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Background: The clinical effect of diabetic microangiopathy on left ventricular (LV) function is still
uncertain. The purpose of this study was to assess the relation between diabetic microvascular
complications and comprehensive myocardial deformation measurements using three-dimensional
(3D) speckle tracking echocardiography.
Methods: Seventy-seven asymptomatic patients with type 2 diabetes mellitus (DM) and 35 age-matched
healthy control subjects underwent 3D echocardiography. Patients with coronary artery disease or LV
ejection fraction <50% were excluded. Presence of proliferative retinopathy, microalbuminuria as
nephropathy, and decreased coefﬁcient of variation of R-R intervals (CVRR) <3% as cardiac autonomic
neuropathy were deﬁned as diabetic microvascular complications.
Results: LV ejection fraction, LV mass index, and global radial strain did not differ between control and
DM patients. However, global longitudinal and circumferential strain and endocardial area change ratio
were lower in patients with DM than in the controls (12.0  3.0% vs. 16.2  1.9%, 27.7  7.1% vs.
32.2  5.7%, 37.6  7.6% vs. 44.0  6.2%, respectively, p < 0.001). In DM patients, longitudinal strain is
related to CVRR (R = 0.58, p < 0.001), retinopathy stage, and nephropathy stage.
Conclusions: Diabetic microangiopathy and its accumulated effects signiﬁcantly related to subclinical LV
dysfunction are characterized by impaired longitudinal shortening.
ß 2016 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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Introduction
Diabetic cardiomyopathy, deﬁned as left ventricular (LV)
dysfunction occurring independently of coronary artery disease
and hypertension [1], might be an important substrate for
developing heart failure [2]. Although diabetic cardiomyopathy
is thought to be a multifactorial disease, the pathophysiological
signiﬁcance of microvascular complications remains unclear
[3]. Among the diabetic microangiopathies [4], cardiac autonomic
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neuropathy [5,6] is focused on because it has been reported to
relate to adverse clinical outcomes [7] and is commonly observed
in many diseases such as symptomatic heart failure, chronic
kidney disease, myocardial infarction, hibernating myocardium,
and in cardiac transplantation [8]. Furthermore, retinopathy [9,10]
and nephropathy [11] show an apparent effect on the occurrence of
heart failure and its outcome.
Two-dimensional (2D) speckle tracking echocardiography (STE)
has revealed systolic, and not just diastolic [12], longitudinal
dysfunction to be a sign of early mechanical damage in the diabetic
heart [13] and poor prognosis [14]. Three-dimensional (3D) STE has
been introduced as a promising quantitative technique allowing a
more accurate and comprehensive evaluation of myocardial
deformation than conventional cardiovascular imaging techniques
of LV deformation [15]. Compared to 2D echocardiography, the 3D
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approach is not affected by cut-down views and performs tracking
over time in all three dimensions, avoiding any potential out-ofplane motion of the ultrasonic speckles [16]. Accordingly, the aim of
the present study was to reveal a complete picture of LV systolic
deformation abnormality in asymptomatic patients with diabetes
mellitus (DM) using 3D-STE comprehensively and to investigate the
effect of the degree of DM microvascular disease on subclinical LV
dysfunction.

Methods
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adjustments were made to the traced borders on the short-axis
images.
We identiﬁed the tracking quality by eye-ball based on both endoand epicardial trace lines on multiplanar reconstruction images.
Finally, 6 LV basal, 6 mid, and 4 apical segment measurements
(total 16) of strain were calculated as strain = [L(t)  L0]/L0, where L(t)
is the segment length at time t and L0 is the segment length at the
end diastole. Then, the following parameters were obtained: global
radial strain (GRS), global circumferential strain (GCS), global
longitudinal strain (GLS), and area change ratio (ACR). GRS was
measured based on both endo- and epicardial tracking, and GLS, GCS,
and ACR were calculated based on endocardial surface deformation.

