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Early-onset cardiomyopathy is a major concern for people with type 1 diabetes mellitus (DM).
Studies examining myocardial deformation indices early in the disease process in people with
have provided conflicting results. Accordingly, the objective was to examine left ventricular
(LV) function in adolescents with type 1 DM using novel measures of cardiomyopathy, termed
ventricular discoordination indices, including systolic stretch fraction (SSF), and our newly
developed diastolic relaxation fraction (DRF). Adolescents with DM (n = 16) and healthy con-
trols (n = 20) underwent cardiac MRI (CMR) tissue tracking analysis for standard volumetric
and functional analysis. Segment-specific circumferential strain and strain rate indices were
evaluated to calculate standard mechanical dyssynchrony and discoordination. SSF and DRF
were calculated from strain rate data. There were no global or regional group differences
between participants with DM and controls in standard LV strain mechanics. However, youth
with DM had lower diastolic strain rate around the inferior septal and free wall region (all p
<0.05) as well as higher SSF (p = 0.03) and DRF (p <0.001) compared with controls. None of
the CMR indices correlated with HbA1c or diabetes duration. In conclusion, our results sug-
gest that adolescents with DM have LV systolic and diastolic discoordination, providing early
evidence of cardiomyopathy despite their young age. The presence of discoordination in the
setting of normal LV size and function suggests that the proposed novel discoordination indi-
ces could serve as a more sensitive marker of cardiomyopathy than previously employed
mechanical deformation indices. © 2020 Elsevier Inc. All rights reserved. (Am J Cardiol
2020;128:45−53)
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Early-onset cardiomyopathy remains a major concern for
people with type 1 diabetes mellitus (DM).1 Subclinical dia-
stolic dysfunction has been recognized as a strong predictor
of cardiovascular morbidity and mortality in many popula-
tions and can be noninvasively evaluated using echocardiog-
raphy or cardiac MRI (CMR).2 In children and young adults,
early signs of myocardial distress may manifest as diastolic
dysfunction or reduced myocardial deformation, well-recog-
nized precursors of diastolic and systolic heart failure,
respectively.3,4 However, the echo-based approaches are cur-
rently limited to 2-dimensional regional quantitative evalua-
tion of myocardial function.5 Recently, LV systolic and
diastolic mechanical dyssynchrony and discoordination meas-
ures have been developed using CMR to investigate global
intra- and interventricular myocardial efficiency.6−12 Addi-
tionally, ventricular discoordination and electro-mechanical
dyssynchrony have been associated with clinical functional
status and exercise tolerance.6,13 Accordingly, the objective of
this study was to use CMR to investigate LV function in ado-
lescents with DM using circumferential strain and strain rate,
conventional strain-derived LV intraventricular mechanical
dyssynchrony (M-Dys), the more recently developed systolic
stretch fraction (SSF) index, along with a novel ventricular
discoordination index we developed, entitled diastolic relax-
ation fraction (DRF).14 Specifically, we aimed to investigate
whether differences in LV mechanical coordination are
found in adolescents with DM compared with normal control
adolescents.
Methods

As a part of the EMERALD study (Effects of MEtformin
on cardiovasculaR function in AdoLescents with type 1
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Diabetes),15 16 adolescents with DM underwent comprehen-
sive baseline CMR for cardiac functional evaluation.
Detailed description of the participants and study design has
already been published.15 Briefly, inclusion criteria were:
age 12 to 21 years, Tanner stage >1, diabetes duration
≥1 year, blood pressure (BP) <140/90mmHg, HbA1c <
12%, nonsmoking, weight<300 lbs, and no medications
affecting BP or insulin sensitivity. Twenty control partici-
pants were recruited prospectively per institutional advertise-
ment to investigate the normal CMR parameters in
adolescents. This study was approved by the Colorado Multi-
ple-Institutional Review Board and all participants and
guardians provided written assent and/or consent as appropri-
ate for given age. All participants underwent CMR evalua-
tion using a previously described protocol.15

