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Magnetic resonance imaging evaluation of myocardial and hepatic 
tissue remodeling and cardiac function in sickle cell anemia

PURPOSE
To assess myocardial and hepatic tissue remodeling in patients with sickle cell anemia (SCA) using 
T1 mapping and extracellular volume (ECV) measurements, and to evaluate diastolic dysfunction 
(DD) using magnetic resonance imaging (MRI).

METHODS
This prospective study enrolled 32 patients with SCA (19 women; mean age: 37 years) and 12 
healthy controls (8 men; mean age: 31 years). Myocardial T1, T2, and T2* values and hepatic T1 and 
T2* values were measured in both groups. Myocardial and hepatic ECV measurements were per-
formed in the patient group. DD was evaluated using transmitral flow (TMF) curves and left atrial 
volume index (LAVI).

RESULTS
In patients with SCA, the mean myocardial T1 value was 1,030.91 ms, significantly higher than in con-
trols, and the mean ECV was 31.7% ± 3.1%, higher than published reference ranges. Moreover, LAVI 
was significantly higher in patients than in controls (46.48 ± 15.35 vs. 30.58 ± 5.0 mL/m²; P < 0.001). Dia-
stolic function assessment revealed findings suggestive of a restrictive filling pattern in 10 individuals, 
who had an average age of 33 years. Within the SCA cohort, patients with TMF-derived early/late ratio 
>2 (n = 10) had significantly higher LAVI than the remaining patients (54.05 ± 10.12 vs. 43.0 ± 16.26 
mL/m²; P = 0.027). Myocardial ECV was significantly higher in patients with findings suggestive of a 
restrictive filling pattern than in the remaining patients (34.14% ± 2.39% vs. 30.62% ± 2.67%; P = 0.001). 
The mean myocardial T2* value was 39.25 ± 5.9 ms, and no cardiac iron accumulation was detected. 
The mean hepatic T2* value was 12.20 ms, with iron accumulation observed in 16 patients. Iron accu-
mulation can have an impact on T1 values, and measurements in patients without iron accumulation 
revealed a mean liver T1 value (626.5 ms) that was significantly higher than that in controls (P < 0.001). 
These patients also had an ECV (40.4%) that was higher than published reference ranges (P < 0.001).

CONCLUSION
Increased myocardial and hepatic T1 and ECV values were observed in patients with SCA, suggest-
ing expansion of the extracellular space, largely consistent with diffuse interstitial fibrosis in this 
clinical context. Diastolic function assessment revealed a restrictive filling pattern in a substantial 
proportion of patients, supporting a possible association between SCA and this pattern. Myocardial 
ECV was significantly higher in patients with findings suggestive of a restrictive filling pattern than 
in the remaining patients, suggesting an association between diffuse interstitial fibrosis and ad-
vanced DD patterns. MRI may be a valuable modality for evaluating myocardial and hepatic fibrosis 
and assessing cardiac function.

CLINICAL SIGNIFICANCE
MRI with mapping and ECV quantification may contribute to a non-invasive, quantitative assess-
ment of myocardial and hepatic fibrosis-related tissue remodeling in patients with SCA. Moreover, 
TMF analysis may provide valuable insights into diastolic function. Together, these methods could 
contribute to the clinical evaluation and management of SCA and other diseases characterized by 
fibrosis-related remodeling.
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Sickle cell anemia (SCA) is an autosomal 
recessive genetic disorder character-
ized by erythrocytes containing abnor-

mal hemoglobin that become spherical and 
rigid under the influence of various stressors 
in the vascular microenvironment. Chronic 
hemolysis and recurrent ischemia-reperfu-
sion injury in multiple organs constitute the 
fundamental mechanisms underlying the 
disease.1 SCA-associated cardiac disease is 
one of the leading causes of mortality and 
morbidity in young adults.2 Repeated micro-
vascular occlusions result in ischemia and 
myocardial fibrosis. Additionally, chronic in-
flammation contributes to these processes, 
thereby impairing diastolic function. Diastol-
ic dysfunction (DD), classified as impaired re-
laxation, pseudonormal, or restrictive filling 
patterns, is an independent risk factor for 
mortality.3 Similarly, hepatic complications 
are frequently encountered and represent 
a significant cause of morbidity, negatively 
affecting prognosis. Processes such as isch-
emia and sequestration caused by vaso-oc-
clusion, as well as iron accumulation from 
chronic hemolysis or treatment, can result in 
hepatic fibrosis.4 

Cardiovascular magnetic resonance 
(CMR) imaging provides a comprehensive, 
non-invasive assessment of cardiac mor-
phology and function, is highly reproducible, 
and plays a central role in myocardial tis-
sue characterization using multiparametric 
techniques. Cine CMR provides high-tem-
poral-resolution assessment of left ventri-
cle and right ventricle function and enables 
accurate, highly reproducible three-dimen-
sional quantification of ventricular volumes 
and ejection fraction (EF) without geomet-
ric assumptions. Phase-contrast (PC)-CMR 
can quantify blood-flow velocity and flow 
across vessels and heart valves, including 

