual enthe-
seal) regions in patients with OA (as well as
those with RA), in contradistinction to the ex-
clusive involvement of entheseal regions (in
other words, the SEC) in patients with SpA.*
Once again, the SEC is at the forefront of in-
vestigations into such distinctions.

Diffuse idiopathic skeletal hyperostosis

Diffuse idiopathic skeletal hyperostosis
(DISH) is an ossifying enthesopathy charac-
terized by excessive new bone formation in
the axial and peripheral skeleton. In the axi-
al skeleton, DISH usually affects the thoracic
spine, whereas in the peripheral skeleton,
entheseal sites (mainly in the pelvis) are tar-

geted. The condition is regarded as mechan-
ical or degenerative in nature, although local
inflammation may also play a role in its de-
velopment. DISH may be asymptomatic or
may manifest as back and cervical pain, dys-
phagia, pain at peripheral entheseal sites, or
limitation of motion of the spine, often mim-
icking SpA. Although strict radiographic cri-
teria by Resnick and Niwayama® have long
been used in diagnosing DISH, longitudinal
studies have highlighted the need for es-
tablishing new criteria to identify it earlier.53
Kuperus et al.%® have recently developed and
validated criteria for early-phase DISH utiliz-
ing computed tomography (CT).

Despite overlapping imaging features in
DISH and SpA, new bone formation and en-
thesophytes in the spine and the appendic-
ular skeleton are generally thicker and more
prominent in DISH. In addition, DISH-related
osteophytes in the spine are primarily lo-
cated on the right and are more horizontal,
whereas in SpA they are vertically orient-
ed with no side predilection. At peripheral
forms of enthesitis, enthesophytes in DISH
are also prominent and show a whiskering
pattern, without accompanying erosions and
sclerosis. SIJ ankylosis of DISH reveals ante-
rior and/or posterior bridging osteophytes
without erosions and sclerosis, different from
intraarticular ankylosis and erosions of SpA.5

Crystal-induced arthritis

The accumulation of calcium-based crys-
tals in the entheses is arguably the most
common underlying factor in systemic en-
thesopathy' and can be easily identified
through radiography and/or US. Neverthe-
less, there is a paucity of research on this
subject in recent years. On the other hand,
enthesitis related to gout (a monosodium
urate-based crystal arthropathy) has been
reported.®® Crystal depositions in gout are
found not only in and around joints but also
in tendons and entheses, which can be de-
tected by dual-energy CT and US. A recent
study utilizing US showed that approximate-
ly half of gout patients have entheseal ab-
normality at their lower extremities, whereby
the patellar insertion of the quadriceps ten-
don was the most common site.*® Moreover,
sacroilliitis as a feature of gout has also been
reported in the form of erosions with multi-
lobulated bases (and an absence of subchon-
dral sclerosis).*

Familial Mediterranean fever

FMF is the most common autoinflamma-
tory disease that can be associated with SpA,
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PsO, vasculitis, Behcet’s disease (BD), JIA,
and IBD. In addition to episodes of peritoni-
tis, pleuritis, or acute synovitis, a significant
number of patients with FMF are found to ex-
hibit enthesitis and sacraoiliitis, which are also
characteristic imaging findings of SpA.'®¢’
Pelvic and lower extremity entheses, partic-
ularly the Achilles tendon, are the most com-
monly reported sites.5® In a recent study,
enthesitis was found to be a sign of a more
severe FMF phenotype and was associated
with other musculoskeletal manifestations
that resemble SpA.%”

Systemic lupus erythematosus

The musculoskeletal system is frequent-
ly affected in systemic lupus erythemato-
sus (SLE), whereby enthesitis has also been
reported as a manifestation, in addition to
arthralgia, arthritis, tenosynovitis, tendon
rupture, tendonosis, osteonecrosis, subcor-
tical cysts, osteomyelitis, septic arthritis, and
myositis.® The distal insertion of the patellar
tendon, which features a SEC, is the most fre-
quently affected site of enthesitis in SLE. In
comparison with patients with PsA, enthesi-
tis in SLE is rarely associated with US findings
of structural damage.”

Systemic sclerosis

Systemic sclerosis (SSc) is a chronic au-
toimmune disease with a complex patho-
genesis characterized by fibrosis and in-
flammation of the skin and multiple internal
organs.”' Ultrasound studies suggest that sy-
novitis is one of the most common findings
in SSc, affecting almost half of all patients.
In a recent study using US and featuring
healthy controls, it was found that 38% of
SSc patients exhibited enthesitis of the lat-
eral epicondylar common extensor tendon.
Skin thickening and sarcopenia due to myo-
sitis and myopathy may serve as risk factors
that alter the distribution of mechanical forc-
es on the underlying enthesis and the SEC,
thereby contributing to the development of
enthesitis.”!

