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Abstract

Objectives To apply cardiac magnetic resonance imaging (CMR) for detailed myocardial characterization in uremic
cardiomyopathy (UC), hypertensive cardiomyopathy (HTN), and hypertrophic cardiomyopathy (HCM) aiming to enrich
the understanding of UC’s etiology and further support the development of therapeutic strategies.

Methods A total of 152 patients (age: 49.2 ± 9.9 years; 65.8% male) underwent routine CMR from June 2016 to March
2023. Retrospectively, 53 patients with UC, 39 patients with HTN, 30 patients with HCM, and 30 healthy controls were
included. Functional analysis, feature tracking of the left ventricle and left atrium, and myocardial T1, T2, and T2*
mapping were performed. Statistical analysis included Pearson correlation and ROC analysis to define correlations and
discriminators between groups.

Results UC patients demonstrated significantly higher native T1 (p < 0.001 for all) and T2 (p < 0.002 for all) values
compared with the other three groups. UC patients revealed higher left atrial reservoir strain rate (p < 0.001 for all) and
left atrial conduit strain rate (p < 0.001 for all) absolute values as compared with HTN and HCM patients. A significant
correlation between T1 and T2 values in UC patients (r= 0.511, p < 0.001) was found. The combination of T1 values
and strain parameters was the best discriminator between UC and HTN patients (AUC= 0.872, 95% CI: 0.801–0.943)
and between UC and HCM patients (AUC= 0.840, 95% CI: 0.746–0.934).

Conclusion UC reveals distinguishing tissue characteristics as evidenced by T1 and T2 mapping, as well as
distinguishing functional strain parameters as compared with other hypertrophic phenotypes such as HTN and HCM.

Critical relevance statement The use of CMR imaging in UC patients offers incremental information to elucidate its
complex etiology, contributing to ongoing discourse on effective treatment pathways.

Key Points
● This study investigated uremic, hypertensive, and hypertrophic cardiomyopathies using cardiac MRI.
● UC patients have higher T1 and T2 values and better preserved cardiac function.
● Combined strain and T1 values distinguish UC from other cardiomyopathies.
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Graphical Abstract

EElevated myocardial T1 and T2 values and altered strain parameters distinguish uremic from 
hypertensive and hypertrophic cardiomyopathies via cardiac MRI. These findings reveal potential 

pathophysiological differences that may inform the development of specific therapeutic strategies.

Myocardial hypertrophy: the differentiation of 
uremic, hypertensive, and hypertrophic 
cardiomyopathies by cardiac MRI

Insights Imaging (2024) Tian Z, Jin S, Huo H et al. DOI: 10.1186/s13244-024-01770-0

Introduction
Cardiac disease is a frequent cause of death in patients
with end-stage renal disease (ESRD) [1–3]. Uremic car-
diomyopathy (UC) manifests itself mainly as left ven-
tricular (LV) hypertrophy, diastolic dysfunction, and heart
failure [4, 5]. It involves a complex pathophysiological
mechanism, and the primary etiological factors remain
unknown at present. Investigating the primary pathogenic
factors is of substantial significance for the treatment and
rehabilitation of it. The advancement of cardiac magnetic
resonance imaging (CMR) enables us to obtain more
myocardial histological characteristics non-invasively,
facilitating further etiological analysis.
CMR is well suited to assess myocardial tissue char-

acteristics by T1, T2, and T2* mapping, as well as func-
tional parameters of the left ventricle and left atrium by
analyzing global function and strain analysis in a wide
range of cardiomyopathies. Parametric analysis of native
T1 values can detect myocardial diffuse changes and
reveal early myocardial fibrosis, edema, and infiltrative
disease [6]. Native T2 values are mainly used to evaluate
myocardial edema and inflammatory changes [7]. In
addition, T2* mapping can detect and quantify iron
deposition at an early stage [8, 9]. CMR is also well suited
to assess global and regional functional parameters of the

left ventricle and left atrium. In particular, CMR feature
tracking (CMR-FT) [10, 11] can obtain myocardial strain
and strain rate which will further characterize global LV
and left atrial (LA) function and may detect early changes
in cardiac function [12, 13].
The etiology of UC may be complicated by co-existing

