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Abstract

The aim of this study was to investigate the relationship among left ventricular (LV) concentric hypertrophy, endocardial
remodeling, and myocardial deformation in type-2 diabetes mellitus (T2DM). Fifty-three T2DM patients with normoten-
sion and 36 healthy controls underwent cardiovascular magnetic resonance imaging to assess for LV concentric hypertrophy
(LV myocardial mass index, LVMMi; LVMMi-to-LV end-diastolic volume index ratio, MVR), endocardial remodeling
(fractal dimension of trabeculations, FD), and myocardial deformation (global longitudinal, radial and circumferential
strain, systolic and diastolic strain rate). When compared with healthy controls, T2DM was associated with LV concentric
hypertrophy (LVMMi: T2DM, 52.7 + 8.9 g/m?; controls, 48.7 + 8.4 g/m?, p=0.032; MVR: T2DM, 0.88 +0.19 g/mL; con-
trols, 0.77 +0.16 g/mL, p=0.007), endocardial remodeling (max. apical FD: T2DM, 1.265 + 0.056; controls, 1.233 +0.055,
p=0.008; mean apical FD: T2DM, 1.198 +0.043; controls, 1.176 +0.043, p=0.020), and subtle diastolic dysfunction (peak
longitudinal diastolic strain rate, PDSRL: T2DM, 1.1 +0.2/s; controls, 1.2+ 0.3/s, p=0.031). In the stepwise multivari-
able regression model, the MVR was an independent determinant of the maximum apical FD (standardized f, sp=0.525,
p<0.001) and mean apical FD (sp=0.568, p<0.001). The mean apical FD was an independent determinant of the PDSRL
(p=0.004). LV concentric hypertrophy is an independent determinant of endocardial remodeling, a process that may con-
tribute to subtle LV diastolic dysfunction in T2DM patients.
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Type-2 diabetes mellitus (T2DM) patients are at increased
risk for heart failure [1], and particularly for left ventricular
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(LV) heart failure with preserved ejection fraction (HFPEF)
[2], even in the absence of hypertension and coronary artery
disease [3]. The reasons for this remain unclear, but one
possible mechanism is cardiac structural remodeling [4]. LV
concentric hypertrophy, which is frequently diagnosed in
T2DM patients, has been determined to be a strong predic-
tor of HFPEF and other adverse cardiovascular events [5].
LV concentric hypertrophy is characterized by an
increased LV mass index and mass-to-end-diastolic vol-
ume ratio (MVR) [4, 6]. Mechanically, hypertrophied
myocardium can increase the stiffness of the LV wall,
and when the decreased passive elasticity of the LV wall
becomes incapable of meeting the work load, clinical
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HFPEF ensues. Whether there is another precise mecha-
nism underlying LV concentric hypertrophy-mediated LV
diastolic dysfunction remains unclear, as mentioned pre-
viously, and the underlying mechanism could be endocar-
dial remodeling. Previously, endocardial remodeling could
be characterized by the papillary muscle and trabecula-
tions (PMT) mass index (PMTMi) and PMTMi-LV mass
index (LVMMIi) ratio (PMTMi/LVMMIi). Recently, fractal
dimension (FD), a unitless number derived from fractal
analysis on cardiovascular magnetic resonance (CMR) LV
cine images and focused on PMT, has been employed to
quantify the complexity of the endocardium [7]. Previous
studies indicated that LV hypertrophy is associated with
increased endocardial complexity [8], which subsequently
contributes to subclinical myocardial dysfunction [9] in
healthy populations. However, whether T2DM is associ-
ated with increased endocardial complexity or if endocar-
dial remodeling can mediate the effects of LV hypertrophy
on LV dysfunction, remains unclear and is a topic wor-
thy of investigation. LV subclinical diastolic and systolic
dysfunction can be detected by myocardial mechanics.
Recently, CMR tissue tracking technique has been increas-
ingly used for myocardial mechanics measurements in dif-
ferent types of cardiovascular disease due to its higher
signal-to-noise ratio than speckle tracking echocardiog-
raphy and faster post-processing on routine cine images
without requiring any additional scan time [10, 11]. Prior
studies have yielded conflicting results regarding the effect
of T2DM on LV myocardial mechanics [12, 13].

