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Aims Resting echocardiography is a valuable method for detecting subclinical heart failure (HF) in patients with diabetes
mellitus (DM). However, few studies have assessed the incremental value of diastolic stress for detecting subclinical
HF in this population.

...................................................................................................................................................................................................
Methods and
results

Asymptomatic patients with Type 2 DM were prospectively enrolled. Subclinical HF was assessed using systolic
dysfunction (left ventricular longitudinal strain <16% at rest and <19% after exercise in absolute value), abnormal
cardiac morphology, or diastolic dysfunction (E/e0 > 10). Metabolic equivalents (METs) were calculated using tread-
mill speed and grade, and functional capacity was assessed by percent-predicted METs (ppMETs). Among 161
patients studied (mean age of 59 ± 11 years and 57% male sex), subclinical HF was observed in 68% at rest and in
79% with exercise. Among characteristics, diastolic stress had the highest yield in improving detection of HF with
57% of abnormal cases after exercise and 45% at rest. Patients with revealed diastolic dysfunction during stress had
significantly lower exercise capacity than patients with normal diastolic stress (7.3 ± 2.1 vs. 8.8 ± 2.5, P < 0.001 for
peak METs and 91 ± 30% vs. 105 ± 30%, P = 0.04 for ppMETs). On multivariable modelling found that age (beta =
-0.33), male sex (beta = 0.21), body mass index (beta = -0.49), and exercise E/e0 >10 (beta = -0.17) were independ-
ently associated with peak METs (combined R2 = 0.46). A network correlation map revealed the connectivity of
peak METs and diastolic properties as central features in patients with DM.

...................................................................................................................................................................................................
Conclusion Diastolic stress test improves the detection of subclinical HF in patients with diabetes mellitus.
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..Introduction

Detecting early-stage heart failure (HF) in patients with diabetes mel-
litus (DM) has been shown to identify patients at higher risk of poor
cardiovascular outcome. For example, Dandamudi et al.1 reported
that diastolic dysfunction predicts long-term mortality as well as de-
velopment of HF in patients with DM. Other important features that
help define early-stage HF include ventricular remodelling or hyper-
trophy as well as impaired left ventricular longitudinal strain (LVLS).
Lam et al.2,3 demonstrated that left ventricular (LV) hypertrophy with
increased relative wall thickness (RWT) is strongly associated with
increased risk of HF with preserved ejection fraction (EF) and Liu et
al.4 reported that LVLS rather than LV ejection fraction (LVEF) is pre-
dictive of cardiovascular events in patients with Type 2 DM.
Cauwenberghs et al.5 have also demonstrated the importance of sub-
clinical cardiac remodelling, along with LV systolic and diastolic dys-
function in predicting cardiovascular events and these parameters
were complementary to the atherosclerotic cardiovascular disease
risk score.

While early-stage diabetic cardiomyopathy (DCM) has usually
been defined based on resting studies, exercise testing could help fur-
ther define subclinical HF by assessing contractile reserve and diastol-
ic stress. Contractile reserve measures the ability of the ventricle to
increase its systolic performance under stress (exercise or pharma-
cological), while diastolic stress assesses whether filling pressure
increases during exercise. Previous studies have reported that
patients with DM exhibit reduced contractile function during exer-
cise,6 while other studies have demonstrated that overt LV diastolic
dysfunction during exercise was associated with impaired functional
capacity in patients with Type 2 DM.7,8 Recently, diastolic stress
echocardiography has been proposed to uncover diastolic dysfunc-
tion in those patients who do not present diastolic dysfunction at
rest.9–11

To date, few studies have assessed the incremental value of exer-
cise testing for the detection of early-stage HF in patients with DM.
The first objective of our study was to compare ventricular remodel-
ling and function at rest and with exercise between controls and par-
ticipants with DM. Our second objective was to investigate whether
diastolic stress improves the sensitivity of detecting subclinical HF.
Finally, we investigated whether patients in whom diastolic dysfunc-
tion was revealed by exercise had lower exercise capacity than those
with normal diastolic dysfunction.