hypertension, persistent volume overload, fluctuating
volume status, and uremic toxin accumulation [14, 15]. An
increase in wall stress-driven hypertensive cardiomyopathy
(HTN) and genetically determined hypertrophic cardio-
myopathy (HCM)manifest themselves also as hypertrophic
phenotypes. Distinguishing various hypertrophic pheno-
types is a clinical challenge. CMR is the preferred imaging
method to characterize various forms of hypertrophic
phenotype and may be helpful in diagnosing specific car-
diomyopathies by parametric imaging and functional ana-
lysis. We hypothesized that UC may be characterized by
specific CMR characteristics assessed with myocardial tis-
sue mapping and functional strain analysis in distinction to
hypertensive and genetically determined HCM.
Accordingly, we investigated the unique myocardial

tissue characteristics and functional attributes in UC
patients through CMR, aiming to discern etiology-specific
differences when compared to the myocardial profiles
seen in hypertensive and HCM.
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Material and methods
Study population
This observational and retrospective study included 53
patients with UC, 30 patients with HTN, 39 patients with
HCM, and 30 healthy controls who underwent a clinically
indicated CMR scan at The First Hospital of China
Medical University between June 2016 and March 2023
(Table 1).
The UC patients were defined as suffering from ESRD

(estimated Glomerular filtration rate < 15mL/min/
1.73 m2) and advanced UC treated with peritoneal dia-
lysis, with LV maximal wall thickness (LVMWT) over
15mm as determined by CMR [16, 17]. The inclusion
criteria of HTN patients were: receiving treatment for
hypertension (systolic blood pressure > 140 mmHg or
diastolic blood pressure > 90mmHg) and the presence of
concentric LVMWT defined as > 12mm in the basal
septal and inferolateral segments and without evidence of
dilated LV cavity on transthoracic echocardiography
[18–20]. The inclusion criteria of HCM patients were:
adults without HCM family history and LVMWT ≥ 15
mm or adults with HCM family history and LVMWT ≥
13mm [21–23]. Healthy controls consisted of normo-
tensive, age and gender-matched healthy subjects, not
taking any medications, normal routine blood tests, nor-
mal urine samples, and normal CMR findings including
normal LV mass indices. The exclusion criteria were:
patients with other hypertrophic phenocopies diseases
(n= 43); significant (≥ grade III) valvular heart disease
(n= 13); HCM patients with previous septal ablation
(n= 4); HTN with evidence of dilated LV cavity on
transthoracic echocardiography (n= 3); degraded CMR

image quality (n= 5); lack of clinical data (n= 9); LV
ejection fraction < 50% (n= 6) [24] (Fig. 1). The protocol
was reviewed and approved by the institution ethics
review board of the First Hospital of China Medical
University (IRB number: KT2021213). Written informed
consent was obtained from all participants.

CMR image acquisition
All scans were conducted on 3.0-T MRI. Phantom quality
assurance tests were conducted every six months to
monitor whether parametric mapping values were drifting
over time. At the end of expiration, all individuals had a
single breath-holding scan with a heart rate ranging from
60 beats/min to 90 beats/min. Short axis stacks were
considered a standard method to quantify LV volume and
function, T1, T2, and T2* mapping order from base to
apex. For T1 quantification, a modified look-locker
inversion recovery sequence was implemented, while T2
quantification utilized a T2-prepared balanced steady-
state free precession.

CMR image analysis
Functional and parametric analysis of CMR was per-
formed by two radiologists (Z.T. and T.L., with more than
3 years and 15 years of CMR diagnosis experience) blin-
ded using CVI42 software (version 5.3.4, Circle Cardio-
vascular Imaging, Canada). All individuals were assigned a
sequential number and analyzed blindly. LA and LV
deformation, including strain and strain rates, were
derived via a feature tracking algorithm after the manual
delineation of the LA and LV contours, avoiding the
inclusion of pulmonary veins. This process facilitated the

