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Purpose:

Materials and
Methods:

Results:

Conclusion:

To determine if cine displacement encoding with stimu-
lated echoes (DENSE) can help to identify and determine
the patterns of subclinical myocardial systolic dysfunction
in patients with type 2 diabetes mellitus (DM) when com-
pared with cine DENSE in control patients.

After obtaining approval from the institutional ethics com-
mittee and written informed consent from the patients, 37
patients with type 2 DM without overt heart disease and
23 age-matched control patients were prospectively in-
cluded in the study. The patients underwent standard cine
magnetic resonance (MR) imaging with two-dimensional
cine DENSE acquisitions. Circumferential (Ecc) and radial
(Err) systolic strains were measured on short-axis views
at basal, mid, and apical left ventricular levels. Longitudi-
nal strain (Ell) was measured on four- and two-chamber
views. Statistical testing included the intraclass correla-
tion coefficient and multiple linear regression analysis.

The intraobserver intraclass correlation coefficient values
were 0.85, 0.95, and 0.90, and the interobserver intra-
class correlation coefficient values were 0.79, 0.91 and
0.80 for Ecc, Err, and Ell, respectively. The left ventricular
ejection fraction was in the reference range and similar
between the groups, and the patients with DM showed a
decrease in Ecc (—=14.4% = 1.6 vs —17.0% * 1.6, P <
.001), Err (36.2% = 10.9 vs 44.4% = 9.9, P = .006) and
Ell (=12.9% = 2.1 vs —=15.5% = 1.6, P < .001) compared
with the control patients. Finally, DM was independently
associated with Ecc (P < .001), Err (P = .05) and Ell
(P = .01) after adjustment for age, sex, hypertension,
body mass index, and left ventricular mass.

Cine DENSE, a motion-encoding MR imaging technique
for myocardial strain assessment with high spatial resolu-
tion, appears to be useful in the identification of subclini-

cal myocardial dysfunction in patients with DM.

©RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup
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oninvasive assessment of myo-
cardial function based on strain
is of growing interest because
of its clinical value in the detection of
early myocardial dysfunction (1) and
stratifying patient prognosis (2). Car-
diovascular MR imaging techniques
are considered reference techniques,
especially MR tagging, which remains
the most widely available and vali-
dated MR modality
for myocardial strain quantification
(3). Cine displacement encoding with
stimulated echoes (DENSE) has been
proposed as a method that offers in-
creased spatial resolution related to
the pixelwise displacement encoding
and more direct computation of dis-
placement (4,5). As a result of experi-
mental studies that used phantom and
animal models (4,6-12), methodologic
and postprocessing implementations
have been achieved during the last de-
cade; therefore, cine DENSE seems
suitable for use in clinical practice
(6-9,13-17). Thus far, clinical appli-
cations of cine DENSE have not been
established, and preliminary data have
involved a limited number of patients
(5,6,8,13,16,18-20).
Diabetic cardiomyopathy is an im-
portant factor in the increased cardio-
vascular morbidity and mortality asso-

Advances in Knowledge

® Cine displacement encoding with
stimulated echoes (DENSE) MR
imaging helps to identify de-
creases in circumferential, radial,
and longitudinal systolic strain in
patients with type-2 diabetes
mellitus who do not have overt
heart disease, compared with
age-matched normoglycemic con-
trol patients.

cardiovascular

B Subclinical circumferential,
radial, and longitudinal myocar-
dial dysfunction, as assessed by
using cine DENSE, is indepen-
dently associated with type-2
diabetes mellitus after adjust-
ment for age, sex, hypertension,
body mass index, and left ven-
tricular mass.

ciated with diabetes mellitus (DM)
(21). This pathology is defined as an al-
teration in cardiac structure and func-
tion in the absence of coronary artery
disease, hypertension, or other po-
tential etiologic factors (21). At a pre-
clinical stage, echocardiographic tech-
niques such as tissue Doppler imaging
and speckle tracking imaging have sug-
gested subclinical systolic myocardial
dysfunction in patients with type-2 DM
who do not have patent cardiomyopa-
thy (22-23). Such subtle systolic alter-
ations are considered to be early signs
of diabetic cardiomyopathy (22-25).
Although a decrease in longitudinal
myocardial strain has been shown in
this population, the occurrence of cir-
cumferential and radial abnormalities
remains controversial, particularly be-
cause of the limitations of ultrasono-
graphic (US) techniques (26).

