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Abstract

Background Patients with diabetes have an increased risk of developing heart failure with preserved ejection
fraction (HFpEF). This study aimed to compare indices of myocardial deformation and perfusion between patients
with type 2 diabetes mellitus (T2DM) with and without HFpEF and to investigate the relationship between myocardial
strain and perfusion reserve.

Methods This study included 156 patients with T2DM without obstructive coronary artery disease (CAD) and 50
healthy volunteers who underwent cardiac magnetic resonance (CMR) examination at our center. Patients with
T2DM were subdivided into the T2DM-HFpEF (n=74) and the T2DM-non-HFpEF (n=82) groups. The parameters of
left ventricular (LV) and left atrial (LA) strain as well as stress myocardial perfusion were compared. The correlation
between myocardial deformation and perfusion parameters was also assessed. Mediation analyses were used to
evaluate the direct and indirect effects of T2DM on LA strain.

Results Patients with T2DM and HFpEF had reduced LV radial peak systolic strain rate (PSSR), LV circumferential peak
diastolic strain rate (PDSR), LA reservoir strain, global myocardial perfusion reserve index (MPRI), and increased LA
booster strain compared to patients with T2DM without HFpEF (all P <0.05). Furthermore, LV longitudinal PSSR, LA
reservoir, and LA conduit strain were notably impaired in patients with T2DM without HFpEF compared to controls
(all P<0.05), but LV torsion, LV radial PSSR, and LA booster strain compensated for these alterations (all P< 0.05).
Multivariate linear regression analysis demonstrated that LA reservoir and LA booster strain were independently
associated with global MPRI (3=0.259, P<0.001; B= — 0.326, P<0.001, respectively). Further, the difference in LA
reservoir and LA booster strain between patients with T2DM with and without HFpEF was totally mediated by global
MPRI. Global stress PI, LA booster, global rest PI, and global MPRI showed high accuracy in diagnosing HFpEF among
patients with T2DM (areas under the curve [AUC]: 0.803, 0.790, 0.740, 0.740, respectively).
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Conclusions Patients with T2DM and HFpEF exhibited significant LV systolic and diastolic deformation, decreased
LA reservoir strain, severe impairment of myocardial perfusion, and elevated LA booster strain that is a compensatory
response in HFpEF. Global MPRI was identified as an independent influencing factor on LA reservoir and LA booster
strain. The difference in LA reservoir and LA booster strain between patients with T2DM with and without HFpEF was
totally mediated by global MPRI, suggesting a possible mechanistic link between microcirculation impairment and
cardiac dysfunction in diabetes. Myocardial perfusion and LA strain may prove valuable for diagnosing and managing

HFpEF in the future.
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Background

Diabetes mellitus (DM) is a group of metabolic disorders
that leads to the underutilization and overproduction
of glucose [1]. Many symptomatic patients with veri-
fied cardiac ischemia do not have obstructive coronary
artery disease (CAD), and this can be explained by a dif-
fuse pathology appearing as mild or moderate lesions on
coronary angiography, dynamic stenoses of epicardial
vessels, or coronary microvascular dysfunction (CMD)
[2, 3]. CMD can be diagnosed in the majority of patients
with diabetes and angina who have no significant coro-
nary lesions [4]. Furthermore, patients with diabetes have
an increased risk of developing cardiovascular disease
(CVD) and heart failure (HF) [5]. Rates of HF hospital-
ization are twice as high in people with diabetes com-
pared to those without this condition [6, 7].

Myocardial deformation, comprising both global and
regional myocardial function, has emerged as a potential
marker of subtle changes in left ventricular (LV) function
and is being increasingly viewed as a more sensitive indi-
cator of cardiac insufficiency [8—11]. Studies have sug-
gested that LV diastolic dysfunction appears early and is
the most prominent characteristic of diabetic heart dis-
ease, along with myocardial remodeling [12, 13]. Apart
from LV dysfunction, multiple studies have confirmed
that left atrial (LA) maximum volume strongly corre-
lates with cardiovascular outcomes and this improves the
assessment of LV diastolic function [14, 15]. Recent stud-
ies have demonstrated that LA strain impairment exists
in heart failure preserved ejection fraction (HFpEF) and
may be one of the initial signs of diastolic dysfunction
[16-19]. Previous studies on LA strain mainly focused
on patients with dilated cardiomyopathy, hypertensive
cardiomyopathy (HCM), and dialysis [20-22], with few
studies on patients with type 2 diabetes mellitus (T2DM),
especially those with HFpEF. Furthermore, previous
studies have demonstrated that patients with T2DM
have impaired myocardial perfusion, as represented by
a reduced myocardial perfusion reserve index (MPRI),
a semi-quantifiable parameter associated with LV dia-
stolic dysfunction [23, 24]. However, the association
between myocardial perfusion and myocardial defor-
mation remains largely unexplored, and no studies have

investigated the interdependence of myocardial deforma-
tion and perfusion in patients with T2DM and HFpEF.

Cardiac magnetic resonance (CMR) feature tracking is
a promising technique that allows the evaluation of lon-
gitudinal, circumferential, and radial myocardial defor-
mation with high sensitivity and reproducibility [25, 26].
Additionally, stress perfusion CMR allows noninvasive
monitoring of myocardial microvascular dysfunction.

In this study, we aimed to (1) compare indices of myo-
cardial deformation and perfusion between patients
with T2DM with and without HFpEF; (2) investigate
the relationship between myocardial strain and perfu-
sion parameters; and (3) assess the mediating effects of
impaired myocardial perfusion on LA strain in patients
with T2DM.

