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Abstract

Background and aims: Cardiovascular outcome trials have documented a strong benefit of sodium glucose
cotransporter-2 inhibitors (SGLT2i) on the risk of hospitalization for heart failure (HF) in patients with type 2 diabetes
(T2D) with or without established cardiovascular disease or prior history of HF. The mechanisms, however, are not
entirely clear. We aimed to evaluate whether treatment with SGLT2i affected cardiac function using impedance cardi-
ography (ICG) in a randomized placebo-controlled trial.

Materials and methods: Thirty-three patients with T2D were randomized to receive blind dapagliflozin 10 mg or
matching placebo for 12-week on top of their ongoing glucose lowering medication regimen. Cardiac function was
evaluated by resting ICG at baseline and at the end of the 12-week treatment period. ICG is a non-invasive technology
based on the continuous measurement of thoracic electrical conductivity to process a cardiodynamic parameters
related to fluid content, blood flow, cardiac function, and circulatory function. We also evaluated changes in glycae-
mic control, blood pressure, and body weight.

Results: Thirty-one patients completed the study, 1 was excluded because ICG data was missing. Patients included
in the final analysis were on average 63.4-year-old, with a known diabetes duration of 14.1 years and a baseline HbA1c
of 8.2% (66 mmol/mol). 63.3% of patients had established cardiovascular disease (symptomatic or asymptomatic) and
36.7% had microangiopathy, but none had a prior history of HF. After 12 weeks, patients randomized to dapagliflo-
zin, as compared to those randomized to placebo, showed improvements in HbATc (— 1.2%; 13 mmol/mol), systolic
blood pressure (— 3.7 mmHg), and body weight (— 3.3 kg). Based on ICG, in both groups, we detected no significant
change in parameters of blood flow (stroke volume, cardiac output, cardiac index), systolic function (ejection fraction,
acceleration and velocity indexes, systolic time ratio), circulatory function (systemic vascular resistance index), and
fluid status (thoracic fluid content) after treatment.

Conclusion: This is the first study exploring cardiac effects of SGLT2i using ICG in T2D. We observed no change in
cardiac function parameters estimated by ICG in T2D patients who received dapagliflozin versus placebo for 12 weeks.
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Background

Patients with type 2 diabetes (T2D) have a two-to-
fivefold increased risk of developing heart failure (HF)
compare to non-diabetic patients [1]. This risk remains
high despite control of known major cardiovascular
risk factors [2]. HF is one of the first manifestations of
T2D-related cardiovascular disease [3] and is one of the
leading causes of hospitalizations in this population [4].

The presence of T2D negatively impacts HF out-
comes. Patients with T2D are more likely to be hos-
pitalized for HF [5], to be re-hospitalized for HF [6],
and to experience a longer hospital stay [7] compared
to patients without diabetes. Moreover, patients with
T2D and HF have a higher risk of cardiovascular and
all-cause mortality than HF patients without T2D [5].

Over the past decade, in patients with T2D, ischemic
heart disease, and stroke mortality has declined, espe-
cially in men, but heart failure deaths did not change
[8]. Therefore, therapeutic strategies able to reduce the
HEF risk are particularly appealing.

Sodium glucose co-transporter 2 inhibitors (SGLT2i)
induce glycosuria, thereby reducing plasma glucose,
blood pressure, and body weight [9]. The recent results
of the four cardiovascular outcome trials (CVOTs) with
SGLT2i have shown remarkable benefits in reducing
HF hospitalization by about 30% in patients with T2D
with or without established cardiovascular disease and
also in patient with or without history of heart failure
[10-13]. In addition, large retrospective studies con-
firmed that treatment with SGLT2i, when compared
with other glucose-lowering medications (GLMs), was
associated with lower rates of hospitalization for HF
among patients with and without history of cardiovas-
cular disease [14—16].

Several possible pathophysiological mechanisms for
the protection exerted by SGLT2i on HF risk have been
proposed [17], but not yet fully elucidated and mostly
not confirmed in human studies.