Therefore, we used CMR techniques, including cine,
tissue tracking and fractal analysis, to assess the relation-
ship between LV concentric hypertrophy, interstitial fibro-
sis, endocardial remodeling, and subclinical dysfunction in
T2DM.

Methods
Study patients

Fifty-three patients were prospectively enrolled between
June 2015 and March 2018. The inclusion criteria were
as follows: (1) an initial diagnosis of T2DM, according to
World Health Organization criteria [14]; (2) no history of
cardiovascular disease or chest pain, and (3) a region of
interest (ROI) on T1 maps in which the larger of the two
PMs is greater than 0.2 cm? [15]. The exclusion criteria
included: (1) hypertension (resting systolic blood pres-
sure > 140 mmHg or diastolic blood pressure >90 mmHg),
(2) glomerular filtration rate (GFR) <30 mL/min/1.7 m?, and
(3) other standard contraindications to cardiac MR. Forty
controls were recruited for the study.
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Anthropometry and biochemistry exams

All the patients and controls underwent height, weight,
and blood pressure measurements. Blood samples were
collected about 30 min before the CMR scanning was per-
formed and were immediately sent to the Department of
Nuclear Medicine and Clinical Laboratory for analysis of
the blood urea nitrogen, creatinine, cystatin C, total cho-
lesterol, triglycerides, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, glucose, glycated
hemoglobin (HbAlc), and hematocrit (HCT).

Cardiac magnetic resonance protocols

All CMR was performed on a 3T MAGNETOM Trio MR
scanner (Siemens Healthcare, Erlangen, Germany) with
a 6-channel body array coil plus 6 channels from the
spine array coil. A prototype target shimming method for
patient-specific, localized shimming in the heart was used
to improve field uniformity.

Short-axis cine imaging covering the entire LV and
four-chamber long-axis cine imaging were performed
using an electrocardiogram (ECG)-gated, breath-hold
balanced, steady-state free-precession (bSSFP) sequence
with the following parameters: slice thickness =6 mm,
gap=1.5 mm, field of view (FOV)=325x400 mmz,
matrix =179 x 256, TR/TE =59.22/1.45 ms, and 25 recon-
structed phases per cardiac cycle.

Segmented late gadolinium enhancement (LGE) images
were obtained using the phase-sensitive inversion recov-
ery (PSIR) sequence (TR/TE =680/1.94 ms, slice thick-
ness =8 mm, and FOV = 325 x 400 mm?), approximately
10 min after a bolus administration of 0.2 mmol/kg
gadoteric acid meglumine (Dotarem, Guerbet, BP7400,
F95943, Roissy CdG Cedex, France).

A breath-hold ECG-gated, MOdified Look-Locker
Inversion recovery (MOLLI) prototype sequence with a
5b(3b)3b and 4b(1b)3b(1b)2b sampling pattern was per-
formed for native and post-contrast T1 mapping, respec-
tively, with a bSSFP readout, FOV =400 x 300 mm?,
matrix =256 X 166, TR/TE=301.7/1.09 ms, flip angle =35
degrees, and 6 mm thickness. Mid-ventricular short-axis
images were acquired before and approximately 15 min
after the administration of contrast. T1 maps were gener-
ated inline from the MOLLI images with motion correc-
tion (MOCO).

All the cine and T1 maps were transferred to the cvi42
software (Circle Cardiovascular Imaging Inc., Calgary,
Alberta, Canada) for offline analysis. Endo- and epicar-
dial contours on the cine images were manually traced
to obtain the LV end-diastolic volume index (EDVi),
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Table 1 Anthropometry and Control (n=36) T2DM (n=53) p Value
biochemical characteristics of
all participants Anthropometry
Age (year) 51.2+12.1 543+79 0.152
Diabetic duration (year) 7[4-11]
Male [n (%)] 17 (47) 28 (53) 0.270
Height (m) 1.6+0.1 1.6+0.1 0.961
Weight (kg) 62.9+10.2 64.9+10.5 0.379
Body mass index (kg/mz) 23.8+2.9 245+29 0.220
Body surface area (m?) 1.7+0.2 1.7+0.2 0.476
Systolic blood pressure (mmHg) 116.9+94 120.1+10.1 0.133
Diastolic blood pressure (mmHg) 80.4+6.9 80+7.3 0.792
Biochemical exam
Blood urea nitrogen (mmol/L) 59+1.5 6.3+2.8 0.458
Creatinine (umol/L) 63.4+16.5 68+19.2 0.300
Cystatin C (mg/L) 0.8+0.2 0.8+0.2 0.202
Total cholesterol (mmol/L) 55+1.8 5.0+1.6 0.237
Triglycerides (mmol/L) 1.5[0.9, 2.0] 2.1[1.0,3.2] 0.046
HDL (mmol/L) 1.5+04 1.2+04 0.002
LDL (mmol/L) 3.6+14 3.0+1.0 0.054
Glucose (mmol/L) 5.3[5.0,5.9] 8.4 (6.5, 10.6] <0.001
Glycated hemoglobin (%) 5.6[5.2,5.8] 7.916.7,9.3] <0.001
Hematocrit (%) 41.8+4.3 39.5+4.4 0.016
Medications
Angiotensin-converting enzyme inhibitors 7(13)
[n (%)]
Statins [n (%)] 27 (51)
Aspirin [n (%)] 8 (15)

HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol

end-systolic volume index (ESVi), stroke volume index
(SVi), ejection fraction (EF), cardiac index (CI), MMi with
PM included in the LV lumen, and PMTMi [16].

Two-dimensional feature tracking was performed on
four-chamber long-axis cine images and mid-ventricular
short-axis cine images. Endo- and epicardial contours of end
diastole were manually delineated before being automati-
cally propagated to all the other phases. The contours were
checked, and when poorly tracked, the data of the partici-
pant in question was excluded. The LV global longitudinal,
circumferential, and radial strain, and the peak systolic and
diastolic strain rates were subsequently obtained.

For T1 analysis, an ROI was selected manually on the
middle third of the myocardial interventricular septum to
avoid epicardial and endocardial partial-volume effects.
Another ROI was manually drawn with care in the LV
cavity to avoid the papillary muscles and myocardium. A
third ROI was manually drawn in the larger of the two PM
in the mid-ventricular short-axis slice with care to avoid
offset from the blood-myocardial boundary. To minimize
potential-partial volume effects from the blood pool, only
ROIs on PM greater than 0.2 cm? was analyzed. Native and

post-contrast T1 values of the LV blood pool, myocardium,
and PM were obtained. The extracellular volume (ECV) of
the myocardium and PM were calculated from native and
post-contrast T1 maps using the published formula [17].

The FD was calculated for each slice in the LV short-axis
stack using cvi42 post processing software (prototype 5.3.8)
and previously described methodologies [18]. The most api-
cal ventricular section was excluded from all the analyses
because of partial-volume effects. The maximal basal and
apical FD were separately derived from the basal and apical
half of the LV stack.

Inter- and intra-observer reproducibility

To assess inter-observer reproducibility, images of ten ran-
domly selected controls (five men and five women) and ten
patients (five men and five women) were independently ana-
lyzed by two radiologists (Shang Y and Zhang X, each with
more than 3 years’ experience). For intra-observer reproduc-
ibility, one radiologist (Shang Y) reanalyzed images of the
same twenty participants after 1 month.
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Table2 LV geometry, function, T1 values, ECV, and FD of all the
participants

Control (n=36) T2DM (n=53) p Value
LVEDVi (mL/m?) 64.3+9.8 61.3+8.7 0.136
LVESVi (mL/m?) 26.9+6.2 25.6+5.7 0.304
LVSVi (mL/m?) 37.4+5.5 35.7+5.1 0.150
LVEF (%) 58.4+5.2 58.5+5.3 0.919
CI (L/min/m?) 2.8+0.5 2.7+0.4 0.548
Heart rate (b/min) 74.4+9.0 76.9+10.0 0.245
LVMMi (g/m?) 48.7+8.4 52.7+8.9 0.032
MVR (g/mL) 0.77+0.16 0.88+0.19 0.007
PMTMi (g/m?) 35+1.1 40+1.6 0.145
PMTMi/MMi (%) 6.7+1.4 69+2.1 0.519
LV native T1 (ms) 1225.9+48.3 1237.2+72.5 0.413
LV p-con T1 (ms) 539.2+45.5 526.4+65.4 0.312
LVECV (%) 26.7+£2.7 28.7+£3.3 0.005
PM native T1 (ms)  1166.7 +58.8 1185.8+77.2 0.214
PM p-con T1 (ms) 5129+37.2 509.4+60.4 0.753
PMECV (%) 28.1+3.4 29.4+3.6 0.082
Global FD 1.200+0.032 1.213+0.034  0.094
Max. basal FD 1.320+0.046 1.335+0.050 0.144
Mean basal FD 1.215+0.044 1.217+0.040 0.815
Max. apical FD 1.233+0.055 1.265+0.056  0.008
Mean apical FD 1.176 +£0.043 1.198+0.043  0.020