Study population
Reproducibility of 3D-STE
We enrolled 77 hospitalized patients with type 2 DM requiring
diabetes education in this study. Patients with coronary artery
disease or LV ejection fraction (LVEF) <50%, other than sinus
rhythm, signiﬁcant valvular disease, and inadequate echocardiographic image quality for analysis were excluded. Patients with
coronary artery disease were excluded by coronary computed
tomography angiography or myocardial scintigraphy. Reasons for
performing computed tomography or scintigraphy included
carotid atherosclerosis, ischemic changes on electrocardiogram
(ECG), positive exercise ECG test results, or LV wall motion
abnormalities on echocardiography. ECG abnormalities, such as
Q waves, ST-T changes, and negative T waves, positive exercise ECG
test results, and LV wall motion abnormalities on echocardiography were considered to be suggestive of the presence of coronary
artery disease. The control population consisted of 35 age-matched
healthy subjects. Ethical approval was obtained from the local
institutional review committee, and all patients provided written
informed consent.
Echocardiographic examinations
Echocardiographic examinations were performed with an
Aplio-ArtidaTM (Toshiba Medical Systems Co., Tochigi, Japan)
echocardiographic system with a multi-frequency transducer. LV
diameters were measured on a 2D-guided M-mode image. The LV
mass index was calculated from 2D echocardiographic measurements using the area-length formula at end-diastole and corrected
for body surface area. LV volumes and LVEF were measured by
biplane Simpson’s method in apical 4- and 2-chamber views. The
peak velocities of early (E) and late (A) mitral inﬂow, the ratio E to A
(E/A), and the deceleration time of the E-wave were measured
using pulsed Doppler echocardiography with the sample volume at
the tip of the mitral valve leaﬂet. Using tissue Doppler imaging, the
peak early diastolic velocities of (E0 ) at the basal septal and lateral
mitral annulus were obtained in the apical 4-chamber view.
3D-STE
Full-volume ECG-gated 3D data sets were acquired from apical
positions using a matrix array transducer (3 V). To obtain these data
sets, 6 sectors were scanned and automatically integrated into a
wide-angle (70  70 degrees) pyramidal data image covering the
entire LV. The volume rate of each image was set at approximately
30 Hz. The data were stored and transferred to a computer (Inspiron
1300; Dell Inc., Round Rock, TX, USA) for off-line analysis. The images
were analyzed for wall deformation with specialized software (3D
Wall Motion Tracking, Toshiba Medical Systems Co.). First, the
endocardial border of the 4-chamber image at end-diastole was
traced manually, followed by manual tracing of the epicardial
border. Then, the same tracing processes were repeated in the
2-chamber image. After these long-axis tracings were complete, 3D
myocardial surfaces were automatically reconstructed, and ﬁne

We selected 10 studies at random for assessment of intra- and
interobserver reproducibility of speckle tracking analysis. To test
intra-observer variability, a single observer analyzed the data
twice. The second analysis was done 1 week after the ﬁrst analysis.
To test interobserver variability, a second observer analyzed the
data without knowledge of the ﬁrst observer’s measurements.
Reproducibility was assessed as the mean percent error (absolute
difference divided by the mean of the two individual observations).
Complications of diabetes
We evaluated cardiac autonomic nervous system function by
use of the coefﬁcient of variation of R-R intervals (CVRR). Analysis
of beat-to-beat ﬂuctuations in heart rate provides a sensitive,
quantitative, and noninvasive measure of the functioning of the
principal rapidly reacting cardiovascular control systems: the
sympathetic and parasympathetic nervous systems [17]. CVRR
measurements were obtained based on previously reported
methods [18]. First, the patients were kept at rest in a supine
position for 15 min prior to monitoring by ECG. The R-R intervals
were measured for 3 min on the ECG. The CVRR was obtained from
the recorded R-R intervals by dividing their standard deviation
(SD) by the mean. The normal value of CVRR of 40- to 50-year-old
subjects is 3  1%. Therefore, an abnormal CVRR was deﬁned as <3%
in the present study.
The stage of diabetic retinopathy was diagnosed by ophthalmologists based on a modiﬁcation of the Davis classiﬁcation:
simple retinopathy as class A and proliferative retinopathy as class
B. The nephropathy stage was diagnosed according to the presence
of urine albumin and estimated glomerular ﬁltration rate (eGFR).
Stage 1 was deﬁned as no albuminuria and normal/high eGFR,
stage 2 as microalbuminuria and normal/high eGFR, stage 3 as
persistent proteinuria and decreased eGFR, stage 4 as persistent
proteinuria and extremely decreased GFR, and stage 5 as patients
receiving hemodialysis. Microangiopathy total burden was calculated as the sum of the following scores: CVRRs of the upper,
middle, and highest tertile were scored as 0, 1, and 2, respectively;
class A retinopathy was scored as 1 and class B as 2; and
nephropathy stage 1 was scored as 1, and  state 2 was scored as 2.
Statistical methods
All values are expressed as mean  SD. The x2-test was used for
categorical variables. Comparisons between two groups were
performed using the Student t-test for continuous variables. Analysis
of variance (ANOVA) was used to compare results among groups
divided by the degree of microvascular complication, and post hoc
analysis was performed using Scheffé’s test. Scheffé’s partial
correlations for confounding variables were performed to evaluate
the association among the nephropathy stage, retinopathy stage, and
LV 3D-STE data. The data were analyzed using standard statistical
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software (SPSS ver. 18.0, SPSS Inc., Chicago, IL, USA). A p-value of
<0.05 was considered to be statistically signiﬁcant.