Table 1 Baseline clinical characteristics

Variables UC, (n= 53) HTN, (n= 39) HCM, (n= 30) Control, (n= 30) p

age (years) 46.40 ± 8.65 51.90 ± 11.00 51.30 ± 9.41 48.33 ± 9.99 0.070

Male, n (%) 40 (78.43%) 22 (57.89%) 18 (60.00%) 19 (63.33%) 0.260

BMI (kg/m2) 25.41 ± 4.67 25.48 ± 3.89 24.57 ± 3.45 25.36 ± 3.34 0.096

hsTnI (pg/mL) 0.02 ± 0.04 0.03 ± 0.07 0.04 ± 0.05 – 0.129

BNP (pg/mL) 148.00 (84.00–287.00)b 101.00 (43.00–187.00)b 537.50 (245.50–870.50) – < 0.001

eGFR 4.40 ± 1.85a,b 96.70 ± 8.30 96.15 ± 7.42 – < 0.001

Hypertension, n (%) 51 (96.20%)b,c 39 (100%)c 14 (46.70%)c 0 0.026

Dyslipidemia, n (%) 38 (71.7%) 20 (51.3%) 17 (56.7%) 0 0.062

Diabetes Mellitus, n (%) 26 (49.1%) 15 (38.5%) 5 (16.7%) 0 0.069

Smokers, n (%) 30 (56.6%) 16 (41%) 11 (36.7%) 13 (43.3%) 0.273

Systolic BP 146.62 ± 12.81b,c 140.59 ± 11.19b,c 128.67 ± 8.65c 111.5 ± 10.02 < 0.001

Diastolic BP 95.28 ± 10.90a,b,c 90.15 ± 5.29b,c 75.77 ± 6.80 75.13 ± 7.24 0.023

Data are reported as mean ± SD, median (IQR), or n (%) as appropriate
UC uremic cardiomyopathy, HTN hypertension, HCM hypertrophic cardiomyopathy, BMI body mass index, hsTnI high-sensitivity cardiac troponin I, BNP brain
natriuretic peptide, eGFR estimated glomerular filtration rate, Systolic BP systolic blood pressure, Diastolic BP diastolic blood pressure
a p < 0.05 vs HTN
b p < 0.05 vs HCM
c p < 0.05 vs control
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automatic generation of strain and strain rate variation
curves for the cardiac cycle by the CMR-FT module
within CVI42 (version 5.3.4, Circle Cardiovascular Ima-
ging, Canada). To ensure precision, all delineated con-
tours were visually examined and adjusted as necessary.
All functional and strain parameters for the three groups
of patients and healthy controls are shown in
Tables 2 and 3. LV and LA epicardial and endocardial
borders were automatically traced at both end-diastole
and end-systole to calculate cardiac function and myo-
cardial deformation parameters, with manual adjustments
as needed. For mapping images (T1, T2, and T2*), short
axis stacks were utilized to match regions of interest
(ROIs) placed on hypertrophic myocardium, with manual
motion correction. HCM ROIs were inserted at the
location of local myocardial hypertrophy, whereas UC and
HTN ROIs were implanted at the interventricular septum.
Figure 2 depicts typical instances from each of the four
groups.

Statistical analysis
Quantitative data were presented as mean ± standard
deviation (SD), and median (interquartile range), while

categorical data were expressed as counts with corre-
sponding percentages. Tests for normality and variance
homogeneity were applied to the quantitative variables.
For normally distributed quantitative variables, compar-
isons were conducted using the ANOVA test, whereas the
Kruskal–Wallis rank-sum test was employed for non-
normally distributed variables, while categorical variables
were compared using the Chi-square or Fisher’s exact test.
The effects of clinical parameters and CMR parameters
were evaluated using covariance analysis. The relationship
between quantitative variables and primary CMR findings
was assessed using Pearson or Spearman rank correlation
methods. The corrections between clinical outcomes and
CMR characteristics were assessed using univariate and
multivariate logistic regression. Statistical significance was
determined using a two-tailed test with a p value < 0.05.