LVEDVi left ventricular end-diastolic volume index, LVESVi left
ventricular end-systolic volume index, LVSVi left ventricular stroke
volume index, CI cardiac index, LVMMi left ventricular myocardial
mass index, MVR LV mass/EDV, PMTMi papillary muscles and tra-
beculations mass index, LV p-con T1 left ventricular post-contrast T1,
LVECYV left ventricular extracellular volume, PMECYV papillary mus-
cle extracellular volume, FD fractal dimension
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£
A
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1.05 L] L] L] L] T L] T L] L] L)
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Fig. 1 Graph shows a comparison of the FD between the controls
and T2DMs. Heavy central lines represent means of the FD by linear
interpolation, and error bars represent 95% confidence interval of the
mean for each population
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Statistical analysis

Categorical data were presented as percentages. The Kol-
mogorov—Smirnov test was used to test the normality of the
variables. Data that did not fit normality were summarized
as medians (interquartile range). Continuous and normal
variables were presented as means with standard devia-
tions (SD). Differences between the means were compared
using the two tailed unpaired ¢ test. The relationship between
bivariates was analyzed using linear regression. Variables
that were statistically significant in the univariable analyses
were entered in the multivariable stepwise linear regression
to analyze the independent relationship between FD and LV
mechanics. The intra- and inter-observer variabilities for the
ECYV, thickness, and strain were analyzed by determining
the intra-class correlation coefficient (ICC). Statistical tests
were two-tailed, and the statistical significance was defined
as p<0.05. The data were analyzed using SPSS (version
21.0, SPSS Inc., Chicago, IL, USA) and GraphPad Prism
(version 6.01, GraphPad Software, Inc., La Jolla, CA, USA).

Results
Participant characteristics

The demographic, biochemical, and clinical data are sum-
marized in Table 1. T2DM patients (28 male; mean age,
54.3 +7.9 years; median diabetes duration, 7 years [inter-
quartile range 4—11]) had similar age, gender, height, weight,
body mass index, and blood pressure to the controls sub-
jects (17 male; mean age, 51.2+12.1 years). The T2DM
patients were associated with higher triglycerides, glucose
and HbA1c, lower HDL, and HCT, and similar blood urea
nitrogen, creatinine, cystatin C, total cholesterol, and LDL
measurements compared to controls.

Effect of T2DM on left ventricular trabeculations
and papillary muscles

T2DM patients had a larger max. apical FD (T2DM,
1.265 +0.056; controls, 1.233 +0.055, p=0.008, Table 2)
and mean apical FD (T2DM, 1.198 +0.043; controls,
1.176 +£0.043, p=0.020, Table 2). The global FD, max.
basal FD, and mean basal FD were similar between the two
groups (Table 2).

The distribution of the FD regarding relative position
along the LV is presented in Fig. 1. The greatest differences
in the FD between the T2DM patients and controls were
registered in the middle LV, located in normalized slices
5-7. In the basal LV (normalized slices 1-4) and apical LV
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Fig. 2 Relationship between LV concentric hypertrophy and endocardial remodeling. Increased MVR is associated with an elevated mean apical

fractal dimension (FD, a) and max. apical FD (b)

Table 3 LV mechanics measured by feature tracking of all the par-
ticipants

Control (n=36) T2DM (n=53) p Value
PSR (%) 39.9+9.5 38.1+9.3 0.370
PSC (%) —-21.0+2.7 —-20.1+3.0 0.157
PSSRR (1/s) 24+0.8 24+0.9 0.764
PSSRC (1/s) -12+0.2 -1.2+03 0.804
PDSRR (1/s) -28+1.0 -2.7+09 0.580
PDSRC (1/s) 1.4+0.4 1.3+04 0.290
PSL (%) —-19.8+3.5 —-19.0+3.5 0.305
PSSRL (1/s) -12+0.2 -12+03 0914
PDSRL (1/s) 1.2+0.3 1.1+0.2 0.031

PSR peak strain radial, PSC peak strain circumf., PSSRR peak sys-
tolic strain rate radial, PSSRC peak systolic strain rate circumf.,
PDSRR peak diastolic strain rate radial, PDSRC peak diastolic strain
rate circumf., PSL peak strain long., PSSRL peak systolic strain rate
long., PDSRL peak diastolic strain rate long., circumf. circumferen-
tial, long. longitudinal

(normalized slices 8—10), there were no differences in the
FD between the T2DM patients and controls.