In this study, we aimed to evaluate whether treatment
with SGLT2i affected hemodynamic variables and car-
diac function using impedance cardiography (ICG) in a
randomized placebo-controlled trial.

ICG has been proposed as a non-invasive method
of hemodynamic monitoring especially in critically ill
and surgical patients [18]. ICG measures continuously
the resistance (impedance) to the transmission of a
low intensity electrical current through the chest. The
changes in the resistance over time are proportional to
the dynamic changes during each cardiac cycle. This
allow the calculation of stroke volume (SV), cardiac
output (CO) and other hemodynamic variables [19].
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Materials and methods

Study design and participants

The study was approved by the Ethical Committee of
the University Hospital of Padova and was conducted in
accordance with the Declaration of Helsinki. All patients
signed written informed consent. The trial was regis-
tered in ClinicalTrial.gov (NCT02327039). Patients were
recruited between April 2015 and June 2016 at the diabe-
tes outpatient clinic of the University Hospital of Padova.
Eligible patients were randomly assigned (1:1) to one of
2 treatment groups, dapagliflozin 10 mg or matching
placebo, on top of their GLMs for 12 weeks, based on a
computer-generated sequence.

For safety reasons, the study was single blind meaning
that patients, but not the clinical study staff, were una-
ware of the allocated treatment. However, the study staff
in charge of the primary and secondary end-point evalu-
ation was kept blind, thereby avoiding any interference
on the study results. To guarantee concealment, pills and
dispensers of dapagliflozin and placebo were identical.

Study details and the full eligibility criteria of the trial
have been reported previously [20]. Briefly, inclusion cri-
teria were: T2D patients aged 18 to 75 years, underlying
therapy with oral GLMs and/or insulin. Major exclusion
criteria were: acute illness or infection; recent surgery,
trauma, or cardiovascular event; alcoholism; chronic liver
disease; chronic kidney disease, defined as an estimated
glomerular filtration rate (eGFR, calculated with CKD-
EPI equation) <60 mL/min/1.73 m? [21]; HF New York
Heart Association classes III to IV; history of hypoten-
sion or episodes of volume depletion/dehydration; previ-
ous history of recurrent urinary tract infections or genital
infections; and pregnancy or lactation.

Diabetic retinopathy was defined based on digital fun-
dus photography scored remotely by expert ophthal-
mologists and graded according to the Early Treatment
of Diabetic Retinopathy Study (ETDRS) [22]. Somatic
peripheral neuropathy was defined, after exclusion of
non-diabetic causes, in the presence of typical sensory
or motor symptoms (numbness, tingling, or pain in the
toes, feet, legs, hands, arms, and fingers, or wasting of
the muscles of the feet or hands), confirmed by clinical
examination (ankle reflexes, vibratory perception thresh-
old, pinprick, and 10-g monofilament sensitivity) and
eventual determination of neural conduction velocity.

Coronary artery disease was defined as a history of
myocardial infarction or angina, evidence of significant
coronary artery disease at coronary angiography, or his-
tory of revascularization. History of HF was defined as
a previous hospitalization for HF or clinical manifes-
tations of HF. Echocardiographic abnormalities were
evaluated according the current guidelines of American
Society of Echocardiography/European Association of



Bonora et al. Cardiovasc Diabetol (2019) 18:106

Cardiovascular Imaging [23, 24]. Systolic left ventricu-
lar (LV) dysfunction was defined as an ejection frac-
tion<40%. LV hypertrophy was defined by either an
LV mass index of>115 g/m?* for men and>95 g/m? for
women indexed to body surface area. Diastolic LV dis-
function was defined as recommended by the American
Society of Echocardiography and the European Associa-
tion of Cardiovascular Imaging [24, 25].

Peripheral arterial disease was defined as a history
of claudication or rest pain, significant stenosis in leg
arteries, or history of revascularization. Asymptomatic
atherosclerosis was defined as the presence of carotid
artery plaques (stenosis>15%) at routine ultrasound
examination.

