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Abstract: In eight healthy participants with Type 1 diabetes (T1D) exercise-related dynamic cardiac
remodeling was analyzed by performing two-dimensional echocardiography, including deformation
analysis of the left-ventricular (LV) global longitudinal strain (LV-GLS), and the deformation pattern
of the left atrium (LA) and right ventricle (RV) at rest and post-peak performance on a bicycle.
The feasibility echocardiographic speckle-tracking analysis was performed on eight asymptomatic
participants with T1D (n = 8, male n = 5, age: 23–65 years). The obtained echocardiographic data
were compared for various echocardiographic parameters at rest and post exercise. Across our
participating T1D individuals no structural echocardiographic abnormalities of concern could be
revealed. All participating T1D subjects showed preserved contractile reserve of the LV and no
significant diastolic dysfunction. Significant differences were found for the phasic LA contractile
strain pattern at rest and post exercise (p < 0.001), whereby the dynamic RV (p = 0.5839 and p = 0.7419)
and LV strain pattern (p = 0.5952) did not reveal significant differences in comparison to resting
conditions. This descriptive secondary outcome analysis describes preserved contractile reserve of
the LV and elucidates dynamic modification of the phasic LA contractile deformation pattern in
asymptomatic T1D individuals after exhaustive exercise on a bicycle.

Keywords: echocardiography; strain analysis; type 1 diabetes; cardiac remodeling; diabetic
cardiomyopathy

1. Introduction

The prevalence of diabetes mellitus is increasing rapidly and is estimated to affect
300 million adults in 2025 [1]. Type I diabetes (T1D) and Type 2 diabetes (T2D) are associated
with an increased risk of cardiovascular disease (CVD) [2–4]. CVD has been described
as the leading cause of death in people with diabetes—accounting for up to 44% in T1D
and up to 52% in T2D [2]. Early identification and risk stratification for higher risk of
adverse CVD outcomes, with early interdisciplinary preventive multifactorial treatment,
may reduce morbidity and mortality in people with T1D and T2D [5,6].

Diabetic heart disease encompasses an increased arteriosclerosis in the large arteries,
such as the aorta, femoral arteries, and carotids, as well as microangiopathy, clinically
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apparent as neuropathy, retinopathy, and renal failure [1]. Additionally, diabetes mellitus
increases the risk of heart failure independent of underlying conditions, such as coro-
nary heart disease or arterial hypertension. The pathogenesis of the so-called diabetic
cardiomyopathy (DCM) is multifactorial, whereby several hypotheses have been discussed
previously, including autonomic dysfunction, interstitial fibrosis as well as metabolic and
protein derangements [1,7]. Sustained hyperglycemic levels in diabetes mellitus may result
in increased myocardial stiffness and impaired contractility [1,7–9]. The subsequent clinical
appearance may be characterized by the presence of systolic dysfunction of the left ventricle
(LV), as well as diastolic dysfunction including a reduction of the early diastolic filling of
the LV, an increase in atrial filling, as well as an extension of the isovolumetric filling period
of the LV [1,4,5,10–13].

Echocardiography for functional and morphological cardiovascular assessment in
T1D and T2D is commonly performed in daily practice. Next to structural echocardio-
graphic assessment, newer functional echocardiographic techniques, such as deformation
pattern analysis based on speckle-tracking and tissue Doppler imaging (TDI), provide novel
insights of regional and global myocardial performance including diastolic and systolic in-
teraction assessment in diabetes [1,4,7,14–17]. However, recent studies revealed the clinical
importance of subclinical systolic dysfunction assessed using speckle-tracking echocar-
diography as the first subclinical manifestation of DCM, appearing ahead of diastolic
dysfunction and systolic impairment with subsequent overt heart failure [14–21]. These
innovative novel approaches, focusing on functional echocardiographic assessment and
remodeling, might provide a promising perspective for early DCM progression monitoring
and treatment management, as well as prevention of overt DCM heart failure [17].