Methods

Study population

The study was approved by the Ethics Committee of
our institution (Ethics Approval Number: 2021-250).
Informed consent was obtained from all the partici-
pants. A total of 175 patients with T2DM who expe-
rienced shortness of breath or atypical chest tightness
symptoms between June 2021 and June 2023 were pro-
spectively included. Patients with obstructive CAD (ste-
nosis>50%) were excluded based on coronary artery
angiography or coronary computed tomographic angiog-
raphy before undergoing CMR examinations. The diag-
nostic and classification criteria for T2DM followed the
American Diabetes Association standards outlined in
the 2024 Standards of Care in Diabetes [1]. HFpEF was
defined according to the 2021 European Society of Car-
diology (ESC) Guidelines for the diagnosis and treat-
ment of acute and chronic heart failure as follows: (1)
Symptoms and signs of HF; (2) Left ventricular ejection
fraction (LVEF)>50%.; (3) Objective evidence of cardiac
structural and/or functional abnormalities consistent
with the presence of LV diastolic dysfunction or elevated
LV filling pressures, including increased levels of natri-
uretic peptides (NPs) [27]. Exclusion criteria included
previous myocardial infarction, previous coronary artery
bypass surgery, cardiomyopathy, bundle branch block,
atrial fibrillation, moderate to severe valvular heart dis-
ease confirmed by echocardiography, severe renal failure
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(estimated glomerular filtration rate [eGFR]<30 mL/
min/1.73 m?), contraindications to CMR or adenosine,
inadequate hemodynamic response, confirmed claustro-
phobia or poor image quality [28]. For comparison, we
recruited 55 age- and sex-matched volunteers with no
history of T2DM or cardiac disease who underwent iden-
tical CMR examinations.

Baselines data collection

Demographic characteristics and clinical information
were recorded from the electronic medical records sys-
tem of our hospital. Blood samples for standard labo-
ratory analyses were obtained from participants and
processed using the central clinical laboratory protocols
of our hospital.

Echocardiography

All participants underwent two-dimensional, M-mode
and tissue Doppler echocardiography by an experi-
enced cardiologist using a Vivid E9 equipped with an
M5S 3.5-5 MHz transducer (GE Vingmed Ultrasound,
Horten, Norway) from three consecutive cardiac cycles
in the left lateral decubitus position. The current analysis
focused on the following LV and LA structural parame-
ters: relative wall thickness (RWT), left ventricular mass
index (LVMI), and left atrial volume index (LAVI). RWT
was defined as the ratio of (2 XLV posterior wall thickness
at end-diastolic dimension) / LV end-diastolic dimension.
LVMI was calculated by dividing left ventricular mass
by the body surface area (BSA). LAVI was calculated
by dividing the left atrial volume by the BSA. LVEF was
calculated from the apical four and two-chamber views
using the biplane Simpson’s method. The LV diastolic
function was measured through the apical four-chamber
view. Peak velocity in early diastole of mitral valve inflow
(E) was measured by placing a pulse wave Doppler across
the mitral valve and early diastolic velocity of the mitral
valve annulus (e’) was measured by using tissue Doppler
imaging and by placing a pulse wave Doppler in the lat-
eral and septal mitral annulus. The mean E/e’ ratio was
then calculated.

CMR protocol

CMR examinations were performed with patients in the
supine position using a 3.0 Tesla whole-body scanner
(MAGNETOM Trio Tim; Siemens Healthcare, Erlangen,
Germany) equipped with an 18-channel body coil and a
32-channel spine coil. A standard electrocardiographic
(ECQ) triggering device was used synchronously and
data were acquired at the end-expiratory breath-hold. A
balanced steady-state free precession (bSSFP) sequence
(repetition time [TR]/echo time [TE], 45.08/1.22 ms; flip
angle, 49°; slice thickness, 8 mm,; field of view, 360 x300

mm? matrix size, 256x216; and temporal resolution,
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39.34 ms) was used to acquire 8 to 12 continuous cine
images of the LV short-axis view (from the basal to the
apex), as well as the long-axis view of LV (two-, three-
and four-chamber views).

Briefly, stress perfusion was conducted during maxi-
mal vasodilation, stimulated by intravenous adenos-
ine infusion at a dose of 140 pg/kg/min for 4 min. An
adequate hemodynamic response was indicated by a
heart rate increase of>10% and or systolic blood pres-
sure drop of>10 mmHg [28]. For perfusion imaging,
a dose of 0.2 mL/kg gadobenate dimeglumine (Multi-
Hance 0.5 mmol/mL; Bracco, Milan, Italy) was injected
automatically using an automated injector (Optistar
Elite, Mallinckrodt, Cincinnati, OH, USA) at a flow
rate of 3.0-3.5 mL/s, followed by 20 mL saline at a flow
rate of 3.0 mL/s. The images were captured simultane-
ously using intravenous contrast agents and an inversion
recovery echo-planar imaging (IR-EPI) sequence (TR/
TE, 95.6/1.03 ms; flip angle, 10° slice thickness, 8 mm;
field of view, 360x270 mm?; and matrix size, 256x192).
Three standard short-axis slices of the LV (basal, middle,
and apical) and one four-chamber view slice were used
for imaging. The first-past rest perfusion scan was con-
ducted in identical slice locations after a 10-min delay to
wash out the adenosine, following the same approach as
for the stress perfusion scan. Late gadolinium enhance-
ment (LGE) imaging was also performed using a seg-
mented-turbo-FLASH phase-sensitive inversion recovery
(PSIR) sequence (TR/TE, 765.0/1.96 ms; flip angle, 20°
slice thickness, 8 mm; field of view, 360x270 mm? and
matrix size, 256x192) 10—15 min after the second con-
trast administration.

