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Abstract

Background Cardiovascular disease remains the leading cause of morbidity and mortality among individuals with
type 1 diabetes mellitus (TTDM). Individuals with hyperglycemia are at great risk of cardiovascular complications. This
study investigated the impact of glycemic control on left ventricular (LV) microvascular perfusion and myocardial
deformation in uncomplicated pediatric T1DM using cardiac magnetic resonance (CMR) imaging.

Methods A total of 100 uncomplicated pediatric patients with TIDM and 35 controls were enrolled and underwent
3.0 T CMR examinations. Patients were divided into two groups according to HbA1c levels of 7.0% (HbATc < 7.0%,
n=25; HbA1c>7.0%, n="75). Subclinical systolic and diastolic function were evaluated using peak strain and strain
rate based on myocardial deformation analysis. Myocardial perfusion upslope and maximum signal intensity

(MaxSl) were assessed via first-pass perfusion imaging at rest. Multivariable linear regression analyses identified the
independent factors of reduced myocardial perfusion and deformation in T1DM patients.

Results Among the three groups, longitudinal peak diastolic strain rate (PDSR) deteriorated gradually from

controls through patients with HbA1c <7.0% to patients with HbATc>7.0% (all p <0.05). Upslope in patients with
HbATc>7.0% was decreased compared to patients with HbATc <7.0% (p=0.007) and controls (p <0.001). Compared
to controls, both MaxSI and circumferential PDSR were reduced in patients with HbATc>7.0% (p=0.025 and 0.016,
respectively), but not in patients with HbA1c<7.0% (p=0.566 and 0.379, respectively). In multivariable analysis,
elevated HbA1c level was independently associated with reduced upslope (3=-2.53, p< 0.001) and longitudinal
PDSR (3=-0.02, p=0.007). When the perfusion indices were included in the multivariable analysis for diastolic
dysfunction, upslope (3=0.10, p=0.016) and MaxSI (3 =-0.02, p=0.006) were associated with reduced longitudinal
PDSR.
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Conclusion Pediatric T1DM with higher HbA1c showed worse myocardial perfusion and subclinical diastolic
dysfunction. Microvascular dysfunction was associated independently with cardiac dysfunction.

Trial registration: retrospectively registered ChiCTR2100043799.
Keywords Type 1 diabetes mellitus, Myocardial strain, Myocardial perfusion, Cardiac magnetic resonance, Glycemic

control

Introduction

Type 1 diabetes mellitus (T1DM) is the most common
type of childhood diabetes, accounting for approximately
90% of all pediatric diabetes cases [1]. Cardiovascular
diseases (CVD) including epicardial coronary artery dis-
ease and heart failure remain the leading cause of mor-
bidity and mortality among individuals with TIDM |[2,
3]. Individuals diagnosed with T1DM before age 10 face
a sevenfold higher CVD mortality risk compared to
those non-diabetic peers [4], suggesting that myocardial
changes may begin early in childhood-onset TIDM. Early
detection of subclinical myocardial injury biomarkers
in these patients is crucial for preventing and managing
CVD [5]. Studies reporting myocardial microcirculation
and subclinical dysfunction in pediatric TIDM patients
remain scarce.

Myocardial deformation analysis enables detection of
subclinical cardiac dysfunction before left ventricular
(LV) ejection fraction (EF) declines, offering insights into
early-stage diabetic cardiomyopathy. Additionally, first-
pass myocardial perfusion CMR could monitor myocar-
dial microvascular dysfunction non-invasively. Cardiac
magnetic resonance (CMR) imaging serves as a sensi-
tive and non-invasive method for detecting myocardial
alterations, as recommended for young individuals with
T1DM [6].

A large prospective study demonstrated that a 1%
increase in HbA1lc level was associated with a 30% higher
risk of heart failure independently of other CVD risk
factors [7]. Poor glycemic control increases microvascu-
lar complications in the T1IDM population in a 30-year
follow-up study [8]. Chronic hyperglycemia is the most
critical modifiable factor for CVD in diabetes. However,
the relationship between hyperglycemia and diabetic
myocardial injury in pediatric TIDM requires further
investigation. Therefore, we used CMR to evaluate the
effect of glycemic status on LV myocardial deformation
in uncomplicated pediatric TIDM. We further incorpo-
rated myocardial perfusion imaging to unmask subtle
changes in myocardial microvascular function that might
compromise cardiac performance.