LV myocardial deformation analysis including circum-
ferential strain and strain rate analysis was performed as
described previously.10,13 Briefly, cine images were
imported into the tissue tracking module of CVI42 platform
(Version 5.9.1, Circle Cardiovascular Imaging, Calgary,
AB, Canada). The LV myocardium was standardly parceled
into the American Heart Association 16-segment model.
Semiautomatic contouring of the LV endocardial and
epicardial borders generated circumferential strain (e(t))
and strain rate (SR = de(t)/dt) curves for each segment.
Peak circumferential strain and peak systolic and diastolic
SR were registered from each curve along with global cir-
cumferential strain (GCS). Lastly, conventional LV intra-
ventricular mechanical dyssynchrony (M-Dys) was
calculated as a standard deviation of all time-to-peak cir-
cumferential strain values.

We calculated novel markers of ventricular discoordina-
tion, entitled SSF. Originally described by Kirn et al7 and
later modified by Janou�sek et al,8 SSF utilizes myocardial
segment-specific strain and strain rate curves in order to cal-
culate the relative ratio of myocardial contraction to myo-
cardial relaxation within a defined period of the cardiac
cycle. Under ideal conditions, all of the LV myocardial seg-
ments are in the ejection phase, experiencing contraction, as
represented by a negative strain rate (de(t)/dt-). In the set-
ting of LV myocardial discoordination, some segments are
instead undergoing myocardial relaxation, whereas others
are undergoing contraction, described by positive strain
rate (de(t)/dt+).

The postprocessing algorithm of e(t) and de(t)/dt curves
yielding SSF is depicted in Figure 1. A standardization
mean e(t) curve was generated in order to identify time
boundaries defining LV ejection and filling phases. This
was achieved as described previously,14 by calculating the
intercept of a tangent line representing the maximum nega-
tive de(t)/dt with the minimum and maximum values on
generated mean e(t) curve yielding the beginning of ejection
time and end-ejection, respectively. Filling phase was
defined from the time of maximum mean e(t) to the end of
the cardiac cycle. As a next step, de(t)/dt curves for each
American Heart Association segment were separated into
their negative de(t)/dt- and positive de(t)/dt+ components,
representing myocardial contraction and relaxation, respec-
tively. SSF was then calculated as described previously, as
a ratio of summed integrated positive and negative de(t)/dt
components:
SSF ¼�
Pn

i¼1

R t2

t1

de tð Þ
dt

dtþ
h i

Pn
i¼1

R t2

t1
de tð Þ
dt

dt�
h i

In order to assess for mechanical discoordination during
the LV diastole, we extended the principle behind the SSF
calculation further to the filling phase. We propose to utilize
a novel metric inversely titled DRF as recently described by
Frank & Sch€afer,14 which calculates the ratio of myocardial
contraction (de(t)/dt-) to relaxation (de(t)/dt+) during the
ventricular filling phase and is mathematically defined as:

DRF ¼�
Pn

i¼1

R t4

t3

de tð Þ
dt

dt�
h i

Pn
i¼1

R t4

t3

de tð Þ
dt

dtþ
h i

Analyses were performed in Prism 7 (GraphPad Soft-
ware, La Jolla, CA). Continuous variables were checked for
the distributional assumption of normality using normal
plots, in addition to Kolmogorov-Smirnov and Shapiro
Wilks tests. Variables that were positively skewed (eg, SSF
and DRF indices) were natural log-transformed for the cor-
relative analyses. Demographic and clinical characteristics
among adolescents with DM and controls were compared
using Student’s t test for normally distributed continuous
variables, Mann-Whitney test for non-normally distributed
variables, and chi-square for categorical variables. Simple
linear regression analyses were used to examine associa-
tions between HbA1c and diabetes duration with LV dis-
coordination measures.
Results