In this context, exercise-related dynamic cardiac remodeling analyzed by performing
two-dimensional echocardiography, including deformation analysis of the LV global longi-
tudinal strain (LV-GLS), the deformation pattern of the right ventricle (RV) and left atrium
(LA) at rest as well, as post-peak performance in people with T1D are lacking. Therefore,
the feasibility of dynamic cardiac remodeling of the right and left heart was investigated in
eight asymptomatic participants with T1D to provide novel insights into the assessment of
cardio-physiological adaption in T1D without overt heart failure. We hypothesized that
there would be significant differences in the deformation analysis parameters of the left
and right heart at rest and post peak exercise, revealing a subclinical impaired cardiocir-
culatory functional adaption and providing further insights into the characterization of
asymptomatic DCM.

2. Materials and Methods

The study protocol was approved by the local ethics committee of the University of
Bayreuth (O1305/1-GB, 22-020). Additionally, the study was registered at the German
Clinical Trials Register (DRKS-ID DRKS00030738). The study was conducted in conformity
with the declaration of Helsinki and Good Clinical Practice [22]. Participating subjects were
informed about the study protocol and—before any study-related activities—they were
asked to give their written informed consent.

2.1. Study Population

Eight cardiological-asymptomatic adults with T1D (5 males, 3 females), participat-
ing in the AppEx study, i.e., “Safety and pilot efficacy of a mobile app-based decision
support system for exercise in Type 1 diabetes—the AppEx trial (DRKS00030738)”, were
examined and evaluated at our research facility by an experienced cardiologist for specific
dynamic cardiac remodeling of the right and left heart using two-dimensional echocar-
diography including speckle-tracking analysis after exhaustive cardiopulmonary exercise
testing (CPET). All eight participating adults were vaccinated against coronavirus disease
(COVID-19), and no participating T1D subject had to be excluded from the secondary out-
come analysis of the AppEx study due to clinical apparent coronavirus disease (COVID-19)
or post-COVID-19-infection syndromes.
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Eligibility criteria included male or female subjects aged 18–65 years with a body
mass index (BMI) of 18.0–29.9 kg/m2, both inclusive. Furthermore a clinically diagnosed
T1D ≥ 12 months and being treated with multiple daily insulin injections ≥ 12 months, as
well as a HbA1c level ≤ 10% (86 mmol/mol) were a prerequisite to be enrolled in the study.
During CPET a mass-specific peak oxygen uptake > 20 mL/min/kg−1 served as a prerequi-
site for individual study enrollment. All participants were assessed for anthropometric data
and two-dimensional transthoracic echocardiographic analyses, including strain analysis
at rest and post peak exercise on a static bicycle. The obtained data of the subjects (n = 8;
male n = 5, female n = 3) were compared for structural and functional echocardiographic
parameters at rest and post peak exercise. No participants had a cardiological medical
history, including symptomatic DCM, previous myocardial infarction, apparent severe
heart failure, defined as > NYHA II level (New York Heart Association (NYHA)), and
interventional or surgical revascularization, or exercise-related history for sudden cardiac
death in all participating subjects and within their families.

2.2. Echocardiographic Examination

An echocardiographic functional and morphological assessment at rest and post-
maximal-exercise testing on the bicycle was performed using a commercially available
echocardiographic system Phillips EPIQ 7 device with an X5-1 Matrix-array transducer
(Phillips Healthcare, Eindhoven, The Netherlands), following a standard protocol as
previously described [23,24]. During individual echocardiography of the participants’
continuous heart rate data, assessment (in bpm) was performed. A two-dimensional
echocardiographic assessment at resting conditions was performed according to general
recommendations [23–28]. The systolic LV-EF assessment was performed using biplane
Simpson rule, based on the apical two-chamber—as well as apical four-chamber view [24].
Left-atrial volume index (LAVI) and two-dimensional linear dimensions of the right and
left heart were evaluated for both ventricles and both atria manually according to recent
standards [23,24,26,28,29]. The systolic function of the RV was evaluated using the TAPSE
(Tricuspid annular plane systolic excursion) at rest in the apical four-chamber view [24,28].
The specific assessment of the LV by calculating the LV mass index (LVMI in g/m2) and
the relative wall thickness (RWT) was performed using the formula recommended by the
current guidelines [24,27]. In evaluating the diastolic function of the LV the pulse-wave
Doppler was measured in the apical four-chamber view referring to the peak early filling
(E wave) and late diastolic filling (A wave) velocities, as described in previous research [24].
To assess the E/E′ratio in the participating subjects, the tissue Doppler of the lateral mitral
annulus in the apical four-chamber view (peak early velocity E′) was assessed [23,24,27].