CMR image analysis

CMR images were analyzed using commercial software
(cvid2, version 5.10.1, Circle Cardiovascular Imaging,
Calgary, AB, Canada) by two observers (SK and YTL)
who were blind to the clinical details of the participants.
Cardiac function parameters were calculated by manually
tracing the endocardial and epicardial contours in serial
short-axis cine images at end-diastole and end-systole,
respectively. The 3-dimensional tissue tracking module
was used to analyze the LV myocardial strain by load-
ing long-axis two-chamber, four-chamber, and short-axis
slices. Finally, LV torsion, the biventricular global radial,
circumferential, and longitudinal peak systolic strain
rate (PSSR), and peak diastolic strain rate (PDSR) were
automatically computed through feature-tracking analy-
sis. The LA strain is characterized by three phases: res-
ervoir function, conduit function, and booster function
[19]. LA endocardial and epicardial border contours were
initially traced in apical four-chamber and two-chamber
views at the end-diastole, with LA strain values automati-
cally derived and averaged using the software (Fig. 1). To
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Fig. 1 Representative example of left atrial (LA) tracking analysis by cvi42 software (Circle Cardiovascular Imaging, Calgary, AB, Canada) in the four- and
two-chamber views at end-diastole among the control group, the T2DM-non-HFpEF group, and the T2DM-HFpEF group (a-b, d-e, and g-h)

evaluate myocardial perfusion, the endocardial and epi-
cardial contours were manually delineated, along with a
region of interest (ROI) drawn from the LV blood pool.
Careful selection of the ROI was made to exclude the
adjacent blood pool and epicardium to allow for the for-
mation of an arterial input function. Furthermore, myo-
cardial perfusion upslopes (perfusion index [PI]) during
rest and stress were calculated using a 5-point linear-fit
model of SI versus time and normalized to the LV blood
pool upslope. The MPRI is defined as the ratio of stress to
rest upslope normalized to the upslope of the blood pool
and represents the vasodilation capacity of small vessels
[29]. The LV myocardium was divided into 16 segments
according to the recommendations of the American
Heart Association, and perfusion parameters were auto-
matically computed via cvi42 software. The global MPRI
was calculated as the mean value of 16 segments. Inter-
rater agreement was assessed through the analysis of 10
randomly selected participants by two independent CMR
analysts (SK and YTL), and intra-observer variability was
evaluated by re-analysis of 10 participants after 1 month.
The intraclass correlation coefficient (ICC) was used to
evaluate inter- and intra-observer variabilities.

Statistical analysis
Statistical analyses were performed using SPSS software
version 25.0.0.1 (IBM Corporation, located in Armonk,

NY, USA), and Prism software version 8.4.0 (Graph-
Pad Software, Inc., located in San Diego, CA, USA). All
data were checked for normality using the Kolmogorov—
Smirnov test and presented as meanztstandard devia-
tion (SD). Non-normally distributed data were expressed
as medians, while categorical data were presented as
numbers and percentages. The chi-squared test was
used to compare categorical data. Independent sample
t-tests were applied for normally distributed data and
the Mann—-Whitney U test for non-normally distrib-
uted data in two-group comparisons, whereas one-way
analysis of variance was used for multiple-group com-
parisons. Kruskal-Wallis rank tests were used to analyze
parameters that did not conform to normality or exhib-
ited homogeneity in variance. ICC was used to evaluate
inter- and intra-observer variabilities. Pearson’s correla-
tion coefficient was employed in the study to determine
the relationship between LV and LA myocardial strain
parameters, as well as myocardial strain and perfusion
indicators. Univariate linear regression analysis was con-
sidered significant at P<0.05. These variables, without
collinearity, were then included in the backward stepwise
multivariate analysis that aimed to identify the indepen-
dent determinants of LA reservoir strain and booster
strain. All analyses were performed using a two-sided sig-
nificance level of P<0.05. Mediation analyses were car-
ried out using the bootstrap method to assess whether
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LV strain and myocardial perfusion mediated the changes
in LA reservoir strain and booster strain in a statistically
significant manner among patients with T2DM with and
without HFpEF. The LV circumferential PDSR and global
MPRI that are affected by diabetes, were included as
mediators in the aforementioned regression models. The
area under the receiver operating characteristic (ROC)
curve (AUC), sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) was
calculated to evaluate the diagnostic ability of the CMR
parameters to distinguish HFpEF. The optimal cut-off
values were determined using the Youden index.
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Results

Baseline characteristics

A total of 175 patients with T2DM and 55 age- and
sex-matched healthy controls were enrolled in this
study. However, 11 patients with T2DM exhibited>1
exclusion criteria, while participants with myocardial
infarction (T2DM group [n=3]) or poor image qual-
ity (T2DM group [n=5], and control group [n=>5]) were
also excluded. Finally, 156 patients with T2DM and 50
healthy controls were included in this study. The T2DM
cohort was further divided into two groups: T2DM-
HFpEF (n=74) and T2DM-non-HFpEF groups (n=82)
(Fig. 2). T2DM-HFpEF group tended to be associated
with higher Fibrosis-4 index (Fib-4), glycosylated hemo-
globin (HbA1c) levels, B-type natriuretic peptide (BNP)
levels, pro-B-type natriuretic peptide (pro-BNP) levels,

T2DM enrolled(n=175)

Controls enrolled(n=55)