Sjogren syndrome

Sjogren syndrome (SS) is a chronic au-
toimmune disease marked by lymphocytic
infiltration of the exocrine glands. Diffuse
pain is a common feature in SS, and enthesis
zones are one of the leading causes of painin
the musculoskeletal system. A US study has
shown that the plantar fascia, Achilles ten-
don, and distal patellar tendon are the most
common sites of enthesitis in patients with
SS (Figure 7).72

Behcet disease

BD is a type of vasculitis with six different
phenotypes. A study utilizing US has shown
that the arthritis/articular involvement-pre-
dominant phenotype features more enthesi-
tis compared with other phenotypes of BD
without arthritis (as well as to patients with
RA and healthy controls).”® A recent obser-
vational multicenter study found that al-
most one-third of the juvenile patients with
BD who tested negative for HLA-B27 had
sacroiliitis revealed on MRL' Although the
presence of enthesitis and sacroiliitis in BD
suggests an association with SpA, there is no
conclusive evidence as yet to include BD in
the SpA disease complex.

Synovitis, acne, pustulosis, hyperosto-
sis, and osteitis syndrome and chronic
non-bacterial osteomyelitis

Synovitis, acne, pustulosis, hyperostosis,
and osteitis (SAPHO) syndrome and chronic
non-bacterial osteomyelitis (CNO) are au-
toinflammatory diseases. Whereas CNO is
characterized by remitting and relapsing
bone lesions throughout the body, SAPHO
syndrome presents with both skin and os-
teoarticular lesions.”?’”* CNO predominantly
occurs in children/adolescents and SAPHO
syndrome in adults. The anterior chest wall
bones and joints are the most frequent sites
for SAPHO lesions, whereas CNO tends to
involve predominantly pelvis and lower ex-
tremity long bones, characterized by osteitis
of metaphyses and epiphyses (or their equiv-
alents), sometimes with frank involvement
of the physes that may cause lifelong de-
formities.”>’*In the chronic phase of SAPHO,
lesions eventually ossify and cause ankylosis.

In SAPHO syndrome, in addition to sub-
clinical enthesopathy detected with US, axi-
al involvement resembles psoriatic SpA and
starts with vertebral corner lesions, such
as enthesitis of SpA. In time, corner lesions
progress to the adjacent vertebral endplate
and/or the anterior cortex of the vertebral
body, often accompanied by thickening of
the prevertebral soft tissue that may ossify
and cause voluminous paravertebral ossifica-
tion.”>”* Sacroiliitis may also be seen, usually
unilaterally.

Vertebral lesions of CNO may present
as inflammatory corner lesions, such as
enthesitis, and/or may involve the entire
endplate or body, which may eventually
collapse. Unlike SAPHO, paravertebral ossifi-
cation is not expected. Sacroiliitis is another
important imaging feature of CNO that was
reported in up to 72% of children in a recent
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cohort (Figure 7).”*CNO lesions with periph-
eral enthesitis should raise suspicion of an
association with other rheumatic/inflamma-
tory conditions, such as PsA or ERA.”

Both in the acute and chronic phases of
SAPHO, patterns of chest and vertebral le-
sions suggest SEC inflammation; however, it
is not clear which component of the enthesis
organ is primarily involved. Since osteitis is
the primary lesion of SAPHO or CNO, second-
ary involvement of joints and surrounding
capsular and ligamentous structures appears
more reasonable.

In conclusion, the SEC is a pivotal site in
the imaging-based assessment of arthritis
and other rheumatic diseases. It should be
a prime site of attention in the radiologists’
search pattern when performing and inter-
preting modern imaging techniques. With its
capability to show the enthesis organ exqui-
sitely -and in its entirety, including the bone
marrow- HR MRI is the most versatile tool for
depicting the SEC. Despite their limitations in
various aspects, radiography, US and CT are
nevertheless also helpful for this purpose, as
long as the SEC, with its involvement in rheu-
matic diseases, is given due consideration.
Radiologists need to be familiar with the
anatomic properties of the SEC at different
locales across the body and its involvement
in different conditions, both rheumatic and
non-rheumatic.
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Imaging findings of primary lung tumors in children

H. Nursun Ozcan'

Firat Atak? PURPOSE
Berna Oguz1 Pediatric lung tumors are primarily discussed in the surgical literature. However, limited research
Tezer Kutluk3 has been reported on their imaging findings, and only a few tumor types have been documented.
: . Therefore, the aim of this article is to describe the imaging features of primary lung tumors in chil-
Mithat Haliloglu? chen
THacettepe University Faculty of Medicine, METHODS
Department of Radiology, Division of Pediatric The archives of the pediatric radiology unit were reviewed for primary lung tumors documented
Radiology, Ankara, Tiirkiye between 2007 and 2023. In total, 24 patients (9 girls and 15 boys; aged 5 months to 16 years) were
2Hacettepe University Faculty of Medicine, included in the study. Their demographic characteristics, clinical presentation, and histopathologic
Department of Radiology, Ankara, Tiirkiye results were obtained. All imaging studies were reviewed by two radiologists for various findings

(e.g., lymphadenopathy, atelectasis, pleural effusion, calcification, multiplicity, pneumothorax, axial
and lobar location, laterality, tumor margin, mediastinal shift, contrast enhancement pattern, signal
intensity on T1- and T2-weighted images, and diffusion pattern), and a final decision was made by
consensus. The mean tumor size was compared between the benign and malignant groups using
a t-test.