Table 2
Parameters related to complications of diabetes.
DM (n = 77)
CVRR (%)
Class of retinopathy (no/A/B)
Class of nephropathy (1/2/3)

Results
In comparisons between control subjects and patients with DM,
no signiﬁcant differences existed in age, sex, body mass index,
blood pressure, or heart rate (Table 1). The patients with DM
showed a high fasting glucose level, very high hemoglobin A1c
level, normal range of mean N-terminal pro B-type natriuretic
peptide (NT-proBNP) levels, and normal serum lipid proﬁles.
Insulin was prescribed for 35 (45%) patients.
Microvascular complications of DM
In patients with DM, the mean CVRR was 2.8  1.2%. Retinopathy class was identiﬁed as no retinopathy in 50 patients, class A in
15 patients, and class B in 12 patients. Nephropathy stage was
identiﬁed as class 1 in 58 patients, class 2 in 10 patients, and class 3 in
9 patients (Table 2).
Echocardiographic parameters
Conventional echocardiography showed signiﬁcantly lower E0
in the DM group compared with that in the control group. There
were no signiﬁcant differences in LVEF, LV chamber size and
thickness, left atrial size, and transmitral ﬂow velocity proﬁles
(Table 3).

2.78  1.24
50/15/12
58/10/9

CVRR, coefﬁcient of variation of R-R intervals; DM, diabetes mellitus.

Relations between 3D-STE parameters and patient characteristics and
conventional echo parameters
As shown in Table 4, body mass index and hemoglobin A1c
showed no relation with strain parameters. GLS signiﬁcantly
related to elevated LV mass but not to systolic or diastolic blood
pressure or any of the laboratory test values including NT-proBNP
level. Except for GRS, all 3D-STE parameters related to LVEF.
Relations between 3D-STE parameters and microvascular
complications
Among the 3D-STE parameters, GLS was signiﬁcantly related to
CVRR, retinopathy stage, and nephropathy stages (Fig. 2). GLS was
signiﬁcantly impaired in patients with a microangiopathy total
score >1 compared with that in the patients without microangiopathy (Fig. 3). Furthermore, patients with a score of 6, indicative of
severe microangiopathy, had a lower GLS than patients with a
score of 1 or 0. The other 3D-STE parameters of GCS, GRS, and ACR
showed no signiﬁcant relation to the status of DM complications.

3D-STE measurements
Relations between 3D-STE parameters and hypertension
The respective intra- and interobserver variabilities were as
follows: 17% and 20% for GRS, 9% and 14% for GCS, 8% and 10% for
GLS, and 4% and 10% for ACR. 3D-STE measurements are shown in
Fig. 1. GLS, GCS, and the ACR in the patients with DM were smaller
than those in the control subjects. GRS showed no signiﬁcant
difference between the DM and control groups.
Table 1
Baseline patient characteristics and diabetes treatments.

