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Abstract

Background It remains unclear whether the association between dyslipidemia status and triglyceride-glucose
(TyG) index with myocardial damage varies in the context of type 2 diabetes mellitus (T2DM). This study aimed to
determine the differential effects of dyslipidemia status and TyG index on left ventricular (LV) global function and
myocardial microcirculation in patients with T2DM using cardiac magnetic resonance (CMR) imaging.

Methods A total of 226 T2DM patients and 72 controls who underwent CMR examination were included. The T2DM
group was further categorized into subgroups based on the presence or absence of dyslipidemia (referred to as
T2DM (DysL+) and T2DM (DysL-)) or whether the TyG index exceeded 9.06. CMR-derived LV perfusion parameters,
remodeling index, and global function index (GFI) were assessed and compared among groups. A multivariable
linear regression model was employed to evaluate the effects of various variables on LV myocardial microcirculation,
remodeling index, and GFI.

Results The LV GFl sequentially decreased in controls, T2DM (DysL-), and T2DM (DysL+) groups (p <0.001), and was
lower (p=0.003) in T2DM with higher TyG index group than in lower TyG index group. The LV remodeling index was
higher in higher TyG index group than in lower TyG index group (p=0.002), but there was no significant difference in
whether the subgroup was accompanied by dyslipidemia. Multivariable analysis revealed that the TyG index, but not
dyslipidemia status, was independently associated with LV remodeling index (3 coefficient[95% confidence interval],
0.152[0.025, 0.268], p=0.007) and LV GFI (- 0.159[—-0.281, —0.032], p=0.014). For LV myocardial microcirculation,
perfusion index, upslope, and max signal intensity sequentially decreased in controls, T2DM (Dysl-), and T2DM
(DysL+) groups (all p<0.001). Dyslipidemia status independently correlated with perfusion index (— 0.147[— 0.272,
—0.024], p=0.02) and upslope (— 0.200[— 0.320, 0.083], p=0.001), while TyG index was independently correlated with
time to maximum signal intensity (0.141[0.019, 0.257], p=0.023).
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Conclusions Both dyslipidemia status and higher TyG index were associated with further deterioration of LV global
function and myocardial microvascular function in the context of T2DM. The effects of dyslipidemia and a higher TyG
index appear to be differential, which indicates that not only the amount of blood lipids and glucose but also the
quality of blood lipids are therapeutic targets for preventing further myocardial damage.

Keywords Type 2 diabetes mellitus, Dyslipidemia status, Triglyceride-glucose index, Remodeling index, Global

function index, Myocardial microcirculation

Background

Diabetes mellitus, particularly type 2 diabetes mellitus
(T2DM), is a growing global health concern and a well-
established cardiovascular risk factor [1, 2]. In individu-
als with T2DM, dyslipidemia commonly coexists due
to the interconnection of glucose and lipid metabolism,
and is considered to be a significant risk factor and major
contributor to the heightened cardiovascular risk [3-5].
Numerous studies have explored the pathogenic effect of
diabetic dyslipidemia in macro- and microvascular dam-
age [6—8], however, there is still insufficient evidence
regarding its impact on myocardial microcirculation [9,
10], and the additive effects of dyslipidemia on T2DM
have been rarely investigated.

Furthermore, the triglyceride-glucose index (TyG
index), calculated as the product of fasting triglycerides
and fasting glucose, serves as a novel and reliable surro-
gate marker of insulin resistance and been proposed as
a potential predictor of adverse cardiovascular events
[11, 12]. Thus far, it remains unclear whether the asso-
ciation between dyslipidemia status and TyG index with
myocardial damage is differential and in what pattern
varies in the context of T2DM. Research into the dif-
ferential effects of dyslipidemia and the TyG index can
improve our understanding of how changes in the quan-
tity and quality of blood lipids impact myocardial injury
in T2DM, potentially leading to more personalized treat-
ment strategies.

Given the importance of myocardial microcirculation,
cardiac remodeling, and function in cardiovascular risk,
understanding the effects of injury is essential for guid-
ing early therapeutic interventions aimed at prevent-
ing the development and progression of complications
in diabetic dyslipidemia patients [13]. Cardiac magnetic
resonance (CMR) imaging, characterized by high spatial
and temporal resolution, absence of harmful ionizing
radiation, and automatic quantitative/semi-quantitative
assessment of global and regional cardiac function, has
emerged as a credible tool for the non-invasive evalua-
tion of cardiac geometry and myocardial microvascular
function [14, 15]. Therefore, in this study, left ventricu-
lar (LV) structure, function, and myocardial perfusion
microvascular function were analyzed to determine the
differential effects of dyslipidemia status and TyG index
on LV global function and myocardial microcirculation
in patients with T2DM.