Because of its improved motion
encoding and intrinsic ability to allow
assessment of myocardial strain in
all three directions, cine DENSE may
serve as an alternative clinical tool
for quantifying myocardial strains in
cardiomyopathy of patients with DM.
Consequently, we hypothesized that
cine DENSE would show an alteration
of myocardial circumferential, radial,
and longitudinal function in patients
with type-2 DM who do not have
overt cardiac disease. Therefore, the
objective of this study was to evalu-
ate whether the use of cine DENSE
can help to identify and determine
the patterns of subclinical myocardial
systolic dysfunction in patients with
DM compared with healthy control
patients.

Implication for Patient Care

® Cine DENSE is a motion-encod-
ing MR imaging technique to
assess for myocardial strain for
detection of early myocardial
dysfunction; further research is
needed to assess whether the
detection of subclinical myocar-
dial dysfunction is of prognostic
value, especially in patients with
diabetes mellitus.

Materials and Methods

No industry gave support for and the
authors declare to have no financial
conflict of interest related to this study.
The study protocol was approved by
the local ethics committee of our insti-
tution. All patients provided written in-
formed consent after the nature of the
procedure was fully explained.

Study Population

We prospectively enrolled 60 patients
(mean age, 49.9 years; range, 29-66
years) between March 2008 and Au-
gust 2010. Mean age for the men was
50 years (range, 29-66 years) and for
the women, 49.7 years (range, 40-35
years) (P = .48, x® test). Among the
60 patients, we included 37 patients
with type-2 DM with a mean age of
50.1 years (range, 38-66 years). Mean
age of men (50.3 years; range, 38-66
years) and women (49.8 years; range,
46-53 years) with diabetes was not dif-
ferent (P = .69). There was no statisti-
cally significant difference between the
sexes in patient age (P = .69). The 60
patients also included 23 age-matched
normoglycemic control patients with a
mean age of 49.0 years (range, 29-66

Published online before print
10.1148/radiol. 12112571 Content code:

Radiology 2012; 265:402—409
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DENSE = displacement encoding with stimulated echoes
DM = diabetes mellitus

Ecc = circumferential strain

Ell = longitudinal strain

Err = radial strain

LV = left ventricular
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years), with 47.0 years (29-66 years)
and 49.5 years (40-35 years) for men
and women, respectively. (P = .98).

Patients with type-2 DM were re-
cruited in the outpatient Department of
Endocrinology of our institution if they
met the following inclusion criteria: age
35-63 years; oral antidiabetic or insulin
treatment; no signs, symptoms, or his-
tory of heart disease (cardiomyopathy,
coronary artery disease or valvular heart
disease); sinus rhythm; left ventricular
(LV) ejection fraction greater than 55%;
absence of regional LV motion abnor-
malities assessed by means of cine MR
imaging, standard resting echocardio-
graphic results in the reference range,
and the absence of contraindications
to MR imaging. The exclusion criteria
were severe renal failure, defined as a
glomerular filtration rate estimated as
a modification of diet in renal disease
formula result of less than 30 ml/
min/1.73 mm? (n = 2); severe, uncon-
trolled DM, defined as glycated hemo-
globin of greater than 12% or glycemia
greater than 3 g/L (n = 1); uncontrolled
blood pressure at rest, defined as sys-
tolic blood pressure greater than 180
mm Hg and/or diastolic blood pressure
greater than 100 mm Hg (n = 2). In ad-
dition, all patients underwent a maxi-
mal exercise electrocardiogram (= 85%
of maximum predicted heart rate), or
stress echocardiography or myocardial
perfusion scintigraphy within 1 month
before inclusion. Patients were ex-
cluded from the study if silent ischemia
was present, defined as a positive stress
test.

A group of 23 normoglycemic pa-
tients was selected to constitute an age-
matched control group. In addition,
patients were eligible if they met the
following criteria: no signs, symptoms,
or history of heart disease; LV ejection
fraction greater than 55%; absence of
regional LV motion abnormalities; stan-
dard echocardiographic results in the
reference range; sinus rhythm; blood
pressure at rest less than or equal to
140/90 mm Hg; and the absence of
contraindications to MR imaging. All
patients of this cohort underwent two-
dimensional cine DENSE MR imaging

at inclusion.

