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Exercise reveals precocious-subclinical
cardiovascular and muscular dysfunction

in transfusion dependent beta-thalassemia
(TDT) patients without cardiac iron overload
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Abstract

Background Transfusion-dependent 3-thalassemia (TDT) is characterized by reduced exercise capacity due
to chronic hemolytic anemia, iron overload cardiomyopathy, and potential skeletal muscle alterations. Early
cardiovascular and muscular dysfunction in the absence of cardiac iron overload remains poorly characterized.

Methods In this exploratory study, 9 TDT patients without cardiac iron overload and with normal body mass index
(BMI) were matched with 9 healthy controls. Cardiopulmonary exercise testing combined with lung ultrasound
(LUS-CPET) was used to assess exercise-induced lung congestion and diastolic dysfunction. Serum biomarkers

of endothelial activation (ICAM-1) and muscle-metabolic function (FGF21, miR-577) were evaluated. Resting
echocardiography, handgrip strength, and body composition by bioelectrical impedance analysis (BIA) were also
assessed.

Results At rest, cardiac output and diastolic function were comparable between groups. However, during LUS-CPET,
TDT patients exhibited significantly lower VO,max, O, pulse, and chronotropic index, along with increased B-lines,
consistent with exercise-induced diastolic dysfunction. TDT patients also showed reduced lean body mass and
handgrip strength. FGF21 levels were elevated at rest and post-exercise, whereas miR-577 levels were reduced. Post-
exercise ICAM-1 levels were significantly higher in TDT patients compared to controls.

Conclusions LUS-CPET may represent a useful non-invasive approach to identify early exercise-induced diastolic
dysfunction in TDT patients without cardiac iron overload. Altered FGF21 and miR-577 profiles suggest the presence
of metabolic dysregulation associated with early skeletal muscle deconditioning.
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Introduction

Transfusion dependent thalassemia (TDT) is a world-
wide distributed hereditary red cell disorder. The main
clinical manifestations are chronic hemolytic anemia
and ineffective erythropoiesis both link to oxidation and
abnormal iron homeostasis [1, 2]. Chronic transfusion
regimen requires a personalized iron chelation therapy
to effectively reduce iron burden [3]. The cytotoxic organ
iron accumulation might contribute to organ damage,
resulting in liver and heart disease. Patients’ quality of life
is deeply affected by fatigue and muscle weakness which
generally appears before heart iron-overload and might
be related the cumulative effect of different factors such
as muscle waste-associated decrease muscle strength,
osteoporosis, vitamin D deficiency and chronic anemia
[4-6].

Up to now there is a lack of knowledge on muscular
performance and early cardiovascular disease in TDT
patients beyond cardiac iron overload, with particular
regard to how nutritional status and skeletal muscle phe-
notype contribute to exercise intolerance. Of note, Pen-
nell et al. reported that TDT patients develop an adaptive
cardiac physiology, which can lead to increasing cardiac
output to maintain oxygen delivery, in absence of car-
diac iron loading [7]. Indeed, recent evidence indicates
that pathological heart remodeling and myocardial dys-
function might appear before heart iron overload in both
mouse model and patients with TDT [8, 9]. Myocardial
fibrosis and iron-induced electrical conduction distur-
bances can lead to arrhythmias [10]. and altered chro-
notropic response to exercise [11, 12]. Previous studies
have shown that TDT patients have reduced cardiovas-
cular fitness and exercise capacity in terms of maximum
oxygen consumption (VO,max), which has been related
to anemia, iron overload cardiomyopathy, and possible
muscular deconditioning, however, the extent and clini-
cal characterization of early muscle-nutritional impair-
ment (e.g., lean mass, strength and physical activity)
and its relationship with exercise-induced cardiovascu-
lar abnormalities in TDT remains insufficiently defined
[13-15]. Sarcopenia and low body mass index are also
reported [16—19].