transmitral flow (TMF) and pulmonary ve-
nous flow.5 Late gadolinium enhancement 
(LGE) is widely used for detecting focal re-
placement fibrosis/scarring.6 However, LGE 
may be limited in diffuse interstitial process-
es, making parametric mapping techniques 
increasingly important. Native T1 mapping 
and post-contrast extracellular volume (ECV) 
quantification enable detection and quantifi-
cation of diffuse myocardial fibrosis, whereas 
T2 mapping can provide complementary in-
formation related to edema/inflammation.7 
In addition, T2* mapping is an established 
quantitative approach for assessing myo-
cardial iron deposition in transfusion-related 
iron overload and other iron storage condi-
tions.8 For the liver, magnetic resonance im-
aging (MRI) relaxometry-based approaches 
(including R2/R2* and T2*) are increasingly 
used for non-invasive quantification of liv-
er iron concentration and longitudinal fol-
low-up, enabling assessment of transfusional 
iron burden alongside fibrotic remodeling.9 
Moreover, liver T1 mapping and ECV mea-
surements have been explored as non-in-
vasive markers of hepatic fibrosis and have 
been shown to correlate with fibrosis sever-
ity in chronic liver disease.10

The primary aim of this study was to 
evaluate myocardial fibrosis in patients with 
SCA using MRI-based T1 mapping and ECV 
measurements. DD, which may be related 
to fibrotic remodeling, was assessed using 
TMF analysis and left atrial (LA) volume in-
dex (LAVI) measurements. Hepatic tissue 
characterization was performed in parallel 
with myocardial assessment; T2* mapping 
was also performed to assess myocardial and 
hepatic iron deposition that could confound 
fibrosis-related metrics.

Methods

Study design and participants

In this prospective study, cardiac and he-
patic MRI examinations were performed on 
32 patients with SCA (19 women, 13 men; 
mean age: 37 years) and 12 healthy con-
trols (4 women, 8 men; mean age: 31 years) 
between September 2022 and March 2023. 
This study was approved by the Mersin Uni-
versity Clinical Research Ethics Committee 
(approval date: June 22, 2022; decision num-
ber: 2022/430). Written informed consent 
was obtained from all participants prior to 
inclusion in the study. Exclusion criteria in-
cluded valvular heart disease, implanted car-
diac devices, myocardial infarction, contrast 
allergies, diabetes, hypertension, cardiotoxic 
drug use, renal failure, pregnancy, age under 
18 years, or refusal to provide informed con-
sent. Blood samples were collected to assess 
hematocrit levels for ECV measurements. The 
flow of participant recruitment and exclusion 
is shown in Figure 1.

Magnetic resonance imaging technique 

The MRI protocol included myocardial T1, 
T2, and T2* mapping and hepatic T1 and T2* 
mapping, in both the patient group and the 
control group. Myocardial and hepatic ECV 
measurements were performed, and LAVI 
and TMF curves were obtained to assess 
diastolic function in both groups. All exam-
inations were performed using a 1.5-Tesla 
(T) MRI scanner (MAGNETOM Aera, Siemens 
Healthineers, Erlangen, Germany).

Native T1 mapping images of the heart 
and liver were acquired before contrast ad-
ministration using the MOLLI sequence [pa-
rameters for cardiac imaging: repetition time 

Main points

•	 Magnetic resonance imaging can contrib-
ute to the non-invasive assessment of fi-
brosis-related tissue remodeling through 
mapping techniques and provide insight 
into diastolic function using transmitral flow 
(TMF) analysis.

•	 In patients with sickle cell anemia (SCA), 
increased myocardial and hepatic native T1 
and extracellular volume values may indi-
cate the presence of fibrosis.

•	 Diastolic function evaluation using TMF 
curves and left atrial volume analysis re-
vealed that findings suggestive of restric-
tive filling patterns were relatively common 
among patients with SCA, suggesting a po-
tential association.

Figure 1. Flow diagram of the study. SCA, sickle cell anemia; MRI, magnetic resonance imaging.
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(TR): 280.5 ms; time to echo (TE): 1.12 ms; flip 
angle: 35°; voxel size: 1.4 × 1.4 × 8.0 mm³; for 
liver imaging: TR: 362.16 ms; TE: 1.12 ms; flip 
angle: 35°; voxel size: 1.4 × 1.4 × 8.0 mm³]. 
After acquiring the native T1 maps, a con-
trast agent was administered intravenous-
ly at a dose of approximately 0.10 mmol/
kg (gadobutrol, Gadovist®, Bayer AG, Berlin, 
Germany). Contrast-enhanced T1 mapping 
images were obtained 10–15 minutes later. 

To evaluate hepatic and cardiac iron depo-
sition, T2* maps were obtained before con-
trast administration using a multi-echo gra-
dient-echo sequence with eight echo times 
(TE: 1.2, 3, 5, 7, 9, 11, 13, and 15 ms). TMF as-
sessment was performed using PC-MRI. The 
imaging plane was planned on four-cham-
ber cine images and was prescribed to be 
parallel to the mitral annulus at the level of 
the mitral valve leaflet tips at end-diastole. 
The resulting PC acquisition corresponds an-
atomically to a short-axis orientation at the 
level of the mitral valve. A through-plane ve-
locity encoding value of 150 cm/s was used, 
and it was adjusted as needed to avoid ve-
locity aliasing. 

Magnetic resonance imaging analysis

Image analysis was conducted with the 
vendor-provided syngo.via post-processing 
software.