Methods

The Biomedical Research Ethics Committee of our hospi-
tal approved this study (No. 2019-878), with the require-
ment for written informed consent being waived due to
the retrospective nature of this study.

Study population

For this retrospective study, we consecutively enrolled
patients with T2DM who underwent CMR examina-
tions at our hospital from January 2014 to June 2022. The
inclusion criteria comprised clinically confirmed subjects
with T2DM according to the current guidelines [2, 16],
who completed the CMR examination. Exclusion crite-
ria, detailed in Fig. 1, encompassed primary cardiomy-
opathy, congenital heart disease, coronary heart disease,
valvular heart disease, severe arrhythmia, cancer therapy,
severe renal failure (estimated creatinine clearance<30
mL/min/1.73 m?), heart failure (symptoms or LV ejec-
tion fraction [LVEF]<50%), and invalid or missing CMR
images. Ultimately, 226 patients meeting these crite-
ria were included in this study and categorized into two
groups based on the presence or absence of dyslipidemia:
T2DM with dyslipidemia [T2DM(DysL+)] and T2DM
without dyslipidemia [T2DM(DysL-)]. Dyslipidemia
was defined as the use of lipid-lowering treatment or a
range of lipid abnormalities, involving increased total
cholesterol (TC)>6.20 mmol/L, low-density lipoprotein
cholesterol (LDL-C)>4.13 mmol/L, triglyceride (TG) lev-
els>2.25 mmol/L, or decreased high-density lipoprotein
cholesterol (HDL-C) <1.03 mmol/L [17, 18]. Additionally,
to assess the influence of the TyG index on LV myocar-
dial microvascular perfusion, based on the distribution
of TyG index (Additional file: Fig. S1), T2DM patients
were divided into two groups according to the median
TyG index (Calculated as Lnl[fasting triglycerides (mg/
dl) x fasting glucose (mg/dl)/2]) [19, 20]: TyG index<9.06
(n=112) and TyG index=>9.06 groups (n=114). Mean-
while, 72 age- and sex-matched controls (age: 55.8+8.8
years; 33 females, 45.8%) were screened and enrolled
from the hospital database. Controls were excluded if
they had been diagnosed with chronic diseases (diabetes,
hypertension, dyslipidemia, etc.), arrhythmia, cardiovas-
cular disease-related symptoms (chest pain, palpitation,
etc.), cardiovascular diseases, CMR-detected abnormali-
ties, or had a medication history (Fig. 1).
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Fig. 1 Study flowchart shows patient selection process

CMR protocol

CMR imaging for all subjects was conducted using the
whole-body 3.0T Siemens MAGNETOM (Trio Tim or
Skyra scanner, Siemens Healthcare, Inc.) with subjects in
the supine position. Standard electrocardiogram (ECG)-
triggering equipment and the breath-hold technique were
employed to monitor and record each subject’s dynamic
ECG changes and breathing. Images were acquired dur-
ing end-inhalation breath-holding under ECG gating.
Standard short-axis (covering the entire ventricles), long-
axis two- and four-chamber cine images were obtained
using a retrospectively segmented ECG-gated balanced
steady-state free precession sequence (repetition time
[TR], 3.4 ms or 2.8 ms; echo time [TE], 1.3 ms or 1.2 ms;
flip angle, 50° or 35°; slice thickness, 8 mm; inter-slice
spacing, 0 mm; field of view, 340 x 285 mm? matrix size,

256%x166), and reconstructed at 25 frames per breath-
hold acquisition.

CMR first-pass contrast-enhanced perfusion images
were acquired by injecting gadobenate dimeglumine
(MultiHance; 0.5 mmol/mL; Bracco, Milan, Italy) at a
dose of 0.2 mL/kg body weight at a flow rate of 2.5-3.0
mL/s, followed by 20 mL of 0.9% saline at 3.0 mL/s. First-
pass perfusion was acquired concurrently with intrave-
nous contrast agents in three standard short-axis slices
(basal, mid-ventricular, and apical slices) and one four-
chamber slice. This was performed by an inversion recov-
ery prepared echoplanar sequence (TR, 149 ms or 163
ms; TE, 1.1 ms or 1.0 ms; flip angle, 10°; matrix, 154x192
pixels, and field of view, 258 x 322 mm?).
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Fig. 2 Representative cases show the TyG index, LV myocardial micro-
vascular parameters and function in diabetic individuals with or without
dyslipidemia. A0 and A1 shows the mid-ventricular slice of left ventricular
end-diastolic in cine images; BO and B1 shows the first-pass perfusion sig-
nal intensity-time curves in mid-ventricular slice of left ventricular; CO and
C1 shows the map of perfusion index based on Bull's eye plot. The abbre-
viations are listed in Tables 1 and 2