Identifying early functional changes before structural
cardiomyopathy develops remains a clinical challenge.
Recent evidence highlights the prognostic capability of
lung ultrasound combined with exercise testing in heart
failure with preserved ejection fraction (HFpEF) [20]. In
addition, B-lines is emerging as excellent surrogate for
pulmonary capillary wedge pressure (PCWP) and dia-
stolic dysfunction with HFpEF triggered by exercise test-
ing [21]. This might be corroborated by soluble markers
of pro-inflammatory and shear stress vascular response
to exercise such as intercellular adhesion molecule-1
(ICAM-1) [22]. Indeed, increased circulating ICAM-1
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has been associated with atherosclerosis [23], myocar-
dial infarction, heart failure and inflammatory cardio-
myopathies [24]. In addition, Vinchi et al. have recently
described increased markers of inflammatory vasculop-
athy in TDT patients, reaching values similar to those
described in individuals with sickle cell disease [25].
Inflammatory vasculopathy might be a still an under-
recognized factor in the pathogenesis of TDT related
myocardial dysfunction. This is extremely interesting
since mild chronic inflammation has been also related to
cardiometabolic disease [26]. Although ICAM-1 is not a
unique marker of inflammation, its up-regulation mirrors
chronic vascular stress that may compromise skeletal-
muscle perfusion and contribute to functional decon-
ditioning and possible senescence [27-29]. Of note,
increased ICAM-1 expression is also linked to physical
frailty and sarcopenia [30].

Fibroblast growth factor 21 (FGF21) is another stress
biomarker involved in muscle metabolism and homeo-
stasis, as well as pathological cardiac remodeling [31].
This is strictly dependent on FGF21 function: elevated
FG21 accompanies metabolic derangements affecting
energy substrate metabolism. In addition, FGF21 might
increase in response to exercise, allowing to explore
muscle dysfunction [32]. FGF21 level might be affected
by micro-RNA miR-577, which downregulates FGF21
expression targeting 3’'UTR, proved by the reduction in
protein kinase B levels [33].

Here, we explored whether LUS-CPET combined
with a multidisciplinary approach might be a novel tool
to evaluate early cardiovascular disease and muscular
dysfunction in patients with TDT without cardiac iron
overload.

Methods

Study design and statistical analysis

The study conducted was a cross-sectional observa-
tional study. p-thalassemic transfusion-dependent (TDT)
patients were recruited, undergoing regular follow-up in
an outpatient or Day Hospital setting at the Unit of Gen-
eral Medicine in Verona (Italy). Patients were evaluated
approximately 10days after the last transfusion. All TDT
patients routinely undergo resting echocardiography and
cardiac and upper abdominal magnetic resonance imag-
ing (MRI) with specific sequences for iron accumulation
detection. For the study, the values of the latest echo-
cardiogram and the latest cardiac and upper abdominal
MRI were considered. Inclusion criteria were as follows:
stable TDT outpatients undergoing regular transfusions
every 14-21days, receiving 2-3 units of packed red
blood cells (PRBCs) per transfusion; normal body mass
index (BMI 18.5 - 24.9kg/m?). Patients with heart iron
overload (T2* values <20 ms) or reduced ejection fraction
were excluded, as well as those unable to perform CPET,
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or falling under absolute contraindications for the test
[34]. Patients with changes in therapy within the previ-
ous 12months were excluded. Only adult subjects were
enrolled. A total of 9 TDT patients were evaluated (5M,
4 F). Nine HC (5M, 4 F) were recruited, matched for gen-
der, age, and BMI with the patients.

Cardiopulmonary Exercise Test (CPET)

All subjects underwent a cycle ergometer (E100,
COSMED; Milan, Italy) cardiopulmonary exercise test
(CPET) following the latest American Thoracic Soci-
ety guidelines [34]. All CPET exams were conducted
and interpreted by a single experienced operator (MB).
Details are reported in Supplementary materials.

Transthoracic Lung Ultrasound (LUS)

LUS was performed following the method described by
the Italian Society of Echocardiography (SIEC) [35]. LUS
assessments were performed by the same experienced
operator, thereby minimizing inter-observer variabil-
ity (MC). LUS findings were quantitatively integrated
with CPET by assessing the change in B-lines from rest
to peak exercise. Details are reported in Supplementary
materials.