MR Imaging Protocol

Cardiovascular MR studies were per-
formed by using 1.5-T whole-body MR
imagers (Magnetom Avanto and So-
nata; Siemens Medical Solutions, Er-
langen, Germany). Cine MR imaging
acquisitions were performed to assess
LV mass, volume, and ejection frac-
tion. We used breath-hold electrocar-
diogram-gated steady-state free pre-
cession pulse cine sequences in both
long- and short-axis views in standard
angulations (repetition time, 3 msec;
echo time, 1.6 msec; section thick-
ness, 7 mm; at least 20 phases; matrix
size, 256 X 184). The short axis im-
aging covered the whole LV with 8-12
contiguous sections.

Subsequently, a two-dimensional
cine DENSE pulse sequence with a
short echo train echo-planar imaging
readout (breath hold, 15-20 seconds;
20 phases; flip angle, 6 degrees; voxel
size, 2 X 2 X 7 mm; echo train length,
six; displacement-encoding sensitivities
of 0.63-0.84 rad/mm) was acquired in
short-axis views at the basal, mid, and
apical levels, as well as in two long-axis
views (four- and two-chamber views).
The short-axis locations were selected
on an end-diastolic, two-chamber, and
long-axis cine view (16).

Postprocessing

All analyses were carried out indepen-
dently by two observers (L.E. and P.C.,
with 5 and 21 years of experience, re-
spectively) who were blinded to all clin-
ical and biologic data (27).

LV volume, mass, and ejection frac-
tion were assessed at standard cine
MR imaging by using dedicated soft-
ware (Argus VAS0A; Siemens, Erlan-
gen, Germany). The first frame in each
series was defined as the end-diastolic
frame, and the image with the smallest
ventricular volume was defined as the
end-systolic frame. For LV ejection frac-
tion calculation, the endocardial and
epicardial contours of the end-diastolic
and end-systolic frames of the LV were
traced.

By using a 17-segment model of the
LV (28), we measured the circumferen-
tial (Ecc), radial (Err) and longitudinal
(Ell) myocardial strains with cine DENSE

acquisitions. Err and Ecc were assessed
on short-axis views at the basal, mid,
and apical levels, and Ell was assessed
on the two long-axis views. The apical
segment was excluded, and the analysis
was performed on the remaining 16 LV
segments for Ecc and Err and on 12 seg-
ments for Ell.

Cine DENSE postprocessing was
performed on a laptop computer by
using adaptive phase unwrapping and
spatial filtering techniques (16) (Fig 1).
A step-by-step semiautomated software
program was used (DENSEview; Na-
tional Institutes of Health, Bethesda,
Md). In the first step, the initial multi-
channel complex images were combined
into three cine sets encoded in the three
Cartesian directions. The operator then
manually defined the myocardial wall on
the last cine frame by drawing the en-
docardial and epicardial borders of the
LV. In later steps, all phase maps were
unwrapped with an adaptive technique,
converted to displacement vectors, and
spatially filtered. In the next step of tis-
sue tracking, the myocardial pixels were
followed over time with displacement
vectors. Through this process, manual
segmentation of the last cine frame was
extended to the other frames. Strain
maps and the mean values of strain
in each segment were obtained in a
text file. The average maximal systolic
strain at the three LV levels (base, mid,
apex) and the whole-heart mean value
for each patient were subsequently
calculated.

Intraobserver and Interobserver
Variability

To define the variability of the strain
measurements, 14 patients (seven pa-
tients with DM and seven control pa-
tients) were randomly selected. In these
patients, cine DENSE analyses were
repeated 3 months later by the same
observer, and the analyses were per-
formed by a second blinded observer.

Biochemistry

Blood samples were obtained from pa-
tients with type-2 DM for biochemical
analysis of renal function; electrolytes;
triglycerides; total, low density, and
high density lipoprotein cholesterol;
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magnitude

Strain maps (Ecc)

o

Figure 1:

and glycated hemoglobin. Microalbu-
minuria was also measured in all DM
patients. All patients had fasted and re-
frained from smoking for 6 hours.