Results
Baseline characteristics and anthropometric variables
The baseline characteristics and anthropometric variables
are summarized in Table 1. A total of 152 subjects who
underwent CMR were included in this study, including 53
UC patients (mean age, 46.4 ± 8.7 years; 78.4% male), 39

Fig. 1 Patient flowchart. The flowchart shows the involvement of patients and controls. UC, uremic cardiomyopathy; HTN, hypertension; HCM,
hypertrophic cardiomyopathy; CMR, cardiac magnetic resonance; TTE, transthoracic echocardiography; LVEF, left ventricular ejection fraction; eGFR,
estimated glomerular filtration rate; LVMWT, left ventricular maximal wall thickness; SBP, systolic blood pressure; DBP, diastolic blood pressure
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HTN patients (mean age, 51.9 ± 11.0 years; 57.9% male), 30
HCM patients (mean age, 51.3 ± 9.4 years; 60.0%male), and
30 healthy controls (mean age, 48.3 ± 10.0 years; 63.3%
male). The flowchart of the study population is shown in
Fig. 1. There was no significant difference in age, sex, body
mass index (BMI), high-sensitivity cardiac troponin I
(hsTnI), dyslipidemia, diabetes mellitus, and smoking his-
tory among the four groups. UC and HTN patients had a
lower brain natriuretic peptide (BNP) than HCM patients
(148.00 [84.00–287.00] vs 537.50 [245.50–870.50] pg/mL;
101.00 [43.00–187.00] vs 537.50 [245.50–870.50],
p < 0.001; p= 0.002). Systolic and diastolic blood pressures

were significantly elevated in the UC and HTN groups
compared to the HCM and control groups. Specifically, UC
and HTN patients had higher systolic and diastolic blood
pressures (146.62 ± 12.81mmHg and 95.28 ± 10.90mmHg;
140.59 ± 11.19mmHg, and 90.15 ± 5.29mmHg) compared
to HCM (128.67 ± 8.65mmHg and 75.77 ± 6.80mmHg)
and control groups (111.5 ± 10.02 mmHg and 75.13 ±
7.24mmHg) (p < 0.001 and p= 0.023, respectively).

CMR-based myocardial characteristics
The myocardial characteristics derived from CMR for the
three patient groups and healthy controls are presented in

Table 2 CMR-based cardiac function parameters and myocardial characteristics

Variables UC, (n= 53) HTN, (n= 39) HCM, (n= 30) Control, (n= 30) p

LVEDVI (mL/m2) 90.73 ± 24.36b,c 102.76 ± 37.24c 116.35 ± 37.94c 64.67 ± 11.16 0.049

LVESVI (mL/m2) 40.49 ± 14.51c 47.11 ± 22.17c 48.45 ± 26.49c 24.34 ± 4.84 < 0.001

LVSVI (mL/m2) 50.24 ± 13.13b,c 52.36 ± 18.89c 63.54 ± 14.68c 40.33 ± 8.27 0.025

LVEF (%) 56.03 ± 6.83c 53.27 ± 13.54c 59.29 ± 14.32 63.49 ± 2.92 0.044

LVMI (g/m2) 77.43 ± 20.43c 69.96 ± 25.69c 73.50 ± 26.49c 44.79 ± 7.77 < 0.001

LVMASS (g) 144.19 ± 43.89c 127.30 ± 47.67c 129.75 ± 47.84c 82.72 ± 16.84 < 0.001

HR (bpm) 73.28 ± 9.94 71.08 ± 11.32 67.57 ± 11.9 70.45 ± 12.92 0.057

T1 (ms) 1342.83 ± 49.17a,b,c 1295.00 ± 60.53c 1285.77 ± 67.10c 1189.80 ± 21.43 < 0.001

T2 (ms) 43.79 ± 2.53a,b,c 41.51 ± 3.47c 41.77 ± 2.21c 37.97 ± 1.33 0.002

T2 STAR (ms) 23.12 ± 5.51 22.62 ± 5.47 25.10 ± 6.87 21.29 ± 3.64 0.061

UC uremic cardiomyopathy, HTN hypertension, HCM hypertrophic cardiomyopathy, LVEDVI left ventricular end-diastole volume index, LVESVI left ventricular end-
systolic volume, LVSVI left ventricular stroke volume index, LVEF left ventricular ejection fraction, LVMI left ventricular mass index, LVMASS left ventricular mass, HR
heart rate
a p < 0.05 vs HTN
b p < 0.05 vs HCM
c p < 0.05 vs control