CMR analyses

All CMR images were analyzed using a commercial soft-
ware (cvi*?; Circle Cardiovascular Imaging Inc.) by two
radiologists with a minimum of 5 years of CMR experi-
ence. For image post-processing, offline cine or perfu-
sion images were loaded into corresponding functional
modules. LV endocardial borders, epicardial borders,
and blood pool (only in the post-processing of perfu-
sion) were automatically delineated by the software and
adjusted manually. When delineating the endocardial
borders, papillary muscles and trabecular tissue were
excluded from myocardial mass assessment but included
in volume analyses [21].

LV geometric and functional parameters, including
myocardial mass, end-diastolic volume (EDV), end-sys-
tolic volume (ESV), and stroke volume (SV), were mea-
sured based on cine images following current guidelines
[21], and were indexed to body surface area. The LV
remodeling index (calculated as LV mass/EDV), LVEF,
and LV global function index (LV GFI, calculated as {LV
SV/ [(LV EDV+LV ESV)/2 + (LV mass/1.05)]} x 100)
were generated based on different formulas [21, 22].

LV myocardial perfusion parameters, including
upslope, time to maximum signal intensity (TTM), max
signal intensity (MaxSI), and perfusion index (calculated
as Upslope [myocardium]/Upslope [LV blood pool]),
were derived from myocardial time-signal intensity and
obtained in 16 myocardial segments (Bull’s eye plot) of
the LV and the blood pool, respectively. LV global myo-
cardial perfusion parameters were calculated by averag-
ing values of the 16 myocardial segments (Fig. 2).
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Table 1 Displays the basic characteristics and clinical data of
study participants

Controls T2DM(DysL-) T2DM(DysL+) P value

(n=72) (n=117) (n=109)
Baseline characteristics
Agely) 558+88 584+12.8 550+102 0.058
Female, n (%) 33(45.8%) 59 (50.4%) 48(44.0%) 0.698
Body mass 2392+169 23734285 2460+3.18° 0.045
index (kg/m?)
Rest heart 72411 74+11 75+12 0.092
rate (b.p.m.)
Smoking his-  18(25.0%) 33(28.2%) 26(23.9%) 0.744
tory, n (%)
Systolicblood 113£13 132417 129+ 16* <0.001
pressure (mm
Ha)
Diastolic 76+10 80+ 11 80+11 0.139
blood pres-
sure (mm Hg)
Blood biochemistry
Triglycerides 1.26+£0.35 1.32+£0.63 2274205 <0.001
(mmol/L)
Total choles-  4.21+0.65 4.13+0.80 457+1.26° 0.003
terol (mmol/L)
HDL-C 1.37+0.35 1.33+0.38 1.22+0.44* 0.026
(mmol/L)
LDL-C 248+0.62 2.29+0.72 2.60+0.93° 0.016
(mmol/L)
Fasting blood 5.40+0.72 7.76+3.19 893+4.71* <0.001
glucose
(mmol/L)
HbA1c (%) 541+£048 720+£1.75% 7.62+2.18% <0.001
TyG index 8.55+0.36 8.85+0.59* 9.36+0.76* <0.001
eGFR, mL/ 97.81+10.89 90.90+13.55% 93.23+16.13* 0.018
min/1.73 m?
Medication history
Biguanides, - 55(47.0%) 61(60.0%) 0.186
n (%)
Sulfonylureas, - 17(14.5%) 11(10.1%) 0419
n (%)
a-Glucosidase - 43(36.8%) 61(56.0%) 0.005
inhibitor, n (%)
SGLT-2 inhibi- - 15(12.8%) 18(16.5%) 0.275
tors, n (%)
Thiazolidin- - 11(9.4%) 13(12.0%) 0.667
ediones, n (%)
GLP-1/DPP-4 - 10(8.5%) 10(9.2%) 1.000
inhibitor, n (%)
Insulin, n (%) - 27(23.1%) 24(22.0%) 0.875
Statins, n (%) - 10(8.5%) 107(98.2%) <0.001

P values<0.05 are presented in bold

HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol; HbAlc, glycated hemoglobin, TyG index, triglyceride glucose
index; eGFR estimated glomerular filtration rate; SGLT-2, Sodium-glucose
cotransporter-2; GLP-1/DPP-4 inhibitor, glucagon-like peptide-1/dipeptidyl
peptidase 4 inhibitor