Methods

Study population
We prospectively recruited patients with Type 2 DM participating in one
of two physical activity clinical trials [Initiate and Maintain Physical Activity
in Clinics (IMPACT) study (NCT02061579)12 or the Strength Training
Regimen for Normal Weight Diabetics (STRONG-D) study
(NCT02448498)].13 We included subjects who agreed to participate in a
cardiac phenotype substudy between September 2016 and November
2018, where they completed comprehensive resting as well as stress
echocardiography testing at screening. Patients were excluded from the

final analysis if a diagnosis of chronic kidney disease, neuropathy, diag-
nosed liver disease, or active malignancy was present. Furthermore, we
included 25 subjects without DM for the purpose of comparison. This co-
hort consisted of subjects who participated in the NIH integrated Human
Microbiome Project 2 (iHMP) as a self-reported healthy volunteer14 and
agreed to participate in an exercise study. The absence of diabetes was
determined by fasting plasma glucose (FPG) and HbA1C levels measured
within 3 months of the exercise date (FPG < 126 mg/dL and HbA1C
< 6.5%). The study was approved by the Stanford Institutional Review
Board and all participants gave written informed consent.

Resting and exercise echocardiography
Echocardiography was performed using commercially available echocar-
diographic systems (EPIQ 7C; Philips Medical Imaging, Eindhoven, the
Netherlands), according to the American Society of Echocardiography
guideline recommendations.15 Image analyses were performed on
Xcelera workstations by trained cardiologists from the Biomarker and
Imaging Core Laboratory at Stanford Cardiovascular Institute (Y.K. and
T.N.). LVEF was calculated using Simpson’s method. RWT was calculated
as (2 * inferolateral wall thickness)/(LV internal dimension) and LV con-
centric remodelling was defined as RWT > 0.42.15 LV mass was obtained
using the linear method and LV hypertrophy was defined as LV mass
index (LVMI) >95 g/m2 for women and LVMI >115 g/m2 for men.
Transmitral pulsed-wave Doppler and tissue Doppler imaging were
acquired from apical four-chamber view to obtain early (E) and late (A)
diastolic flow velocity as well as systolic (s0) and early diastolic (e0) velocity
of the mitral annulus at septal and lateral. E/e0 ratio and s0 were obtained
by the average of the septal and lateral site. LV longitudinal strain (LVLS)
was measured using Lagrangian strain by manual tracing from the apical
views, computing the myocardial length in end-diastole (L0) and end-
systole (L1) in the following formula: 100 � (L1 - L0)/L0 as described be-
fore.16 Since L1 is smaller than L0, LVLS is obtained as negative values,
however, for consistency between ventricular measures, LVLS was pre-
sented in absolute value in this study. Left atrial (LA) volumes were
obtained using biplane area-length method and LA strain was measured
using Lagrangian strain by manual tracing as previously described.17 LA
reservoir strain was calculated with QRS onset as 100� (Lmax - Lmin)/Lmin

where Lmax represents the maximum length and Lmin represents the min-
imum length.

LV diastolic function was assessed by the combination of pulsed-wave
Doppler examination of mitral inflow and tissue Doppler imaging of mi-
tral annulus. Diastolic function was categorized according to the progres-
sion of diastolic dysfunction: normal (0.75 < E/A < 1.5 and E/e0 < 10); mild,
defined as impaired relaxation without evidence of increased filling pres-
sures (E/A <_ 0.75 and E/e0 < 10); moderate, defined as impaired relaxation
associated with moderate elevation of filling pressures or pseudonormal
filling (0.75 < E/A < 1.5 and E/e0>_ 10), and severe, defined as advanced re-
duction in compliance or reversible or fixed restrictive filling (E/A > 1.5
and E/e0 >_ 10) as previously described and validated.18,19

Subclinical HF at rest was evaluated by LV morphology, systolic and
diastolic function. Abnormal morphology was present if patients pre-
sented LV concentric remodelling or LV hypertrophy. Systolic dysfunc-
tion was defined as LVLS in absolute value <16%.20 Diastolic dysfunction
was defined by the presence of elevation of filling pressure (i.e. E/e0 ratio
>_ 10)18,19 and LV end-diastolic pressure was estimated using the previ-
ously reported equation [11.96þ 0.596 � (lateral E/e0)].21 We used
LVEF, LVLS, and s0 to assess contractile reserve and E/e0 ratio to assess
diastolic stress after exercise. The cut-offs of LVEF, LVLS and s0 after ex-
ercise were determined as lower 5th percentile of control subjects; LVEF