Age (years)
Sex (men/women)
Body mass index
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Heart rate (beats/min)
Hypertension coexisting, n (%)
Laboratory tests
Hemoglobin A1c (%)
Fasting blood glucose (mg/dl)
Fasting serum insulin (mg/dl)
Triglyceride (mg/dl)
HDL cholesterol (mg/dl)
LDL cholesterol (mg/dl)
NT-proBNP (pg/mL)
Microvascular complications
Neuropathy complication, n (%)
Retinopathy complication, n (%)
Nephropathy complication, n (%)
DM medication
Insulin, n
Oral drug, n
Insulin + oral drug, n
Diet treatment, n

Healthy controls
(n = 35)

DM
(n = 77)

p value

52  16
18/17
22.1  2.2
122.9  17.2
73.2  13.4
65.5  12.7

56  15
53/24
23.2  3.5
119.8  21.4
70.3  13.6
66.1  11.9
35 (45)

0.70
0.07
0.13
0.55
0.39
0.88

10.6  2.5
162  49
6.7  6.4
146  64
44  13
119  36
55  73
48 (62)
27 (35)
64 (83)
35
33
6
3

NT-proBNP, N-terminal pro-B-type natriuretic peptide; DM, diabetes mellitus;
HDL, high-density lipoprotein; LDL, low-density lipoprotein.

In the 77 patients with DM, 35 (45%) patients were complicated
with hypertension (DM-HT) and 42 (55%) patients had a normal
blood pressure (DM-normo-BP). Systolic blood pressure was
signiﬁcantly higher, and GRS was signiﬁcantly impaired in the
DM-HT group compared with the DM-normo-BP group, whereas
there were no signiﬁcant differences in GCS and GLS between the
two groups. Angiotensin II receptor blockers (ARB) were prescribed
for 16 (46%) patients and a calcium channel blocker (CCB) was
prescribed for 13 (37%) patients in the DM-HT group.
Systolic blood pressure showed no signiﬁcant difference
between the patients with and without ARB or CCB, but GRS
was signiﬁcantly impaired in the patients without ARB compared
with that in those with ARB. GCS was also signiﬁcantly impaired in
the patients without a CCB compared with that in those with a CCB.

Table 3
Echocardiographic variables.
Variable
LV ejection fraction (%)
LV end-diastolic dimension (mm)
LV end-systolic dimension (mm)
Septal wall thickness (mm)
LV posterior wall thickness (mm)
LV mass index (g/m2)
LAVI (mL/m2)
E0 (cm/s)
Mitral E/A
DcT (ms)
E/E0

Control
(n = 35)

DM
(n = 77)

p value

68.9  5.6
46.7  4.2
27.4  3.4
8.2  1.1
8.5  1.04
90.5  17.4
26.2  9.2
13.0  2.4
1.3  0.5
203.5  44.7
6.7  1.5

66.3  7.7
45.9  5.2
29.0  4.7
8.7  1.8
8.7  1.3
90.1  29.2
26.2  8.7
9.7  3.2
1.1  0.5
228  63.8
8.2  3.0

0.82
0.41
0.11
0.22
0.38
0.94
0.98
0.004
0.11
0.07
0.06

DcT, deceleration time of E-wave; DM, diabetes mellitus; E0 , early diastolic
mitral annular velocity; LAVI, left atrial volume index; LV, left ventricular.
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Fig. 1. Left ventricular 3-dimensional speckle tracking measurements in patients with diabetes and control subjects. Although GRS (upper, left) was similar in both groups, the
DM group showed signiﬁcantly impaired GCS (upper right), GLS (lower left), ACS (lower right), compared to the control group. ACR, area change ratio; DM, diabetes mellitus;
GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain.

mechanism of the longitudinal dysfunction has been proposed to
be due to subendocardial damage [24].