Participant characteristics and CMR hemodynamics are
summarized in Table 1. There were no differences between
participants with DM and controls in terms of age
(p = 0.08), sex distribution (p = 0.523), or BMI z-score
(p = 0.13). Furthermore, there were no group differences in
LV volumes, ejection fraction, cardiac index, or mass.
Analysis of global LV circumferential strain (LV GCS) is
summarized in Table 2 and Figure 2. There were no differ-
ences in maximal LV GCS between groups (p = 0.84).
Comparative analysis of segment-specific myocardial
deformation indices including maximal circumferential
strain and SR is depicted in Figure 2. There were no
regional differences in maximal LV circumferential strain
between participants with DM and controls. Similarly, there
were no differences between maximal systolic SR (de(t)/dt)
in any LV segments. On the other hand, participants with
DM had a lower maximal diastolic SR (de(t)/dt+) in seg-
ments 8 and 14, corresponding to the inferior-septal region
at the mid-papillary and apical portion of the LV (all p
<0.05). Furthermore, maximal diastolic SR was also lower
in the DM group in the nearby LV segments 3, 9, and 10,
representing the inferior and lateral free-wall at the basal
and mid-papillary levels (all p <0.05).

Analysis of the LV mechanical dyssynchrony and dis-
coordination indices are summarized in Table 2 and
Figure 3. There were no differences in the standard
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Figure 1. Schematic depiction of the postprocessing algorithm of CMR for the left ventricular (LV) discoordination indices. (A) LV endocardial and epicar-

dial segmentation-generated 3D-circumeferential strain model which was then parceled (B) to standardized 16-American Heart Association model, and seg-

ment-specific (C) strain e(t) and strain rate (de(t)/dt) (D) curves were then generated. (E) Mean e(t) was calculated to define the temporal boundary condition

defining the ejection and filling phases. (F) The actual calculation of systolic stretch fraction (SSF) and diastolic relaxation fraction (DRF) required separation

of the de(t)/dt curves into positive and negative components with subsequent integration and summation to arrive at the final ratio.

Cardiomyopathy/LV Discoordination in Type 1 Diabetes 47



Table 1

Participant characteristics and MRI left ventricular hemodynamics

Variable DM (n = 16) Control (n = 20) p Value

Age (years) 16.5 § 3.1 14.7 § 2.6 0.08

Girls 7 (44%) 12 (60%) 0.53

BMI z-score 0.94 § 1.1 0.44 § 0.58 0.13

Diabetes duration (years) 7.9 § 4.5

HbA1c (mmol/mol) 87 § 17

Heart rate (bpm) 68 § 11 72 § 14 0.33

End-diastolic volume index (ml/m2) 84 § 16 84 § 22 0.97

End-systolic volume index (mL/m2) 33 § 9 31 § 10 0.54

Stroke volume index (mL/m2) 51 § 11 53 § 14 0.63

Ejection fraction (%) 61 § 7 64 § 4 0.17

Cardiac mass (L/min/m2) 3.5 § 0.9 3.8 § 0.8 0.45

Ventricular mass (g) 81 § 19 82 § 21 0.88

All values are reported as mean § SD or median with interquartile range.

Table 2

Left ventricular mechanics

Variable DM (n = 16) Control (n = 20) p Value

Mechanical dyssynchrony (ms) 15 (12 - 22) 15 (10-17) 0.28

Global circumferential strain (%) �19.2 § 2.3 �20.1 § 2.1 0.84

Systolic stretch fraction (*102) 3.6 (1.9 - 5.4) 2.0 (1.6-2.6) 0.03

Diastolic relaxation fraction 0.36 (0.33 - 0.42) 0.30 (0.29-0.33) <0.001

Values reported as median with corresponding interquartile range or mean § SD.
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mechanical dyssynchrony measure, M-Dys, between groups
(p = 0.28). However, participants with DM had both higher
median (IQR) SSF (p = 0.03) and DRF (p <0.001) com-
pared with controls, showing systolic and diastolic mechan-
ical discoordination, respectively. A representative
example comparing LV coordination between participants
with DM and controls is portrayed in Figure 4. There was a
higher proportion of positive SR - de(t)/dt+ datapoints dur-
ing the ejection phase in people with DM compared with
the controls. Similarly, there was a higher ratio of negative
SR de(t)/dt- datapoints during the diastolic filling phase in
participants with DM. Interobserver analysis for SSF analy-
sis between 2 independent readers (M.S. and D.E.) revealed
minimal bias (0.002 with 95% limits agreement from
�0.031 to 0.032, with a correlation coefficient of 0.84).