Focusing on the dynamic deformation pattern of the right and left heart, we recorded
the LV, RV, and LA strain patterns of the T1D subjects´ hearts at resting conditions as well
as ten minutes post-maximal bicycle CPET as a post-exercise assessment. Our secondary
outcome analysis on dynamic cardiac remodeling in asymptomatic T1D focused on the left-
heart global-longitudinal-strain pattern (LV-GLS) as well as on the right-heart deformation
pattern, such as RV free-wall longitudinal deformation (RV FW long.Def.), as well as RV
four-chamber longitudinal deformation (RV 4C long.Def.) [24]. Focusing on the dynamic
LA pattern, our assessment was performed according to the recent European Association of
Cardiovascular Imaging (EACVI) recommendations, as reported previously [24,30]. In this
context, the phasic LA pattern assessment includes the specific analyses of LA reservoir
strain (LASr), LA conduit strain (LAScd), and LA contraction strain (LASct) pattern [30].
Regarding our studied participants, no history of atrial fibrillation was known, which
might have limited our LA strain assessment.

Furthermore, during the functional and morphological assessment no significant left- and
right-heart valve regurgitation were detected, except mild clinical asymptomatic regurgitations
as part of the previously described standard echocardiographic assessment [23–25].
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2.3. Statistical Analyses

Statistical data analyses were performed with Graph Pad Prism 9 (Graph Pad Software;
San Diego, CA, USA). Primarily, all data were tested for normal distribution via the Shapiro–
Wilk test. Subsequently, data were tested for differences with paired t-tests, with statistical
significance being accepted at p ≤ 0.05. All data are presented as mean ± SD.

3. Results
3.1. Baseline T1D Subjects’ Characteristics and Structural and Functional Echocardiographic
Assessment at Resting Conditions

The anthropometric data and baseline characteristics of the participating male and
female T1D subjects (n = 8, male n = 5, female n = 3) are presented in Table 1.

Table 1. Anthropometric and T1D characteristics.

T1D Male n = 5 T1D Female n = 3

Age (years) 47.0 ± 17.5 39.3 ± 14.4
Height (cm) 179.2 ± 5.7 163.3 ± 6.4
Weight (kg) 76.7 ± 10.4 61.8 ± 0.8

BMI (kg/m2) 23.8 ± 2.6 23.2 ± 1.4
Duration of T1D (years) 16.8 ± 10.1 12.0 ± 1.7

HbA1c (%) 6.4 ± 0.3 7.8 ± 1.9

Data are presented as a median with standard deviation. Abbreviations: cm, centimeter; kg, kilogram; m2, square
meter; T1D, Type 1 diabetes.

In the two-dimensional structural and functional echocardiographic assessment, all
participants showed a normal systolic LV-EF at rest, estimated using the biplane Simpson
method and a preserved dynamic contractile reserve of the LV post exercise. The struc-
tural assessment of the LV, the LVMI, and the RWT of the LV did not show any relevant
pathological findings, and, with respect to LA and LV geometric assessment, no significant
interindividual differences. Furthermore, the diastolic assessment of the LV did not indicate
any pathological findings and, additionally, only mild clinically asymptomatic regurgitation
at the tricuspid and mitral valves were revealed. None of the analyzed participants showed
any relevant systolic pulmonary artery pressure using the tricuspid peak-systolic-velocity
assessment. The obtained baseline echocardiographic characteristics can be categorized
as within the normal range compared to data from sedentary control measurements by
the German Society of Cardiology (DGK), as presented in previous research [24,28]. The
obtained baseline echocardiographic characteristics are displayed in Table 2.