The primary endpoint of the study was the change
from baseline in cholesterol efflux capacity, which has
been described previously [20]. ICG determination of
cardiac function was an exploratory endpoint. At the
beginning (before initiating randomized treatment) and
at the end of the study (after 12 weeks of treatment)
patients accessed the outpatient clinic and underwent a
continuous ICG monitoring (Niccomo; Medis, Ilmenau,
Germany) to record hemodynamic variables in a fasting
condition for 20 min.

ICG

The ICG methodology used in this study was similar
to that used in previous clinical studies [26, 27]. ICG is
a non-invasive method based on the assumption that
changes in intra-thoracic blood volume during the car-
diac cycle induce changes in the electrical conductivity
and impedance of the thorax and that these changes are
mainly related to changes in aortic volume. The changes
in the thoracic impedance are detected by electrodes
assessing the difference between the applied voltage and
the detected voltage after applying a small electrical con-
tinuous current through the thorax. Four couples of elec-
trodes were placed at the neck and thorax of each subject
to detect variations in thoracic bioimpedance. The system
was coupled with a standard sphygmomanometer trans-
ducer that measured blood pressure at given intervals.

Measuring electrocardiogram (ECG) together with
ICG, the left ventricular ejection time (LVET) was
directly measured [28]. LV SV was calculated using the
formula described by Sramek and Bernstein [29]. Tho-
racic fluid content (TFC) was calculated as 1000/baseline
impedance.

The Medis Niccomo ICG device processed these
changes with a dedicated algorithm (physiologic adap-
tive signal analysis) coupling impedance signal and
waveform with ECG, noninvasively and continuously
provided the following hemodynamic variables: heart
rate (HR); systolic blood pressure (SBP), diastolic blood
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pressure (DBP); SV, stroke index [SI (SV normalized for
body surface area)]; CO (SV x HR); cardiac index [CI
(CO normalized for body surface area)]; ejection fraction
(EF); acceleration index [AI (the maximum acceleration
of blood flow in the aorta during systole)]; velocity index
[VI (the peak velocity of blood flow in the aorta during
systole)]; systolic time ratio (STR); LVET [the time inter-
val between the opening and the closing of the aortic
valve (i.e., mechanical systole)]; left cardiac work (LCW)
and LCW index (LCWI), which reflected the myocardial
oxygen demand; systemic vascular resistance [SVR (esti-
mate of “afterload)] and SVR index [SVRI (SVR normal-
ised to body size); TFC (indicator of chest fluid status);
TFC Index [TFCI (TFC, normalized for body surface
area)]; total arterial compliance [TAC (indicator of the
degree of peripheral arterial stiffness/compliance)], TAC
index, [TACI (TAC normalised to body size)];

ICG variables were calculated by using the mean of
2-min beat-to-beat values for 20 min. After comple-
tion of the study protocol, original ICG recordings were
downloaded in a personal computer for oft-line analysis.

Statistical analysis

Data are expressed as mean =+ standard deviation if nor-
mal or as median (interquartile range) if not normal
Categorical variables are presented as numbers and per-
centages. Normality was checked using the Shapiro—Wilk
test. Comparison between two groups were analyzed
using the two-tailed unpaired Student’s ¢ test for continu-
ous variables and the x? test for categorical variables. For
endpoints, we compared baseline with follow-up data
using the two-tailed Wilcoxon rank test and calculated
the change from baseline. Then, the changes from base-
line in each group were compared using the two-tailed
Mann-Whitney’s U test. Linear correlations were ana-
lyzed using the Pearson r coefficient. Statistical signifi-
cance was accepted at p<0.05 and SPSS version 22.0 was
used.

Results

Thirty-three patients were enrolled in the study. Seven-
teen were assigned to dapagliflozin 10 mg, 16 to match-
ing placebo. Two patients in the dapagliflozin group were
excluded because they withdraw consent or were lost to
follow-up, one patient in the placebo group was excluded
because ICG data were missing, leaving 30 completers
for the analysis, 15 in each group (Fig. 1).