*p<0.05 versus Controls

$p<0.05 versus T2DM(DysL-) group
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Table 2 CMR-derived LV geometric, functional and microvascular perfusion parameters

Controls (n=72) T2DM(DysL-) (n=117) T2DM(DysL+) (n=109) P value
Geometric and functional parameters
LV EDVi (mL/m?) 7352+11.53 70.01+14.77 7181+16.76 0.280
LV ESVi (mL/m?) 2733+6.28 26.65+8.27 27.95+9.96 0523
LV SVi (mL/m?) 46.19+7.35 4326+8.89 43.81+1027 0.089
LV EF (%) 62.69+537 62.34+642 61.58+7.50 0.501
LV Mass index, g/m? 4375+9.64 48.82+17.35 5348+ 15.85% <0.001
LV remodeling index (g/mL) 061+0.16 0.70+0.22* 0.76+0.21* <0.001
LV GFI 50.05+6.20 47.06+8.69* 44014831 <0.001
Microvascular perfusion
Perfusion index (%) 13.38+333 11.91+£250* 10.86+2.75% <0.001
Upslope (SI/sec) 2.68+0.74 2.29+0.98* 1.73+0.89*° <0.001
MaxSlI (SI) 23.94+491 2136+7.82% 18.50+7.40%° <0.001
TTM (sec) 29.37+£13.52 3065+12.79 35.08+14.22% 0.009

P values<0.05 are presented in bold

CMR, cardiac magnetic resonance; LV, left ventricular; EDVi, end-diastolic volume index; ESVi, end-systolic volume index; SVi, stroke volume index; EF, ejection
fraction; GFl, global function index; MaxSl, max signal intensity; TTM, time to maximum signal intensity

*p<0.05 vs. Controls
$p<0.05 vs. T2DM(DysL-) group

Analyses of CMR parameters reproducibility

To assess intra-observer variability, a primary radiologist
measured and analyzed perfusion images for myocardial
perfusion parameters in 100 randomly selected subjects
(70 patients with T2DM and 30 control subjects) at two
distinct time points, separated by a 30-day interval. Inter-
observer variability was evaluated by having a second
radiologist independently measure and analyze images
from the same sample without knowledge of the patient’s
clinical data or the first radiologist’s findings.

Statistical analysis

Statistical analyses were conducted using SPSS (version
24.0; IBM SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism (version 8.0, GraphPad Software Inc., San Diego,
CA, USA). The normal distribution of continuous vari-
ables was assessed using the Shapiro—Wilk test. Continu-
ous variables conforming to a normal distribution are
shown as mean=*standard deviation, while non-normally
distributed data are shown as median (25-75% interquar-
tile range). Categorical variables are shown as numbers
(percentages) and were analyzed using chi-squared tests
or Fisher’s exact test, as appropriate. Clinical variables
and CMR parameters among controls, T2DM(DysL+),
and T2DM(DysL-) were compared using one-way analy-
sis of variance followed by Bonferroni’s post-hoc test or
Kruskal-Wallis rank test. LV remodeling index, GFI and
perfusion parameters between TyG index<9.06 and TyG
index>9.06 were compared using student’s t-test. Spear-
man’s/Pearson’s correlation coefficient and univariable
analysis were performed to examine the association of
LV perfusion parameters with clinical variables and LV
geometric and functional parameters. Variables with-
out collinearity and with P<0.1 in univariable analysis

were included in multivariable backward linear regres-
sion models to evaluate the effects of variables on LV
remodeling, LV GFI, and myocardial microcirculation
in patients with T2DM. Intraclass correlation coefficient
(ICC) was used to measure the variability. A two-tailed
P<0.05 was considered significant.

Results

General characteristics of the study cohort

In total, 226 T2DM patients and 72 controls were
included in this study. Among the T2DM patients, 109
(48.2%) had coexisting dyslipidemia. The general char-
acteristics of the study cohort are summarized in Table 1
and Table S1 (Additional file). No significant differences
were observed between the control, T2DM(DysL-), and
T2DM(DysL+) groups regarding age, gender, smoking
history, and resting heart rate (all P>0.05). Compared
with controls, T2DM patients presented higher systolic
blood pressure, higher glycated hemoglobin (HbAlc),
higher TyG index, and lower estimated glomerular fil-
tration rate (all P<0.05). For T2DM subgroup, the
T2DM(DysL+) group showed higher TG, higher TC, and
lower LDL-C compared to the T2DM(DysL-) group (all
P<0.05), while no significant difference was observed in
HbAlc, TyG index, and HDL-C.