Statistical Analysis
The statistical analysis was performed
by using SPSS 17.0 (SPSS, Chicago,
). Normally distributed data were
expressed as the mean * standard de-
viation, and categorical variables were
expressed as numbers and percentages.
Baseline data in the two groups were
compared by using the unpaired ¢ test
for the continuous variables and the x*
test for the categorical variables. Uni-
variate and two-way analysis of vari-
ance were used to determine the effects
of disease and LV levels on strain values
and to further assess second-order in-
teraction terms between the indepen-
dent variables.

Feasibility was determined as the
number of segments in which the im-
age quality and the signal-to-noise ratio

Tissue trackin

llustration of the steps of cine DENSE postprocessing.

were sufficient to calculate the strain
value; otherwise, no strain value was
obtained. Intraobserver and interob-
server variability were assessed by us-
ing a Bland-Altman analysis (29) and
two-way random intraclass correlation
coefficients.

Finally, independent associations
between DM and systolic strain values
were studied by using a linear regres-
sion with multivariable adjustments
for potentially confounding factors (eg,
age, sex, history of hypertension, body
mass index, LV mass, and LV ejection
fraction). In a second model, history
of hypertension was replaced by sys-
tolic blood pressure during the MR
imaging examination. Variables asso-
ciated with a P value less than .10 in
simple linear regression were selected
to enter the backward selection model.
The same analysis was performed in
the DM patients to analyze the associ-
ations between systolic strain and DM
duration, DM imbalance (HbA1C),

Phase unwrapping

renal function, cholesterol levels, and
medications.

All statistical analysis per-
formed on the average strain values
obtained from the patients (with a to-
tal number of 60 points) except intrao-
bserver and interobserver variability,
which were assessed on the basis of
independent segmental strain values. A
P value of less than .05 was considered
to indicate statistical significance.

Characteristics of the Study Population

The DM patients had a higher body
mass index than the control patients
did (Table E1 [online]). The systolic
blood pressure levels were higher in the
DM patients than those in the control
patients, although all the levels were in
the reference range. A standard cine
MR imaging analysis showed a normal
LV ejection fraction that was similar

was
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between the two groups. LV mass was
higher in the patients with DM than
that in the control patients. The de-
tailed characteristics of patients with
type-2 DM are provided in Table E2
(online).

Feasibility and Reproducibility

The average postprocessing time was
5 minutes per section analysis. Strain
calculations were feasible with cine
DENSE in 909 of the 976 segments
(93%) for Ecc, in 819 of the 976 seg-
ments (84%) for Err, and in 521 of the
732 segments (71%) for Ell. In the re-
maining segments (n = 67; [7%], 157
[16%], and 211 [29%)] for Ecc, Err,
and Ell, respectively), image quality
and/or the signal-to-noise ratio were
insufficient for calculation of the strain
value (ie, no strain value was calcu-
lated by DENSEview software).

The intraobserver  limits  of
agreement were —4.5% to 4.3% for
Ece, —12.6% to 11.8% for Err, and
—3.1% to 3.5% for Ell. The interob-
server limits of agreement were —35.3%

0-
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to 5.1% for Ecc, —17.5% to 16.9% for
Err, and —4.7% to 4.9% for Ell. The
corresponding intraclass correlation
coefficient values were 0.85, 0.95, and
0.90 for the intraobserver analysis and
0.79, 0.91, and 0.80 for the interob-
server analysis for Ecc, Err, and Ell,
respectively.

Myocardial Systolic Strain Assessment

As shown in Figures 2 and 3, the pa-
tients with DM showed a decrease in
global Ecc (—14.4% = 1.6 vs —17.0%
+ 1.6; P < .001), Err (36.2% = 10.9
vs 44.4% =+ 9.9, P = .006) and Ell
(-12.9% = 2.1 vs —15.5% = 1.6, P
< .001) compared with the control pa-
tients. Ecc, Err, and Ell were all signif-
icantly lower in the patients with type-
2 DM than in the control patients at
the three LV levels, except at the apical
level for Err.