Materials and methods

This study was approved by the Biomedical Research Eth-
ics Committee of our hospital and conducted in accor-
dance with the Declaration of Helsinki. Written informed

consent was obtained from all the participants’ legal
guardian prior to inclusion in the study.

Study population

From June 2019 to May 2024, pediatric TIDM patients
(< 18 years) were enrolled at our institution. The inclusion
criterion was the diagnosis of T1DM based on the guide-
lines by the American Diabetes Association guidelines.
The exclusion criteria were as follows: (1) individuals
with established cardiovascular disease (e.g., myocarditis
and congenital cardiovascular); (2) those with contrain-
dications to CMR imaging (claustrophobia, implanted
pacemakers); (3) individuals with diabetic macrovascular
and microvascular complications (retinopathy, nephrop-
athy, peripheral neuropathy, autonomic neuropathy) as
assessed by the endocrinologists; (4) incomplete imaging
results or poor CMR image quality that affecting LV mea-
surements; (5) missing biochemical data.

Using G*Power 3.1.9.7 (Heinrich-Heine-Univer-
sitdt Disseldorf, Germany), we performed a one-way
ANOVA based on preliminary longitudinal peak diastolic
strain rate data [9]. With a=0.05 (95% confidence) and
power =0.80, the analysis required 22 participants per
group. Accounting for a 10% dropout rate, we included
75 participants (25 per group). Of 110 screened T1IDM
patients, 100 met eligibility criteria (see Fig. 1 for
flowchart).

Clinical and biochemical assessments

Before CMR examinations, we recorded blood pressure
[systolic blood pressure (SBP) and diastolic blood pres-
sure (DBP)] and anthropometric measurements [body
weight, height, hip, waist circumference, body mass index
(BMI), and body surface area (BSA)] and collected fast-
ing blood samples for analysis. Laboratory measurements
included glucose metabolism [Fasting plasma glucose
(FPG) and glycated hemoglobin (HbAlc)], lipid profile
[Total cholesterol (TC), triglycerides (TG), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), and
apolipoprotein Al (ApoAl)], renal function (Urea nitro-
gen, creatinine, uric acid, and cystatin C).

Patient stratification

Per the 2024 American Diabetes Association and 2020
Chinese guidelines [10, 11], which both recommend a
glycemic target of<7.0% HbAlc for pediatric T1DM,
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110 pediatric T1DM patients (<18 years)

I_

Exclude
(1) Individuals with established cardiovascular
disease (n =0)
(2) Claustrophobia (n = 3)
(3) Individuals with diabetic macrovascular and
microvascular complications (n = 0)

Perform CMR examination (n = 107)

Exclude
(1) Incomplete imaging results or poor CMR
image quality (n = 5)
(2) Missing biochemical results (n = 2)

Experiment group (n = 100)

HbAlc > 7.0% (n = 75)

HbAlc <7.0% (n=25)

Fig. 1 Flowchart of the cohort study. TIDM, type 1 diabetes mellitus; CMR, cardiac magnetic resonance

we stratified patients into two groups: HbAlc<7.0% and
HbA1c=7.0%. Age- and sex-matched controls were also
enrolled and underwent the same CMR protocol.

CMR protocols

All CMR scans were performed using a 3.0T scan-
ner (MAGNETOM Skyra, Siemens Healthcare, Erlan-
gen, Germany) equipped with an 18-channel receive
coil. ECG-gated cine images were acquired using a
balanced steady-state free-precession sequence dur-
ing breath-holds (5-8 s), covering the LV with 8-12
contiguous short-axis slices from mitral valve to apex
(thickness 6 mm, TR/TE 3.42/1.48 ms, matrix 126 x 224,
FOV 300x 320 mm?). First-pass perfusion imaging was

obtained at rest following intravenous administration of
gadobutrol (Gadovist, Bayer Healthcare, 0.1 mL/kg at 1-2
mL/s) using an inversion recovery echo-planar sequence
in three short-axis (thickness 6 mm, TR/TE 2.20/1.10
ms, flip angle 10°, matrix 98 x 192, FOV 270 x 360 mm?).
LGE images were acquired 5-10 min post-contrast using
phase-sensitive inversion recovery (thickness 6 mm, TR/
TE 2.55/1.10 ms, flip angle 55°, matrix 128 x 192, FOV
340 x 360 mm?).