The max. apical FD was associated with the MMi
(standardized f, sp=0.254, p=0.016), EDVi (sp=—0.426,
p<0.001), and MVR (sp=0.525, p<0.001), but not with
age, BMI, PMECYV, or LVECYV (all p>0.05). The mean
apical FD was also associated with the MMi (sp=0.348,
p=0.001), EDVi (sp=-0.372, p<0.001), and MVR
(sp=0.568, p<0.001). In the stepwise multivariable linear
regression model, MVR was an independent determinant of
the max. apical FD (sp=0.525, p<0.001, Fig. 2a) and mean
apical FD (sp=0.568, p<0.001, Fig. 2b).

T2DM patients demonstrated similar PM native T1, post-
contrast T1, ECV, PMTMi, and PMTMi/MM.i to the controls
(Table 2).

Effect of T2DM on left ventricular myocardium

The LVMMIi was greater in the T2DM patients (52.7+8.9 g/
m?) than in the controls (48.7 + 8.4 g/m?, p=0.032, Table 2).
MVR was increased in the T2DM patients (T2DM,
0.88 +£0.19 g/mL; controls, 0.77+0.16 g/mL, p=0.007).
There were no significant differences between the groups
for EDVi, ESVi, or SVi (Table 2). T2DM patients demon-
strated a greater ECV than the controls (T2DM, 28.7 +3.3%;
controls, 26.7 +2.7%, p=0.005) and a similar native T1 and
post-contrast T1 (Table 2).

Despite a normal LV ejection fraction (T2DM,
58.5+5.3%; controls, 58.4 +5.2%, p=0.919), the
peak diastolic longitudinal strain rate (PDSRL, T2DM,
1.1 +0.2/s; controls, 1.2 +£0.3/s, p=0.031, Table 3) was
impaired in the T2DM patients. There were no signifi-
cant differences in the other LV mechanics parameters
(Table 3).

Relationship between LV mechanics and fractal
dimension of LV trabeculations

A reduced PDSRL was associated with an increased
LVMMi (sp=-0.226, p=0.033), MVR (sp=-0.258,
p=0.015), mean apical FD (sp=-0.305, p=0.004,
Fig. 3a), and max. apical FD (sp=-0.256, p=0.016,
Fig. 3b), but not with LVECV or EDVi (all p>0.05). In
the stepwise multivariate regression model that included
the LVMMi, MVR, max. apical FD, and mean apical FD,
only the mean apical FD was an independent determinant
of the PDSRL (p=0.004). After adjusting for age, gender
and BMI, the mean apical FD remained independently
associated with the PDSRL (p=0.036). Figure 4 shows
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Fig. 3 Relationship between endocardial remodeling and LV subclinical diastolic dysfunction. An elevated mean apical fractal dimension (FD,
a) and max. apical FD (b) are associated with a reduced longitudinal peak diastolic strain rate

representative examples of the FD and PDSRL in a control
and a patient with T2DM.

Intra- and inter-observer reproducibility

Summaries of the ICC values and mean differences in intra-
and inter-observer reproducibility are shown in Table 4.

Discussion

In this study, we assessed the usefulness of 3T CMR for pro-
viding information on LV myocardial structural remodeling
and dysfunction in T2DM patients with normotension. We
found that the MMi and MVR were increased, the mean
apical FD and max. apical FD were elevated, and the longi-
tudinal peak diastolic strain rate was reduced in the T2DM
patients compared with the normal controls. Furthermore,
the MVR is an independent determinant of the mean apical
FD and max. apical FD, suggesting a link between LV con-
centric hypertrophy and endocardial remodeling. Addition-
ally, the mean apical FD is independently associated with the
PDSRL, which indicates that endocardial remodeling may
be predictive for subtle LV diastolic dysfunction.