Myocardial native T1 times were calcu-
lated on pre-contrast T1 mapping images 
by drawing regions of interest (ROIs) on the 
left ventricular myocardium at the mid-ven-
tricular level. A global myocardial approach 
was used, with ROIs encompassing most of 
the left ventricular wall while excluding the 
blood pool, papillary muscles, and trabecula-
tions to minimize partial-volume effects. 

Hepatic native T1 times were measured on 
pre-contrast T1 mapping images by placing 
a single, conservatively sized, circular-to-oval 
ROI in a homogeneous area of the right he-
patic lobe. Measurements were performed 
once per patient using a representative slice. 
The ROI was positioned at least 1 cm away 
from the liver capsule, and areas affected by 
vascular structures, bile ducts, focal lesions, 
or susceptibility-related artifacts were vi-
sually identified and excluded to minimize 
partial-volume effects, using the same ROI 
template across patients. Considering the 

T1-shortening effect of iron deposition,11,12 
hepatic T1 values were calculated and ana-
lyzed both in the entire patient cohort and 
separately in patients without hepatic iron 
overload.

Myocardial and hepatic ECV values were 
calculated using post-contrast T1 values ob-
tained by drawing corresponding ROIs on 
post-contrast T1 mapping images for both 
the myocardium and liver. Blood-pool T1 val-
ues were acquired from the left ventricular 
cavity and abdominal aorta on both pre- and 
post-contrast images (Figure 2). On the same 
day, the patient’s blood hematocrit level was 
measured, and ECV values were calculated 
using the following formula:

ECV = (1-hematocrit) x 

(  ).

Myocardial T2* measurement was per-
formed by manually drawing an ROI in the in-
terventricular septum at the mid-ventricular 
level (Figure 3). A conservative, oval-to-cir-
cular ROI of standardized size was used to 
minimize partial-volume effects. The ROI was 

Figure 2. Measurement of native and post-contrast T1 values in myocardial and hepatic tissue for ECV assessment in a 25-year-old woman with SCA. (a, b) T1 
relaxation times were measured from the myocardium and blood pool on (a) native and (b) post-contrast T1 map images obtained from short-axis views at the 
midventricular level. (c, d) T1 relaxation times were measured from the liver parenchyma and blood pool in the abdominal aorta on (c) native and (d) post-contrast 
T1 map images. ECV, extracellular volume; SCA, sickle cell anemia.

a

c

b

d
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positioned to exclude the blood pool, endo-
cardial border, trabeculations, and papillary 
muscles. In a 1.5-T magnetic field, myocardial 
T2* values are considered normal if they are 
greater than 20 ms.8,13,14 

Hepatic T2* times were measured on he-
patic T2* mapping images by placing a sin-
gle, conservatively sized, circular-to-oval ROI 
in a homogeneous area of the right hepatic 
lobe on a representative slice, at least 1 cm 
from the liver capsule; regions containing 
large vessels or bile ducts, focal lesions, or 
susceptibility-related artifacts were visually 
excluded to minimize partial-volume effects 
(Figure 3). Based on hepatic T2* imaging val-

ues, hepatic iron overload is classified into 
four categories: normal (T2* > 6.3 ms), mild 
(T2*: 2.8–6.3 ms), moderate (T2*: 1.4–2.8 ms), 
and severe (T2* < 1.4 ms).15,16

Myocardial T2 times were calculated on T2 
mapping images by drawing conservatively 
sized ROIs on the left ventricular myocar-
dium at the mid-ventricular level. A global 
myocardial approach was used, with ROIs en-
compassing most of the left ventricular wall 
while excluding the blood pool, papillary 
muscles, and trabeculations to minimize par-
tial-volume effects. Areas affected by suscep-
tibility-related artifacts were visually identi-
fied and avoided during ROI placement.

TMF velocity–time curves were generated 
by placing an ROI at the center of the mitral 
valve orifice on phase images (Figure 4). Early 
(E) and late (A) diastolic filling waves were de-
rived from these velocity–time curves. The E 
wave was defined as the peak early diastolic 
TMF velocity, and the A wave as the peak ve-
locity during atrial contraction. 

LA volumes were measured using the 
biplane area–length method. At the end 
of systole, the LA area and anteroposterior 
length were traced in four-chamber (A1–L1) 
and two-chamber (A2–L2) views. LA volume 
was calculated using the formula 0.85 × A1 × 
A2 / L, where L represents the shorter of the 

Figure 3. Measurement of hepatic and myocardial iron deposition in a 51-year-old man with SCA. (a) Hepatic T2* map image showing moderate iron deposition. (b) 
Cardiac T2* map image showing no iron deposition. SCA, sickle cell anemia.

a b

Figure 4. Obtaining the TMF curve in a healthy 30-year-old woman. Although the imaging plane was planned on the four-chamber cine view, the resulting through-
plane PC-MRI acquisition corresponds anatomically to a short-axis orientation at the mitral valve level. (a) Through-plane PC-MRI phase image acquired with a VENC 
of 120 cm/s; a region of interest is placed within the mitral orifice to generate the TMF curve. (b) The resulting curve shows an E/A ratio of 1–2, consistent with normal 
filling. TMF, transmitral flow; PC-MRI, phase-contrast magnetic resonance imaging; VENC, velocity encoding.

a b
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two measured lengths (L1 or L2).17 The LAVI 
was then calculated by indexing LA volume 
to body surface area and expressed as mL/
m². Patients with an E/A ratio < 1 with nor-
mal or mildly increased LAVI were classified 
as having findings suggestive of an impaired 
relaxation filling pattern. Patients with an 
E/A ratio of 1–2 and increased LAVI were 
classified as having findings suggestive of a 
pseudonormal filling pattern. Patients with 
an E/A ratio > 2 with markedly increased LAVI 
were classified as having findings suggestive 
of a restrictive filling pattern (Figure 5).