Postprocessing of CMR images

All CMR parameters were measured using commercially
available software (CVI*%; Circle Cardiovascular Imag-
ing, Inc., Calgary, Canada) by two experienced CMR
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radiologists. LV endocardial and epicardial borders were
initially delineated automatically followed by manual
adjustment at end-diastolic and end-systolic phases. LV
end-diastolic volume (EDV), end-systolic volume (ESV),
and mass (LVM) were measured and indexed to body
surface area (BSA) as LVEDVi, LVESVi, and LVMi. Myo-
cardial strain analysis employed feature-tracking technol-
ogy to derive global peak strain, peak diastolic (PDSR)
and systolic (PSSR) strain rates in radial, circumferential,
and longitudinal dimensions. Perfusion parameters were
measured through time-intensity curve analysis of basal,
mid, and apical slices, generating upslope, maximum sig-
nal intensity (MaxSI), time-to-MaxSI (TTM), and perfu-
sion index (myocardial-to-blood pool upslope ratio).

Reproducibility of LV strain and first-pass myocardial
perfusion parameters

The reproducibility of CMR parameters was assessed by
re-measuring LV global strain and myocardial perfusion
parameters in 40 randomly selected cases. Intra-observer
variability was determined by reanalyzed after 1 month
by the original investigator (L.Z. with 6 years of experi-
ence). Interobserver variability was determined by a sec-
ond blinded investigator (S.H. with 6 years of experience)
evaluating the same cohort independently.

Statistical analysis

Statistical analyses were performed using SPSS ver-
sion 23.0 (IBM, Armonk, New York, USA), GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA), and
R studio (version 4.1.2, http://www.r-project.org/). No
rmally distributed continuous variables are presented
as mean + standard deviation (SD), while non-normally
distributed variables are expressed as median with inter-
quartile range. Non-normally distributed data were
log-transformed prior to analysis. Group comparisons
were conducted using one-way ANOVA with Bonfer-
roni correction for normally distributed variables and
Kruskal-Wallis test for non-normally distributed vari-
ables. Categorical variables are presented as percent-
ages and analyzed using Chi-square tests. Associations
between clinical variables and CMR parameters were
also examined using Pearson’s or Spearman’s coefficients.
Multivariable linear regression analysis was employed
to identify independent predictors of myocardial perfu-
sion and strain parameters (positive values) in T1DM.
Potential predictors without multicollinearity were
selected based on a p-value < 0.1 in the univariable lin-
ear regression analysis or clinical relevance. If the vari-
ance inflation factor (VIF) > 5 and tolerance (1/VIF) <
0.1, multicollinearity exists. The intraclass correlation
coefficient (ICC) was used to assess the inter- and intra-
observer reproducibility. An ICC above 0.8 was consid-
ered to be excellent. ICC was interpreted with: < 0.50 =
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poor; 0.50 < ICC < 0.75 = moderate; 0.75 < ICC <0.90
= good; > 0.90 = excellent [95% confidence interval (CI)
calculated from 2-way random-effects models [12]. All
statistical tests were two-sided, with p < 0.05 considered
statistically significant.

Results

Baseline characteristics of the participants

The T1DM cohort included 100 T1DM stratified by gly-
cemic control [HbAlc<7.0% (n=25) vs. HbAlc>7.0%
(n=75)] and 35 age- and sex-matched controls. The
demographic and clinical characteristics of the enrolled
individuals are presented in Table 1. Age, BMI, waist-
to-hip ratio, BSA, and SBP were comparable among the
three groups (all p>0.05). Median diabetes duration
did not differ significantly between T1DM subgroups
(p=0.267). FBG, TG, HDL, and LDL levels were signifi-
cantly higher in patients with HbAlc>7.0% compared to
patients with HbAlc<7.0% (all p>0.05).