Table 3 LV and LA strains and strain rates

Variables UC, (n= 53) HTN, (n= 39) HCM, (n= 30) Control, (n= 30) p

LV-GLS (%) −11.53 ± 3.04c −12.40 ± 3.62c −10.59 ± 4.33c −17.22 ± 2.18 < 0.001

LV-GCS (%) −17.90 ± 3.07a,c −15.34 ± 4.58c −15.77 ± 4.10c −19.97 ± 1.96 0.036

LV-GRS (%) 29.83 ± 7.49c 25.00 ± 10.59c 26.73 ± 9.74c 35.49 ± 5.94 0.014

LV-GLSR (s−1) −0.79 ± 0.32b −0.74 ± 0.28c −0.62 ± 0.24c −0.92 ± 0.16 0.008

LV-GCSR (s−1) −0.93 ± 0.19 −0.89 ± 0.37c −0.95 ± 0.38 −1.05 ± 0.20 0.002

LV-GRSR (s−1) 1.61 ± 0.49 1.42 ± 0.72c 1.87 ± 1.23 1.89 ± 0.42 < 0.001

LA-RS (%) 29.08 ± 13.00c 22.83 ± 10.76c 22.31 ± 12.48c 42.59 ± 11.63 < 0.001

LA-CS (%) 15.97 ± 14.10 14.69 ± 7.52c 12.64 ± 7.11c 20.79 ± 8.92 0.007

LA-BS (%) 13.36 ± 10.61c 10.45 ± 5.52c 10.96 ± 5.68c 20.40 ± 7.67 < 0.001

LA-RSR (s−1) 1.64 ± 0.72a,b,c 1.22 ± 0.63c 1.04 ± 0.61c 2.28 ± 0.57 < 0.001

LA-CSR (s−1) −1.68 ± 1.13a,b,c −0.98 ± 0.53c −1.01 ± 0.71c −2.78 ± 1.29 < 0.001

LA-BSR (s−1) −1.92 ± 1.01 −1.56 ± 0.92c −1.37 ± 1.01c −2.33 ± 0.75 < 0.001

UC uremic cardiomyopathy, HTN hypertension, HCM hypertrophic cardiomyopathy, LV-GLS left ventricular global longitudinal strain, LV-GCS left ventricular global
circumferential strain, LV-GRS left ventricular global radial strain, LV-GLSR left ventricular global longitudinal strain rate, LV-GCSR left ventricular global circumferential
strain rate, LV-GRSR left ventricular global radial strain rate, LA-RS left atrial reservoir strain, LA-CS left atrial conduit strain, LA-BS left atrial booster strain, LA-RSR left
atrial reservoir strain rate, LA-CSR left atrial conduit strain rate, LA-BSR left atrial booster strain rate
a p < 0.05 vs HTN
b p < 0.05 vs HCM
c p < 0.05 vs control
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Table 2. The three groups of patients had higher left
ventricular end-diastole volume index (LVEDVI), left
ventricular end-systolic volume (LVESVI), left ventricular
stroke volume index (LVSVI), left ventricular mass index
(LVMI) and left ventricular mass (LVMASS) than healthy
controls (p < 0.01 for all). Whereas the UC patients’
LVEDVI and LVSVI were lower than HCM patients
(p < 0.05). There was no significant difference in HR
between the four groups, as well as in LVESVI, LVEF, and
LVMI between the UC, HTN, and HCM patients. Native
T1 and T2 values were increased in UC, HTN, and HCM
patients compared with healthy controls (p < 0.01 for all).
UC patients had significantly higher native T1
(1342.83 ± 49.17 vs 1295.00 ± 60.53; 1342.83 ± 49.17 vs
1285.77 ± 67.10; 1342.83 ± 49.17 vs 1189.80 ± 21.43,
p < 0.001 for all) and T2 (43.79 ± 2.53 vs 41.51 ± 3.47;
43.79 ± 2.53 vs 41.77 ± 2.21; 43.79 ± 2.53 vs 37.97 ± 1.33,
p < 0.002 for all) values compared with HTN and HCM
patients (Fig. 3). The covariance analysis revealed that,
after adjusting for baseline systolic and diastolic blood
pressures, significant differences in myocardial T1 and T2

values persist among the different disease groups (Sup-
plementary Tables 1–4). There was no significant differ-
ence in native T2* values between the four groups.