3Hacettepe University Faculty of Medicine,
Department of Pediatrics, Division of Pediatric
Oncology, Ankara, Tirkiye

RESULTS

There were 15 (62.5%) benign tumors, as follows: inflammatory myofibroblastic tumor (IMT; n = 10,
41%), hemangioma (n = 2, 8%), pneumocytoma (n = 2, 8%), and mature cystic teratoma (n = 1, 4%).
Moreover, there were 9 (37.5%) malignant tumors, as follows: pleuropulmonary blastoma (PPB; n
= 6, 25%), adenocarcinoma (n = 2, 8%), and lymphoepithelioma-like carcinoma (LELC) (n = 1, 4%).
The most frequently reported symptoms were cough, fever, dyspnea, chest pain, and recurrent in-
fection; six patients reported no clinical symptoms. Fifteen tumors (62%) were located in the right
lung. The mean tumor diameter at the time of diagnosis was 6.4 + 3 cm (benign group: 6.7 + 3.4 cm;
malignant group: 6 + 2.3 cm, P > 0.050). Calcification was present in 80% of the patients with IMT. At
the time of diagnosis, two (8.3%) patients were found to have metastasis: one was diagnosed with
adenocarcinoma and the other with LELC. Tumors were located peripherally in 18 (75%) patients.

CONCLUSION

The symptoms associated with lung masses are non-specific. There is no correlation between tumor
size and malignancy. The most common tumors observed in this study were IMT and PPB, respec-
tively. IMT is highly associated with calcification.

CLINICAL SIGNIFICANCE
Primary lung tumors are rarely seen in children, and they have different histopathological types.
Calcification might be an important radiological clue for the diagnosis of IMT, which is the most
common lung tumor in children.
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rimary lung tumors are uncommon

in children, have a different histologic

spectrum than adult lung tumors, and
change with age."® Metastases and con-
genital lung masses constitute a substantial
proportion of lung neoplasms in children.
The incidence of primary, metastatic, and
congenital/inflammatory lesions is report-
ed to be 1:5:60.* The most prevalent meta-
static tumors in the lungs are Wilms tumor
and osteosarcoma.® Primary lung masses
may be located in the tracheobronchial tree
or parenchyma. Furthermore, parenchymal
involvement may occur secondarily via lo-
cal invasion of mediastinal or chest wall
masses.

Patients typically present with non-specif-
ic and indistinct clinical symptoms. Delayed
diagnosis is common due to the lack of spe-
cific symptoms and diverse imaging findings
at presentation. The mortality rate for prima-
ry benign lung neoplasms in children is low
(8.7%), and that for primary malignant tu-
mors is approximately 30% overall.? It is par-
amount that radiologists have a comprehen-
sive understanding of the histopathological
spectrum of primary lung masses, enabling
them to identify relevant imaging findings,
make accurate differential diagnoses, and
provide appropriate guidance, particularly
considering the relatively low survival rates
and often unremarkable clinical presenta-
tion.

Research on pediatric lung tumors is pri-
marily found in surgical literature.?’” Howev-
er, few studies have been conducted on the
imaging findings of primary lung tumors
in the pediatric population, and only a few
tumor types have been reported.™® The pur-
pose of this paper is to report on our expe-
rience with primary lung tumors in children.
We have reviewed our cases over the past
16 years and provided a detailed overview
of their imaging findings with computed
tomography (CT) and magnetic resonance
imaging (MRI).

* Primary lung tumors in children are rare.
Patients generally present with non-specific
symptoms, and imaging features are highly
variable.

* The majority of inflammatory myofibroblas-
tic tumors are observed as well-defined, pe-
ripheral, and calcified masses.

* Persistent consolidation and atelectasis
should alert the radiologist to neoplastic
conditions.

Methods

The archive of the pediatric radiology unit
was retrospectively reviewed for lung tumors
documented between 2007 and 2023. The
inclusion criteria were an available CT and/or
MRI scan and pathologic diagnosis of a lung
tumor. Tumors of metastatic and tracheo-
bronchial origin were excluded. The search
yielded 25 patients, 1 of whom did not have
imaging studies available. Therefore, only the
remaining 24 patients (9 girls and 15 boys;
aged between 5 months and 16 years, medi-
an age: 7.5 years) were included in the study
(Figure 1). The demographic features, imag-
ing findings, and pathological results were
documented. Informed consent was waived
due to the retrospective nature of the data
analysis. Approval was obtained from the
Hacettepe University Non-Interventional
Ethics Committee for this retrospective study
(decision no: SBA 23/377; date: 30.11.2023).