Comparison of CMR results among T2DM with or without
dyslipidemia

The CMR results among controls, T2DM(DysL+),
and T2DM(DysL-) are summarized in Table 2. For
LV geometric and functional parameters, the LV GFI
sequentially decreased in controls, T2DM(DysL-), and
T2DM(DysL+) groups (controls vs. T2DM(DysL-)
vs. T2DM(DysL+); 50.05£6.20 vs. 47.06£8.69 vs.
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44.01+8.31, p<0.001). T2DM patients presented higher
LV remodeling index when compared with controls,
but there was no significant difference between the
T2DM(DysL-) and T2DM(DysL+) groups (0.611+0.16 g/
mL vs. 0.70£0.22 g/mL vs. 0.76+0.21 g/mL, p<0.001).
For LV myocardial perfusion parameters, the perfu-
sion index, upslope, and MaxSI sequentially decreased
in controls, T2DM(DysL-), and T2DM(DysL+) groups
(Perfusion index, 13.38% * 3.33% vs. 11.91% + 2.50%
vs. 10.86% + 2.75%, p<0.001; Upslope, 2.68+0.74 SI/
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sec vs. 2.29£0.98 SI/sec vs. 1.73+0.89 Sl/sec, p<0.001;
MaxSI, 23.94+4.91S1 vs. 21.36£7.82 Sl vs. 18.50+7.40 SI,
»<0.001).

Comparison of CMR results among T2D with different TyG
index

The CMR results between the TyG index<9.06 group
and TyG index>9.06 group in patients with T2DM are
summarized in Fig. 3. When compared with the lower
TyG index group, the higher TyG index group presented

100 1
47.23 £ 8.43 vs. 44.01 + 8.59, p =0.005
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60 1 — - —
=40 ERSSNN]
&) g

—L.
2 20 1
0 T v
TyG index <9.06 TyG index >9.06
8 -
2.24 £ 1.16 S¥sec vs.1.80 £ 0.70 SI/sec, p= 0.001
6 -
] _—
A x.
m .
r D e
&
—8'_ 2
=} — [
0 . A
TyG index <9.06 TyG index > 9.06
100 -
31.01 £ 13.38 sec vs. 34.39 £ 13.73 sec, p=0.011
80 1 .
60 1 & T
i 40 1
é 20 "'"L'T HC
0

TyG index <9.06 TyG index > 9.06

Fig.3 Comparison of cardiac magnetic resonance results among Type 2 diabetes mellitus with different TyG index. LV, left ventricular; GFI, global function

index; MaxS|, maximal signal intensity; TTM, time to maximum signal intensity
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Table 3 The relationship of LV myocardial microvascular perfusion function with clinical variables, LV remodeling index and LV GFl in

all subjects
Perfusion index Upslope MaxSl ™
r P value r P value r P value r P value

Age (y) 0.035 0.600 -0.043 0518 0.036 0.693 0.002 0.979
Gender (% female) 0334 <0.001 0.395 <0.001 0.265 <0.001 -0.346 <0.001
Body mass index (kg/m?) 0.178 0.007 -0.172 0.009 -0.206 0.002 -0.068 0.307
Rest heart rate (b.p.m.) 0.033 0.619 0.148 0.027 0.113 0.090 -0.258 <0.001
Systolic blood pressure (mm Hg) 0.134 0.044 0.076 0.258 0.088 0.188 -0.179 0.007
TG (mmol/L) -0.069 0.303 -0.137 0.039 -0.068 0.307 0.149 0.025
TC (mmol/L) -0.030 0.670 -0.07 0317 -0.116 0.096 0.012 0.868
HDL-C (mmol/L) -0.008 0914 0.154 0.026 0.088 0.204 -0.077 0.269
LDL-C (mmol/L) -0.007 0919 -0.018 0.796 -0.072 0.301 -0.038 0.582
Fasting blood glucose (mmol/L) -0.185 0.005 -0.258 <0.001 -0.194 0.003 0.189 0.004
HbA1c (%) -0.199 0.003 -0.212 0.001 -0.149 0.025 0.143 0.031
TyG index -0.137 0.040 -0.251 <0.001 -0.163 0.014 0.202 0.002
LV remodeling index (g/mL) -0.092 0.169 -0.152 0.023 -0.128 0.055 0.013 0.845
LV GFI 0.204 0.002 0214 0.001 0.161 0.016 -0.154 0.021
P values<0.05 are presented in bold
The abbreviations are listed in Tables 1 and 2
Table 4 The univariable and multivariable analysis on LV remodeling index and GFl in T2DM patients