Statistical analysis

Interobserver agreement was assessed 
using the intraclass correlation coefficient 
(ICC). Descriptive statistics for categorical 
variables were presented as frequencies and 
percentages, whereas continuous variables 
were expressed as mean ± standard devia-
tion. The relationship between categorical 

variables was evaluated using the chi-square 
test. Variance equality between the patient 
and control groups was assessed using Lev-
ene’s test, and, based on the results, the ap-
propriate t-test (Student’s or Welch’s) was 
used to examine differences in mean mea-
surements. In addition, one-sample t-tests 
were performed to compare the mean myo-
cardial and hepatic ECV values of our patient 
cohort with previously published reference 
values. Pearson’s correlation coefficient was 
used to assess the linear relationship be-
tween measurements. Statistical significance 
was defined as P < 0.05.

Results

Demographic and clinical characteristics

A total of 32 patients with SCA and 12 
healthy individuals were included in the 
study. Demographic characteristics of the 
participants are presented in Table 1. There 

was no significant difference in mean age 
between the patient and control groups (P 
= 0.083). No participants in either group had 
a history of hypertension, diabetes mellitus, 
valvular heart disease, or known coronary 
artery disease. Among the patients, 27 were 
receiving hydroxyurea therapy, whereas 5 
were not. Transfusion exposure was hetero-
geneous: 8 patients had no transfusion his-
tory. Of the 24 patients with a transfusion 
history, 13 received transfusions in the last 
year (range, 4–12 per year), whereas the re-
maining 11 had only sporadic transfusions 
in the past (typically 1–3 episodes) without 
a regular transfusion schedule. Among pa-
tients with a transfusion history, the interval 
between the most recent transfusion and 
MRI was at least 4 months in all cases. All 
MRI examinations were scheduled as outpa-
tient scans and were performed during the 
steady-state period; none of the patients 
were imaged during an acute vaso-occlusive 
crisis.

Figure 5. Transmitral flow curves showing impaired relaxation and restrictive filling patterns. (a) Transmitral flow pattern consistent with a restrictive filling pattern, 
showing an E/A ratio > 2 (E: 94, A: 39, E/A: 2.41) in a 27-year-old woman with SCA. (b) Transmitral flow pattern consistent with an impaired relaxation pattern, 
showing an E/A ratio < 1 (E: 47, A: 54, E/A: 0.8) in a 51-year-old man with SCA. SCA, sickle cell anemia.

a b

Table 1. Demographic characteristics of study participants

Characteristic Control (n = 12) Patients (n = 32) P value

Age (years) 31.4 ± 6.8 37.5 ± 11.09 0.083

Male sex, n (%) 8 (66.7) 13 (40.6) 0.124

Hydroxyurea therapy, n (%) NA 27 (84.4) –

Transfusion (ever), n (%) NA 24 (75) –

Transfusions in the last year NA 13 (40.6) –

Hemoglobin (g/dL) – 8.0 ± 1.3 –

Hematocrit (%) – 24.8 ± 4.0 –

Values are presented as mean ± standard deviation. n, number; NA, not applicable.
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Cardiac magnetic resonance imaging pa-
rameters

Cardiac MRI parameters are summarized 
in Table 2. Myocardial native T1 was signifi-
cantly higher in patients with SCA than in 
controls (1,030.9 ± 28.4 ms in the SCA group 
vs. 1,000.3 ± 23.8 ms in controls; P = 0.002). In 
contrast, myocardial T2 values did not differ 
significantly between groups. Myocardial T2* 
values remained within the normal range in 
the SCA group, and no patient demonstrated 
myocardial iron accumulation. Cine-derived 
left ventricular end-diastolic volume index 
(LVEDVi), left ventricular end-systolic volume 
index (LVESVi), and left ventricular mass in-
dex were significantly higher in patients with 
SCA than in controls (all P < 0.001); LAVI was 
significantly higher in the SCA group than in 
controls (46.48 ± 15.35 vs. 30.58 ± 5.0 mL/m²; 
P < 0.001); EF did not differ significantly be-
tween the two groups.

Myocardial extracellular volume findings 

Myocardial ECV measurements are pre-
sented in Table 3. The mean myocardial ECV in 
the SCA group was 31.7%, which was higher 
than previously reported reference ranges.18 

Within the SCA cohort, myocardial ECV 
was significantly higher in patients with find-

ings suggestive of a restrictive filling pattern 
(n = 10) than in the remaining patients (n 
= 22) (34.14 ± 2.39% vs. 30.62 ± 2.67%; P = 
0.001) (Table 4).