Comparisons of CMR-derived LV geometry, deformation,
and perfusion parameters
Comparisons of CMR parameters among three groups
are summarized in Table 2. No significant differences
were observed in LVEDVi, LVESVi, LVEF, LVMi, or
LVRI among the groups (all p>0.05). Regarding the
strain parameters (Fig. 2 A-C), LV radial and longitudi-
nal peak strain were significantly higher in both patient
groups compared to controls, without significant dif-
ferences between patient subgroups (radial, 36.8 +8.4%
vs. 45.2+4.6% vs 43.9+11.9%, p=0.009; longitudinal,
-13.4+2.8% vs. —15.1+3.7% vs. —15.1+£2.9%, p=0.002).
Conversely, LV longitudinal PDSR was reduced progres-
sively from controls through patients with HbAlc<7.0%
to patients with HbA1c>7.0% (1.5+0.5 1/s vs. 1.2+0.2
1/s vs. 1.0£0.2 1/s, p<0.001). Additionally, compared
to controls, LV circumferential PDSR was reduced in
patients with HbA1C>7.0% (1.3+£0.3 1/s vs. 1.5+0.41/s,
p=0.016) but preserved in patients with HbAlc<7.0%
(1.4+0.4 1/s vs. 1.5+0.4 1/s, p=0.379). No significant
differences were observed in circumferential peak strain,
PSSR from three directions, or radial PDSR (all p >0.05).
First-pass perfusion analysis (Fig. 2D) showed graded
microvascular impairment with worsening glycemic con-
trol. Patients with HbAlc>7.0% showed significantly
reduced perfusion upslope compared to patients with
HbAlc<7.0% (p=0.007) and controls (p<0.001), along
with decreased MaxSI compared to controls (p=0.025).
MaxSI and upslope in patients with HbAlc<7.0%
remained comparable to controls (MaxSI, p=0.566;
upslope, p=1.000, respectively). Representative CMR
images illustrating these findings were presented in Fig. 3.
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Table 1 Baseline characteristics of the included participants

Controls (n=35) Type 1 diabetes mellitus p
HbA1c<7.0% (n=25) HbA1c=7.0% (n=75)
Age, years 104+26 11.2+£33 13.1+£31 0.133
Male, n (%) 20 (55.6) 11 (44.0) 13 (44.8) 0.342
Height, cm 1442+159 1474+16.5 1543+14.1 0114
Weight, kg 378+133 404+153 441+140 0323
BSA, m? 12+03 1.3+£03 14+03 0339
BMI, kg/m? 17.0+4.1 178432 180435 0.864
SBP, mmHg 1063+£11.1 101.6£10.3 106.0+14.1 0.190
DBP, mmHg 684+83 569+128" 67.0+10.0% 0.008
Waist-to-hip ratio - 0.8+0.1 08+0.1 0.370
Diabetes duration, years - 3.6(20,54) 3.0(3.0,5.5) 0.267
Age at diagnosis, years - 72428 81+34 0.137
FBG, mmol/L - 56(4.5,114) 83(5.0,114)% 0.010
TC, mmol/L - 40+06 45+1.1 0212
TG, mmol/L - 06£0.1 09(06,12)% < 0.001
HDL, mmol/L - 18404 15+04% 0012
LDL, mmol/L - 20+06 25(19,29)% 0.009
ApoAT, g/L - 16+0.2 15403 0.090
Urea Nitrogen, mmol/L - 54 (44,6.1) 5.1(4.1,5.8) 0.109
Creatinine, ummol/L - 39.0(33.5,49.0) 38.0(34.0,380) 0.608
Uric Acid, umol/L - 276.0(213.5,315) 282.0(221.0,328.8) 0.470
Cystatin C, mg/L - 08+0.1 08+0.1 0.664

BSA body surface area, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, FBG fast blood glycemia, TC total cholesterol, TG triglycerides,
HDL high-density lipoprotein, LDL low-density lipoprotein. ‘p < 0.05 compared to controls, p <0.05 compared to patients with HbA1c < 7.0%