LV and LA strains and strain rates
LV and LA strains and strain rates derived by CMR-FT
are presented in Table 3. The absolute values of left
ventricular global longitudinal strain (LV-GLS), left ven-
tricular global circumferential strain (LV-GCS), and left
ventricular global radial strain (LV-GRS) were lower in
patient groups as compared with healthy controls
(p < 0.05 for all). The absolute value of LV-GCS in UC
patients was higher than that in HTN patients
(−17.90 ± 3.07 vs −15.34 ± 4.58, p < 0.05). The absolute
value of LV-GLS rate (LV-GLSR) in UC patients was
higher than that in HCM patients (−0.79 ± 0.32 vs
−0.62 ± 0.24, p < 0.01). The absolute values of LV-GCS
rate (LV-GCSR) and LV-GRS rate (LV-GRSR) in HTN
patients were lower than that in healthy controls (p < 0.01
for all). All absolute values of LA reservoir strain (LA-RS),
conduit strain (LA-CS), booster strain (LA-BS), and their

Fig. 2 Quantitative cardiac MRI measurements in a UC patient (A), an HTN patient (B), an HCM patient (C), and a healthy subject (D). A1, B1, C1, and D1 a
single short-axis stack; A2–4, B2–4, C2–4, and D2–4 quantitative CMR measurements of native T1, T2, and T2* series; A5, B5, C5, and D5 4-chamber view of LA
systolic phase; A6, B6, C6, and D6 2-chamber view of LA systolic phase (the LA color varies with different phases and strain parameters)
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strain rates were lower in patient groups as compared
with those values in the healthy control subject, except for
LA-CS and LA-BS rate (LA-BSR) of UC patients (p < 0.05
for all). The absolute values of LA-RS rate (LA-RSR)
(1.64 ± 0.72 vs 1.22 ± 0.63; 1.64 ± 0.72 vs 1.04 ± 0.61,
p < 0.001 for all) and LA-CS rate (LA-CSR) (−1.68 ± 1.13
vs −0.98 ± 0.53; −1.68 ± 1.13 vs −1.01 ± 0.71, p < 0.001 for
all) were higher in UC patients than in HTN and HCM
patients.

Analysis of relationships
According to the Pearson correlation coefficient, there was
a moderate correlation between T1 and T2 values in UC
patients (r= 0.511, p < 0.001) while no such correlation
between T1 and T2 values was found in the other three
groups. There were weak correlations between T1 and
EDVI values, T1 and ESVI values in UC patients (r= 0.353,
p < 0.01; r= 0.365, p < 0.01) while no statistical correlations
between those values were found in the other three groups.
There were weak correlations between T1 and GCS in UC
and HTN patients (r= 0.325, p= 0.018; r= 0.319,
p= 0.048) while no statistical correlations between those
parameters were found in the other two groups (Fig. 4).

ROC analysis of LV and LA parameters for differentiating
UC patients from HTN and HCM patients
T1, LA-RSR and LV-GCS (area under ROC curve [AUC]
0.711, 95% confidence interval [CI]: 0.604–0.819; AUC

0.706, 95% CI: 0.597–0.815; AUC 0.706, 95% CI:
0.591–0.821; respectively, p < 0.01 for all) were distin-
guishing between UC and HTN patients (Fig. 5). T1, T2,
LA-RSR and LA-CSR (AUC 0.719, 95% CI: 0.598–0.841;
AUC 0.730, 95% CI: 0.617–0.843; AUC 0.774, 95% CI:
0.663–0.885; AUC 0.718, 95% CI: 0.600–0.836; respec-
tively, p < 0.01 for all) were distinguishing between UC
and HCM patients. The combination of T1, LV-GCS, LA-
CS, and LA-RS (AUC 0.872, 95% CI: 0.801–0.943) was the
best distinguishing feature between UC and HTN
patients. The combination of T1, LV-GCS, and LA-RS
was the best distinguishing feature between UC and HCM
patients (AUC 0.840, 95% CI: 0.746–0.934).