11 excluded
obstructive CAD confirmed by

CAG or CCTA (n=9) N
eGFR < 30 mL/min/1.73m? (n=2)
A 4
Eligible(n=164)
8 excluded from analysis
Myocardial infarction(n=3) [
Poor image quality(n=5)

Patients included(n=156)

HFpEF defined by 2021 ESC
guidelines for the diagnosis and
treatment of acute and chronic

heart failure

5 excluded from analysis
“| Poor image quality(n=5)

v

T2DM—non-HFpEF(n=82)
T2DM—HFpEF (n=74)

Controls included (n=50)

Fig. 2 Flow diagram of study recruitment
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uric acid (UA) levels, and total cholesterol (TC) levels,
increased mean E/e’ and LAVI, and longer hypertension
duration and diabetes duration (all P<0.05). A borderline
significance existed in body mass index (BMI) among the
three groups. (P=0.058). There were no significant differ-
ences in age, sex, BSA, and serum creatinine (Scr) levels
between the three groups (all P>0.05) (Table 1).

Comparison of CMR findings among groups

The results of CMR imaging for global LV and LA strain
are shown in Table 2. Within the two T2DM patient
groups, LV radial PSSR, LV circumferential PDSR, and
LA reservoir strain were significantly reduced in patients
with T2DM with HFpEF than in patients with T2DM
without HFpEF (all P<0.001), while LA booster strain
increased significantly (all P<0.001) (Fig. 3). Further-
more, the LV longitudinal PSSR, LA reservoir, and LA
conduit strain were notably impaired in patients with
T2DM without HFpEF compared with controls (all

Table 1 Baseline characteristics of the study cohort

Page 6 of 13

P<0.05); however, LV torsion, LV radial PSSR, and L
A booster strain compensated for these alterations (all
P<0.05). Additionally, LV torsion and LA booster strain
were significantly greater (all P<0.001), while LV longi-
tudinal PSSR, LV circumferential PSSR, LA reservoir,
and LA conduit strain were considerably lower in the
T2DM-HFpEF group compared to the control group (all
P<0.001) (Fig. 3).

Data on global first-pass perfusion parameters are also
summarized in Table 2. There were significant differences
in global rest PI, global stress PI, and global MPRI among
the three groups (all P<0.001). Within the two T2DM
patient groups, the global rest PI, global stress PI, and
global MPRI were also significantly decreased in patients
with T2DM and HFpEF (all P<0.05) (Fig. 3).

Association between myocardial strain and perfusion
LV longitudinal PDSR was significantly associated with
LA reservoir strain (r=0.149, P<0.033). LV longitudinal

Control n=50 T2DM-non-HFpEF n=82 T2DM-HFpEF n=74 P-value
Demographics
Age, years 59.70+9.73 5805+9.42 61.00+9.73 0.160
Male, n (%) 22 (44.0%) 42 (41.2%) 36 (35.3%) 0922
BMI, kg/m? 26.17 (23.05,27.68) 2422 (22.36,26.41) 2497 (21.82,26.71) 0.058
BSA, m? 179+0.18 180+0.17 1754020 0320
HR, bpm 6504+1068 760941012 751941352 <0001*
TyG-BMI 9.20 (8.92,11.69) 1495 (12.38,15.74)" 15.88(12.56,17.43)" <0001*
Fib-4 0.55(0.53,0.76) 0.72 (0.66,1.00)" 1.30(1.00,1.46) <0.001*
Laboratory test
FBG, mmol/L 522+0.19 6.88+1.28" 703+184" <0.001*
HbA1c, % 5.73+0.20 6.65+0.70" 7.18+093% <0001*
BNP, pg/mL 22.00 (16.38,30.50) 35.00 (27.88,43.50)" 139.00 (77.50,191.50)"® <0.001*
proBNP, ng/L 65.25 (48.38,123.50) 155.00 (135.00,211.00)" 372.00 (290.50,492.00) 0.007*
Scr, umol/L 67.66+843 714841446 67.96+12.90 0132
UA, umol/L 325.77+73.36 4023245381 23262+11061°% <0.001*
TC, mmol/L 3.18(3.17,4.72) 344 (3403.93) 403(3.53,4.73)"% <0001*
TG, mmol/L 0.96 (0.93,1.23) 147 (0.96,1.84)" 1.30(0.96,2.89)" <0.001*
HDL, mmol/L 147 (137,1.56) 1.25(1.09,1.32)" 1.23(1.07,1.40)" <0.001*
LDL, mmol/L 1.83+0.65 239+063" 2214050 <0001*
Echocardiography
LVEF, % 62.54+2.13 63504144 6138+262" <0.001*
RWT, ratio 0.30+0.03 035+0.04" 0.36+0.05" <0001*
Mean E/e’, ratio 8.78+0.90 8.50+093 116342544 <0.001*
LVMI, g/m? 58.50 (48.61,59.95) 50.18 (44.43,50.22) 44.85 (42.68,54.19)" 0.004*
LAVI, mL/m? 15.64 (14.2,15.90) 16.32(10.90,18.39) 17.14 (14.32,26.89)" 0.002*
Medical history
Hypertension duration, years 0.17(0.04,0.50) 8.00 (0.00,12.00)" 10.00 (2.00,20.00)"® <0001*
Diabetes duration, years - 9244420 122347794 <0.001*

Data are presented as the mean+5SD, n (%) or median (IQR). Dash (-) indicates not applicable