Table 2. Baseline echocardiographic characteristics.

T1D Male n = 5 T1D Female n = 3 Reference Value Male Reference Value Female

LV edd (mm) 48.00 ± 4.53 38.33 ± 2.52 42–58 38–52
LV Mass Index (g/m2) 79.40 ± 24.03 58.33 ± 5.51 49–115 43–95

Relative Wall Thickness
RWT 0.37 ± 0.03 0.43 ± 0.04

IVSd (mm) 9.40 ± 1.14 9.00 ± 0 6–10 6–9
LVPWd (mm) 8.80 ± 0.84 8.33 ± 0.58 6–10 6–9

E/A 1.62 ± 0.72 1.13 ± 0.06
E/E’ 7.76 ± 1.30 6.56 ± 2.20

LAVI (mL/m2) 27.40 ± 6.54 30.33 ± 6.66
LV − EFrest (%) 59.40 ± 0.89 60.00 ± 5.00 52–72 54–72

LV − EFpost-stress (%) 69.40 ± 1.76 70.00 ± 5.00

Data are presented as a median with standard deviation. Abbreviations: LV edd, left ventricle enddiastolic size;
LV, left ventricular; IVSd, interventricular septal wall thickness at diastole; LVPWd, left ventricular posterior wall
thickness at diastole; E/A, E/E’, parameters for diastolic function of left ventricle; LAVI, left atrial volume index;
LV – EF, left ventricular systolic ejection fraction.
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3.2. T1D Speckle-Tracking Analysis of the Left and Right Heart at Resting Conditions
and Dynamic Functional Cardiac Remodeling Post Peak Exercise

Analyzing the dynamic functional cardiac remodeling, no significant differences were
found for the RV free-wall longitudinal deformation (RV FW long.Def. rest −23.85 ± 6.40%
vs. RV FW long.Def. post peak exercise −26.05 ± 6.92%, p = 0.5839) nor for the RV apical
four-chamber longitudinal deformation (RV 4C long.Def. rest −20.58 ± 3.93% vs. RV 4C
long.Def. post peak exercise −21.45 ± 4.77%, p = 0.7419) at rest and post peak exercise, as
presented in Table 3.

Table 3. Dynamic deformation pattern of LA, RV, and LV in T1D subjects.

T1D Rest n = 8 T1D Post Exercise n = 8 p-Value

RV FW long Def. −23.85 ± 6.40 −26.05 ± 6.92 0.5839

RV 4C long Def. −20.58 ± 3.93 −21.45 ± 4.77 0.7419

LV GLS mean −18.05 ± 2.31 −17.41 ± 3.24 0.5952

LV reservoir 41.45 ± 9.15 40.53 ± 7.99 0.8379

LA conduit −23.53 ± 8.28 −16.15 ± 6.51 0.0624

LA contractile −17.91 ± 5.89 −26.11 ± 5.61 0.0003 *
Data are presented as a median with standard deviation. * represents statistical significant results. Abbreviations:
RV, right ventricle; FW, free wall; long, longitudinal; Def., deformation; 4C, four chamber; LV, left ventricle; GLS,
global longitudinal strain; LA, left atrium.

The evaluation of the dynamic functional remodeling of the left heart revealed no
significant differences for the LV-GLS pattern (p = 0.5952, as presented in Table 3), i.e., LV-
GLS values at rest (−18.05 ± 2.31%) and slightly reduced values for LV-GLS post peak
exercise (−17.41 ± 3.24%).

Analyzing the dynamic functional LA remodeling based on the average phasic LA
strain (LAS) deformation pattern during all three phases of the atrial cycle, as presented in
our previous research [24], we were not able to elucidate significant differences, neither for
LASr analysis (p = 0.8379) nor for LAScd analysis (p = 0.0624, results represented in Table 3).