Lastly, correlative analysis between HbA1c and diabetes
duration with the markers of LV dyssynchrony is summa-
rized in Table 3. We did not observe any significant correla-
tions between the considered metrics.
Discussion

Abnormal LV myocardial deformation is a well
described early component of DM-related cardiomyopathy,
recognizable already in children and young adults.16,17 In
this study, we found that (1) adolescents with DM have LV
systolic and diastolic discoordination in the setting of nor-
mal ventricular size and systolic function, (2) early signs of
diastolic dysfunction were present in adolescents with DM
as evidenced by reduced diastolic SR, and (3) myocardial
dyssynchrony and discoordination were not correlated with
glycemic control (HbA1c) or diabetes duration. Ventricular
discoordination is an increasingly recognized marker of
myocardial dysfunction with considerable prognostic value
in detection of adverse clinical outcomes.12 In this study,
we introduce a novel marker ventricular diastolic discoordi-
nation, DRF, which evaluates the efficiency and dynamics
of LV myocardial relaxation. This novel marker was able to
detect differences in adolescents with DM versus control
adolescents, despite their young age, and thus holds poten-
tial as a sensitive marker of cardiac dysfunction in youth.

The concept of LV mechanical discoordination was origi-
nally introduced to improve the understanding of the relation
between electrical and mechanical dyssynchrony. Unlike the
conventional mechanical dyssynchrony addressed by time-to-
peak analysis, discoordination indices such as SSF and DRF
are more reflective of myocardial contractile and relaxation
efficiency with respect to the phase of cardiac cycle.7,9 Conse-
quently, one can assess the amount of mechanically wasted
active and passive myocardial energy during systole and dias-
tole, respectively. Neither mechanical nor electrical dyssyn-
chrony have been previously investigated in DM. Both
abnormal metabolic control and autonomic dysfunction have
been postulated to impact structural myocardial remodeling
including the conduction system but the exact mechanism
underlying remodeling is unknown.18 Unlike some reports
using echocardiographic strain or Doppler indices,16,19,20 we
did not observe a relation between the discoordination meas-
ures and HbA1c or diabetes duration. Poor myocardial con-
tractile efficiency from LV mechanical discoordination may
limit exercise performance21 and could contribute to the low
VO2 peak we previously reported in DM adolescents.

The primary imaging modality for the assessment of LV
systolic function in this population has been echocardiography
with speckle tracking. However, the literature comparing vari-
ous types of strain indices in youth with DM is inconsistent.

www.ajconline.org


Figure 2. Comparison of regular myocardial deformation indices in participants with type 1 diabetes (DM) and controls. Maximal circumferential strain val-

ues were not different between (A) participants with DM and (B) controls. Similarly, there were no differences in maximal systolic (positive) strain rate

between the (C) DM group and (D) controls. Patients with (E) DM had reduced maximal diastolic (negative) strain rate at segments 3, 8, 9, 10, and 14, com-

pared with (F) controls.

Cardiomyopathy/LV Discoordination in Type 1 Diabetes 49
The classical early sign of LV systolic dysfunction evident by
noninvasive imaging is a reduction in longitudinal strain as
explained by the subendocardial location of the LV
longitudinal fibers, which are thought to be most susceptible
to ischemic injury.22 Indeed, reduced LV global longitudinal
strain and SR from echocardiographic speckle tracking have



Figure 3. Graphical representation of LV mechanical discoordination and dyssynchrony results. (A) Systolic stretch fraction (SSF) was elevated in partici-

pants with type 1 diabetes (DM), (B) as was diastolic relaxation fraction (DRF). (C) There were no group differences in (C) left ventricular global circumfer-

ential strain (LV GCS) or (D) conventional mechanical dyssynchrony as evaluated by time-to-peak analysis.