Distribution of diastolic dysfunction

DD was evaluated based on TMF-derived 
E/A ratios, assessed in conjunction with LAVI. In 
the SCA group, findings suggestive of DD were 
identified in 15 of 32 patients (46.9%), whereas 
none were observed in the control group (Ta-
ble 2). The findings showed that 10 patients 
(31%) exhibited findings suggestive of a restric-
tive filling pattern, 2 (6%) showed findings sug-
gestive of an impaired relaxation filling pattern, 
and 3 (9%) exhibited findings suggestive of a 
pseudonormal filling pattern; 17 patients (53%) 
had no findings suggestive of DD. The distribu-
tion of DD is shown in Figure 6. In a subgroup 
analysis, patients with TMF-derived E/A > 2 (n 
= 10) had significantly higher LAVI than the 
remaining patients (n = 22) (54.05 ± 10.12 vs. 
43.0 ± 16.26 mL/m²; P = 0.027) (Table 4).

Hepatic magnetic resonance imaging 
findings

Hepatic MRI parameters are summarized 
in Table 2. Hepatic iron accumulation was 

detected in 16 of 32 patients, and the mean 
hepatic T2* value was significantly lower in 
the SCA group than in controls (P = 0.006). 
Although the mean hepatic native T1 value 
was higher in the SCA group, the difference 
was not significant. In the SCA subgroup 
without hepatic iron deposition, the mean 
hepatic T1 value was significantly higher 
than in controls (P < 0.001).

The mean hepatic ECV was 46.1% in the 
entire SCA group and 40.4% in the subgroup 
without hepatic iron deposition, both high-
er than previously reported reference rang-
es.19,20 Hepatic ECV measurements are pre-
sented in Table 3.

Interobserver agreement

Myocardial T1 relaxation times and ECV 
values were independently measured by two 
radiologists with 5 and 15 years of experi-
ence, respectively, whereas other parameters 
were assessed together. There was a high 
interobserver agreement for native T1 [ICC: 
0.85, 95% confidence interval (CI): 0.80, 0.93] 
and ECV [ICC: 0.96 (95% CI: 0.93, 0.98)].

Table 2. Magnetic resonance imaging characteristics of study participants

Characteristic Control (n = 12) Patients (n = 32) P value

Cardiac function parameters

EF (%) 60 ± 4.1 60.7 ± 4.6 0.233

LAVI (mL/m²) 30.58 ± 5 46.48 ± 15.35 < 0.001

LVEDVi (mL/m²) 75.67 ± 12.95 101.95 ± 16.75 < 0.001

LVESVi (mL/m²) 30.09 ± 6.50 40.28 ± 9.28 < 0.001

Left ventricular mass index (g/m²) 54.49 ± 6.27 76.95 ± 13.23 < 0.001

Myocardial parameters

Myocardial T1 (ms) 1,000.33 ± 23.76 1,030.91 ± 28.40 0.002

Myocardial T2 (ms) 47.92 ± 3.67 47.94 ± 3.16 0.985

Myocardial T2* (ms) 36.41 ± 5.24 39.25 ± 5.92 0.151 

Hepatic parameters

Hepatic T1 (ms) 537.83 ± 29.07 564.03 ± 108.88 0.402

Hepatic T1† (ms) 537.83 ± 29.07 626.56 ± 61.45 < 0.001

Hepatic T2* (ms) 19.15 ± 4.26 12.20 ± 7.77 0.006

Diastolic dysfunction 

DD present 0 (0%) 15 (46.9%) –

DD absent 12 (100%) 17 (53.1%) –
†: SCA subgroup without hepatic iron deposition (n = 16). Values are presented as mean ± standard deviation or n (%). Statistically significant measurements are shown in bold. 
EF, ejection fraction; LAVI, left atrial volume index; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; n, number; DD, diastolic 
dysfunction.
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Discussion 
The present study was designed to eval-

uate myocardial fibrosis in patients with SCA 
using advanced MRI tissue mapping tech-
niques and ECV quantification, and to assess 
associated DD through TMF analysis and LA 
volume measurements. Hepatic fibrosis-re-
lated MRI metrics were also evaluated. The 
principal findings of this study demonstrated 
that patients with SCA exhibited significantly 
increased myocardial native T1 and ECV val-
ues, suggesting expansion of the myocardial 
extracellular space, largely consistent with 
diffuse interstitial fibrosis in this cohort, in 
the absence of myocardial iron overload as 
indicated by normal myocardial T2* values. 
Importantly, diastolic function assessment 
revealed a high prevalence of findings sug-

gestive of advanced DD, including restrictive 
filling patterns, in relatively young patients. 
Notably, myocardial ECV was significantly 
higher in patients with findings suggestive 
of a restrictive filling pattern than in the re-
maining SCA cohort, supporting an associ-
ation between diffuse myocardial fibrosis 
and advanced diastolic filling abnormalities 
in SCA. In a secondary, exploratory analy-
sis, hepatic tissue characterization demon-
strated elevated native T1 and ECV values, 
particularly in patients without hepatic iron 
deposition, supporting fibrosis-related tissue 
remodeling beyond iron-related effects.