Discussion
This 3D-STE study resulted in two major ﬁndings. First, 3D-STEderived measures of GLS, GCS, and ACR were impaired, and LVEF
was preserved in patients with type 2 DM. Second, GLS was related
with both the presence and the accumulation of diabetic
microvascular complications and especially with cardiac autonomic neuropathy.
Longitudinal systolic dysfunction in the diabetic heart
Longitudinal strain impairment in DM patients has also been
demonstrated previously using multiple imaging modalities such
as cardiac magnetic resonance imaging [13,19], tissue Doppler
imaging [20], and 2D-STE [21,22] or 3D-STE [23]. Therefore, it is
generally agreed that LV longitudinal dysfunction appears to be an
early manifestation of diabetic cardiomyopathy. The underlying

Circumferential, radial, and area strain in the diabetic heart
In contrast to the consistent impairment in longitudinal strain,
circumferential strain and radial strain abnormalities vary
depending on the study population. In the present study,
circumferential strain impairment depended on patient age in
the DM group, although the control group showed no signiﬁcant
relation between GCS and age (p = 0.67). Circumferential strain has
been reported to relate to the function of the midwall circumferential ﬁber layer [25]. Thus, age-dependent circumferential
dysfunction suggests disease progression to the midwall from
the endocardium.
Radial strain in the DM group was not signiﬁcantly different
from that in the control group; however, in the DM group, radial

Table 4
Correlates of 3D-STE parameters and background characteristics and standard echo parameters.
Variable

GLS
R

Age
BMI
SBP
DBP
HbA1c
DM duration
LVEF
LV mass
LAVI
E/A
E0

0.24
0.23

GCS

GRS

p

R

p

0.81
0.95
0.65
0.12
0.30
0.89
0.04
0.04
0.87
0.08
0.05

0.26

0.02
0.59
0.48
0.06
0.24
0.14
0.01
0.43
0.30
0.26
0.49

0.30

R

0.35
0.27

0.27

0.27

ACR
p
0.11
0.70
0.003
0.022
0.95
0.45
0.12
0.027
0.32
0.19
0.021

R

0.33

p
0.09
0.53
0.31
0.06
0.30
0.24
0.005
0.31
0.31
0.63
0.84

ACR, area change ratio; BMI, body mass index; DBP, diastolic blood pressure; DM, diabetes mellitus; GCS, global circumferential strain; GLS, global longitudinal strain;
GRS, global radial strain; HbA1c, hemoglobin A1c; LAVI, left atrial volume index; LV, left ventricular; LVEF, LV ejection fraction; SBP, systolic blood pressure; STE, speckle
tracking echocardiography.
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Fig. 2. Comparison between global longitudinal strain and diabetic microangiopathy status in the DM group. Scatter plot with regression line (left) indicates signiﬁcant
negative relation between GLS and CVRR of neuropathy. Impairment of GLS was related with presence or absence, but not severity, of retinopathy (middle) and nephropathy
(right). CVRR, coefﬁcient of variation in R-R interval; DM, diabetes mellitus; GLS, global longitudinal strain.

strain is related with blood pressure, LV hypertrophy, and E0 .
Previous reports demonstrating radial strain impairments in DM
patients [21,22] also showed signiﬁcantly greater blood pressure,
E/E0 , and left atrial volume compared with those in the control
subjects. In contrast, the present study showed similar blood
pressure and LV mass and E/E0 values between the DM group and
control subjects. Although our study patients showed milder
diastolic dysfunction than that in previous studies, these facts may
imply that the results of both previous studies and our study
showed the consistent feature that radial strain reﬂects high blood
pressure, LV hypertrophy, and diastolic dysfunction in the diabetic
heart.
Cardiac autonomic neuropathy and subclinical LV dysfunction
Cardiac autonomic neuropathy, represented by an abnormal
CVRR, is one of the signiﬁcant variables related to GLS in the
present study. It was previously reported that cardiac autonomic
neuropathy is associated with LV ﬁlling abnormality [26], tissue
Doppler-derived diastolic function [27], myocardial ﬁbrosis, and
coronary ﬂow reserve impairment [28,29]. Recently, Mochizuki
et al. [30] reported that 2D-STE-derived LV GLS in asymptomatic
DM patients with diabetic neuropathy and preserved LVEF is
signiﬁcantly impaired compared to that in patients without
diabetic neuropathy in spite of similar conventional echocardiographic parameters. The results of the present study are consistent
with their ﬁndings and support the concept that diabetic cardiac
autonomic neuropathy is cross-related to LV systolic longitudinal
dysfunction in a quantitative manner. Because cardiac autonomic
neuropathy is a related adverse outcome, the early noninvasive
detection of subclinical cardiomyopathy in cardiac autonomic