Diastolic stress in patients with diabetes mellitus 877
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as 68%, LVLS as 19.0%, and s0 as 7.3 cm/s. The same threshold at rest (E/e0

ratio >_ 10) was used for defining diastolic dysfunction after exercise, as
normal diastolic function allows adequate filling of the ventricles during
rest and exercise without abnormal elevation of LV filling pressure.22,23

Exercise stress test and functional capacity
All patients performed exercise echocardiography using a symptom-
limited treadmill ramp protocol. Exercise protocols were individualized
according to the estimated exercise capacity of the participant using the
Veterans Specific Activity Questionnaire.24 Peak metabolic equivalents of
tasks (METs) were calculated using treadmill peak speed and grade.
Predicted METs based on age and sex were calculated, using the
Veterans Affairs cohort formula for men calculated as METs = 18 - (0.15
� age) and the St. James Take Heart Project formula for women as METs
= 14.7 - (0.13� age).25–27 Percent-predicted METs (ppMETs) was calcu-
lated as 100 � (METs achieved/age-gender predicted METs) to assess
functional capacity; ppMETs <85% was regarded as decreased functional
capacity.27

Statistical analysis
Variables are presented as counts and percentages or mean and standard
deviation. Categorical variables were compared using Pearson’s v2 test
or Fisher’s exact test, as appropriate. Normality of the continuous varia-
bles was confirmed with Shapiro–Wilk test. Comparison was performed
using Student’s or Welch t-test or Mann–Whitney U test, as appropriate
for two groups. One-way ANOVA or Kruskal–Wallis tests were used for
comparison between three groups, and post hoc analysis was performed
with Turkey-HSD multiple comparison tests, Games–Howell, or Dunn–
Bonferroni, as appropriate. Multivariable linear or logistic regression ana-
lysis was performed to detect the independent associates of peak METs
or ppMETs < 85%27 using the covariates as age, sex, body mass index
(BMI), HbA1c, presence of hypertension, systolic blood pressure, medi-
cations including beta-blockers, calcium channel blockers, diuretics, and

angiotensin-converting-enzyme inhibitors/angiotensin II receptor block-
ers, and the presence of subclinical HF, LA reservoir strain at rest, or
impaired contractile reserve (LVLS in absolute value after exercise
<19%) and diastolic dysfunction after exercise (E/e0 ratio after exercise
>_10). Correlation network analysis was further performed to visualize
the relationships between parameters with a threshold of P-values < 0.05
for edges. Edges were coloured based on the direction of correlation be-
tween parameters and the thickness of the edges represented absolute
value of Pearson’s correlation r-value. P-values < 0.05 were considered
statistically significant. Analyses were performed using SPSS version 24
(SPSS Inc., Chicago, IL, USA).

Results

We prospectively enrolled 180 asymptomatic individuals with DM in
the study (Figure 1). Among them, one participant was excluded due
to exercise-induced ventricular tachycardia and two were excluded
due to exercise-induced wall motion abnormalities. Furthermore, 16
patients were excluded due to technical difficulty in image acquisition
at the end, a total of 161 individuals were included in the final analysis.
There were no differences between all patients enrolled whole stud-
ies (N = 616) and 161 patients included in this analysis regarding age
(57.9 ± 10.7 vs. 59.2 ± 10.7 years, P = 0.17), sex (59% vs. 57% for male
sex, P = 0.53), or HbA1c (7.6± 1.1% vs. 7.5 ± 1.0%, P = 0.55).

Participants with DM did not differ from controls in age (P = 0.74),
sex (P = 0.96), or BMI (P = 0.86), while the prevalence of hyperten-
sion was higher in patients with DM (P < 0.001, Table 1).

Resting echocardiography
As shown in Table 1, patients with DM had higher LVMI, RWT,
impaired LVLS, as well as higher E/e0 ratio. LA volume index did not

Figure 1 Flow chart of the study.
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differ between patients with DM and controls; however, LA reservoir
strain was significantly lower in patients with DM.

Of all patients, 44 patients (27%) presented with abnormal morph-
ology, 49 patients (31%) presented with impaired LVLS, and 72
patients (45%) presented with diastolic dysfunction. Subclinical HF
based on one criterion was present in 65 (40%), by two criteria in 35
(22%) and by three criteria in 10 (6%), while 51 patients (32%) did
not present any abnormalities.

Exercise stress test
One hundred thirty-six patients with DM (87%) reached peak heart
rate (HR) >_85% of their age-predicted maximum HR compared with
24 controls (96%) (P = 0.20). Peak METs (P = 0.20) and ppMETs
(P = 0.21) were comparable between patients with DM and controls;
however, more patients with DM tended to have reduced exercise
capacity (P = 0.06) (Table 2).