The baseline characteristics of the study popula-
tion are summarized in Table 1. Patients were on aver-
age 63.7-year-old, with a known diabetes duration of
14.1 years and a baseline HbAlc of 8.2% (66 mmol/
mol). The vast majority of patients (93.5%) were on met-
formin, 32.2% were on other oral GLMs, and 51.6% were
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40 patients
screened
7 patients did not met
inclusion/exclusion criteria
33 patients
randomized

Placebo

Dapagliflozin

(n=16)

l_

n=1 ICG data missing

(n=17)

n=1 withdrawed consent
n=1 lost to follow-up

Included in the
final analysis
(n=15)

Included in the
final analysis
(n=15)

Fig. 1 Study flow-chart with number of patients screened, randomized and included in the final analysis

concomitantly treated with insulin. 63.3% of patients
had established cardiovascular disease (symptomatic
or asymptomatic) and 35.4% had microangiopathy. No
patient included in the study had a history of HF or a
reduction of left ventricular ejection fraction. Almost
half of the patients had LV hypertrophy (46.7%) and/or
diastolic LV dysfunction (43.3%). After 12 weeks, dapa-
gliflozin significantly reduced HbAlc by 0.9% and body
weight by 3.1 kg. In the placebo group, HbAlc increased
non-significantly by 0.4% and body weight remained sta-
ble (+ 0.2 kg).

Compared with baseline, SBP declined by
47+1.3 mmHg in the dapagliflozin group and by
1.0+£2.3 mmHg in the placebo group (p=0.035). DBP
declined by 1.3+0.6 mmHg in the dapagliflozin group
and by 0.4+ 1.6 mmHg in the placebo group (p=0.317)
(Table 2).

At baseline, there was no significant difference in ICG
parameters between the two groups. In both groups,
comparing data recorded at end of treatment with dapa-
gliflozin or placebo to those recorded at baseline, we
detected no significant change in parameters of blood
flow (stroke volume, stroke index, cardiac output, cardiac
index), systolic function (ejection fraction, acceleration
and velocity indexes, systolic time ratio, left ventricular
ejection time), circulatory function (systemic vascular
resistance and systemic vascular resistance index, total
arterial compliance and total arterial compliance index),
and fluid status (thoracic fluid content and thoracic fluid

content index) (Table 2). ICG-derived STR has been
recently validated as a marker of LV diastolic dysfunction
defined using echocardiography, with an accuracy of 97%
[30]. At baseline, diastolic dysfunction based on the STR
cut-off of 0.31 was present in 63.3% of patients (66.7% in
the dapagliflozin group and 60% in the placebo group). At
follow-up, the prevalence of diastolic dysfunction based
on STR declined by 6.7% in the dapagliflozin group and
remained stable in the placebo group (p=0.325).

No significant correlation was detected between
change in HbA1c or body weight from baseline to the end
of follow-up and change in ICG parameters (not shown).
In the whole study cohort, TFC correlated directly with
total body water evaluated by bioelectrical impedance
analysis (BIA) (r=0.49; p<0.001), but the change in
TFC was not correlated to the change in total body water
(r=0.14; p=0.456).

Discussion
In this study, we found no significant effect of the SGLT2i
dapagliflozin on measures of cardiac function evaluated
by ICG. Since publication of the groundbreaking results
of the EMPA-REG Outcome trial, the scientific commu-
nity is struggling to understand the biological basis and
the physiological mechanisms responsible for the cardio-
vascular benefits of SGLT2i, especially on HE.

Several possible pathophysiological mechanisms for
the cardiovascular protection exerted by SGLT2i have
been suggested, yet not formally proved. Briefly, these
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Table 1 Baseline characteristic of study patients