Anthropometric measurements and Bioelectrical
Impedance Analysis (BIA)

In all subjects, weight and height were measured. Main
anthropometric circumferences were taken by an expe-
rienced operator (MB): waist circumference was mea-
sured at the midpoint between the lowest rib and the
iliac crest; hip circumference was measured at the level of
the greater trochanters at the widest portion of the but-
tocks; thigh circumference was assessed at the midpoint
between the inguinal crease and the proximal border of
the patella. All measurements were obtained in duplicate
using a non-elastic tape, with the subject standing in a
relaxed position, and the mean value was used for analy-
sis [36]. BIA (InBody 120, USA, Cerritos, CA, USA) mea-
sured percentage of body fat (FM) and lean body mass
(LBM), along with the absolute values of both parame-
ters. Fat-free mass index (FFMI) was calculated as fat-free
mass (kg) divided by height squared (m?), derived from
BIA. Two analyses were taken each time for each subject
and the mean value was reported. All subjects were asked
to avoid strenuous exercise the day before BIA. Measure-
ments were obtained with subjects in a resting state, in
light clothing, and after bladder emptying.

International Physical Activity Questionnaire (IPAQ)

The International Physical Activity Questionnaire (IPAQ)
in its brief version was administered to assess the levels
of physical activity undertaken by the subjects and esti-
mate weekly metabolic equivalents of task (METs) [37].
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Pre- and post-exercise soluble markers

Serum samples were collected before and at 30 minutes
after LUS-CPET. Enzyme-linked immunosorbent assay
(ELISA) was used to measure ICAM-1, as a marker of
vascular activation, and FGF21, a marker of metabolic
and myocellular stress.

miRNA extraction and reverse transcription

Serum miRNA577 and 199 were extracted using the miR-
Neasy® protect mini kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s protocol. Details are reported
in Supplementary materials.

Gene expression analysis-real-time PCR

The Real-Time PCR was performed using the TagMan
Universal PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA) and TagMan pre-designed probes
for each gene (Table 1s). Next, The MicroAmp Opti-
cal 96-Well Reaction Plate (applied biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) was used to load
the 19puL of PCR mix into the wells that were designed.
Next, to get a final volume of 20uL, 1 puL of cDNA was
added. Details are reported in Supplementary materials.

Statistics

Statistical analysis was performed using Jamovi soft-
ware version 2.3.28.0 (Sydney, Australia). The analysis
of quantitative variables was conducted using Student’s
t-test for variables with homogeneous variance. When
the variance was not homogeneous, the Mann-Whitney
test was used. Correlation analyses were performed using
the Spearman test. The Kruskal-Wallis one-way ANOVA
test was employed for nominal variables for events with
a sample size>5. A formal a priori power calculation was
not performed due to the exploratory nature of the study.
For all analyses, significance was set at p <0.05.

Results

At rest, TDT patients without cardiac iron overload display
no compensatory hyperdynamic state in response to
chronic anemia

Table 1 shows the characteristics of studied TDT patients
and healthy controls (HC), who were gender, age and
BMI-matched. TDT patients were regularly transfused
on average every 19+2.2days with 2.1+0.2 units of
PRBCs. Patients were evaluated at 8.7+1.3days after
the last transfusion and the day of evaluation Hb was
10.2+0.9g/dL. All TDT patients were on iron chelation
therapy with deferasirox (mean stable dosage 750 mg/
day) or deferiprone (mean stable dosage 1,250 mg/day).
Mean ferritin was 498.2+321.5, indicating an optimal
iron chelation state. Of note 2 patients were on Lus-
patercept (mean stable dosage 1mg/kg every 3weeks)
and 2 patients were under beta-blockers therapy due to
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Table 1 Demographic, clinical and laboratory characteristics of
study subjects

TDT HC p
Gender (M/F) 5/4 5/4 -
Age (years) 404+79 379+122 0.54
BMI (kg/mz) 224+29 229+39 0.76
Hb (g/dL) 10.2+09 129+08 <0.001
RDW (%) 16.1+19 125+08 <0.001
Plts (10*/mm?) 5153+2553 2937+952 0.022
WBC (10°/mm?) 1015+288  761+233  0.032
Creatinine (mg/dL) 0.78+0.16 081 +0.22 0.26
Ferritin (ng/mL) 4982 +3215 1957+762  0.021
ALT (U/L) 184+83 169+ 56 0.40
Transfusion interval (days) 19.0+22 - -
PRBC (units) 21+02 - -
Deferasirox 9/9 - -
Luspatercept 2/9 - -
Deferiprone 1/9 - -
Myocardial T2* (ms) 338+ 2.1 - -
Hepatic T2* (ms) 109+6.7 - -
Pancreatic T2* (ms) 156+9.2 - -
Splenectomy 7/9 - -
Hypogonadism 2/9 - -
Levothyroxine 3/9 - -
Acetylsalicylic Acid (100mg) ~ 6/9 - -