Diastolic stress and contractile reserve in
patients with DM
During exercise, LVLS and s0 were slightly but significantly impaired in
patients with DM while LVEF was comparable (Table 2). For the de-
tection of subclinical HF, diastolic stress provided the greatest yield;
diastolic dysfunction was observed in 72 participants (45%) at rest
and in 92 (57%) after exercise (Figure 2A). Figure 2B shows the change

of E/e0 from at rest to after exercise and identifies a group of revealed
diastolic dysfunction. Patients were classified into three groups; no
diastolic dysfunction both at rest and after exercise (N = 63,
Normal), diastolic dysfunction at rest (N = 72, Resting DD) and no
diastolic dysfunction at rest but diastolic dysfunction revealed after
exercise (N = 26, Revealed DD). In contrast, the yield for detection
of subclinical HF was not observed for LVEF, LVLS, or s0 (Figure 2C–
E). Figure 2F summarizes the abnormal ratio in those parameters at
rest and after exercise. Adding diastolic stress to resting parameters
increased the number of patients with subclinical cardiac abnormal-
ities especially patients with more than two abnormal features com-
pared with adding contractile reserve (Figure 3).

Comparison between groups of diastolic
stress
The comparative features according to the groups classified by dia-
stolic function are summarized in Table 3. When compared with the
Normal group, patients in either the Resting DD or the Revealed DD
group had lower peak METs (Figure 4A). The Resting DD group which
also had lower peak METs were the oldest and with a higher propor-
tion of females (Table 3).

Peak exercise capacity and early heart
failure profiles
As shown in the heatmap of Figure 4B, peak METs had moderate
associations with age, male sex, and BMI. Peak METs also correlated

.................................................................................................

Table 1 Baseline characteristics

Controls

(N 5 25)

Diabetes

(N 5 161)

P-value

Age (years) 59.6 ± 6.1 59.2 ± 10.7 0.74

Male sex, n (%) 14 (56) 91 (57) 0.96

Body mass index (kg/m2) 29.6 ± 5.2 29.4 ± 6.9 0.86

Hypertension, n (%) 4 (16) 116 (72) <0.001

Heart rate (bpm) 63 ± 12 80 ± 12 <0.001

Systolic blood pressure (mmHg) 126 ± 12 136 ± 16 <0.001

Diastolic blood pressure (mmHg) 76 ± 9 81 ± 11 0.03

HbA1c (%) 5.5 ± 0.3 7.5 ± 1.0 <0.001

Medication

Beta-blockers 0 (0) 14 (9) 0.13

Calcium channel blockers 0 (0) 15 (9) 0.11

Diuretics 0 (0) 22 (14) 0.049

ACE-I/ARBs 0 (0) 73 (45) <0.001

Resting echocardiographic parameters

Left ventricular dimension (cm) 4.8 ± 0.4 4.6 ± 0.5 0.07

Relative wall thickness 0.29 ± 0.04 0.39 ± 0.07 <0.001

LV mass index (g/m2) 62.0 ± 9.6 70.4 ± 17.2 0.001

LVEF (%) 61.6 ± 3.9 64.8 ± 4.8 <0.001

LVLS (%) 19.2 ± 1.2 16.7 ± 1.6 <0.001

s0 (cm/s) 7.7 ± 1.0 7.5 ± 1.5 0.35

E/e0 7.7 ± 2.0 10.3 ± 2.9 <0.001

LA volume index (mL/m2) 24.8 ± 6.3 26.4 ± 7.0 0.21

LA reservoir strain (%) 36.7 ± 5.4 30.1 ± 9.7 <0.001

ACE-I, angiotensin-converting-enzyme inhibitors; ARB, angiotensin II receptor
blockers; LVEF, left ventricular ejection fraction; LVLS, left ventricular longitudinal
strain; METs, metabolic equivalents.

..................................................................................................