Variable All (n=30) Placebo (n=15) Dapagliflozin (n=15) p
Age, years 634+69 61.0+72 65.7£59 0.057
Sex male, % 66.7 66.7 66.7 1.000
Body mass index, kg/m? 308452 328454 288443 0.032°
HbA1c, % 82408 82+09 82406 0.981
Diabetes duration, years 141+66 139452 142480 0914
Hypertension, % 90.0 933 86.7 1.000
Smoking habit, % 16.7 20.0 133 1.000
Dyslipidemia, % 933 86.7 100 0483
Creatinine, mg/d| 0.81+0.2 081+0.2 0.82+0.2 0.921
eGFR (ml/min/1.73 m?) 90.6+16.7 925+169 88.7+£17.0 0.551
Retinopathy, % 26.7 333 200 0.682
Nephropathy, % 233 333 133 0.390
Neuropathy, % 33 6.7 0.0 1.000
Coronary artery disease, % 26.7 40.0 133 0.215
History of HF or systolic LV dysfunction, % 0.0 0.0 0.0 1.000
LV hypertrophy, % 46.7 533 40.0 0.715
Diastolic LV disfunction, % 433 46.7 40.0 1.000
Peripheral arterial disease, % 0.0 0.0 0.0 1.000
Cerebrovascular disease, % 56.7 533 60.0 1.000
Metformin, % 933 100 86.7 0483
Sulphonylureas, % 20.0 200 20.0 1.000
DPP-4 inhibitors, % 20.0 133 26.7 0.651
Basal insulin, % 16.7 133 20.0 1.000
Basal-bolus insulin, % 36.7 46.7 26.7 0.500
ACE inhibitors/ARBs, % 833 86.7 80.0 1.000
Diuretics, % 333 26.7 40.0 0.700
Calcium channel blockers, % 30.0 333 26.7 1.000
Beta blocker, % 26.7 26.7 26.7 1.000
Statins, % 90.0 100.0 80.0 0.224
Anti-platelets, % 50.0 60.0 40.0 0.466

Data are expressed as mean = standard, or percentages
S Not significant after correction of type | error

include reduction in preload, secondary to natriuresis
and osmotic diuresis [31] and in afterload, secondary
to reduction in blood pressure [32], myocardial Na*/
H' exchange inhibition [33, 34], reduction of necrosis
and cardiac fibrosis [35, 36] and consequently of the
development of HF. Reduction of inflammation and
oxidative stress [37], restoration of the balance between
pro- and anti-inflammatory adipokines and cytokine
[38], reduction of epicardial adipose tissue mass [39]
have been proposed as additional mechanisms. Moreo-
ver, the use of SGLT2i through an increased metabo-
lism of free fatty acid and an increased production of
ketone bodies may provide a more efficient source of
energy for the myocardium [40].

Other possible mechanisms for the pleiotropic effects
of SGLT2i on cardiovascular benefit involving the reduc-
tion of serum uric acid levels [41], haemoconcentration
[42], improving endothelial function and aortic stiffness
[43, 44] and may induce vasodilatation through activa-
tion of protein kinase G and the voltage-dependent Kt
channel [45].

Some of these hypotheses result from studies in experi-
mental models [33-37, 45] and should be confirmed in
clinical studies, while other ones are just speculations
[40] and require further research.

Despite all these mechanisms could contribute to pro-
tection against HF, information with respect to the direct
effects of SGLT2i on myocardial function in humans is very
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limited. A small observational study showed that in patients
with T2D and established cardiovascular disease, a short-
term empagliflozin treatment was associated with a sig-
nificant reduction in LV mass index and improved diastolic
function measured by 2D echocardiography. No differences
were found in LV systolic function, LV end diastolic volume,
and LV end systolic volume [46]. Another observational
study conducted in 37 patients with T2D with or without
cardiovascular disease, showed that a treatment with cana-
gliflozin improved LV diastolic function (E/e’ ratio) [47].
Similar results were found in a prospective observational
study involving T2D with stable HF treated for 6 months
with dapagliflozin [48]. However, these observational find-
ings need to be confirmed in randomized controlled trials
(RCTs). RCTs are currently being conducted to investigate
the effects of SGLT2i on LV remodelling in patients with
T2D and HF [49, 50]. Furthermore, large randomized-con-
trolled trials investigating SGLT2i as a treatment for HF are
ongoing and will enroll HF patients either with or without
T2D, with reduced (DEFINE-HE, ClinicalTrial.gov registra-
tion no. NCT02653482) or preserved EF (PRESERVED-HE,
ClinicalTrial.gov registration no. NCT03030235).