LV remodeling index LV GFI

Univariable Multivariable Univariable Multivariable

B P value B P value B P value B P value
Agely) 0.039 0.558 - - 0.077 0.254 - -
Gender (Female) -0.294 <0.001 -0.237(-0.354,-0.107) <0.001 0313 <0.001 0.323(0.196,0.447) <0.001
Body mass index (kg/m?) 0.078 0.243 - -0.023 0.732 - -
Rest heart rate (b.p.m.) 0.147 0.029 0.108(-0.016, 0.226) 0.089 -0.091 0.178 - -
HbA1c (%) 0.048 0473 - - -0.123 0.067 - -
TyG index 0.184 0.006 0.152(0.025, 0.268) 0.007 -0.224 0.001 -0.159(-0.281,-0.032) 0.014
Hypertension 0.206 0.002 0.197(0.071,0.312) 0.002 -0.101 0.132 - -
Dyslipidemia 0.177 0.008 - - -0.173 0.010 - -

P values<0.05 are presented in bold

The abbreviations are listed in Tables 1 and 2

a higher LV remodeling index (0.77+0.22 g/mL vs.
0.68+0.20 g/mL, p=0.002), lower LV GFI (43.83+8.67
vs. 47.22+8.34, p=0.003), lower Upslope (1.79%0.70
Sl/sec vs. 2.23+1.14 Sl/sec, p=0.001), and longer TTM
(34.40+13.30 s vs. 31.17%£13.81 s, p=0.017), but the per-
fusion index and MaxSI were not significantly different
between the two groups (both p>0.05).

Association of LV myocardial microvascular perfusion
function with clinical variables, LV remodeling index, and
LV GFI

As shown in Table 3, gender, fasting blood glucose,
HbAlc, TyG index, and LV GFI were significantly corre-
lated with LV myocardial perfusion function (perfusion
index, Upslope, MaxSI, and TTM) (all p<0.05). However,
among the lipid-related indicators, only TG and HDL
were slightly correlated with Upslope (TG, r=-0.137,
p=0.039; HDL, r=0.154, p=0.026), and TG was slightly
correlated with TTM (r=0.149, p=0.025).

The effect of clinical variables on LV remodeling and LV GFI
To determine the effect of clinical variables on LV remod-
eling and LV GFI, age, gender, BMI, heart rate, HbAlc,
TyG, hypertension, and dyslipidemia were included in
univariable and multivariable linear regression analysis.
Detailed results are shown in Table 4. The multivariable
analysis indicated that female and TyG index were inde-
pendently associated with LV remodeling index (B coef-
ficient [95% confidence interval]; Female, —0.237[—0.354,
—-0.107], p<0.001; TyG index, 0.152[0.025, 0.268],
p=0.007) and LV GFI (Female, 0.323[0.196, 0.447],
p<0.001; TyG index, —0.159(-0.281, —0.032), p=0.014).
Hypertension remained an independent determinant
of LV remodeling index (0.197[0.071, 0.312], p=0.002)
rather than LV GFL.
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The effect of clinical variables and LV remodeling on LV
myocardial microvascular perfusion function

As shown in Table 5, multivariable linear regression anal-
ysis revealed independent correlations: gender (female)
with all LV myocardial perfusion parameters (Perfusion
index, p=0.337, p<0.001; Upslope, p=0.314, p<0.001;
MaxSI, =0.196, p=0.004; TTM, B = —0.337, p<0.001),
HbAlc with all LV myocardial perfusion parameters
except TTM (Perfusion index, f = —0.127, p=0.028;
Upslope, p = —0.189, p=0.012; Max [SI], B = —-0.159,
p=0.013). Dyslipidemia status independently correlated
with perfusion index (-0.147[-0.272, -0.024], p=0.02) and
upslope (-0.200[-0.320, 0.083], p=0.001). And TyG index
was independently correlated with TTM (0.141[0.019,
0.257], p=0.023), but not with perfusion index, Upslope,
and MaxSL

Intra- and inter-observer variability

The intra- and inter-observer agreements of LV remodel-
ing index, GFI, and myocardial perfusion parameters are
summarized in Additional file 1: Table S2 and were con-
sidered excellent (ICC=0.948-0.989 for intra-observer
variability and 0.921-0.957 for inter-observer variability).

Discussion

This study used CMR-based measurements of LV myo-
cardial perfusion, geometric structure and function to
investigate the differential effects of dyslipidemia and
TyG index on LV global function and myocardial micro-
vascular function in diabetic individuals, yielding the fol-
lowing findings: 1) In patients with T2DM, higher TyG
index had an additive deleterious effect on higher LV
remodeling index, lower LV GFI, and impaired micro-
vascular perfusion function; and the coexistence of
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dyslipidemia further deteriorated LV GFI and microvas-
cular perfusion function, but not LV remodeling index; 2)
In the context of diabetes, the damage effects of dyslip-
idemia and TyG index on myocardial damage were dif-
ferential, that is, dyslipidemia status was an independent
determinant of reduced perfusion index and upslope,
while higher TyG index was an independent determinant
of LV remodeling, decreased LV GFI, and heightened
TTM.