Significant differences across the participants could be elucidated for the LASct assess-
ment at rest versus post peak-exercise parameters (LASct rest −17.91 ± 5.89% vs. LASct
post peak exercise −26.11 ± 5.61%, p = 0.0003, as presented in Table 3 and Figure 1).
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4. Discussion

The objective of this secondary outcome analysis was to assess right- and left-heart
dynamic myocardial deformation patterns in cardiac-healthy individuals with T1D, using
advanced speckle-tracking echocardiography at resting conditions and post peak exercise.
Therefore, an early-stage identification of subclinical cardiac lesions in asymptomatic DCM,
which might be characterized by functional and structural lesions and be involved in
the progression to symptomatic heart failure, is essential for individual´s prognosis and
therapeutic approach, and our innovative approach might contribute to primary assessment
of subclinical cardiac lesions [16,31].

Previous research on the identification of early systolic LV-dysfunction in asymptomatic
individuals with T1D demonstrated that decreased values of LV-GLS, defined as >−18.7%,
are a common finding in asymptomatic T1D individuals without previous history of signifi-
cant microvascular or macrovascular complications [32]. In this context, possible interacting
factors, such as chronic hyperglycemia and increased adiposity have been reported pre-
viously [16,32]. Additionally, abnormal global peak longitudinal strain pattern of the LV
have been reported for a certain association with elevated coronary calcium score (CACS)
and visceral fat mass [16]. Our obtained results for slightly decreased LV GLS mean data
at resting conditions (−18.05 ± 2.31) have to be interpreted while referring these precon-
ditions. Nevertheless, our asymptomatic T1D individuals displayed preserved dynamic
deformation strain pattern post peak exercise and no significant dynamic myocardial strain
reduction. Previous research on echocardiographic changes during variable glycemic levels,
especially acute hypoglycemia and post recovery, even hyperglycemic and euglycemic
levels, revealed a significant impact on dynamic LV-EF and LV-GLS data [33]. According
to our preserved dynamic LV-GLS mean data, the following conditions have to be taken
into consideration: previously reported coherences between exercise-related hypoglycemic
level during maximal CPET effort, high glycemic variability, and clinically inapparent
cardiovascular disease [33]. Additionally, previous research revealed a detrimental effect of
anterior-chest-wall deformities, such as most notably pectus excavatum, on cardiac motion
and function. Therefore, an association between the degree of anterior-chest-wall deformity
and myocardial strain magnitude was elucidated, whereby this anthropometric feature
was not evaluated in our study population, as stated in the limitation section [34]. Our
novel innovative dynamic “stress” approach might accompany the classical guideline-
recommended risk-factor assessment and standard two-dimensional echocardiography in
people with T1D without known heart disease to improve risk prediction for these patients
at risk for cardiovascular disease [35]. The meaningfulness of dynamic stress myocar-
dial deformation assessment might be regarded as an innovative prognostic tool with a
high-clinical-negative predictive value in asymptomatic T1D. Due to the small number of
participants, we were not able to correlate our obtained LV strain pattern data with diabetes
duration and glycated hemoglobin (HbA1c) level, which are both associated with LV-GLS
impairment [36].

Previously, RV evaluation in individuals with DCM was not frequently undertaken,
whereby within the last decades its importance in the clinical course and prognosis of
DCM has been recognized and has been focused scientifically [37]. Previous research
revealed contrary findings with decreased RV myocardial performance in asymptomatic
T1D compared to healthy matched controls at resting conditions [37], as well as preserved
subclinical systolic function of the RV in early stage T1D subjects [38]. In our participating
individuals, we could demonstrate preserved RV FW long.Def. and RV 4C long.Def.
at rest without any significant exercise-related decrease, displaying preserved dynamic
diastolic and systolic RV function post peak exercise. This novel dynamic RV myocardial
assessment in asymptomatic T1D shows its feasibility and might contribute to better early-
stage detection and understanding of subclinical abnormalities due to the beginning DCM
focusing on the impact of RV performance.