HFpEF Heart failure with preserved ejection fraction, BM/ body mass index, BSA body surface area, HR heart rate, TyG-BMI triglyceride glucose-body mass index,
Fib-4 Fibrosis-4 index, FBG fasting blood glucose, HbAic glycosylated hemoglobin, BNP B-type natriuretic peptide, proBNP, pro-B-type natriuretic peptide, Scr serum
creatinine, UA uric acid, TC total cholesterol, TG total triglyceride, HDL high-density lipoprotein, LDL low-density lipoprotein, RWT relative wall thickness, E/el early
filling velocity on transmitral Doppler/early relaxation velocity on tissue Doppler, LVM/ left ventricular mass index, LAV/ left atrial volume index

“p<0.05 vs. control group; 4p<0.05 vs. T2DM-non-HFpEF; ¥p<0.05
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Table 2 CMR findings in 3 groups

Control T2DM-non- T2DM- P-value
n=50 HFpEF HFpEF n=74
n=82
CMR-LV strain
Torsion, °/cm 136(1.32 1.52 (148, 154 (1.52, <0.001"
173) 197) 162)"
PSSR, 5™
Longitudinal ~ -1.05+023 -1.03+0.12 -098+0.22 0.089
Circumferential  -1.00+005 -1.00+008  -1.00+0.14 0.995
Radial 181007 187019 179+011%  <00071*
PDSR, s~
Longitudinal 1344032 104011 104+021°  <0001*
Circumferential 113027 106046  0.73+052%  <0001*
Radial 2124113 -218+1.19  -2.12+0.70 0.937
CMR-LA strain
Reservoir, % 44884257 4345+368 4193+275% <0001*
Conduit, % 31394253 2898+160° 2869+322°  <0001*
Booster, % 14654124 1634148 1799+174% <0.001"
CMR-perfusion
GlobalrestPl  0.14+005 0.12+002" 011+003%  <0001*
Global stressPl 0244008 0.16+002" 0.13+002% <0001
Global MPR, 1714026  128+0.10" 1204011  <0001*
ratio

Values are presented as the mean+SD or median (IQR)

HFpEF Heart failure with preserved ejection fraction, LVEF left ventricular
ejection fraction, P/ perfusion index, MPR/ myocardial perfusion reserve index,
PSSR peak systolic strain rate, PDSR peak diastolic strain rate

"p<0.05 vs. control group; 4p<0.05 vs. T2DM-non-HFpEF group; fp<0.001

PSSR, LV longitudinal PDSR, and LV circumferential
PDSR were positively associated with LA conduit strain
(r=0.161, P=0.021; r=0.204, P=0.003; and r=0.141,
P=0.043, respectively), whereas LV longitudinal PDSR
was negatively associated with LA booster strain
(r=—0.254, P<0.001) (Supplementary Table 1). In addi-
tion, LV longitudinal PDSR, LV circumferential PDSR,
LA reservoir, and LA conduit strain were associated
with global MPRI (r=0.451, P<0.001; r=0.156, P=0.025;
r=0.259, P<0.001; and r=0.294, P<0.001, respectively).
Further, global MPRI was inversely correlated with LA
booster strain (r=— 0.455, P<0.001) (Supplementary
Table 2).

Multivariate linear regression analysis demonstrated
that LA reservoir strain was independently associ-
ated with global MPRI ($=0.259, P<0.001) (Table 3). In
addition, LA booster strain was independently associ-
ated with global rest PI, global MPRI, and HbA1c levels
(B=-0.126, P=0.045; p=— 0.326, P<0.001; and $=0.204,
P=0.004, respectively) (Table 4)

Direct and indirect effects of DM on LA strains

The direct and indirect effects of T2DM on LA strain
with mediators of LV circumferential PDSR and global
MPRI are shown in Table 5. The difference in LA reser-
voir strain between the T2DM-non-HFpEF group and
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the T2DM-HFpEF group was totally mediated by global
MPRI (indirect effecting: 0.276, bootstrapped 95%CI
0.105-0.528), and LV circumferential PDSR had no sig-
nificant mediating effect. The difference in LA booster
strain between the T2DM-non-HFpEF group and the
T2DM-HFpEF group was totally mediated by global
MPRI (indirect effecting: — 0.290, bootstrapped 95%CI
—0.523—— 0.121), while LV circumferential PDSR had no
significant mediating effect.

Diagnostic ability of the CMR parameters in HFpEF

Table 6 displays the diagnostic performance of myocar-
dial deformation and perfusion indices. AUC was high-
est for LA booster (0.857), followed by global stress PI
(0.848) and global MPRI (0.808) (Fig. 4). Global stress
PI, LA booster, global rest PI, and global MPRI exhibited
the highest AUC (0.803, 0.790, 0.740, 0.740, respectively),
all of which far exceeded the predictive ability of LAVI
(0.690), distinguished T2DM patients with and without
HEpEF (Fig. 4).

Intra-observer and inter-observer variability

Excellent intra- and inter-observer agreement was
observed in the measurement of myocardial strain
(ICC=0.748-0.992 and 0.766-0.980, respectively) and
myocardial perfusion (ICC=0. 748-0.961 and 0.921-
0.942, respectively) (Supplementary Table 3).