Table 2 CMR characteristics compared among type 1 diabetics and controls

Controls T1DM p
HbA1c<7.0% HbA1c>7.0%

Left ventricular geometry
LVEDVi, ml/m? 74.0+8.1 80.9+104 730105 0.822
LVESVi, ml/m? 282+34 31.5+6.1 29.0+52 0841
LVEF, % 61.6+44 61.5+3.1 61.0+39 0.335
LVM, g/m2 379458 449+79 389+94 0.644
LVRI 05+0.1 0.5+0.1 05+0.1 0.343
Myocardial strain
Radial peak strain, % 36.8+84 452 +4.6% 439+119*% 0.009
Circumferential peak strain, % -216+3.1 —-232+19 —-216+25 0.521
Longitudinal peak strain, % —134+28 —15.1+3.7*% —15.1£2.9*% 0.002
Radial PSSR, 1/s 34+09 28+0.8 29409 0.122
Circumferential PSSR, 1/s —15+03 -13+02 -13+03 0.077
Longitudinal PSSR, 1/s -13+£06 -1.0+£03 -1.0+03 0.181
Radial PDSR, 1/s —-34+04 -35+09 -32+12 0.092
Circumferential PDSR, 1/s 15+04 14+04 13+£0.3% 0.021
Longitudinal PDSR, 1/s 1.5+05 1.2+0.2% 10+02%% <0.001
Myocardial perfusion function
Upslope, % 42414 43+1.1 3.1+£0.8% <0.001
TTM, s 303+84 265+82 3374101 0.242
Max Sl 39.1+109 37.1+£89 32.7+8.9*% 0.029
Perfusion index 0.1£0.02 0.1+£0.01 0.1+£0.01 0430

HbA1c hemoglobin Alc, LVEDVi indexed left ventricular end-diastolic volume, LVESVi indexed left ventricular end-systolic volume, LVEF left ventricular ejection
fraction, LVRI left ventricular remodeling index, LVMiindexed left ventricular mass, PSSR peak systolic strain rate, PDSR peak diastolic strain rate, TTM time to maximal
signal intensity, Max Sl maximal signal intensity. *p < 0.05 compared to controls, %p < 0.05 compared to patients with HbATc < 7.0%
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Fig. 2 Comparisons of myocardial strain (the absolute values) and perfusion parameters among type 1 diabetics and controls. Abbreviations: TTM, time

to maximal signal intensity; Max SI, maximal signal intensity. * p <0.05.

Univariable and multivariable regression analyses of
reduced myocardial perfusion upslope and longitudinal
PDSR
Spearman correlation analysis demonstrated a significant
inverse correlation between HbA1c levels and myocardial
perfusion upslope (r=-0.482, p<0.001). Multivariable
analyses showed that BMI (p=-0.11, p=0.005), HbAlc
level (B=-2.53, p<0.001), and LDL ($=0.40, p=0.021)
were independently associated with upslope after adjust-
ment for other variables (Table 3).

Spearman correlation analysis demonstrated that myo-
cardial perfusion upslope was negatively correlated with
longitudinal PDSR (r=-0.246, p=0.023). Multivariable

analyses showed that BMI (B=-0.02, p=0.030), HbAlc
level (B=-0.02, p=0.007), and SBP (f=-0.01, p=0.014)
were independently associated with longitudinal PDSR
after adjustment for other variables (Table 4). When
myocardial perfusion parameters upslope and MaxSI
were included in multivariable analyses, upslope
(p=0.10, p=0.016), MaxSI (f = -0.02, p =0.006), and LDL
(p=-0.11, p=0.013) were independently associated with
longitudinal PDSR after adjustment for other variables
(Table 4).



Zhang et al. Cardiovascular Diabetology

Upslope = 4:6 MaxS| =

(2025) 24:215

34.8 TTM = 23.7 ms

Page 7 of 11

PDSR-L=1.4

PDSR-L=0.8

Fig. 3 Representative cases showed myocardial perfusion function and longitudinal peak diastolic strain rate (PDSR-L) in a control (top row), a patient
with HbATc<7.0% (middle row), and a patient with HbA1c>7.0% (bottom row). First-pass myocardial perfusion MR images (A, E, and I) and signal
intensity-time curves (B, F, and J) were obtained from the left mid-ventricular slices. PDSR-L was analyzed using Bull's-eye plots (D, H, and L) derived from
long-axis cine images (C, G, and K). Max SI, maximum signal intensity; TTM, time to maximum signal intensity