Discussion
This study compared myocardial tissue features and strain
parameters of the left ventricle and left atrium in patients
with UC, HTN, and HCM in comparison with healthy
control subjects. In previous studies, researchers have
usually focused on patients’ LV function and native T1
and T2 values, but rarely paid attention to LA function
and T2* values [11, 25]. We have incorporated all the
above indicators into our study. The main findings of our
study are: (1) native T1 and T2 values are higher in
patients with UC as compared to those values in patients
with HTN and HCM. And there was also a moderate
correlation between them. (2) LA-RS and LA-CS values
were higher in patients with UC as compared to the other

Fig. 3 Group-specific mean values of native T1 and T2 in the study groups. UC, uremic cardiomyopathy; HTN, hypertension; HCM, hypertrophic
cardiomyopathy; LV-GCS, left ventricular global radial strain; LA-RSR, left atrial reservoir strain rate; LA-CSR, left atrial conduit strain rate
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Fig. 4 Association between native T1 and T2, EDVI, ESVI, and LV-GCS. Specific r values are included. EDVI, end-diastole volume index; ESVI, end-systolic
volume; LV-GCS, left ventricular global circumferential strain

Fig. 5 ROC curve analysis of LV and LA parameters for differentiating UC patients from the other two groups. UC, uremic cardiomyopathy; HTN,
hypertension; HCM, hypertrophic cardiomyopathy; LA-CS, left atrial conduit strain; LA-RS, left atrial reservoir strain; LV-GCS, left ventricular global
circumferential strain
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two hypertrophic phenotypes. (3) The combination of
myocardial T1 values and strain parameters was a dis-
tinguishing feature between UC and the other two
hypertrophic phenotypes.
We found that myocardial T1 and T2 values are higher

in UC. In addition, we found a moderate correlation
between native T1 and T2 values in UC. In contrast to
UC, no such correlation was found in the other two
hypertrophic phenotypes. The combination of native T1
values and extracellular volume fraction can reflect
myocardial fibrosis. Correlated native T1 and T2 values
reflect myocardial edema [26, 27]. Daniel R. Messroghli
and colleagues determined that T1 and T2 mapping are
equivalently efficacious only in the detection of edema [7].
Thus, edema is more pronounced in UC patients as
compared to HTN and HCM patients. Volume overload
may play an additional role in enhancing myocardial
edema in patients with UC. It has been shown that
myocardial T1 and T2 values vary dynamically with
humoral volume change in patients on hemodialysis [28].
However, all the patients in our study were treated with
peritoneal dialysis to make sure that their humoral
volume change was relatively stable. Furthermore, in our
study myocardial T2* values as a measure of iron
deposition were within the normal range in UC, as well as
the other two hypertrophic phenotypes.
Strain and strain rate represents the magnitude and rate

of myocardial deformation and may be early markers of
cardiac dysfunction. In our study, the absolute value of
LV-GCS was significantly higher in UC patients as com-
pared to those values in hypertensive patients. The
absolute value of GLSR was significantly higher in UC
patients as compared to that measurement in patients
with HCM. Apparently, LV function is better preserved in
UC as compared to the other two cardiomyopathies.
Furthermore, LA strain rates showed in our study sig-
nificant differences between UC patients and the other
two patient groups. LA dysfunction is an early marker of
LV dysfunction and prognosis in various cardiac diseases
[29, 30]. The LA works as a reservoir for pulmonary
venous return during ventricular systole, a conduit for
pulmonary venous return during early ventricular dia-
stole, and a booster pump to increase ventricular filling
during late ventricular diastole [31]. Reservoir function is
mainly affected by atrial compliance during ventricular
systole, it is influenced by the decrease of LV base during
systole, as well as LV end-systolic volume [32]. Conduit
function is affected by atrial compliance, LV relaxation,
and compliance. Finally, the atrial booster pump function
reflects the magnitude and timing of atrial contractility
and depends on venous reflux, LV end-diastolic pressures,
and LV systolic reserve [31]. LA strain has high-sensitivity
in identifying raised atrial stiffness and wall fibrosis