Chest X-rays were evaluated for several
potential findings, including the presence
of pleural effusion, pneumothorax, focal
abnormal opacity, and asymmetric density
(radiolucency or radiopacity) of the hemi-
thorax. No pleural effusion or pneumotho-
rax was detected among the patients with
available chest X-rays. Chest CTs and MRIs
were assessed for the following characteris-
tics: anatomic location of the tumor, tumor
size, margins (smooth or lobulated), tumor
pattern (cystic, solid, or mixed), contrast
enhancement pattern (homogeneous or
heterogeneous), presence of calcification,
atelectasis, pleural effusion, pneumothorax,
mediastinal shift, lymphadenopathy, local
invasion, and metastasis at the time of diag-
nosis. A cystic component was considered
present if septation or a fluid—fluid level

—

7180 pts
A

Pediatric pts underwent chest CT/MRI
or thoracic aorta CT angiography

was visible in any region within the mass,
irrespective of the imaging study. Note that
when an MRl scan is performed, regions with
typical fluid intensity are classified as cystic.
Furthermore, if post-gadolinium series were
available, they were checked for contrast
enhancement in these areas. In patients
with only CT scans available, areas without
marked contrast enhancement and densito-
metric measurements less than 20 HU were
considered cystic. Contrast enhancement
was determined by comparing the density
of the solid component of the lesion with
the muscle density in single-phase studies. It
was considered positive if the densitometric
value of the solid part was equal to or great-
er than the muscle density. In cases where
at least a two-phase pre- and post-contrast
image was obtained or two separate acquisi-
tions were performed at different time points
with and without contrast (if the acquisition
parameters were the same), a change in
tissue density greater than 20 HU was con-
sidered positive for contrast enhancement.
The tumor size was determined via mea-
suring the two greatest axial dimensions. In
group analyses, the largest axial diameter
was used. Pleural effusion or pneumothorax
was considered positive if seen only on the
ipsilateral side with the mass. Mediastinal
lymph nodes were considered pathologic if
the axial short axis diameter was larger than
7 mm.? Radiologic detection of local invasion
can be challenging. Thus, in patients who un-
derwent surgery, we checked whether local
invasion was confirmed by the pathological
findings. In cases where no pathology report
was available, we used predefined imaging
criteria for local invasion and deemed all
suspicious cases as negative. For central tu-
mors, local invasion was considered positive
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i Tracheobronchial origin (4 patients)
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Figure 1. Flowchart of our study.
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if, for example, there was an endobronchi-
al nodular lesion, soft tissue density in the
mediastinum showing continuity with the
main lesion, intracardiac soft tissue lesion,
or the presence of at least 180 degrees of
surrounding hilar structures. In peripheral le-
sions, local invasion was considered positive
if there was pleural thickening or nodularity,
osseous destruction, and/or chest wall mus-
cle involvement. If two radiologists could not
reliably determine the presence of invasion,
it was reported as negative. If the mass was
located within the inner one-third of the
concentric imaginary lines drawn from the
hilum, it was considered central.'’ If the mass
was within the borders of any two parts, the
site that contained the majority of the tumor
was reported as the tumor location.

Statistical analysis

The data were presented as the mean
+ standard deviation or median (25%-75%
percentile), as appropriate. Categorical vari-
ables were reported as the frequency (per-
centage). The normality assumption of the
numerical variables was assessed with the
Shapiro-Wilk goodness-of-fit test. Differ-
ences between groups were analyzed using
the independent t-test, Mann-Whitney U
test, or chi-squared (X?) test. The statistical
significance was set as P < 0.050.

Results

The patient demographics and clinical
characteristics are summarized in Table 1.
The chest X-ray and CT findings for the be-
nign and malignant subgroups and the
different histopathologic entities are pre-
sented in Tables 2 and 3. In total, 15 (62.5%)
patients had benign neoplasms, comprising
inflammatory myofibroblastic tumor (IMT;
n = 10, 41.7%), hemangioma (n = 2, 8.3%),
pneumocytoma (n = 2, 8.3%), and mature
cystic teratoma (n = 1, 4.2%). The remaining
9 (37.5%) patients had malignant tumors, in-
cluding pleuropulmonary blastoma (PPB; n =
6, 25%), adenocarcinoma (n = 2, 8.3%), and
lymphoepithelioma-like carcinoma (LELC;
n =1, 4.2%). The most common presenting
symptoms were cough (n =12, 50%), fever (n
=7,29.2%), dyspnea (n =5, 20.8%), and chest
pain (n =5, 20.8%). There was no statistically
significant difference in the demographics
and clinical symptoms between the malig-
nant and benign groups, except for regard-
ing chest pain (P = 0.03; Table 4).

In total, 19 (79.2%) patients had available
chest radiographs, 22 (91.7%) underwent CT
scans, 2 (8.3%) underwent MRI scans, and 4

(16.7%) underwent both CT and MRI scans.
Three (13.6%) CT examinations were per-
formed without contrast material at other
hospitals. The mass was found incidentally
in six (25%) patients. Fifteen (62%) tumors
were in the right lung and nine (37%) in the
left lung. The frequencies of the involved
lobes were as follows: right upper (n = 6,
25%), right lower (n = 6, 25%), left lower (n
=5, 20%), left upper (n = 4, 16%), and right
middle (n = 3, 12%). The mean tumor size at
the time of diagnosis was 6.4 + 3 cm (6.7 +
3.4 cmin the benign group and 6 + 2.3 cm in

the malignant group). The analysis revealed
that there were no statistically significant
differences in terms of tumor size between
the malignant and benign groups (P = 0.48).
Additionally, there was no statistically signif-
icant difference in the X-ray and CT findings
between malignant and benign diseases, ex-
cept for a higher prevalence of calcification
in the benign tumors (P=0.01).