Table 3 Univariable and multivariable regression analyses of upslope

Variables Univariable Multivariable
B (95% CI) p B (95% CI) t p
Age —0.20(-029t0-0.12) <0.001
Female 0.06 (-0.59t0 0.71) 08552
BMI —0.12(-0.20to —0.03) 0.008 —0.11(=0.17to —0.04) -3.00 0.005
BSA —0.03 (=0.06 to 0.00) 0.057
SBP —193(-294t0—-0.92) <0.001
DBP —0.03 (-0.06 to —0.01) 0.020
Waist-to-hip ratio —0.36 (-6.84t06.12) 0915
Age at diagnosis —0.06 (-0.15t0 0.03) 0.174
Duration (years) —0.03(-0.13t0 0.07) 05372
HbA1c —1.87 (-2.90 to —0.84) <0.001 —253(-3.53t0—1.54) -5.00 <0.001
FBG —0.06 (-0.14 10 0.02) 0.180
TC 0.14 (—0.21 t0 0.48) 0444
TG —0.54(-141t00.34) 0.237
HDL 0.95(0.10t0 1.79) 0.033
LDL 0.03(-0.36t0042) 08672 0.40 (0.08 t0 0.73) 242 0.021
ApoAl 093 (-045t02.32) 0.195
Urea nitrogen 0.06 (—0.22 t0 0.34) 0.696
Creatinine —0.02 (-=0.05t0 0.01) 0.160
Uric acid —0.01(-0.99to —0.01) 0.015
Cystatin C —1.85(—-4.84t0 1.14) 0.233

Variables with p<0.1 and 2 variables based on clinical backgrounds and the absence of collinearity were included in the multivariable analysis. C/ confidential

interval

Abbreviations are the same as in Table 1



Zhang et al. Cardiovascular Diabetology (2025) 24:215 Page 8 of 11
Table 4 Univariable and multivariable regression analyses of longitudinal PDSR
Variables Univariable Multivariable® Multivariable®
B (95% CI) p B (95% CI) t p B (95% CI) t p
Age —0.03 (-0.05to -0.01) 0.005
Female -0.01(-0.14t00.11) 08292
BMI 0.00 (-0.02 to 0.02) 09124 002 (001 to 0.03) 222 0030
BSA —0.12 (-0.33t0 0.08) 0.250
SBP -0.01(-099to—-0.01) 0.035 —0.01(-099to—-0.01) —253 0.014
DBP —0.00 (-0.01 to 0.00) 0.146
Waist-to-hip ratio 0.38 (—0.20 t0 0.95) 0.203
Age atdiagnosis  —0.02 (=0.03 to —0.01) 0.0058
Duration (years) 0.01 (-=0.01t0 0.02) 0.1962
HbA1c —-031(-045t0—-0.16) <0.001 —-0.02(-0.04to—-0.01) —2.80 0.007
FBG —-0.01 (-0.02to 0.01) 0.354
TC —0.03 (-0.08t0 0.01) 0.136
TG —0.04 (-0.08to—0.01) 0.022
HDL 0.02 (-0.09t0 0.12) 0.772
LDL —0.02 (-0.07 t0 0.03) 03692 —0.11(-0.19t0 —0.03) —267 0.013
ApoA1 0.03 (=0.15 t0 0.20) 0.766
Urea Nitrogen 0.01 (=0.03t0 0.04) 0.754
Creatinine —0.00 (=0.01 to 0.00) 0.254
Uric Acid 0.00 (-=0.00 to 0.00) 0336
Cystatin C 0.09 (—0.27 t0 0.45) 0.622
Upslope 0.12 (0.05t0 0.19) <0.001 0.10(0.02t0 0.18) 2.59 0.016
MaxSl 0.01 (-0.00 to 0.02) 0.1674 -002(-003t0-001) —-303 0.006

Acandidate variables for multivariable models were selected based on clinical backgrounds and the absence of collinearity

UThe variable “age at diagnosis” was excluded from multivariable analysis because of collinearity