Additionally, our dynamic deformation pattern analyses of asymptomatic people with
T1D without any relevant previous cardiac history revealed significant differences for the
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LASct assessment at rest versus post peak-exercise parameters. This novel observation
based on our feasibility research might provide novel insights into cardio-physiological
adaption and early-stage risk stratification in asymptomatic T1D. Previous research re-
vealed controversial findings, whereby in young healthy winter-sport professionals the
dynamic data assessment of the left atrial cycle demonstrated significant differences for
the conduit cycle of the LA strain analysis [24], and in people with cardiac amyloidosis
and consecutive LV hypertrophy, atrial mechanics were significantly reduced with LA
strain assessment in resting conditions [39]. In fact, LAS alterations are reported in several
cardiovascular conditions before, whereby LA dysfunction is related to several predispo-
sitions, such as diastolic and systolic LV function, LV filling pressure, and functional and
morphological LA structure [40–42]. In our participants, concomitant phenomena such as
increased myocardial stiffness and impaired contractility [1,7–9], might contribute to the
novel-revealed exercise-related LAS alterations, especially associated in the LASct phases.
Investigations on this interesting topic are rare, and very little is known about the possible
underlying pathophysiological determinants. It remains a matter for clarification whether
the previously described predispositions, such as varying LV and LA properties, contribute
to functional and morphological LAS modifications or whether the T1D individuals pri-
marily have LA myopathy or the assessed LA deformation pattern are physiological due
to post-exercise status [39]. The question that arises, of whether it is a T1D phenomenon
or a normal post-exercise finding, remains unsolved in our explorative trial and has to be
studied in further research with an appropriate matched control group. Even though our
feasibility study might not point out any chronological causalities, our findings might be
handled as hypothesis generating for subclinical LAS alterations in asymptomatic T1D.
Assessment of these novel interesting strain deformation patterns might lead to early
screening for DCM and may be worth investigation in larger prospective studies.

Our results are limited by several conditions: firstly, we performed a feasibility ob-
servational trial with a single-centre nature and a low number of participants, whereby
further larger prospective studies should be initiated with appropriate statistical power
analysis. In this regard, the main limitation of the study is that we do not provide a healthy
matched control group and are solely discussing the obtained comparison cohort data pre
and post exercise. Our previous research in elite winter sport athletes suggests comparable
results, but do not represent an ideal comparison cohort for our participants with T1D.
Secondly, the participating individuals displayed a certain inter-individual variability with
respect to T1D duration and anthropometric data, especially the male participants. In this
context, in our study population the possible influence of chest-wall conformation, such as
narrow antero-posterior chest diameter, on cardiac kinetics and function at rest and post
exercise has not been assessed in the participant´s anthropometric evaluation [34]. These
preconditions should be given some attention interpreting our feasibility study data, and,
therefore, our results have to be handled with caution. Our findings, based on dynamic
deformation pattern assessment of the right and left heart in T1D, firstly elucidate and
compare RV, phasic LA and LV strain alterations at resting conditions compared to post
peak-exercise data. Our results might display a first explorative data assessment and need
to be confirmed in larger prospective studies analyzing the clinical pathophysiological
mechanisms and their transferability into clinical practice.

5. Conclusions

This explorative secondary outcome data assessment provides novel insights of pre-
served contractile reserve of the LV and elucidates dynamic modification of the phasic LA
contractile deformation pattern in asymptomatic people with T1D post peak exercise.

In conclusion, dynamic deformation pattern analysis of the left and right heart is
feasible in people with T1D and might contribute to better early-stage detection and under-
standing of subclinical abnormalities before established DCM. Further data are warranted
to validate our obtained findings and “to characterize” a disease-specific dynamic deforma-
tion pattern of DCM with the aim of transferring it to everyday clinical practice.
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