Calcifications were present in eight pa-
tients with IMT (80%), one patient with PPB
(16.6%), and one patient with mature cys-

Table 1. Demographics and clinical findings according to the benign and malignant

subgroups

Benign (n =15) Malign (n=9) Total (n = 24) P
Demographics
Age (y) 8 4 7 092
(Median, 25p - 75p) (11 months - 12) (25-12) 2-12)
Sex (F:M) 6:9 3:6 9:15 0.74
Clinical findings, n (%)
Incidentally detected 4(26.7%) 2(22.2%) 6 (25%) 0.81
Cough 7 (46.7%) 5 (55.6%) 12 (50%) 0.67
Fever 4 (26.7%) 3(33.3%) 7 (29.2%) 0.73
Recurrent infections 1(6.7%) 0 1(4.2%) 0.43
Neck swelling 0 1(11.1%) 1 (4.2%) 0.19
Dyspnea 4 (26.7%) 1(11.1%) 5 (20.8%) 0.36
Chest pain 1(6.7%) 4 (44.4%) 5 (20.8%) 0.03
Dysphagia 1(6.7%) 0 1(4.2%) 0.43

Numbers in brackets are column percentages. F, female; M, male.

Table 2. Comparison of imaging features between the benign and malignant lesions

Imaging features Benign (n=15) Malign (n=9) Total (n =24) P
X-ray*

Abnormal opacity 9 (81.8%) 5 (62.5%) 14 (73.7%) 0.83
Asymmetrical lung opacity 1% (9.1%) 0 1(5.3%) 0.70
cT

Size (cm) (mean + SD) 6.7+3.4 6+23 6.4+3 0.48
Multiplicity 2(13.3%) 1(11.1%) 3(12.5%) 0.87
Lobulated margin 9 (60%) 6 (66.6%) 15 (62.5%) 0.74
Contrast enhancement?

Heterogeneous 5 (45.4%) 6 (75%) 11 (57.9%) 087
Homogeneous 6 (54.5%) 1(12.5%) 7 (36.8%)
Calcification 9 (60%) 1(11.1%) 10 (41.7%) 0.01
Atelectasis 8(53.3%) 7 (77.8%) 15 (62.5%) 0.23
Pleural effusion 8(53.3%) 3(33.3%) 11 (45.8%) 0.34
Local invasion 7 (46.6%) 3(33.3%) 10 (41.7%) 0.52
Lymphadenopathy 4 (26.7%) 2(22.2%) 6 (25%) 0.81
Metastasis 0 2(22.2%) 2 (8.3%) 0.06

Numbers in brackets are column percentages. *No preoperative radiographs were available for four patients in the
benign group and one patient in the malignant group. *An asymmetric radiolucent hemithorax was present on the
contralateral side of the mass. PTwo patients in the benign group and one patient in the malignant group did not

have IV contrast studies. The mature cystic teratoma had a mildly enhancing solid nodule, and one pneumocytoma
did not have apparent contrast enhancement. SD, standard deviation.
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tic teratoma. The location of the tumor was
peripheral in 18 patients (75%) and central
in 6 patients (25%). Eleven tumors (57.9%)
showed heterogeneous and seven (36.8%)
homogeneous contrast enhancement. One
(4.8%) pneumocytoma did not show any
contrast enhancement, and the mature cys-
tic teratoma presented with only a mildly en-
hancing solid nodular element. Notably, one
adenocarcinoma (4.2%) and one LELC (4.2%)
were found to be metastatic at the time of
diagnosis.

Inflammatory myofibroblastic tumor

Ten children (four girls and six boys; mean
age: 8.1 years) were diagnosed with IMT.
Eight (8/10) tumors had calcification (Fig-
ure 2). The CT scans of two patients were
performed without intravenous contrast.
Five (62.5%) tumors showed heterogeneous
enhancement, while three showed homog-
enous enhancement. Eight (80%) tumors
were located peripherally, and seven (70%)
were located at the lower zones. Six (60%)
tumors had lobulated borders, while four
(40%) had fine borders. Seven (70%) patients
had pleural effusion, six (60%) had atelecta-
sis, and four (40%) had lymphadenopathies.
Moreover, seven patients (70%) had local
invasion findings, with two showing pulmo-
nary artery and vein invasion, two esopha-
geal invasion, two pericardial invasion, and
one left atrial invasion. No metastasis was
detected. On MRI, both tumors were hetero-
geneous on T2- and T1-weighted images,

hyperintense on T2-weighted images, and
isointense/hyperintense on T1-weighted im-
ages. Both tumors showed heterogeneous
contrast enhancement and diffusion restric-
tion on MRI. Four of these tumors were previ-
ously reported.®

Hemangioma

Two (8.3%) children (a nine-month-old
girl and a five-month-old boy) had heman-
giomas. The CT scans revealed that both
tumors were located peripherally, with
lobulated margins and homogeneous con-
trast enhancement. The patient with giant
hemangioma also demonstrated mediasti-
nal shift. Due to the risk of bleeding, biopsy
was not performed on either patient. Both
patients were diagnosed as having heman-
gioma according to their radiologic findings,
and they showed dramatic involution after
propranolol treatment (Figure 3).