The increase in native T1 values, reflecting 
tissue differences, particularly in conditions 
involving fibrosis and edema, along with 
the increase in ECV values, which correlate 
strongly with tissue collagen content, sug-

gests myocardial fibrosis in patients with 
SCA. Cardiomyopathy, the leading cause of 
mortality in SCA, is associated with cardiac 
chamber enlargement, perfusion abnormal-
ities, myocardial fibrosis, DD, and, occasion-
ally, iron deposition.21 In a study by Bakeer et 
al.22 using cardiac imaging–histopathology 
correlation in mice with SCA, it was deter-
mined that, in addition to anemia-induced 
hyperdynamic physiology, a restrictive con-
dition was also present, which was associat-
ed with myocardial fibrosis. In another study, 
Alsaied et al.23 identified the relationship be-
tween LA dysfunction and myocardial fibro-
sis in patients with SCA. Furthermore, Niss et 
al.24 found that sickle cell-related cardiomy-
opathy was associated with hyperdynamic 
processes and DD, with DD being linked to 
myocardial fibrosis. In that study, signifi-
cantly elevated T1 relaxation times and ECV 
values were observed in the patient group, 
consistent with our results. When acquisition 
and post-processing are standardized, ECV 
measurements show good reproducibility; 
moreover, the dependence of ECV on field 
strength and sequence choice appears low-
er than for native T1.7,25 Moreover, there is a 
strong correlation between ECV and histo-
pathologically measured collagen levels in 
fibrosis.26 This makes ECV a useful tool for 
identifying myocardial fibrosis and a prom-
ising, non-invasive alternative to labor-inten-
sive procedures. However, ECV reflects ex-
pansion of the myocardial extracellular space 
and is not entirely specific for fibrosis; it may 
also be elevated in the presence of myocardi-
al edema/inflammation or infiltrative cardio-
myopathies. In our cohort, infiltrative disease 
was considered unlikely given the young 
age and clinical context, and myocardial T2 
values were not increased compared with 

Figure 6. Distribution of diastolic filling patterns in the patient group (n = 32) based on TMF-derived E/A 
ratio in conjunction with LAVI. Values are shown as n (%). TMF, transmitral flow; LAVI, left atrial volume index.

Table 3. Comparison of ECV values in the patient group and those in the literature

Group n Mean Standard deviation P value

Myocardial ECV
Patient 32 31.7% 3.1

 < 0.001
Control* 81 25.3% 3.5

 Hepatic ECV†
Patient 16 40.4% 7.2

 < 0.001
Control ** 22 25.9% 4.5

*The control group in reference 18; **The control group in reference 19. †: SCA subgroup without hepatic iron deposition (n = 16). The P values were calculated using one-sample 
t-tests comparing the patient group’s mean ECV values with published reference means. Statistically significant measurements are shown in bold. ECV, extracellular volume; n, 
number. 

Table 4. Comparative evaluation of myocardial ECV and LAVI in patients with SCA with findings suggestive of a restrictive filling pattern 
versus the remaining SCA cohort

Parameter Restrictive filling pattern group (n = 10) Remaining SCA cohort (n = 22) P value

Myocardial ECV (%) 34.14 ± 2.39 30.62 ± 2.67 0.001

LAVI (mL/m²) 54.05 ± 10.12 43.03 ± 16.26 0.027

Values are presented as mean ± standard deviation. ECV, extracellular volume; LAVI, left atrial volume index; SCA, sickle cell anemia; n, number.
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controls, arguing against clinically relevant 
myocardial edema at the time of imaging. 
Taken together, elevated native T1/ECV in 
the presence of normal T2 supports diffuse 
interstitial fibrosis as the likely predominant 
explanation, although subtle edema cannot 
be completely excluded.

Studies have shown a significant link be-
tween collagen content, ventricular relax-
ation, and diastolic function. In experimental 
models, reducing myocardial collagen with 
bacterial collagenase27 or plasmin28 increased 
sarcomere length and ventricular volume, 
whereas fibrotic conditions with higher col-
lagen levels impaired elasticity and diastolic 
function. These findings suggest that myo-
cardial fibrosis, characterized by increased 
collagen content, could be biochemically 
linked to DD in patients with SCA. Both Niss 
et al.24  and Alsaied et al.23 evaluated cardiac 
functions using transthoracic echocardiogra-
phy (TTE). Alsaied et al.23 identified an asso-
ciation between myocardial fibrosis and LA 
dysfunction. Similarly, Niss et al.24 proposed a 
connection between myocardial fibrosis and 
DD. In our study, we assessed diastolic func-
tion using TMF indices derived from PC-CMR. 
Comparative studies have shown that these 
PC-CMR–derived indices correlate well with 
Doppler TTE, with good agreement particu-
larly for the E/A ratio and deceleration time 
when standardized acquisition and analysis 
are applied.29-31 Nevertheless, invasive hemo-
dynamic assessment (e.g., right heart cath-
eterization with pulmonary capillary wedge 
pressure) remains the reference standard 
for confirming elevated filling pressures;32 
therefore, PC-CMR–derived diastolic indices 
warrant further validation against invasive 
metrics in larger cohorts. 

A substantial prevalence of findings sug-
gestive of a restrictive filling pattern was 
observed in relatively young patients with 
SCA, representing another key finding of this 
study. To the best of our knowledge, this is 
the first study to evaluate diastolic function 
in patients with SCA using MRI based on 
LA volume measurements and TMF curves. 
Among the 32 patients, 15 had findings sug-
gestive of DD: 2 with findings suggestive of 
impaired relaxation filling pattern (E/A ratio 
< 1, aged 51 and 53 years), 3 with findings 
suggestive of pseudonormal filling pattern 
(E/A ratio 1–2, significantly increased LAVI, 
aged 60, 51, and 51 years), and 10 with find-
ings suggestive of a restrictive filling pattern 
(E/A ratio > 2, mean age: 33.3 years). This 
raises the possibility that aging may also play 
a role in the etiology of impaired relaxation 
and pseudonormal filling patterns, suggest-