Cholecalciferol 9/9 - -

Note: significant p-values are printed in bold. Hb: Hemoglobin; RDW: Red
Cell Distribution Width; PIt: Platelets; WBC: White Blood Cells; ALT: Alanine
Aminotransferase; PRBC: packed red blood cells; T2*: magnetic resonance
effective transverse relaxation time

symptomatic sinusoidal tachycardia (bisoprolol 1.25mg
daily). Concerning endocrinopathies related to TDT, 2
patients received replacement therapy for hypogonado-
tropic hypogonadism; 3 patients received levothyrox-
ine for hypothyroidism. No patients had diabetes. Six
patients were on 100mg acetylsalicylic acid for throm-
bocytosis [38]. All patients regularly took cholecalciferol
(mean stable dosage 100,000 UI monthly) for osteopo-
rosis in combination with either zoledronic acid 4mg
yearly or denosumab 60 mg every 6 months. All patients
were asymptomatic at rest under their usual therapy. In
MRI for iron overload conducted within 12months of
evaluation, no myocardial iron accumulation, defined
by T2* values<20ms, was observed in any patient in
the T2*-weighted sequences (range: 36.7-31.2ms; 1).
Four TDT patients had increased liver iron concentra-
tion hepatic T2* (10.9 + 6.7 ms). Pancreatic accumulation
(15.6+9.2ms) was described in 8 TDT patients. Splenec-
tomy was reported in 7 patients. Data of previous MRI
are shown in supplementary materials.Resting echo-
cardiographic assessment at rest revealed no significant
differences between patients with TDT and HC in terms
of cardiac chamber dimensions, systolic and diastolic
function. Notably, despite the presence of anemia, TDT
patients did not exhibit signs of increased compensatory
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cardiac output or cardiac index, suggesting the absence
of a compensatory hyperdynamic state. Although the
mean values of the indices examined fell within normal
ranges (see Supplementary Table 2) compared to HC,
some TDT patients exhibited pathological values in the
following parameters: 3 out of 9 patients showed dilated
left atrium, and 2 out of 9 had increased indexed mass.
Regarding flow waves, 4 subjects showed altered E/A
ratio, and as many as 8 patients had a pathological mean
E/e’ ratio. The data on left ventricular global longitudinal
strain (LV-GLS) also showed 4 patients with pathologi-
cal values and 4 within normal limits, while the data on
right ventricle free wall longitudinal strain (RV-FWLS)
revealed 3 patients exceeding pathological limits.

Thus, in TDT patients free from iron overload, the
lack of compensatory hyperdynamic state in response
to chronic anemia might underlie a possible inability of
hearts to appropriately increase their performance in
response to exercise.

In TDT patients, lung ultrasound cardiopulmonary exercise
testing reveals muscle hypotrophy and heart diastolic
dysfunction with a negative impact on strength and
maximum oxygen consumption

Combined lung ultrasound cardiopulmonary exercise
testing (LUS-CPET) showed significant reduced aerobic
fitness levels in TDT patients, with measured VO,max
23.3+6.2mL/min/kg compared to 38.5+6.0mL/min/
kg in HC (p<0.001). Data on bioelectrical impedance
analysis revealed significative lower muscular and lean
body mass (LBM, 44.1+5.8kg vs 54.4+6.6kg, p=0.003)
among TDT patients, both in absolute terms and rela-
tive to the free-fat mass index (FEMI, 16.9+ 1.7 kg/m>
vs 18.5+1.5kg/m? p=0.023). Of note, BMI was within
normal range (Table 1) and there were no significant dif-
ferences in waist circumference and absolute fat mass
between the two groups. Muscle strength was slightly
but significantly reduced in TDT patients, with handgrip
36.6+6.8kg compared to 44.0+8.0kg in HC (p=0.049).
To evaluate the presence of possible reduced lean
mass, thigh and waist circumferences were measured
[39, 40]. Thigh circumference and WTR (1.77+0.02
VS 1.54+0.02, p<0.001) were markedly lower in TDT
patients, showing reduced muscular appendicular mass
[41]. In addition to evaluating body muscle mass, both
parameters are emerging in screening power for meta-
bolic and cardiovascular risk being more powerful than
BMI [42]. Indeed, International Physical Activity Ques-
tionnaire (IPAQ) revealed that TDT patients consume
fewer metabolic equivalents of task (METs) per week
compared to controls (983.2+698.6 vs 5524.7 +1676.7;
p=0.003), thus more likely falling into sedentary or mod-
erate activity classes, with no patients classified as physi-
cally active. This agrees with previous reports in other
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heart diseases, showing an adaptative strategy on life-
styles of patients based on their functional limitations
[43].