Pneumocytoma

Two (8.3%) children (a 13-year-old girl
and a 15-year-old boy) had pneumocyto-
ma. Both patients had single tumors. The
tumors had different imaging features in the
contrast-enhanced series, with one showing
no apparent contrast enhancement and the
other having homogeneous enhancement
(Figure 4). One (50%) tumor was central. The
two tumors had different margin character-
istics: one was lobulated, and the other was
smooth. The two CTs were unremarkable in
terms of the other investigated parameters.

Table 3. The imaging features of different histopathological entities

However, ground-glass opacities resembling
a“halo sign” were observed to surround one
of the tumors. MRI was undertaken for only
one patient and showed that the tumor
was isointense to the paraspinal muscles on
T1-weighted images and hyperintense on
T2-weighted images. No restricted diffusion
signal was observed on the diffusion-weight-
ed imaging series.

Mature cystic teratoma

An 11-year-old boy was diagnosed with
a mature cystic teratoma. The tumor had a
maximum diameter of 15 cm and smooth
margins and was located peripherally. It had
a fluid density and calcification. Atelectasis
and pleural effusion were also noted. A 1-cm
mildly enhancing hyperdense nodule was
detected within the tumor (Figure 5).

Pleuropulmonary blastoma

Six (25%) children (two girls and four
boys; mean age: 3.3 years) were diagnosed
with PPB. There were three (50%) type 2
tumors, two (33.3%) type 3 tumors, and
one (16.7%) type 1 tumor. Calcification
was found in only one (16.7%) patient. Five
(100%) tumors (excluding a patient imag-
ing performed without intravenous con-
trast) exhibited heterogeneous contrast
enhancement. Four (66.6%) tumors had
irregular margins. All six patients had atelec-
tasis, three (50%) had pleural effusion, and
one (16.7%) had pneumothorax. The MRI
showed two (33.3%) tumors with solid and

IMT PPB Adenocarcinoma Hemangioma Pneumocytoma MCT LELC Total
N of cases 10 (41.6%) 6 (25%) 2(8.3%) 2 (8.3%) 2 (8.3%) 1(4.2%) 1(4.2%) 24
ﬁ?\:ﬁgm Pa— (6%51 o . 9,15* 5 mo, 9 mo* 13,15% 1Mmo* 16 (27_'51 .
L:R 4:6 3:3 0:2 1:1 1:1 0:1 0:1 9:15
Peripheral location 8 (80%) 6 (100%) 0 2 (100%) 1 (50%) 1(100%) 0 18 (75%)
(Gnvrieeadt;sr:az)ggl—d ;isr;)eter e (5.57;91 0) (6.; '—759.2) 4,440 4.82¢ 23,24 15 28 (4.222—59.6)
Calcification 8 (80%) 1(16.7%) 0 0 0 1 (100%) 0 10 (41.6%)
Atelectasis 6 (60%) 6 (100%) 1 (50%) 1 (50%) 0 1 0 15 (62.5%)
:::;’:ii:‘:g;‘s 5(625%)F 5 (100%)* 1(50%) op 0b NE NA 11 (57.9%)
Lobulated margin 6 (60%) 4 (66.6%) 2 (100%) 2 (100%) 1 (50%) 0 0 15 (62.5%)
Pleural effusion 7 (70%) 3 (50%) 0 0 0 1 (100%) 0 11 (45.8%)
Lymphadenopathy 4 (40%) 1(50%) 0 0 0 1(100%) 6 (25%)
Local invasion 7 (70%) 2(33.3%) 1 (50%) 0 0 0 0 10 (41.6%)
Metastasis 0 1 (50%) 0 0 0 1(100%) 1 (4.2%)

Numbers in brackets are column percentages. *Patients’ ages are given separately. “Tumor sizes are given separately.FTwo patients with IMT and one with PPB did not undergo
preoperative CT or MRI with intravenous contrast. Homogeneous contrast enhancement was observed in two patients with hemangioma and one patient with pneumocytoma.
IMT, inflammatory myofibroblastic tumor; PPB, pleuropulmonary blastoma; CT, computed tomography; MRI, magnetic resonance imaging; MCT, mature cystic teratoma; LELC,
lymphoepithelioma-like carcinoma; NE, no enhancement; NA, not available; mo, months; L:R: left lung:right lung.
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Figure 2. A 15-year-old boy with inflammatory
myofibroblastic tumor. The axial contrast-enhanced
computed tomography image shows a lobulated
mass with heterogeneous enhancement and
calcifications (dashed arrow) in the left upper lobe.
Note the subpleural atelectasis (arrow).

Figure 3. (a, b) A nine-month-old girl with
hemangioma. (a) The axial contrast-enhanced
computed tomography (CT) image shows large,
homogenous contrast-enhanced tumor in the
left lower lobe (arrows). (b) Following one year of
propranolol treatment, a contrast-enhanced chest
CT showed a significant decrease in the overall
tumor size (arrows).