Variables with p<0.1 and Abased on clinical backgrounds and the absence of collinearity were included in the multivariable analysis

bPerfusion parameters were added as covariates in the multivariable analysis

PDSR peak diastolic strain rate; Max S maximal signal intensity, C/ confidential interval. Other abbreviations are the same as in Table 1

Table 5 Intra-observer and interobserver reproducibility of CMR

parameters

Intraobserver Interobserver

ICC  95%Cl ICC  95%Cl
Myocardial strain
Radial peak strain 0937 0.879-0968 0.936 0878-0.960
Circumferential peak strain  0.873  0.769-0.932 0925 0.861-0.960
Longitudinal peak strain 0.895 0.809-0944 0917 0869-0956
Radial PSSR 0923 0.850-0962 0942 0884-0917
Circumferential PSSR 0.895 0.809-0944 0874 0.757-0935
Longitudinal PSSR 0926 0.832-0964 0.950 0866-0.978
Radial PDSR 0936 0.880-0.967 0945 0897-0971
Circumferential PDSR 0900 0.817-0.947 0881 0.766-0939
Longitudinal PDSR 0.909 0.839-0952 0.871 0.769-0.930
Myocardial perfusion function
Upslope 0.982 0.9966-0.990 0.994 0.989-0.997
™ 0.998 0.994-0.998 0.993 0.887-0.996
MaxS| 0963 0.931-0980 0968 0.941-0.983

ICCintraclass correlation coefficient; other abbreviations same as in Table 2

Inter- and intra-observer variability of CMR-derived

parameters

The intra-observer and inter-observer correlation coef-
ficients of the measurement of LV global peak strain,

PDSR, and PSSR in three directions (radial, circumfer-
ential, and longitudinal), upslope, TTM, and maxSI were
considered good (Table 5).

Discussion

In this study, we included pediatric TIDM patients
without other diabetes-related complications to inves-
tigate the effect of glycemic levels on the myocardium.
We found that (1) pediatrics TIDM with HbAlc>7.0%
showed worse myocardial microvascular dysfunction
and subclinical diastolic dysfunction. (2) Hyperdynamic
systolic function but decreased diastolic function was
observed in T1IDM with poor control. (3) HbAlc, BMI,
and LDL were independently associated with microvas-
cular dysfunction after adjusting for other variables; 4)
Myocardial microcirculation dysfunction and LDL were
independently associated with reduced LV longitudinal
PDSR.

Although the progress of diabetic cardiomyopathy can
develop independently of macrovascular complications
of the disease, structural and functional changes at the
level of the coronary vasculature are common comor-
bidities in diabetic patients, which can further exacerbate
diabetic cardiomyopathy. Currently, most studies have
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focused on myocardial perfusion in patients with type 2
diabetes mellitus, while research on myocardial perfu-
sion in T1DM is relatively limited and yields conflicting
results [13—-15]. Shivu et al. [15] found the average myo-
cardial perfusion reserve index in young asymptomatic
subjects with T1DM was significantly lower than that of
healthy controls utilizing magnetic resonance spectros-
copy and stress magnetic resonance imaging. Our study
further confirms that myocardial perfusion dysfunction
can be observed at an earlier stage in T1IDM patients.
Furthermore, higher HbAlc level was associated with
worse microvascular dysfunction. Persistent hypergly-
cemia is associated with endothelial dysfunction [16].
Autopsy studies of ventricular myocardial samples have
confirmed the presence of microvascular abnormalities
in diabetic patients, including capillary basement mem-
brane thickening, arteriolar intimal thickening, and
increased perivascular fibrosis [17, 18]. These microvas-
cular changes are believed to be driven by hyperglycemia,
dyslipidemia, and neurohormonal system activation. In
the present study, TIDM patients with microcirculatory
impairment exhibited poorer control of blood lipids and
glucose, further supporting the proposed mechanisms
underlying microvascular pathology [16].