ing that age-related changes may influence 
these measurements. Indeed, the DD that 
emerged in these 5 patients with SCA, who 
had no comorbidities such as diabetes or hy-
pertension and no known history of cardiac 
disease, may be related to myocardial fibrosis 
associated with SCA. However, it would not 
be accurate to ignore age-related changes. A 
particularly striking finding was that 10 rela-
tively young patients (mean age: 33.3 years), 
all without comorbidities other than SCA, 
showed TMF and LAVI findings suggestive of 
a restrictive filling pattern. In these patients, 
the E/A ratio was >2, along with a markedly 
increased LAVI (54.05 ± 10.12 mL/m²), and all 
had elevated ECV values (minimum 28.7%, 
maximum 36.8%). The underlying patholo-
gy in a restrictive filling pattern is myocar-
dial stiffening and decreased elasticity. We 
believe that the diffuse myocardial fibrosis 
observed in SCA is associated with this pa-
thology. Consistent with this interpretation, 
myocardial ECV was significantly higher in 
patients with findings suggestive of a re-
strictive filling pattern than in the remaining 
SCA cohort (P = 0.001) (Table 4), suggesting 
an association between diffuse interstitial fi-
brosis and advanced DD patterns. Due to the 
cross-sectional design, temporal or causal 
relationships between fibrosis-related MRI 
findings and diastolic abnormalities cannot 
be established; therefore, these observations 
should be interpreted as hypothesis-gener-
ating. From a methodological perspective, 
our diastolic evaluation relied on PC-CMR–
derived TMF (E/A) and LAVI and did not in-
corporate additional diastolic parameters, 
such as tissue Doppler e′ and E/e′, pulmonary 
venous flow, tricuspid regurgitation velocity, 
or invasive filling pressures. In SCA, chronic 
anemia and a high-output state may influ-
ence TMF and contribute to a restrictive-like 
pattern; therefore, this pattern should be 
interpreted in the clinical context and not 
equated with a clinical diagnosis of heart 
failure with preserved EF or restrictive car-
diomyopathy. Consistent with a chronic vol-
ume-loaded, high-output physiology, LVED-
Vi, LVESVi, and left ventricular mass index 
were higher in patients with SCA (P < 0.001), 
supporting volume load-related structural 
remodeling, whereas EF remained similar be-
tween groups, indicating preserved systolic 
function.

Using T2* mapping, we observed no car-
diac iron accumulation in patients with SCA, 
consistent with the literature. Previous stud-
ies have likewise shown that cardiac iron is 
uncommon in SCA despite frequent hepatic 
iron overload. For example, Junqueira et al.33 

reported hepatic iron accumulation in 26/30 
patients with only one case of cardiac iron, 
and Inati et al.34 found no cardiac iron in 20 
patients with SCA. In line with prior reports, 
hepatic iron accumulation was present in a 
substantial proportion of our cohort. Hepatic 
fibrosis may develop due to both iron accu-
mulation and the disease’s pathophysiolo-
gy. ECV measurements, which are valuable 
in evaluating myocardial fibrosis, may also 
be useful in assessing hepatic fibrosis. Mes-
ropyan et al.19 conducted a study involving 
68 patients with cirrhosis and 22 healthy 
individuals, measuring hepatic ECV and find-
ing that ECV was higher in the patients with 
cirrhosis than in the control group. Following 
this approach, we, to the best of our knowl-
edge, measured hepatic parenchymal ECV 
values in patients with SCA for the first time. 
However, hepatic iron deposition can short-
en native T1, thereby masking underlying 
fibrosis. Iron-corrected T1 (cT1) accounts for 
this effect by incorporating an iron-sensitive 
measure, such as T2* or R2*, thereby improv-
ing the interpretation of T1 in the presence 
of iron. Accordingly, cT1 may provide a more 
reliable assessment of fibro-inflammatory 
changes in iron-loaded livers than native T1 
alone. Because cT1 was not available in our 
study due to software limitations, we ana-
lyzed hepatic T1/ECV measurements sepa-
rately in patients with and without hepatic 
iron accumulation. 

In patients without hepatic iron depo-
sition, hepatic native T1 and ECV values 
were significantly higher than in controls, 
consistent with fibrotic remodeling related 
to recurrent vaso-occlusions and resultant 
ischemia in SCA, even in the absence of sig-
nificant iron accumulation. Additionally, iron 
deposition clearly contributes to fibrosis at 
the biochemical level.35 When including pa-
tients with hepatic iron accumulation in the 
analysis of the entire patient group, hepatic 
native T1 values were higher than those of 
the control group but did not reach statistical 
significance, likely because iron deposition 
lowers T1 values. Similarly, hepatic ECV val-
ues for the entire patient group were mark-
edly higher than the ranges reported in the 
literature and the values observed in patients 
without iron accumulation. However, it re-
mains unclear whether this increase is solely 
due to the contribution of iron deposition to 
fibrosis. This issue requires further investiga-
tion using a larger patient cohort and stud-
ies that employ cT1 values to provide clarity. 
Nonetheless, hepatic native T1/ECV are use-
ful surrogates but are not specific for fibrosis. 
Liver MOLLI/shMOLLI T1 measurements can 
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be influenced by hepatic fat (via fat–water/
off-resonance effects, which may cause an 
apparent T1 overestimation in steatosis) and 
by diffuse inflammatory/congestive chang-
es, whereas iron has a more pronounced 
T1-shortening confounding effect.36,37 Ac-
cordingly, although we addressed iron via 
subgroup analyses, residual confounding 
from unmeasured steatosis or other diffuse 
hepatic processes cannot be completely ex-
cluded. Future studies incorporating quanti-
tative fat assessment [proton density fat frac-
tion (PDFF)] may further reduce confounding 
and strengthen the interpretation of hepatic 
fibrosis-related MRI metrics. 