To the best of our knowledge, this is the first study
exploring the cardiac effects of SGLT2i using ICG in
T2D. This study suggests that, in T2D patients without
a history of HF, a 12-week treatment with dapagliflozin
exerted no overt effect on haemodynamic and cardiac
function parameters compared to placebo. Power calcu-
lated a posteriori revealed that we could rule out an effect
of dapagliflozin greater than 80 ms for LVET, 18 mL for
SV (measures of systolic function) and 0.07 for STR.

Our data do not deny the strong protection provided
by SGLT2i against the risk of HF, as demonstrated in
solid and large CVOTs [10-13]. Rather, these negative
findings may be attributed to several reasons that are at
least in part related to study limitations. First, the obser-
vation time may be too short to detect changes in ICG
parameters. However, in the 4 CVOTs with SGLT2i, the
onset of the benefit in terms of reduction in HF hospi-
talization was very rapid. The curves started to separate
in the first weeks after randomization, suggesting that
diuretic or haemodynamic actions of SGLT2i could be at
least in part responsible for the observed benefit.

Second, sample size may be too small to detect dif-
ferences in ICG measures between the two groups of
treatment. In fact, our study was designed to identify a
significant change in the primary end-point, the effects of
dapagliflozin compared to placebo on cholesterol efflux
capacity [20] and power calculation was not performed
based on ICG measurement variability. Thus, this explor-
atory re-analysis may be underpowered to detect signifi-
cant changes in ICG parameters. Yet, in the same study,
the analysis of body composition based on BIA clearly
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showed different effects of dapagliflozin versus placebo
[20]. Therefore, we expected that the same sample size
was sufficient to reveal overt effects of dapagliflozin on
ICG, which is also based on impedance analysis. We
detected a direct correlation between total body water
and TFC, suggesting concordance of the two methods.
Interestingly, while dapagliflozin reduced total body
water by about 2.5 L [20], we herein found no change in
TEC, suggesting that volume reduction occurred mainly
in extra-thoracic compartments.

Furthermore, we recorded no parameter directly
related to diastolic function. Although generally consid-
ered a measure of contractility, STR (the ratio between
electric and mechanical systole) has a high accuracy for
the diagnosis of diastolic dysfunction [30]. We found no
effects of dapagliflozin on STR, either continuous or cat-
egorized according to the recommended cut-off [30], but
we acknowledge that other parameters of diastolic func-
tion should be evaluated. Previous observational studies
documented effects of SGLT2i on diastolic cardiac func-
tion in T2D, but a recent re-analysis of the DECLARE-
TIMI58 study reported that dapagliflozin prevented HF
in patients with a normal or reduced EF and improved
survival especially in patients with reduced EF [51].
Thus, a selective effect of SGLT2i on diastolic function is
unlikely to explain the observed benefit on HF rates.

Finally, the use of ICG for evaluation of cardiac vari-
ables has provided conflicting results in terms of reli-
ability: studies comparing ICG with other methods to
measure cardiac and hemodynamic parameters showed
an agreement ranging from good [52-54] to poor [55,
56]. In addition, it should be mentioned that ICG is based
on thoracic impedance triggering on cardiac cycle, from
which all other measures are derived. Since SGLT2i typi-
cally reduce body fluid [57], it is also possible that the
resulting change in impedance, that we have already
demonstrated with BIA [20], masked the effects on car-
diac function and hemodynamic parameters.

Conclusions

Despite strong evidence that SGLT2i prevent HF in T2D
with or without prior HF episodes, we found no effects of
dapagliflozin on parameters of cardiac function measured
by ICG. Short duration of treatment, small sample size, lack
or specific diastolic function measures, limited correlation
of ICG parameters with gold standard examination of car-
diac function, and the masking diuretic effects of SGLT2i
are all possible explanations of these negative results. In the
end, we also speculate that SGLT2i exert no effects on car-
diac function parameters in patients with normal cardiac
function but may play a major role at the very early onset of
cardiac disfunction, preventing hospitalization and mortal-
ity. Further studies are needed to address this hypothesis.
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