Chronic  hyperglycemia exacerbates pathological
molecular processes such as non-enzymatic glycation,
the formation of advanced glycation end products, and
oxidative stress. These processes trigger myocardial
inflammation, leading to fibrosis, cardiac remodeling,
disruption of calcium homeostasis, endothelial dysfunc-
tion, and ultimately a decline in myocardial function [19,
20]. Our study revealed impaired longitudinal diastolic
myocardial function in the patient groups. Impaired
myocardial perfusion was an independent risk factor of
longitudinal PDSR. Longitudinal cardiac function of LV
depends on the integrity of the subendocardial myocar-
dial fibers, which are more susceptible to microcircula-
tory damage. LV diastolic dysfunction was potentially
driven by microvascular impairment. Furthermore, per-
sistent hyperglycemia is closely linked to endothelial
dysfunction, which increases the risk of microvascular
permeability, impairs microvascular blood flow, and may
lead to tissue ischemia and heart failure [21-23].

Interestingly, our study demonstrated increased longi-
tudinal myocardial contraction accompanied by impaired
diastolic function in pediatric TIDM. This observation
suggests that diastolic dysfunction may precede sys-
tolic impairment in diabetes-related heart disease [24].
The paradoxical hyperdynamic systolic contraction and
impaired diastolic function are consistent with previous
echocardiographic findings. In the prospective blinded
speckle tracking stress echocardiography study, Hensel
et al. [25] reported similar results in a cohort of pediatric
T1DM with comparable age (mean age 11.5+3.1 years)
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and disease duration (mean duration 4.3+3.5 years).
Their findings showed that patients with poor glycemic
control exhibited increased resting circumferential and
longitudinal peak strain despite evidence of reduced dia-
stolic function, as indicated by a decreased E/A ratio. It
has also been reported that increased left ventricular tor-
sion in young patients with type 1 diabetes is associated
with impaired myocardial perfusion and early diastolic
filling abnormalities [15, 26, 27]. This hyperdynamic
myocardial contraction in the early stages of diabetes
may represent a transient compensatory mechanism in
the progression of non-ischemic cardiomyopathy, indi-
cating the onset of the asymptomatic subclinical phase of
heart failure [25]. Animal model studies suggest that this
phenomenon may be linked to altered myocardial sub-
strate utilization and reduced cardiac efficiency, further
deteriorating LV remodeling and systolic function [29,
30].

Existing evidence indicates that patients with diabetic
microvascular diseases are prone to have worse clinical
adverse outcomes [31]. The screening strategy for TIDM
population should include myocardial microvascular dis-
ease and not only neuropathy, retinopathy, and nephrop-
athy. These findings highly underscore the critical need
for optimizing glycemic control and exploring potential
therapeutic strategies to address microvascular dysfunc-
tion. Furthermore, CMR offers a noninvasive quantitative
method to perform risk stratification in diabetics.

Limitations

The current study has several limitations. First, only
CMR perfusion at rest was performed due to the restric-
tions on medication and the potential risks associated
with cardiac stress tests for children. However, the value
of rest myocardial perfusion compared to stress perfu-
sion has been validated in a variety of studies with T2DM
[13, 32]. Our study has also shown that microvascular
function was reduced in T1DM subgroups compared to
controls and deteriorated along with elevated HbAlc.
The clinical significance of resting myocardial perfusion
assessment in T1IDM population warrants further atten-
tion and validation.

Second, although HbAlc is the most widely used clini-
cal indicator of glycemic control, it may not fully capture
glycemic variability or cumulative hyperglycemic expo-
sure. The relationship between cumulative hyperglycemic
burden during follow-up and cardiovascular risk requires
further investigation.

Third, our single-center design resulted in a modest
sample size, though our cohort's glycemic control dis-
tribution (75% above target HbAlc) reflects real-world
epidemiologic patterns in China [33]. Multicenter pro-
spective studies with larger samples are needed to con-
firm these findings.
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Finally, as all scans were performed at 3.0 T, the poten-
tial influence of magnetic field strength on perfusion and
strain measurements remains unexplored [34, 35]. Sys-
tematic comparisons between 1.5 T and 3.0 T systems in
diabetic populations would help establish measurement
consistency across platforms.

Conclusions

Pediatric TIDM with higher levels of HbAlc exhibited
worse myocardial microvascular function and subclinical
diastolic function. HbAlc was independently associated
with microvascular dysfunction. Microvascular impair-
ment was an independent risk factor related to reduced
subclinical diastolic function.
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