Discussions
This study aimed to investigate the impairment of car-
diac function and myocardial perfusion reserve in
patients with T2DM and to highlight the complicated
interplay between myocardial strain and perfusion, par-
ticularly in the HFpEF population. First, compared to
controls, patients with T2DM exhibited both systolic
and diastolic dysfunction, reduced LA reservoir and LA
conduit strain, and impaired myocardial perfusion but
increased LV torsion and LA booster strain. This suggests
that patients with T2DM exhibit compromised myocar-
dial strain and perfusion; however, there is a compensa-
tory increase in LV torsion and LA contraction. Second,
patients with T2DM and HFpEF displayed a more severe
systolic and diastolic dysfunction, reduced LA reservoir
strain, impaired myocardial perfusion, and elevated LA
booster strain than patients with T2DM without HFpEF.
Third, global MPRI was identified as an independent fac-
tor influencing LA reservoir strain, as were global rest
PI, global MPRI, and HbAlc levels for LA booster strain.
Further, the observed differences in LA reservoir and
LA booster strain between patients with T2DM without
HFpEF and those with HFpEF were solely mediated by
global MPRIL

LV torsion has been recognized as a critical mecha-
nism for maintaining normal cardiac function [30]. It has
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Fig. 3 Difference in LV strain, LA strain, and myocardial perfusion among the control group, the T2DM-non-HFpEF group and the T2DM-HFpEF group. LV
longitudinal peak systolic strain rate (PSSR) (a), LV circumferential PSSR (b), LV radial PSSR (c), LV longitudinal peak diastolic strain rate (PDSR) (d), LV circum-
ferential PDSR (e), LV radial PDSR (f), Left atrial (LA) reservoir strain (g), LA conduit strain (h), LA booster strain (i), global rest perfusion index (P1) (j), global
stress PI (k) and global myocardial perfusion reserve index (MPRI) (I) among the three groups. ns: P> 0.05; *P < 0.05; **P < 0.01; ***P <0.001; ****P < 0.0001
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Table 3 Associations between LA reservoir strain and LV
longitudinal PDSR, rest PI, and global MPRI in the whole
participants

LA reservoir strain

Univariate Multivariate

B P B P
LV longitudinal PDSR, s~ 0.149 0033 - -
global stress PI 0.183 0.008 - -
global MPRI, ratio 0.259 <0.001 0.259 <0.001
HbAlc, % -0.135 0.054 - -

B is adjusted regression coefficient. Factors with P<0.1 in the univariable
analyses were included in the backwards stepwise multiple linear regression
model

Left atrial (LA), left ventricular (LV), longitudinal peak diastolic strain rate (PDSR),
perfusion index (PI), myocardial perfusion reserve index (MPRI), glycosylated
hemoglobin (HbA1c)

Table 4 Associations between LA booster strain and LV
longitudinal PDSR, LV circumferential PDSR, global rest Pl, global
stress Pl, and global MPRI in the whole participants

LA booster strain

Univariate Multivariate

B P B P
LV longitudinal PDSR, s~ 0254 <0001 - -
LV circumferential PDSR, s~ -0.137 0049 - -
global rest PI -0.240 0.001 -0.126 0.045
global stress Pl -0374  <0.001 - -
global MPRI, ratio -0455 <0.001 -0.326 <0.001
HbAlc, % 0.398 <0.001 0.204 0.004

B is adjusted regression coefficient. Factors with P<0.1 in the univariable
analyses were included in the backwards stepwise multiple linear regression
model

LA Leftatrial, LV left ventricular, PDSR peak diastolic strain rate, P/ perfusion index,
MPRI myocardial perfusion reserve index, HbAlc glycosylated hemoglobin

Table 5 Mediating effects of T2DM on LA reservoir strain and
LA booster strain with mediators of LV circumferential PDSR and
global MPRI

LA reservoir strain LA booster strain

Direct effect Indirect Direct effect Indirect

effect effect

LV circumferen-  0.236 (-0.710, 0.067 -0.286 (-0.808,  -0.082
tial PDSR, s~ 1.182) (-0.210, 0.236) (-0.249,

0.356) 0.046)

global MPRI, 3.248(1.515, 0.276 -3412(-4368,  -0.290
ratio 4981) (0.105, -2.456)" (-0.523,
0.528)" 0.121)°

LA left atrial, LV left ventricular, PDSR peak diastolic strain rate, MPR/ myocardial
perfusion reserve index

been hypothesized that enhanced LV torsion may act as a
compensatory mechanism for the pathologically reduced
longitudinal function [31]. Increased LV torsion has been
found to be related to glycemic states across the clinical
spectrum, from non-DM to DM, and is in line with the
impaired longitudinal function that has been reported in
studies [32, 33]. The potential mechanism of enhanced
LV torsion in patients with T2DM remains incompletely
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understood and is possibly related to changes in the
extracellular matrix that impact the storing potential
energy during the twisting motion of the spiraling myo-
fibers of the LV [34]. Besides, LV torsion is caused by the
dynamic interaction between oppositely oriented subepi-
cardial and subendocardial myocardial fibre helices. The
direction of LV twist is governed by the subepicardial
fibres, mainly owing to their longer arm of movement.
Therefore, another possible explanation of enhanced LV
torsion in patients with T2DM is the diminished coun-
teraction of the subendocardial myofibres caused by sub-
endocardial ischemia or dysfunction [35, 36].

The prevalence of HF has increased to 22% in patients
with T2DM [37]. Individuals with T2DM have reduced
global LV longitudinal, circumferential, and radial PDSR
compared to healthy individuals [38]. Another study
revealed that patients with T2DM had higher LV longi-
tudinal and radial PSSR and lower LV longitudinal, cir-
cumferential, and radial PDSR than healthy controls [39].
The results of our study on LV myocardial deformation
in patients with T2DM are consistent with those of other
studies. We explored these parameters in patients with
T2DM and HFpEF and found that LV radial PSSR and
LV circumferential PDSR were significantly decreased in
patients with T2DM and HFpEF compared to patients
with T2DM without HFpEF, suggesting that significant
alterations in cardiac mechanics intensify with HFpEF
across the T2DM spectrum.