[33, 34]. It plays an important role in the evaluation of LA
function. In our study, we mainly estimated reservoir
strain, conduit strain, and booster strain to measure the
corresponding function. LA-RSR and LA-CSR were sig-
nificantly higher in UC patients as compared to those
values in HTN and HCM patients. Our findings suggest
that LA reservoir and conduit function are better pre-
served in UC patients as compared to HTN and HCM
patients. Apparently, UC patients have better preserved
LA compliance, LV compliance, and LV relaxation.
We analyzed myocardial and strain parameters that may

be helpful in distinguishing UC from hypertensive and
HCM. The combined analysis of T1, LV-GCS, LA-CS, and
LA-RS was the best-performing distinguishing feature
between uremic and HTN. Furthermore, the combined
analysis of T1, LV-GCS, and LA-RS was best-performing
to distinguish uremic and HCM.
Finally, our findings suggest potential improvements in

diagnosing and managing UC. The distinct myocardial
T1, T2 and strain parameters in UC patients compared to
other cardiomyopathies could lead to more accurate
diagnostic criteria enabling earlier identification and
timely intervention. Additionally, the potential reversi-
bility of myocardial changes associated with edema in UC
warrants further investigation, potentially leading to
therapies targeting edema reduction to improve cardiac
function. The noninvasive nature of CMR allows for
regular monitoring and personalized treatment adjust-
ments. While myocardial biopsy is not routinely recom-
mended for UC, HTN or HCM, future studies could
validate our findings by correlating CMR data with
myocardial biopsy results in a subset of patients where
biopsy is feasible and clinically indicated [35–39]. Fur-
thermore, a longitudinal follow-up of these patients could
provide valuable insights into the progression of UC and
its comparison with HTN and HCM over time. This
approach could help understand the disease trajectory and
response to treatments, further enhancing clinical
decision-making. These findings underscore CMR’s value
in clinical decision-making and highlight the need for
further prospective studies to validate and integrate these
results into routine practice.

Limitations
This is a retrospective single-center study with a relatively
small sample size, we need prospective studies in large
and broad populations to validate our findings for
exploring the clinical utility of patient management.
Potential biases, such as selection bias, might have influ-
enced the results since our study population may not
represent the broader patient population. Additionally,
the retrospective nature of the study introduces the risk of
information bias due to variability in data quality and
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completeness, which could result in inaccuracies or
inconsistencies. Owing to the fact that myocardial biopsy
is not conducted as a routine procedure, we were unable
to evaluate the correlation between myocardial histology
and CMR parameters. In addition, UC patients can not
accept enhanced scans considering their safety so we did
not evaluate the myocardial extracellular volume and late
gadolinium. Still, we can get multiple parameters in a
noninvasive way without contrast.

Conclusions
We explored the presence and extent of CMR tissue
characteristics and cardiac strain in UC in contrast to
hypertensive and HCM. We found distinguishing differ-
ences in myocardial T1 and T2 values and strain para-
meters in UC patients as compared to the other two
cardiomyopathies. Myocardial seems to be more apparent
in UC as compared to the other two cardiomyopathies.
Strain analysis revealed better preserved LA and ven-
tricular function as compared to the other two patient
groups. Finally, we explored distinguishing features based
on the myocardial tissue characteristics and strain
between UC and hypertensive and HCM. The combined
analysis of myocardial T1 values and strain revealed
promise to distinguish UC from the two other pheno-
types. Our findings suggest that the observed differences
in myocardial tissue characteristics between UC, HTN,
and HCM patients may be indicative of underlying etio-
logical distinctions. However, these hypotheses require
further investigation to establish causality and to under-
stand the full clinical implications.
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