Table 2 Exercise parameters immediately after
exercise

Controls

(N 5 25)

Diabetes

(N 5 161)

P-value

Peak heart rate (bpm) 155 ± 12 154 ± 19 0.80

Peak systolic blood pressure (mmHg) 164 ± 20 186 ± 22 <0.001

Peak diastolic blood pressure (mmHg) 80 ± 11 83 ± 12 0.37

Peak METs 8.7 ± 2.4 7.9 ± 2.4 0.20

Percent-predicted METs (%) 106 ± 20 100 ± 29 0.21

< 85% ppMETs, n (%) 4 (16) 52 (32) 0.06

Immediately after exercise echocardiographic parameters

LVEF (%) 73.9 ± 3.7 74.2 ± 4.3 0.74

LVLS (%) 22.1 ± 1.6 21.0 ± 2.2 0.002

s0 (cm/s) 11.6 ± 2.6 10.4 ± 2.3 0.01

E/e0 8.0 ± 2.1 10.8 ± 2.9 <0.001

Change from rest to after exercise

Absolute change in LVEF (%) 12.3 ± 4.4 9.3 ± 4.4 0.003

Relative change in LVEF (%) 20.3 ± 8.3 14.8 ± 7.5 0.001

Absolute change in LVLS (%) 3.0 ± 1.5 4.3 ± 1.9 0.001

Relative change in LVLS (%) 15.7 ± 8.2 26.6 ± 13.1 <0.001

Absolute change in s0 (cm/s) 4.0 ± 2.2 2.9 ± 1.9 0.02

Relative change in s0 (%) 51.9 ± 28.6 41.1 ± 27.8 0.05

LVEF, left ventricular ejection fraction; LVLS, left ventricular longitudinal strain;
METs, metabolic equivalents.
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most strongly with s0 and E/e0 among resting echocardiographic
parameters and with s0 and E/e0 immediately after exercise.
On multivariable analysis, age (beta = -0.34), male sex (beta = 0.21),
BMI (beta = �0.49), and peak E/e0>_10 (beta = �0.17) were

independently associated with peak METs (R2 = 0.46) (Figure 4C).
However, medications including beta-blockers, HbA1c and reduced
contractile reserve were not significantly associated with peak METs
or reduced exercise capacity. The correlation network (Figure 4D)

Figure 2 Comparison of systolic and diastolic function at rest and after exercise between controls and patients with DM. (A) The violin plots of
resting (black) and after exercise (red) in E/e0 ratio. (B) The change of E/e0 ratio from rest to after exercises. The green circle represents patients in
Normal group, the blue circle represents resting diastolic dysfunction group, and the red circle represents patients in revealed diastolic dysfunction
group. (C–E) The violin plots resting (black) and after exercise (red) in LVEF (C), LVLS (D), and s0 (E). (F) The ratio of patients with abnormal diastolic
and systolic function at rest and after exercise. LVEF, left ventricular ejection fraction; LVLS, left ventricular longitudinal strain.

A B C

Figure 3 Prevalence of subclinical HF. (A and B) Venn diagrams demonstrating the overlap between patients with abnormal morphology change
(RWT > 0.42 or LV hypertrophy), LV systolic and diastolic dysfunction by only resting echocardiographic assessment (A) as well as adding diastolic
stress assessment (B). (C) Prevalence of subclinical HF evaluated by resting echocardiographic assessment, adding contractile reserve, and adding dia-
stolic stress. Adding diastolic stress helped to detect more patients with >_2 cardiac abnormalities.

880 T. Nishi et al.
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..highlights the central connectivity of peak METs and diastolic function
characteristics as well as the correlation between parameters in
patients with DM.

Discussion

The main finding of our study was that diastolic stress is incremental
to resting echocardiographic parameters in defining subclinical HF in
patients with DM. Furthermore, diastolic stress could delineate the
mechanisms of exercise limitations in patients with DM.

DCM is a major risk factor for adverse events in patients with DM
and detecting subclinical DCM can offer the opportunity for early
intervention. However, resting parameters may not fully capture
abnormalities in asymptomatic patients with DM. Recently, there is
growing evidence that diastolic stress provides important diagnostic
findings that can be of value in the management of patients presenting
with dyspnoea of unclear aetiology or due to HF. For example,
Obokata et al.11 examined the value of diastolic stress echocardiog-
raphy in patients with HF with preserved EF (HFpEF) and they
observed that even in the absence of E/e0 elevation at rest, patients
displayed elevated filling pressures exclusively during exercise stress.
In those patients, diastolic stress provided additional information that

could clarify the diagnosis of early-stage HFpEF. The importance of
diastolic stress test is also emphasized in a recently published consen-
sus document from the European Society of Cardiology on the diag-
nosis of HFpEF, which recommends diastolic stress test as an
additional workup in the absence of elevated LV filling pressures at
rest.28

One of the important findings of our study is that diastolic dysfunc-
tion was revealed by exercise in 16% of these patients. Given that dia-
stolic dysfunction has been regarded as the first manifestation of
DCM,29–31 diastolic stress may further increase its diagnostic yields.
In contrast, we observed that contractile reserve assessed by LVEF
or LVLS was mostly maintained during exercise despite impaired
LVLS at rest in a majority of our population. This may be partly be-
cause our population was composed asymptomatic patients with
likely still preserved contractile reserve.