In recent years, LA function has been emphasized in
the assessment of diastolic dysfunction and may repre-
sent the latent development of LV diastolic dysfunction.
The LA plays a crucial role in modulating LV filling and
overall cardiovascular performance [19]. LA strain is a
more sensitive parameter for the diagnosis of HFpEF
than LA volume [37, 40]. Our study demonstrated that
patients with T2DM and HFpEF had reduced LA reser-
voir strain and increased LA booster strain compared to
patients with T2DM without HFpEF. A previous study
found that patients with HFpEF had reduced LA reser-
voir strain, LA conduit strain, and LA booster strain
compared to controls [20]. The LA reservoir strain is
affected by the descent of the LV basal segment during
systole and the LV end-systolic volume. The LA conduit
strain is reciprocally related to the reservoir function, but
by necessity is closely related to LV relaxation and com-
pliance. The LA booster strain depends on LV end-dia-
stolic pressures and LV systolic reserve [19]. Increases in
LA booster strain have been reported in HCM but not in
patients with T2DM. [19, 20]. We hypothesized that the
elevated LA booster strain in patients with T2DM, along
with reductions in LA reservoir strain and LA conduit
strain, may indicate a milder form of compensated dia-
stolic dysfunction than the severe diastolic dysfunction
observed in patients with HFpEF. It has been reported
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Table 6 Receiver operating characteristic curve analysis for the detection of HFpEF

AUC 95%Cl P-value Cutoff value Sensitivity Specificity PPV NPV
Total population (n=206)
Global rest Pl 0.735 0.656-0.813 <0.0001 011" 0.73 0.80 0.67 0.84
Global stress Pl 0.848 0.794-0.901 <0.0001 0.16" 0.95 0.67 0.61 0.96
Global MPRI, ratio 0.808 0.749-0.867 <0.0001 1307 093 0.72 0.65 0.95
Longitudinal PDSR, s 0.591 0.509-0.672 0.0311 1.08" 0.72 0.53 0.46 0.77
Circumferential PDSR, 57! 0.722 0.646-0.799 <0.0001 0.78" 0.51 0.92 0.78 0.77
LA reservoir, % 0.752 0.683-0.822 <0.0001 4277 0.76 0.80 0.67 0.85
LA conduit, % 0.595 0.511-0.678 0.0245 3094 091 0.36 044 0.87
LA booster, % 0.857 0.804-0.910 <0.0001 16.70° 091 0.79 0.71 0.94
T2DM population (n=156)
Mean E/e’, ratio 0.897 0.841-0.954 <0.0001 15 0.76 0.94 091 0.83
LAVI, mL/m? 0.690 0.609-0.773 <0.0001 34 046 0.90 0.79 0.67
Global rest Pl 0.740 0.650-0.831 <0.0001 011" 0.73 0.85 0.80 0.80
Global stress Pl 0.803 0.732-0.874 <0.0001 0.14" 0.70 0.88 0.82 0.78
Global MPRI, ratio 0.740 0.661-0.819 <0.0001 130" 0.93 0.60 0.65 0.92
Radial PSSR, 5™ 0.651 0.555-0.747 0.0012 190" 0.97 0.59 0.66 0.97
Circumferential PDSR, s™' 0.700 0.616-0.784 <0.0001 0.78" 0.51 0.90 0.81 0.70
LA reservoir, % 0.679 0.590-0.768 <0.0001 4277 0.76 0.71 0.68 0.78
LA booster, % 0.790 0.717-0.864 <0.0001 16.70" 091 0.68 0.70 0.90

Pl perfusion index, MPRI myocardial perfusion reserve index, PDSR peak diastolic strain rate, LA left atrial, E/e’, early filling velocity on transmitral Doppler/early
relaxation velocity on tissue Doppler, LAV/ left atrial volume index, PSSR peak systolic strain rate;

“Optimal cutoff value
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Fig. 4 ROC analyses for detecting HFpEF in all participants (a) and T2DM
patients (b). Global stress PI, global MPRI, and LA Booster provided the
highest AUC alone among all participants. Apart from echocardiographic
parameters, global rest P, global stress P, global MPRI, and LA Booster
provided the highest AUC alone in T2DM patients

that there is an initial increase in LA booster strain dur-
ing the early stages of impaired LV relaxation, followed
by a progressive decompensation of global LA perfor-
mance as diastolic dysfunction worsens in the later stages
of the disease [41] and these findings are in line with our
hypothesis.

The reductions in global rest PI, global stress PI, and
global MPRI suggest that myocardial perfusion impair-
ment develops and worsens in patients with T2DM as
the disease progresses, and this is consistent with prior
research [23, 24, 38]. Global MPRI reduced gradually
in patients with T2DM from the non-HFpEF stage to
the HFpEF stage, indicating coronary microvascular
response to adenosine stress is severely compromised.
It is noteworthy that the association between diastolic
dysfunction and myocardial perfusion in patients with
T2DM remains largely unexplored and this should not be
ignored. The association between impaired myocardial
perfusion reserve and diastolic dysfunction in patients
with T2DM has been identified by using echocardiog-
raphy and myocardial perfusion scintigraphy [42]. Liu
et al. found that LV longitudinal PDSR was significantly
associated with the upslope and time to maximum signal
intensity, suggesting a possible mechanistic link between
impaired myocardial perfusion and subclinical myocar-
dial dysfunction in patients with T2DM [38]. Our study
found that LV longitudinal PDSR, LV circumferential
PDSR, LA reservoir strain, and LA conduit strain were
positively associated with global MPRI. Furthermore,
multivariate linear regression analysis demonstrated
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that LA reservoir strain was independently associated
with global MPRI, whereas LA booster strain was inde-
pendently associated with global rest PI, global MPRI,
and HbAlc levels. The results of our study support the
hypothesis that impaired myocardial perfusion contrib-
utes to myocardial dysfunction in patients with T2DM.
Further research is needed to elucidate the underlying
mechanisms while interventional trials aimed at revers-
ing myocardial perfusion defects in patients with T2DM
are warranted to improve myocardial function and
prognosis.