Diabetic dyslipidemia on cardiac injury

Accumulating data confirm that diabetic dyslipidemia
involves quantitative, qualitative, and kinetic changes
in major circulating lipids, leading to a shift in the lipid
profile toward a more atherogenic and inflammatory
response [7, 8]. This, in turn, is considered a significant
factor in vascular damage, intensifying the detrimental
effects on the heart and contributing to increased car-
diovascular risk in T2DM patients [7, 8]. Although the
full pathophysiological mechanism of diabetic dyslipid-
emia remains unclear, previous studies have suggested
that insulin resistance and relative insulin deficiency
observed in patients with T2DM may contribute to these
lipid changes [7, 23]. In real-world practice, the use of
lipid-lowering medications makes the blood lipid of most
patients with dyslipidemia be controlled. Nevertheless,
previous studies have reported that residual risk persists
even after intensive lipid reduction [24], and it remains
unclear whether the association between dyslipidemia
status and TyG index (an insulin resistance marker) and
LV injury is differential in the context of T2DM. Herein,
the effects of dyslipidemia status and the TyG index in
the context of T2DM were simultaneously analyzed,

Table 5 The multivariable analysis on LV myocardial microvascular perfusion function in T2DM patients

Perfusion index Upslope MaxSl ™
B (95% CI) P value B (95% CI) P value B (95% CI) Pvalue f(95% Cl) P value
Gender (female) 0.337(0.215, 0.464) <0.001 0.314(0.194, <0.001 0.196(0.065, 0.004  -0.337(-0.454, <0.001
0.438) 0.331) -0.211)
Body mass index (kg/mz) 0.210(0.086, 0.334) 0.001 - - -0.180(-0.309, 0.006 - -
-0.052)
Rest heart rate (b.p.m.) - 0.222(0.107, <0.001 0.142(0.016, 0.028 -0.282(-0.399, <0.001
0.341) 0.273) 0.159)
Systolic blood pressure (mm  0.137(0.015, 0.260) 0.028 - - - -0.149(-0.266, 0.018
Hg) -0.026)
HbATc (%) -0.127(-0.248,-0.005) 0.042 -0.189(-0.303, 0.002 -0.159(-0.284, 0.013 - -
0.072) -0.033)
TyG index - - - - - 0.141(0.019, 0.023
0.257)
Dyslipidemia -0.147(-0.272,-0.024)  0.020 -0.2(-0.320, 0.001 - - - -
0.083)

The multivariable analysis was adjusted for age, gender, body mass index, heart rate, systolic blood pressure, HbA1c, TyG index, dyslipidemia, LV remodeling index

and LV GFI
P values<0.05 are presented in bold

The abbreviations are listed in Tables 1 and 2
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providing a more comprehensive understanding of the
impact of diabetic dyslipidemia on cardiac injury.

Effect of dyslipidemia status on myocardial
microcirculation in T2DM patients

Previous studies have separately demonstrated the detri-
mental effects of diabetes or dyslipidemia on microvascu-
lar function [10, 25, 26]. However, when diseases coexist,
previous studies have found that TG is significantly asso-
ciated with myocardial damage in the context of T2DM
or obesity [27, 28]. When diabetes and dyslipidemia
coexist, Song and Bourgonje et al. found a significant
association between dyslipidemia and the progression
of diabetic retinopathy and diabetic nephropathy, high-
lighting the additive impact of dyslipidemia on microvas-
cular damage in diabetic patients [29, 30]. In alignment
with these effects on eye and kidney damage [29, 30], our
study observed that diabetic patients with dyslipidemia
exhibited more severe coronary microvascular dysfunc-
tion compared to those without dyslipidemia. Dyslipid-
emia status independently predicted reduced myocardial
perfusion index and upslope in T2DM patients.

Despite this, biomarkers of dyslipidemia (TG, TC,
HDL, and LDL) showed weakly associated with micro-
vascular function in our study. It is speculated that lipid-
lowering drugs may have reversed elevated biomarkers
and weakened or interfered with the correlation between
biomarkers and microvascular function. However, in the
diabetes context, patients with dyslipidemia often expe-
rience qualitative and kinetic changes in lipid particles
(lipoprotein size, glycation of apoproteins, increased sus-
ceptibility to oxidation, etc.), exacerbating microvascular
damage through significantly amplified oxidative stress
and inflammation [31]. Additionally, the protective effect
of HDL on the development of microvascular complica-
tions is thought to be diminished in established T2DM
[30, 32]. These findings underscore the importance of
addressing not only quantitative changes in circulating
lipids but also qualitative and kinetic changes.