Consistent with previous studies which have demonstrated an as-
sociation between reduced exercise capacity and increased filling
pressure during exercise,7,8,11 our study showed an inverse associ-
ation between diastolic function and exercise capacity. Impaired LV
diastolic function increases pulmonary artery wedge pressure, which
in sequence could alter total lung perfusion and the distribution of
pulmonary blood flow, and thus could induce relative pulmonary
congestion. This may become a restricting factor when a greater

....................................................................................................................................................................................................................

Table 3 Baseline characteristics and echocardiographic parameters according to diastolic function

Normal (N 5 63) Resting DD (N 5 72) Revealed DD (N 5 26) P-value

Age (years) 56.7 ± 10.2 61.5 ± 10.5* 58.8 ± 11.5 0.03

Male sex, n (%) 42 (67) 32 (44) 17 (65) 0.02

Body mass index (kg/m2) 28.8 ± 6.8 29.9 ± 6.9 27.8 ± 5.2 0.28

Hypertension, n (%) 45 (71) 54 (75) 17 (65) 0.64

HbA1c (%) 7.6 ± 1.2 7.5 ± 0.9 7.6 ± 1.1 0.85

Resting echocardiographic parameters

Relative wall thickness 0.39 (0.35–0.42) 0.39 ± 0.07 0.37 ± 0.07 0.46

LV mass index (g/m2) 68.0 ± 14.7 72.3 ± 18.7 71.3 ± 18.0 0.49

LVEF (%) 64.2 ± 4.6 65.3 ± 5.0 64.5 ± 4.8 0.19

LVLS (%) 16.8 ± 1.4 16.6 ± 1.7 16.9 ± 1.4 0.41

s0 (cm/s) 8.2 ± 1.3 6.7 ± 1.2* 7.9 ± 1.4# <0.001

E/e0 8.2 ± 1.2 12.8 ± 2.4* 8.5 ± 1.0# <0.001

LA volume index (mL/m2) 26.1 ± 7.3 26.7 ± 6.6 26.1 ± 7.8 0.91

LA reservoir strain (%) 31.7 ± 8.8 28.1 ± 10.5 31.2 ± 9.4 0.06

Peak exercise

Heart rate (bpm) 162 ± 16 149 ± 20* 152 ± 19 0.001

Systolic blood pressure (mmHg) 192 ± 23 185 ± 22 185 ± 22 0.39

Peak METs 9.0 ± 2.6 7.3 ± 2.3* 7.3 ± 2.1* <0.001

Percent-predicted METs (%) 105 ± 28 98 ± 29 91 ± 30 0.13

<85% ppMETs, n (%) 15 (26) 25 (37) 12 (52) 0.07

Immediately after exercise echocardiographic parameters

LVEF (%) 74.7 ± 3.9 73.7 ± 4.6 73.6 ± 3.9 0.27

LVLS in absolute value (%) 21.2 ± 2.0 20.5 ± 2.4 21.7 ± 1.8# 0.03

s0 (cm/s) 11.6 ± 2.3 9.3 ± 2.0* 10.5 ± 1.8# <0.001

E/e0 8.3 ± 1.1 12.8 ± 2.8* 11.6 ± 1.5* <0.001

*P < 0.05 vs. Normal;
#P < 0.05 vs. Resting DD.
DD, diastolic dysfunction; LVEF, left ventricular ejection fraction; LVLS, left ventricular longitudinal strain; METs, metabolic equivalents.
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.exercise performance is required but not limit activities of daily living.
This may explain the response in patients with DM in the current
study, where E/e0 at rest was normal but elevated after exercise.
Patients with DM often complain of reduced exercise capacity and it
has been reported that exercise performance is abnormal in these
patients.32,33 In addition, diastolic dysfunction after exercise was
more strongly related to reduced exercise capacity compared to that
at rest, highlighting the importance of assessing diastolic stress even
when diastolic function is maintained at rest.