A significant difference between the
three LV levels was found for Ecc and
Err values in both the patients with DM
(P < .001 for Ecc and P = .001 for Err)
and control patients (P < .001 for Ecc

Global

Figure 2:  Graphs show mean values of maximal systolic
strain assessed at cine DENSE MR imaging at basal, mid, and
apical levels of LV and in the whole heart (global) in patients
with type-2 DM (red bars) and control patients (gray bars). For
comparisons of patients with type-2 DM and control patients,
P <.05(*) and P << .01 (=+). Error bars = standard deviation.

and Err), with a significant decrease of
this difference in the patients with DM
(DM*level interaction term: P = .02 for
Ecc and P = .001 for Err). No difference
was found between the three LV levels
in Ell in the patients with DM (P = .24)
or in the control patients (P = .006).
Segmental and individual values of
Ecc, Err, and Ell in both groups are de-
scribed in Figures E1 and E2 (online).
Twelve of the 16 LV segments showed
a decrease in Ecc values in the patients
with DM compared with those of the
the control patients. Err was mainly
decreased in the basal segments. Fi-
nally, Ell was altered in all segments
except for the inferoseptal segments.

Multivariable Analysis

By multivariable analysis, DM was in-
dependently associated with Ecc (B
= .017, P < .001), Err (B = —.038, P
= .05), and Ell (B = .014, P = .01) af-
ter adjustment for age, sex, history
of hypertension, body mass index, LV
mass, and LV ejection fraction. When
the same model included systolic blood
pressure level instead of history of hy-
pertension, the results remained essen-
tially unchanged for Ecc (B = .017, P <
.001), Err (B = —.058, P = .05) and Ell
(B =.015, P =.006).
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Figure 3:  Strain maps (left) and strain curves (right) show measurement of Ecc in a 50-year-old man with type-2 DM and a 50-year-
old man from the control group on short-axis view at midventricular level.

In addition, a multivariable analysis
of the DM patients showed that Ecc
was not associated with DM duration,
HbA1C, cholesterol levels, renal func-
tion, microalbuminuria, retinopathy, or
medications, although it was associated
with the use of B blockers (B = —.024,
P = .01). Neither Err nor Ell was asso-
ciated with DM duration, HbA1C, cho-
lesterol levels, renal function, microal-
buminuria, retinopathy, or medications.

In this study, by using cine DENSE,
we showed alterations in the three
components of myocardial function
(ie, Ecc, Err, Ell) in patients with
type-2 DM compared with those in
control patients. Myocardial dysfunc-
tion assessed by using cine DENSE

was independently associated with
DM after adjusting for age, sex, his-
tory of hypertension, body mass in-
dex, and LV mass. The results of this
study show that cine DENSE is fea-
sible and reproducible for identifying
decreases in myocardial systolic strain
in patients with DM.

Large epidemiologic studies have
showed that DM is a risk factor for heart
failure independent of hypertension,
coronary artery disease, or other po-
tential etiologic factors (30,31). Various
adverse effects of diabetes that affect
the myocardium have been described
in experimental studies, including im-
paired calcium homeostasis, alteration
of substrate use, lipotoxicity, gluco-
toxicity, mitochondrial dysfunction, in-
creased oxidative stress, and activation
of the renin-angiotensin-aldosterone

system (21,32). Such alterations lead
to cardiomyocyte necrosis and apopto-
sis associated with fibrosis and subse-
quent myocardial dysfunction, which
is called diabetic cardiomyopathy (33).
At an early stage, US techniques for
myocardial strain assessment such as
tissue Doppler imaging (22,34-38) and
speckle tracking imaging (23-25) help
show decreases in systolic function in
DM patients without patent cardio-
myopathy, compared with that in nor-
moglycemic patients. Because of tech-
nical issues, longitudinal dysfunction
(22,34-38) has been well validated by
using US techniques. In comparison,
the importance of radial dysfunction
is more controversial (24,25,34,33),
but circumferential function is largely
unexplored, with only preliminary and
conflicting data (23,24). MR imaging
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techniques provide reliable assessment
of myocardial strain in the circumfer-
ential direction, which has the least
measurement noise (3). Consequently,
the results of our study of the use of
the cine DENSE method confirmed that
radial function is decreased in DM pa-
tients (23), but it also showed that cir-
cumferential function is altered in DM
patients compared with normoglycemic
patients. Furthermore,
Ecc, Err, and Ell strains were indepen-
dently associated with DM after adjust-
ment for confounding factors, such as
age, sex, history of hypertension, body
mass index, and LV mass.