Our study has several limitations. First, 
this was a relatively small observational 
study, which limits the generalizability of 
our findings. Additionally, this was a sin-
gle-center, adult-predominant cohort with 
high hydroxyurea use and specific transfu-
sion patterns; therefore, our findings may 
not be generalizable to pediatric popu-
lations with SCA, patients managed with 
different treatment strategies, or regions 
with differing disease severity. Subgroup 
analyses were small—particularly DD sub-
groups and hepatic ECV subgroups based 
on iron status—limiting the robustness of 
subgroup comparisons and increasing the 
risk of sampling variability in subgroup clas-
sification. Moreover, no formal correction for 
multiple comparisons was applied despite 
multiple subgroup analyses, t-tests against 
literature reference values, and correlation 
analyses; therefore, the findings should be 
interpreted with caution. Although we ob-
served clear differences in key MRI metrics, 
conclusions regarding associations between 
tissue characterization findings and DD 
should be interpreted as hypothesis-gener-
ating. Second, although major comorbidi-
ties were absent by study design, we could 
not comprehensively account for potential 
confounders, including age-related effects, 
disease severity, and treatment exposure 
(e.g., transfusion history and hydroxyurea 
therapy). Although treatment histories were 
available, the sample size and study design 
did not allow a reliable assessment of their 
impact on diastolic indices or MRI-based tis-
sue metrics; therefore, residual confounding 
cannot be ruled out. Additionally, detailed 
clinical data and comprehensive laboratory 
parameters—including liver function tests 
and cardiac biomarkers—were not available, 
which could have provided valuable correla-
tions with imaging findings. Third, we could 
not administer contrast to controls for ethical 
reasons; as such, control ECV values were not 

available, and patient ECV measurements 
were compared with literature reference 
ranges. This comparison is subject to meth-
odological variability across T1-mapping/
ECV techniques and platforms, meaning our 
ECV findings should be interpreted cautious-
ly. Published reference ranges were used 
primarily for context, and these comparisons 
should not be interpreted as definitive ab-
normality thresholds. Fourth, hepatic tissue 
characterization was limited by the inability 
to use cT1 due to a lack of appropriate soft-
ware, and hepatic steatosis was not quanti-
tatively assessed (e.g., by PDFF), which may 
affect the specificity of hepatic native T1/
ECV for fibrosis. In addition, hepatic fibrosis 
was not confirmed by liver biopsy, meaning 
hepatic findings should be considered ex-
ploratory and are not equivalent to histolog-
ic fibrosis staging. Fifth, echocardiographic 
parameters (e.g., E/e′ and echo-derived E/A) 
were not available for most participants, pre-
cluding a systematic echo–CMR correlation 
analysis. As such, the CMR-based DD classi-
fication should be interpreted as suggestive, 
and future studies using standardized echo-
cardiography and/or invasive hemodynamic 
reference measurements would be valuable. 
Finally, the absence of findings suggestive of 
DD in the control group should be interpret-
ed cautiously, given the small control sample 
size (n = 12) and the lack of universally estab-
lished normal reference ranges and diagnos-
tic thresholds for PC-CMR–derived diastolic 
indices such as the E/A ratio. Future studies 
with larger sample sizes, more balanced DD 
subgroups, multivariable adjustment for 
confounders, the use of cT1 values, and eth-
ically feasible inclusion of control ECV mea-
surements are needed to confirm and extend 
these findings.

In conclusion, in patients with SCA, myo-
cardial T1 and ECV values were significantly 
higher, suggesting expansion of the myo-
cardial extracellular space, largely consistent 
with diffuse interstitial fibrosis in the studied 
clinical context. Moreover, T2* mapping re-
vealed no cardiac iron deposition, indicat-
ing that cardiac findings were unlikely to 
be related to myocardial iron accumulation. 
Furthermore, TMF curves and LA volume 
measurements revealed findings suggestive 
of a restrictive filling pattern in a consider-
able number of young patients without any 
comorbidities other than SCA, and myocar-
dial ECV was significantly higher in these 
patients, supporting an association between 
diffuse interstitial fibrosis and advanced fill-
ing patterns. These data suggest that CMR, 
which allows non-invasive and comprehen-

sive evaluation of myocardial tissue char-
acteristics and cardiac function in patients 
with SCA, may have clinical value for early 
diagnosis and follow-up. In liver evaluations 
using T2* mapping, iron accumulation was 
detected in some patients, whereas in the 
group without iron deposition, significantly 
increased hepatic T1 and ECV values were 
observed. These secondary hepatic findings 
should be interpreted as exploratory and 
hypothesis-generating, and suggest that 
combined liver T2* and T1/ECV mapping 
may provide complementary information on 
iron burden and tissue remodeling in SCA, 
pending validation in larger studies. Further 
studies with dedicated liver endpoints are 
needed to clarify the clinical implications of 
these observations. 
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