50 The American Journal of Cardiology (www.ajconline.org)
been reported in children and adolescents with DM.3,4 Further-
more, decreased longitudinal strain in DM has previously been
associated with poor glycemic control.19,20 In contrast, in a
recent study in youth with DM, our group reported reduced
circumferential strain in a larger group of sedentary adoles-
cents with DM versus sedentary controls from echocardio-
graphic speckle tracking, while the longitudinal strain
remained preserved.23 These results were partially confirmed
in a large study by Bradley et al, describing simultaneously
reduced longitudinal and circumferential strain in adolescents
with DM.4 On the other hand, our CMR-based study and
some other echocardiography-based studies report preserved
LV circumferential strain and SR indices.19,20 These discrep-
ancies may be partially explained by short-term metabolic
changes influencing LV systolic performance, to differences
in habitual physical activity, different image postprocessing
techniques, or sample size limitations. Furthermore, Hensel et
al reported that temporarily increased blood glucose values
led to increases in LV circumferential and longitudinal
strain.17

Inconsistent results also exist in studies investigating
subclinical LV diastolic dysfunction. Normal LV inflow
values provided by standard Doppler echocardiography
have been shown in the majority of pediatric studies,4,19,23

with abnormal values demonstrated in a few studies.24,25

The most consistent marker of diastolic dysfunction
throughout the literature to date is an elevated E/e’
ratio.2,5,26 However, this marker is recognized to poorly
predict elevated LV pressures.27 Di Cori et al further
reported an association between tissue Doppler indices and
diabetes duration in young adults with DM.16 In the current
study, we observed reduced LV diastolic circumferential
SR, interestingly clustered around the inferior septal and
free wall region. We speculate that regional diastolic SR
might be a sensitive marker of early LV restrictive remodel-
ing in youth with DM, but larger studies optimally utilizing
3D rather than 2-D-echocardiography are warranted to sup-
port our preliminary results.

We would like to acknowledge several limitations of our
study. First, our small CMR sample size limited further
exploration the relation between discoordination indices
and other potential contributors. Second, the effect of
CMR-related temporal resolution on the calculation of dis-
coordination indices is unknown. However, CMR-based tis-
sue/feature tracking is a well-validated technique broadly
used in research imaging.28 Since the SSF calculation was
previously only applied to right ventricular discoordination
in smaller group of patients with tetralogy of Fallot, we
lack an appropriate quantitative comparison group. Simi-
larly, DRF calculation was applied for the first time in the
present study, and its validation and accuracy are warranted
in future larger studies using other CMR techniques assess-
ing myocardial deformation. In general, we consider this
initial study on LV discoordination preliminary and hypoth-
esis generating, and encourage replication in larger sample
sizes with other imaging modalities as well as longitudinal

www.ajconline.org


Figure 4. Comparative analysis of representative A) T1D and B) control strain curves. Resulting systolic stretch fraction (SSF) and diastolic relaxation frac-

tion (DRF) calculations are depicted for respective C) T1D and D) control participants. Note that color highlighted positive and negative strain rate curves

represent the global average for graphical representation purposes but were not statistically compared.

Table 3

Associations between left ventricular mechanics, HbA1c, and diabetes duration

Variable HbA1c (per 1%) Diabetes duration (per 1 year)

b § SE p Value b § SE p Value

Mechanical dyssynchrony (ms) 0.43 § 0.99 0.67 �0.01 § 0.39 0.93

Global circumferential strain (%) 0.16 § 0.35 0.66 0.14 § 0.13 0.33

Systolic stretch fraction �0.02 § 0.14 0.89 �0.05 § 0.05 0.35

Diastolic relaxation fraction �0.03 § 0.03 0.27 0.01 § 0.01 0.59

Data reported as beta values § SE.
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studies to determine the long-term implications of our find-
ings.

In conclusion, our results suggest that adolescents with
DM have both LV systolic and diastolic discoordination,
supporting the concept of early-onset cardiomyopathy in
this at-risk population. Importantly, the presence of discoor-
dination in the setting of normal LV size and function may
imply a role for discoordination indices as an early screen-
ing marker which may be more sensitive than regular
mechanical deformation indices. CMR could potentially
provide comprehensive noninvasive ventricular functional
and volumetric evaluation in young people with DM, which
could complement standard echocardiographic studies.
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