To our knowledge, researchers of
only one published study investigated
myocardial deformation in patients
with DM by using MR tagging and
have identified decreases in Err and
Ell strains (39). However, that study
included patients with severe diabetes
and diastolic abnormalities, diabetes
imbalance (HbA1C, 9.3% = 1.7), and
diabetes complications and did not in-
clude an assessment of radial function.
In addition, silent ischemia was not ex-
cluded in that population (39). In our
study, we explored the sensitivity of
cine DENSE for identifying myocardial
dysfunction and enrolled an unselected
group of patients with type-2 DM who
did not have overt heart disease. In ad-
dition, we excluded patients who had
experienced silent ischemia during the
month before inclusion on the basis of
the results of a noninvasive stress test.
We showed an alteration in the cir-
cumferential, radial, and longitudinal
functions in this DM group compared
with those of age-matched normogly-
cemic control patients. By using cine
DENSE, we extended and confirmed
previous observations of alterations in
longitudinal and radial strains with US
techniques in DM patients, whereas
previous studies have described the
preservation of (24) and increase in
radial function (35,36) to compensate
for decreased longitudinal function.

MR tagging is currently consid-
ered the reference standard technique
for myocardial strain assessment (3).
However, MR tagging has an intrinsi-
cally limited encoding spatial resolution

decreases in

that is based on tag spacing (5-6 mm),
which is different from image resolu-
tion. Conversely, the spatial resolution
of cine DENSE provides an improved
encoding spatial resolution compared
with that of MR tagging because the
latter corresponds with image resolu-
tion (pixel-wise, 1.5-2 mm) (16). Cine
DENSE is a technique based on the
modulation of the phase of each pixel
according to its position (ie, by using a
stimulated echo with a bipolar gradient
for displacement encoding) (4). The
phase of the MR signal is proportional
to the displacement of the tissue (eg,
in the direction of the gradient field).
Strain maps can be computed by using
the spatial derivative of the measured
displacement. A second advantage of
this technique is an intrinsic two- or
three-dimensional acquisition method
(41). In our study, we chose to perform
two-dimensional acquisitions to reduce
breath-hold durations and to avoid re-
spiratory artifacts. Postprocessing was
time consuming when DENSEview soft-
ware was used, but inline automatic
postprocessing is ongoing.

Despite major advantages and the
development of the cine DENSE tech-
nique, data in humans remain limited
(5,6,8,13,16,18-20). In this study, we
showed that cine DENSE is both feasi-
ble and reproducible in clinical prac-
tice. The intraobserver and interob-
server variability were low, but there
were higher intraobserver and inter-
observer limits of agreement of strain
values in Err direction compared with
those of Ecc and Ell, confirming that
Err is more susceptible to noise than
is Ecc (3). This might be due to the
fewer pixels across the wall compared
with the numerous pixels available for
Ecc and Ell measurements.

Because coronary angiography was
not performed in this study, coronary
artery disease could not be explicitly
excluded in all patients. However, be-
cause of the morbidity and mortality
associated with this invasive proce-
dure, coronary angiography was con-
sidered wunethical in asymptomatic
patients without overt heart disease.
Consequently, all patients underwent
noninvasive stress testing to detect

silent ischemia. Although detection of
coronary artery disease by noninvasive
stress tests includes a risk of false neg-
ative results, the probability that the
patients of our study had a significant
coronary stenosis was very low.

Segmental strain values were de-
fined as maximal systolic strain (ie,
peak systolic strain) such as those used
in previous studies (40). The measure-
ment of peak systolic strain might be
susceptible to noise. However, the use
of adaptive spatial filtering has been
shown to reduce the noise of strain
measurements (16).

Finally, the patients with DM and
control patients were not matched by
sex. However, through a multivariable
analysis, we showed that DM was inde-
pendently associated with decreases in
Ecc, Err, and Ell function after adjust-
ing for sex.

In conclusion, cine DENSE is a mo-
tion-encoding MR imaging technique
for myocardial strain assessment with
high spatial resolution that allows iden-
tification of subclinical myocardial dys-
function in patients with DM.
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