Fig. 3. Global longitudinal strain and microangiopathy burden score.
Microangiopathy total burden was calculated as the sum of the following
scores: CVRRs of the upper, middle, and highest tertile were scored as 0, 1, and
2, respectively; class A retinopathy was scored as 1 and class B as 2; and
nephropathy stage 1 was scored as 1, and state 2 was scored as 2. CVRR, coefﬁcient
of variation in R-R interval; GLS, global longitudinal strain.  and y, p < 0.005 vs.
microvascular disease score 0.

neuropathy is important. Longitudinal dysfunction could be a
candidate for the detection of cardiac autonomic neuropathy
relating to cardiac dysfunction in DM patients. Although investigation of the pathophysiological mechanism is beyond the scope of
this study, a possible explanation for cardiac autonomic neuropathy causing augmentation of longitudinal dysfunction might be as
follows: (1) CVRR is the marker of parasympathetic denervation of
the heart [17], (2) parasympathetic denervation should cause a
relative increase in sympathetic tone, (3) sympathetic hypertonia
generates oxidative stress, (4) oxidative stress induces tissue
inﬂammation, (5) inﬂammation is followed by perivascular and
then interstitial myocardial ﬁbrosis, and (6) ﬁbrosis, if it
predominantly occurs in the subendocardial layer, results in
longitudinal systolic dysfunction [24].
Study limitations
This study has several limitations. First, assessment of cardiac
autonomic neuropathy is of an indirect nature, and no data were
obtained from metaiodobenzylguanidine scintigraphy. Because we
included asymptomatic patients, invasive examinations that
include radiation might not be acceptable for all subjects included
in the study. Second, GRS did not change signiﬁcantly despite the
signiﬁcant decrease in GLS and GCS in the patients with DM. If the
myocardial volume is constant throughout the cardiac cycle, GRS
should be the product of GLS times GCS. We believe that the nonsigniﬁcant results of GRS in this setting might be due to the
suboptimal tracking of the speckle signal of subendocardial tissue
in 3D echocardiography. According to the suboptimal reproducibility of GRS when the CVRR is over 10%, we think that caution is
imperative in the assessment of the results of GRS by 3D-STE.
Another limitation is that a comparison of 3D- with 2D-STE was
not performed. 2D-derived GLS is an adequately proven marker for
subclinical myocardial dysfunction, and 3D-derived GLS showed
consistent results with 2D-derived GLS regarding the linear
correlation between diabetic neuropathy and systolic longitudinal
dysfunction. These facts suggest the equivalent utility of both 2Dand 3D-derived GLS in assessing subclinical systolic function in
diabetic patients.
Finally, this is a cross-sectional study, and we lack follow-up data
on the patients. Prospective studies comparing direct cardiac
sympathetic denervation with 3D-STE measurements are required
in the future, and they should reveal whether GLS is related to the
morbidity and mortality of diabetic heart failure. Furthermore, it is
mandatory for us to evaluate the effects of drug therapy for diabetes
and assess the LV deformation response in a future prospective study.
Clinical implications
Heart failure is one of the major causes of mortality in diabetic
patients [2]. In addition, DM is a major risk factor for developing
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heart failure, especially in patients with preserved EF. Once heart
failure progresses to the decompensated stage, no therapy can
completely reverse cardiac remodeling or improve patient
mortality. Therefore, early discrimination of patients at risk of
myocardial damage during the early stage is crucial to prevent the
development of manifest heart failure [3,31]. Because the results of
the present study showed that microvascular damage is of key
signiﬁcance in subclinical LV endocardial impairment, patients
with accumulated microvascular complications with impaired GLS
could be targets for effective therapy along with watchful
observation of disease progress.
Conclusion
3D-STE-derived longitudinal systolic dysfunction was associated
with diabetic microvascular complications, and especially with
cardiac autonomic neuropathy as assessed by CVRR, in asymptomatic non-ischemic patients with poorly controlled type 2 DM.
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