Effect of TyG index on myocardial microcirculation in T2DM
patients

Certainly, insulin resistance is a well-recognized contrib-
utor to impaired cardiac function and the initiation and
progression of cardiovascular events [33—35]. Recently,
several studies have highlighted the TyG index as a con-
venient and reliable surrogate marker for insulin resis-
tance, considering the complexity and cost associated
with the homeostasis model index [20, 36]. Zhang et al.
demonstrated a significant association between the TyG
index and the risk of coronary microvascular dysfunction
in patients with chronic coronary syndrome, establishing
it as an independent predictor of major adverse cardiac
events [10]. Similarly, Kassab et al. identified a significant
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association between a higher TyG index and diabetic reti-
nopathy, diabetic nephropathy, and diabetic peripheral
neuropathy [37]. In line with these findings [11, 37], our
study revealed a significant correlation between the TyG
index and myocardial microvascular dysfunction. The
TyG index independently predicted an increase in TTM,
rather than impacting perfusion index, upslope, and
MaxSI, suggesting that the TyG index primarily induces
coronary microvascular dysfunction by reducing coro-
nary slow flow. In addition, compared to previous study
[38], the median of TyG index in our study was higher.
We speculated that the reason for this difference was that
our study was conducted in the diabetic cohort, which
had a higher proportion of dyslipidemia, and therefore
presented a higher TyG index.

LV remodeling and global function in diabetic dyslipidemia
patients

Herein, for patients with T2DM, LV volume and EF were
not significantly reduced, while LV mass and remodeling
index were increased, which is consistent with previous
studies and believe to be related to myocardial hypertro-
phy caused by modified intracellular signaling and meta-
bolic disturbances in diabetic patients [39, 40]. However,
the coexistence of dyslipidemia did not exacerbate LV
remodeling. While patients with dyslipidemia exhibited a
higher LV mass, further investigation is needed to con-
firm whether dyslipidemia fails to additionally increase
LV remodeling in the context of diabetes. Conversely,
a higher TyG index was associated with worsened LV
remodeling, aligning with previous studies suggesting
that insulin resistance can contribute to LV remodeling
[41, 42].

Regarding LV GFI, it integrates LV volumetric and
functional parameters, reflecting cardiac remodeling
and correlating with prognosis in multiple study cohorts
[22, 43, 44]. In our cohorts, even when LV EF falls within
the normal range and does not differ statistically from
the controls, LV GFI in diabetes patients is significantly
reduced. The coexistence of dyslipidemia further ampli-
fies their detrimental effect on LV GFI, and a higher TyG
index is also associated with decreased LV GFI. These
findings emphasize the additive effect of dyslipidemia
and insulin resistance on LV injury in the context of
T2DM. Moreover, they suggest that LV GFI is more effec-
tive in the early detection of LV dysfunction compared to
LV remodeling index and LV EFE.

Limitation

This study has several limitations. First, being a single-
center retrospective observational study, it is inherently
limited. Additional multicenter and prospective analyses
are essential to validate the results and establish cause-
effect relationships. Second, the small sample size and
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the exclusion of patients with Type 1 diabetes mellitus,
as these factors could impact the generalizability of our
findings. Third, our present study did not evaluate other
advanced CMR techniques, such as T1 mapping and T2
mapping, which are important tools for further char-
acterization of myocardial tissue and are valuable for
assessing the differential effect between dyslipidemia sta-
tus and TyG index. Relevant studies will be investigated
in future studies. Finally, considering compensations
caused by heart failure may eliminate early damage and
relationships, and therefore exclude patients with heart
failure. However, this exclusion allows us to focus on
early research and corresponding treatments.

Conclusions

Both dyslipidemia status and higher TyG index were
associated with further deterioration of LV global func-
tion and myocardial microvascular function in T2DM.
Nevertheless, their detrimental effects on myocardial
damage were differential: a higher TyG index indepen-
dently determined LV remodeling, decreased LV GFI,
and heightened TTM, and dyslipidemia status indepen-
dently determined reduced perfusion index and upslope.
Our findings indicate that not only the amount of blood
lipids and glucose but also the quality of blood lipids
are therapeutic targets for preventing further myocar-
dial microvascular dysfunction and LV global functional
damage in the context of T2DM.
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