We used the criteria to diagnose diastolic dysfunction using E/e0

ratio with lower threshold than that in the current American Society
of Echocardiography and the European Association of
Cardiovascular Imaging (ASE/EACVI) guidelines.34 Since E/e0 is often
used in assessing filling pressure change for diastolic stress,11 we
focused on the combination of pulsed-wave Doppler of mitral inflow
and tissue Doppler imaging of mitral annulus to assess diastolic func-
tion, where we used the threshold of E/e0 10 instead of 14, which is
supported by the study by Redfield et al.18 Given that the early

A

B

C

D

Figure 4 (A) Distribution of peak METs and ppMETs. (B) A heatmap showing relationship between exercise capacity and characteristics as well as
cardiac function at rest and after exercise. The exercise capacity was more related to cardiac function after exercise compared to that at rest. (C)
Independent associates of peak METs. (D) Correlation network. BMI, body mass index; HR, heart rate; LAS, left atrial strain; LVEF, left ventricular
ejection fraction; LVLS, left ventricular longitudinal strain; METs, metabolic equivalents; RWT, relative wall thickness; SBP, systolic blood pressure;
LAVI, left atrial volume index.
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.
detection to risk stratify in patients with DM potentially leads to tail-
ored intense preventive strategies, we used more sensitive criteria to
diagnose diastolic dysfunction in DCM in this study. Indeed, a lot more
patients were classified as Normal using E/e0 threshold of 14 compared
with E/e0 of 10. Further studies are warranted to investigate if more
sensitive criteria would help predict outcome in patients with DM.

LA reservoir strain was significantly reduced in asymptomatic
patients with DM even in the absence of LA enlargement, which is
similar to a previous study.35 Since DM is one of the independent risk
factors for the development of atrial fibrillation,36 the reduction of
LA reservoir strain regardless of LA enlargement might be helpful for
risk stratification of the development of atrial fibrillation. In addition,
E/e0 after exercise has been reported to predict the development of
new-onset atrial fibrillation regardless of LA enlargement.37 Larger
prospective studies might be important to perform which investigate
if the combination of reduced LA reservoir strain and impaired dia-
stolic stress would develop atrial fibrillation. Furthermore, given that
the reduced LA function might be caused by LV diastolic dysfunction,
this provides some insights on potential considerations for trial design
to determine target parameters for screening or during follow-up.

Our study suggests that diastolic stress test was of value to detect
subclinical cardiac abnormalities and provided additional information
to distinguish subjects with early pathology. Consequently, diastolic
stress might yield better inclusion criteria in future prospective, inter-
ventional study design.

There are several limitations in our study. First, the number of the
population was relatively small because patients were selected pro-
spectively for participation in exercise programs, and thus not repre-
sentative of a general population and they may have been more fit
and motivated compared to general patients with DM. Second, the
number of controls was relatively small compared to patients with
DM in this study. Third, there is currently no obvious threshold for
LVLS after exercise, therefore, we used a value obtained from our
control subjects. The 2016 ASE/EACVI recommendations use E/e0, e0

velocity, TR velocity and left atrial volume index to evaluate the pres-
ence of diastolic dysfunction, however, optimal TR velocity was avail-
able in 99 patients (61%) at rest and in 19 patients (12%) after
exercise in our population. Also, to simplify the criteria to define dia-
stolic dysfunction for a screening, we used the combination of E/A
and E/e0 ratio to diagnose. Further studies are warranted for more
precise assessment of contractile reserve or diastolic stress to relate
outcome. Finally, with the revised and lower diagnostic criteria for
hypertension and based on the fact that hypertension often co-exists
with DM, we used a broader definition of DCM including hyperten-
sion in the absence of ischaemic heart disease in this study. This
explains why we preferentially used the term subclinical HF rather
than DCM in the article. In our population, hypertension related with
LV morphology change but did not with other cardiac functions.

Conclusion

Diastolic stress has incremental value to resting parameters in defin-
ing subclinical HF in patients with DM and is associated with reduced
exercise capacity. In addition, diastolic stress has a higher sensitivity
than contractile reserve to detect subclinical HF, after excluding sub-
jects with stress-induced wall motion abnormalities. This could thus

have potential value in diagnosis and risk stratification of patients with
DM, especially in those with exercise intolerance.
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