Fractal analysis is a recently introduced technique that
employs the FD to objectively assess the extent of PMT to
quantify endocardial complexity [19]. In the current study,
the max. apical FD in the healthy controls was 1.233 +0.055,
which is slightly greater than the reference ranges seen in a
multi-center healthy population (men, 1.220 4+ 0.08; women,
1.194+0.07) [8] and a single-center healthy population
(1.199 +0.05) [20] and is slightly lower than the recently
published reference range in healthy Chinese in Singa-
pore (men, 1.293 +0.039; women, 1.261+0.045) [9]. The
mean apical FD (1.176 +0.043) in our present study is also
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smaller than that of the healthy Chinese in Singapore (men,
1.235+0.040; women, 1.197 +0.044) [9], which indicates
that the reference ranges for the mean and max. apical FD
remain to be determined in larger, multicenter populations.

This study confirms that T2DM patients with normoten-
sion can present with an increased FD consistent with endo-
cardial remodeling. In a previously published study [8], the
max. apical FD was elevated in diabetes but not after adjust-
ment for hypertension, a finding that partially counters our
own. Notably, the type of diabetes, T1DM and/or T2DM,
was not clearly described in that study.

Our own study showed that the MMi and MVR are ele-
vated in T2DM patients, indicating concentric hypertrophy,
which is consistent with previous studies [21, 22]. More
importantly, the MVR was an independent determinant of
the mean and max. apical FD in the present study, suggesting
a link between LV concentric hypertrophy and endocardial
remodeling. LV trabeculations are comprised of sheets of
cardiomyocytes [23] lined by endocardial cells. Our data
demonstrated that LV concentric hypertrophy is also asso-
ciated with increased endocardial fractal complexity in
T2DM patients. A previous study in a healthy population
that explored the relationship between the FD and MVR
showed that the FD was associated with the MMi and EDVi
but not with the MVR [9], a finding that is not consistent
with our results. Therefore, in the T2DM condition, whether
the FD is associated with the MVR needs to be confirmed
in future studies.

Another finding in our study was that the PDSRL was sig-
nificantly decreased in the T2DM patients, indicating sub-
clinical diastolic dysfunction. The question of whether myo-
cardial systolic and diastolic strain and strain rate decrease
in T2DM patients is controversial. In Levelt’s study [12],
the peak circumferential systolic strain was decreased but
the peak circumferential diastolic strain rate was not. In
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Fig.4 Representative examples
of cardiac cine image, fractal
analysis of trabeculations, and
myocardial deformation in a
control subject, and a patient
with T2DM. Top panels: normal
control cine image (LV mass-
to-end-diastolic volume ratio,
MVR =0.60) versus a patient
with T2DM (MVR =0.89).
Middle panels: normal control
fractal analysis of trabeculations
(max. apical fractal dimen-
sion, max. apical FD=1.188)
versus a patient with T2DM
(max. apical FD =1.395).
Bottom panels: normal control
myocardial deformation (peak
longitudinal diastolic strain rate,
PDSRL =1.87) versus a patient
with T2DM (PDSRL=1.01)

another study on participants of the multi-ethnic study of
atherosclerosis (MESA) [24], T2DM was associated with
reduced circumferential strain. Results on the longitudinal
strain and strain rate were not reported in the aforementioned
studies. MR-derived tissue tracking technology was used to
obtain myocardial strain in our study, whereas MR tagging
was employed in the published studies, which may explain
these differences. In Cao’s study [13], MR-derived tissue
tracking technology was used. Diastolic and systolic strain
are not impaired in T2DM patients, but they did not report
on these factors.

Our results show that the mean apical FD is indepen-
dently associated with the PDSRL, and the LVECYV is not
associated with the FD or PDSRL, which indicates that

Control

3

i
1 I Strain Rate (1/5) _LA_Slice_2_Global
1 Ld 0

12

endocardial remodeling may contribute to subtle LV dias-
tolic dysfunction. Based on insights from myocardial fiber
orientation, the longitudinal strain and strain rate are gov-
erned by the subendocardial fibers, which run parallel to the
long axis [25]. Endocardial remodeling, characterized by an
increased apical FD, likely involves remodeling of the sub-
endocardial fibers, which explains the relationship between
endocardial remodeling and subclinical diastolic dysfunc-
tion. Previous studies [9, 24] have also reported a similar
mechanical link between LV trabeculations and myocardial
deformation in healthy populations. However, in Cai’s study
[9], the PDSRC and PDSRR, but not the PDSRL, remained
independently associated with the mean/max. apical FD. In
the other published study of T2DM [24], only the PSC was
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Table 4 Intra- and inter-observer reproducibility for LV mechanics and fractal dimension of LV trabeculations