Figure 4. A 15-year-old girl with pneumocytoma.
The axial contrast-enhanced T1-weighted image
demonstrates a homogenously enhancing mass
lesion (arrow).

cystic parts. The cystic parts were hyperin-
tense on both T2- and T1-weighted imag-
es, indicating the presence of hemorrhage.
The solid parts were heterogeneous due
to cystic/necrotic areas and had lobulated
margins. Both tumors had marked enhance-
ment and diffusion restriction in the solid
components (Figure 6). One type 2 tumor
had local invasion into the mediastinum,
and one type 3 tumor had right pulmonary
vein thrombosis extending to the left atri-
um at the time of diagnosis. One patient
with type 3 PPB developed brain metastasis
during follow-up.

Adenocarcinoma

Two (8.3%) children (a 15-year-old girl
and a 9-year-old boy) were diagnosed with
adenocarcinoma. Both patients underwent
CT, and one patient had both CT and MRI
exams. One patient presented with bilateral
and multifocal lesions along with interlobu-
lar septal thickening compatible with lym-
phatic spread. There were also visceral and
lymph node metastases. The other patient

Figure 5. (a, b) An 11-month-old boy with mature
cystic teratoma. (a) The chest X-ray shows large
opacity in the lower zone of the right lung. (b)
The axial chest computed tomography image
demonstrates a large cystic mass with calcification
(black arrow) and a nodular solid component (not
shown).
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had a central solitary tumor without atelec-
tasis, lymphadenopathy, or local invasion.
Neither tumor showed calcification. The tu-
mor was hyperintense on T2-weighted imag-
es, isointense/hypointense on T1-weighted
images, and had restricted diffusion signal
(Figure 7).

Lymphoepithelioma-like carcinoma

A 16-year-old boy was diagnosed with
LELC after a mass-like opacity was incidental-
ly found on a chest X-ray in the right upper
zone. The tumor measured 2.8 cm and was
centrally located, with smooth margins and
no calcification on CT.There was also medias-
tinal and ipsilateral hilar lymphadenopathy.
It was not possible to comment on contrast
enhancement due to the lack of pre-contrast

Figure 6. (a-c) A four-year-old boy with type 2
pleuropulmonary blastoma. (a) The coronal post-
contrast magnetic resonance image shows a large
and heterogeneous tumor with a lobulated margin
consisting of solid (black arrow) and cystic (white
arrow) parts. (b) The diffusion-weighted image (b
=800 s/mm?2) and (c) apparent diffusion coefficient
map show the diffusion restriction of the solid
components of the tumor (arrows).
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Figure 7. (a, b) A nine-year-old boy diagnosed with
lung adenocarcinoma. (a) The axial T1- weighted
image shows a well-circumscribed and isointense
tumor in the right upper lobe (arrow). (b) Note the
heterogenous enhancement on the T1-weighted
post-contrast image (arrow).

b) A
lymphoepithelioma-like carcinoma. (a) The chest
X-ray taken prior to the orthopedic surgery shows a
nodule with smooth contours (arrow). (b) The axial
contrast-enhanced chest computed tomography
scan shows a uniform mass lesion (arrow).

Figure 8. (a, 16-year-old boy with

images. There was neither pleural effusion
nor atelectasis (Figure 8).

Discussion

This study yielded two major findings.
First, pediatric patients with lung tumors
generally have non-specific and indistinct
clinical presentations, which can lead to mis-
diagnosis. Second, the most common lung
tumors in children are benign, specifically
dominated by IMT.

Previously known as inflammatory
pseudotumor, plasma cell granuloma, or in-
flammatory fibrosarcoma, IMT is a rare mes-
enchymal tumor that may occur throughout
the body, where the lung is the most affect-
ed organ." The World Health Organization’s
fifth edition of Thoracic Tumors classifies
IMT as having “borderline or uncertain be-
havior,” possibly due to its potential for local
invasion, tumor recurrence, and metastasis,
despite previously being considered a be-
nign entity.'>* Similar to the literature, in
our series, the most common primary lung
tumor was IMT.? However, in some patient
cohorts, the most commonly reported tumor
is carcinoid.>' Among our patients, the most
common presenting symptoms were cough
and fever. IMT was predominantly located
in the lower lung zones, consistent with the
available literature.’>” Our study identified
three major imaging findings suggestive of
IMT, including calcification, peripheral loca-
tion, and lobulated margins. In our series,
calcification was present in four-fifths of the
patients, whereas the literature reports vary-
ing rates (15%-77.8%) depending on the
patient demographics and anatomic origins
involved.’®'” The inclusion of only parenchy-
mal IMTs in our study may have contributed
to this difference.'” Additionally, calcification
is reported to be more common in pediatric
cases.'" Atelectasis, pleural effusion, and
local invasion were relatively common in
our series, while lymphadenopathy was rare,
which is consistent with the literature."