We also explored the interdependence of myocardial
perfusion and myocardial dysfunction that has never
been studied before. Abnormal myocardial perfusion in
patients with T2DM contributes to cardiac strain and
functional changes, as verified by several studies [43, 44].
Our study found that the difference in LA reservoir strain
and LA booster strain between patients with T2DM with
and without HFpEF was totally mediated by global MPRI
that suggests myocardial microcirculation may be associ-
ated with myocardial function, emphasizing the essential
role of efficient energy production in normal myocardial
contraction [45]. Based on our findings, we speculate that
the effect of microcirculation on myocardial deformation
may be explained by a disorder in the myocardial micro-
circulation, myocardial interstitium, and myocardial cells
that harms nutrient and oxygen delivery and energy pro-
duction, compromises myocardial contractility and relax-
ation, and eventually leads to myocardial dysfunction.

ROC analysis showed that LA booster, global stress
PI and global MPRI had the accurate diagnostic efficacy
in HFpEE. Previous study has demonstrated the limita-
tions of conventional diagnostic tools and the emerging
role of advanced imaging techniques such as LA strain,
which is a more accurate way to measure heart function
in patients with HFpEF [46]. While LAVI has tradition-
ally been used to assess atrial size and pressure, our study
found that it is inferior to myocardial perfusion and LA
strain when diagnosing HFpEF in patients with T2DM,
indicating that functional measures of the LA, such as
strain, provide more relevant clinical information than
mere volumetric assessments. Our findings suggest that
incorporating LA strain and myocardial perfusion into
the diagnostic procedure for HFpEF improves diagnostic
accuracy significantly. Serial assessments of myocardial
perfusion and LA strain can help monitor disease pro-
gression and the efficacy of therapeutic therapies, provid-
ing a dynamic assessment of patient status.

Limitations

Despite these meaningful results, our study has several
limitations. First, the cross-sectional design prevented us
from commenting on the timing of the events and deter-
mining a causal relationship or any direction of causality.
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Second, there may be potential selection bias in our
study. Third, as this was a single-center study, our find-
ings require validation through multicenter studies.

Conclusions

Patients with T2DM and HFpEF, but without CAD,
exhibited significant diastolic dysfunction, a fur-
ther reduction in LA reservoir function, and more
severe impairment of myocardial perfusion, along with
increased LA booster function that is a compensatory
response in HFpEF. Myocardial perfusion and LA strain
may prove valuable for diagnosing and managing HFpEF
in the future. Our study is the first to evaluate of the
damage and intricate interactions between myocardial
strain and perfusion in patients with T2DM and HFpEF.
We speculate that an abnormal and deteriorative diabetic
metabolism may mediate a reduction in LA reservoir
function and elevation in LA booster function by impair-
ing global MPRI in patients with T2DM and HFpEF,
suggesting a possible mechanistic link between microcir-
culation impairment and cardiac dysfunction in diabetes.

Abbreviations

T2DM Type 2 diabetes mellitus

CMR Cardiovascular magnetic resonance

HFpEF Heart failure with preserved ejection fraction

Lv Left ventricular

LA Left atrial

PSSR Peak systolic strain rate

PDSR Peak diastolic strain rate

PI Perfusion index

MPRI Myocardial perfusion reserve index

AUC Area under curve

DM Diabetes mellitus

CAD Coronary artery disease

CMD Microvascular dysfunction

CvD Cardiovascular disease

HF Heart failure

HCM Hypertensive cardiomyopathy

ESC European Society of Cardiology

LVEF Left ventricular ejection fraction

NP Natriuretic peptide

eGFR Estimated glomerular filtration rate

RWT Relative wall thickness

LVMI Left ventricular mass index

LAVI Left atrial volume index

BSA Body surface area

E Peak velocity in early diastole of mitral valve inflow

e’ Early diastolic velocity of the mitral valve annulus

E/e’ Early filling velocity on transmitral Doppler/early relaxation
velocity on tissue Doppler

eGFR Estimated glomerular filtration rate

HbA1c Glycosylated hemoglobin

ECG Electrocardiographic

bSSFP Balanced steady-state free precession

TR Repetition time

TE Echo time

IR-EPI Inversion recovery echo-planar imaging

LGE Late gadolinium enhancement

PSIR Segmented-turbo-FLASH-phase-sensitive inversion recovery

ROI Region of interest

ICC Intraclass correlation coefficient

SD Standard deviation

RO Receiver operating characteristic

PPV Positive predictive value
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NPV Negative predictive value
Fib-4 Fibrosis-4 index

BNP B-type natriuretic peptide
pro-BNP  Pro-B-type natriuretic peptide
UA Uric acid

TC Total cholesterol

BMI Body mass index

Scr Serum creatinine

IQR Interquartile range

HR Heart rate

TyG-BMI Triglyceride glucose-body mass index
FBG Fasting blood glucose

TG Total triglyceride

HDL High-density lipoprotein

LDL Low-density lipoprotein
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