Intra-observer

Inter-observer

Mean difference (95% CI)

ICC (95% CI)

Mean difference (95% CI)

ICC (95% CI)

0.866 (0.692, 0.945)
0.934 (0.842,0.973)
0.771 (0.507, 0.902)
0.566 (0.176, 0.802)
0.882 (0.727, 0.952)
0.844 (0.648, 0.935)
0.945 (0.866, 0.978)
0.609 (0.239, 0.824)
0.838 (0.637, 0.933)
0.950 (0.877, 0.980)
0.897 (0.758, 0.958)

0.73 (= 6.29, 7.74)
—0.32 (= 1.96, 1.32)
—0.03 (=0.94, 0.88)
0.07 (—0.40, 0.53)
—0.16 (= 1.12, 0.80)
0.03 (= 0.37, 0.43)
—0.25 (=2.70, 2.20)
—0.06 (=0.35, 0.23)
0.04 (=0.27, 0.35)

0.3 (=1.1,1.7)

0.002 (= 0.006, 0.009)

0.830 (0.620, 0.929)
0.907 (0.781, 0.962)
0.754 (0.477, 0.895)
0.547 (0.150, 0.792)
0.870 (0.701, 0.946)
0.856 (0.672, 0.940)
0.933 (0.838, 0.973)
0.631 (0.272, 0.836)
0.813 (0.587, 0.922)
0.979 (0.947, 0.991)
0.894 (0.752, 0.957)

PSR (%) 0.74 (—5.51,7.00)
PSC (%) —0.10 (—1.53,1.33)
PSSRR (1/s) —0.02 (—0.88,0.84)
PSSRC (1/s) 0.06 (—0.38,0.51)
PDSRC (1/s) —0.16 (—1.08, 0.76)
PDSRC (1/s) 0.04 (—0.39, 0.46)
PSL (%) —0.10 (=2.36,2.17)
PSSRL (1/s) —0.06 (—0.36, 0.25)
PDSRL (1/s) 0.04 (—0.25,0.32)
LVECV (%) —0.1(=0.6,0.4)
Max. apical FD 0.002 (—0.006, 0.009)
Mean apical FD —0.001 (—=0.006, 0.003)

0.959 (0.900, 0.984)

—0.002 (—0.006, 0.003) 0.959 (0.899, 0.983)

PSR peak strain radial, PSC peak strain circumf., PSSRR peak systolic strain rate radial, PSSRC peak systolic strain rate circumf., PDSRR peak
diastolic strain rate radial, PDSRC peak diastolic strain rate circumf., PSL peak strain long., PSSRL peak systolic strain rate long., PDSRL peak
diastolic strain rate long., circumf. circumferential, long. longitudinal, FD fractal dimension

studied and it was found to be associated with the max. api-
cal FD. Both these published studies and the present one
indicate that endocardial remodeling is a crucial determinant
of myocardial mechanical deformation.

Our study had several limitations. First, the overall num-
ber of subjects was relatively small. Second, we did not
recruit patients with a GFR <30 mL/min/1.7 m?, and the
patients in the study received different treatments. Third,
because this is an initial cross-sectional study, we clearly
cannot verify whether the observed relationships among
concentric hypertrophy, endocardial remodeling, and subtle
diastolic dysfunction are causal. Fourth, it may introduce a
small risk of misclassification that a single blood pressure
measurement and medical history alone were used for exclu-
sion. Finally, although overt coronary artery disease can be
easily excluded, subtle coronary artery disease and micro-
vascular dysfunction cannot be identified due to the absence
of vasodilator stress first-pass perfusion.

Conclusions

T2DM patients with normotension exhibit LV concentric
hypertrophy, endocardial remodeling, and subtle diastolic
dysfunction. LV concentric hypertrophy is an independent
determinant of endocardial remodeling, a process that may
contribute to LV subtle diastolic dysfunction.
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