Hemangioma, pneumocytoma, and ma-
ture cystic teratoma were the other benign
tumors found in our patients. Pulmonary
hemangioma is a rare tumor that typical-
ly presents as a solitary, well-defined lesion
in the early neonatal period. Co-occurrence
with other sites, such as the skin or liver, may
be observed.” According to the classification
system developed by the International Society
for the Study of Vascular Anomalies, heman-
giomas are categorized as either infantile or
congenital based on the age of presentation
and the presence of endothelial cell glucose

transporter 1 (GLUT-1)." Infantile hemangio-
mas tend to grow after birth and are GLUT-1
positive. Dynamic CT and MRI studies may
help to differentiate hemangiomas from oth-
er pulmonary tumors. Hemangiomas typically
show early, peripheral and strong enhance-
ment have sharply defined borders, and do
not cause a mass effect.” Other presentations,
such as multifocal masses, lesions with cystic
spaces, and endobronchial lesions, may be
seen.! Additionally, pulmonary artery or vein
enlargement may be present due to increased
supply.' Pneumocytoma (previously known as
pulmonary sclerosing hemangioma) is a rare
benign neoplasm of the lung and is frequent-
ly seen as a well-defined intraparenchymal
nodular mass (often peripherally). Although
size variability has been reported, most pneu-
mocytomas are <3.5 cm in largest diameter,?'
which is compatible with our results. Although
mediastinal teratomas are far from rare, pri-
mary pulmonary teratomas are extremely
uncommon. Pulmonary teratomas present as
encapsulated masses with a thin wall contain-
ing liquid tissue, fat, calcifications, or any such
combination. In our single patient, the tumor
was cystic with a mildly enhancing mural nod-
ule and had calcified components.

PPB is the most common malignant prima-
ry lung tumor in the pediatric age group. Most
patients are younger than six years old. Like-
wise, in our series, all patients except one (a
nine-year-old boy) were under six years of age
at the time of diagnosis.” PPB has three histo-
pathological subtypes: type 1 is purely cystic
(mean age: 10 months), type 2 is cysticand sol-
id (mean age: 34 months), and type 3 is pure-
ly solid (mean age: 44 months)." Of note, the
age at initial diagnosis is known to correlate
with the subtype. In our series, there were
three patients with type 2, two patients with
type 3, and one patient with type 1. PPB has
an association with DICERT gene mutations,
and approximately 65%-70% of children with
PPB display heterogeneous mutations.?? Other
tumors associated with DICERT mutations in-
clude cystic nephroma, pineoblastoma, pitu-
itary blastoma, differentiated thyroid cancer,
ovarian sex cord-stromal tumor, and embry-
onal rhabdomyosarcoma.”?? In the current
study, due to the fact that these mutations
have only been evaluated in very recent litera-
ture, our patients unfortunately did not under-
go pertinent analyses. While most PPB cases
are reported in the right hemithorax, in our se-
ries, three patients had left-sided lesions. At CT
and MR, type 1 tumors might appear as single
or multicystic lesions. Type 2 tumors have air-
or fluid-filled cavities with possible air—fluid
levels along with solid internal nodules. Type
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3 tumors are solid lesions. Pleural effusion and
pneumothorax are frequently associated find-
ings in PPB. In our series, three patients had
pleural effusion, and only one had pneumo-
thorax. One of our type 3 patients had right
pulmonary vein thrombosis extending to the
left atrium at the time of diagnosis, which is a
rare but significant complication of PPB.

Adenocarcinoma is the most common
subtype of non-small-cell lung cancer and is
extremely rare in children and adolescents.
Primary lung adenocarcinoma of children
has the poorest prognosis, with a high prev-
alence of distant metastases.” Imaging find-
ings are associated with histopathological
classification and vary from a focal ground-
glass nodule to a solid nodule or a mass.?
They may present as mass-like consolida-
tions and mimic pneumonia.

LELC is a large-cell carcinoma with prom-
inent lymphocyte infiltration and is mostly
seen in the nasopharynx. Similar to naso-
pharyngeal tumor, primary pulmonary LELC
has a documented strong relationship with
Epstein-Barr virus infection in Asian pop-
ulations.?” It usually presents with solitary
pulmonary nodule or mass. However, prima-
ry pulmonary LELC in the pediatric popula-
tion is extremely rare. During his preopera-
tive workup for an orthopedic surgery, our
patient was diagnosed with a chest X-ray
incidentally. A subsequent chest CT was
performed to confirm the presumptive diag-
nosis of a benign lesion, such as a broncho-
genic cyst. Thus, it is important to note that
small size or smooth appearance of a lesion
does not exclude a malignant tumor.

Our study had some limitations. First,
due to the retrospective design, the imag-
ing studies were heterogenous. Second, we
reviewed only the radiology archives of our
institute and could therefore enroll a relative-
ly small sample.

In conclusion, primary lung tumors are
rarely seen in children, and they have differ-
ent histopathological types. Patients gener-
ally have non-specific and indistinct clinical
presentations, possibly delaying the initial
diagnosis. It is noteworthy that calcification
might be an important radiological clue for
the diagnosis of IMT. Moreover, PPB is the
most common malignant lung tumor in the
pediatric age group and displays a wide
range of imaging findings. Persistent con-
solidation and atelectasis should necessarily
alert the radiologist regarding malignancy.
Lastly, small size or smooth contouring of a
lesion does not rule out a malignant tumor.
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