Resting (HRrest) and maximum heart rate (HRmax)
did not differ significantly between the two groups; how-
ever, HR was significantly lower at the anaerobic thresh-
old in TDT subjects compared to HC. Systolic blood
pressure response to exercise was similar in TDT com-
pared to HC (166.7 £18.5mmHg vs 180.0 + 15.6 mmHg,
p=0.118), ensuring adequate peripheral perfusion. How-
ever, maximal oxygen pulse was significantly lower in
TDT patients, showing a reduction in cardiac efficiency
during exertion. On the other hand, chronotropic index
(ChL 0.56+0.11 vs 1.17+0.20 p<0.001) was markedly
reduced in TDT patients, indicating a chronotropic
incompetence and possibly diastolic dysfunction. As
expected, the slope of oxygen consumption relative to
workload during LUS-CPET (VO2/WR slope) did not
differ significantly between the two groups.

Of note, baseline B lines did not differ between the two
groups (3.4+3.6 vs 1.3+2.6, p=0.176), whereas exer-
cise testing exacerbated pulmonary congestion in TDT
patients (10.7+7.0 vs 3.3+4.2, p=0.016), an indirect
sign of diastolic dysfunction [44]. Notably, LUS-CPET
induced electrocardiographic abnormalities in TDT
patients. In fact, exercise extrasystoles were observed in
4 out of 9 patients, with 2 displaying premature R-on-T
ventricular complexes (PVCs) and 1 experiencing non-
sustained ventricular paroxysmal tachycardia at peak
exercise, accompanied by spontaneously resolving palpi-
tations. One TDT patient exhibited a complete right bun-
dle branch block (RBBB), and another 1 out of 9 showed
significant ST-segment depression in the lateral leads
without anginal symptoms. In addition, one patient had
a self-limited episode of exercise-induced asymptomatic
atrial fibrillation. Interestingly, at resting ECG Bazett cor-
rected QT interval (QTc) was longer in TDT patients:
405.9+24.7ms compared to 380.7t+18.1ms in HC
(p=0.025). However, the difference in resting QRS com-
plex duration was not statistically significant between
TDT and controls (81.1+11.5ms vs 782*10.1ms;
p=0.580). Similarly to PPO, the measured oxygen con-
sumption values were significantly lower at maximum
exertion (VO,max) both in absolute terms compared to
HC and in relation to the percentage of predicted values
[45]. Sub-maximal VO, values, at the anaerobic ventila-
tory threshold (AT), were also lower compared to control
subjects; however, this difference was not confirmed rela-
tive to predicted VO,max. Resting and maximal minute
ventilation (VE) and maximal tidal volume (Vt) were
significantly lower in TDT patients (Table 2s). However,
there was no altered response in terms of respiratory rate
(RR) at rest and during exertion (Table 2s). Reduced VE
and Vt did not seem to affect oxygen saturation measured
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by pulse oximetry (SpO,), as it was not different between
the two groups at rest (SpO,rest 97.8+0.7 vs 98.1+0.6)
and at peak exertion (SpO,max 98.2+0.8 vs 97.9+0.9,
p>0.05). Similarly, breathing reserve at peak exertion
(BR, %), the slope of ventilation in relation to carbon
dioxide production (VE/VCO?2) and its relative inter-
cept on the VE axis did not differ between patients with
TDT and HC, did not differ statistically between the two
groups.

Collectively, our data indicate that in TDT patients
without heart iron overload LUS-CPET reveals heart
diastolic dysfunction and reduced peripheral muscles
fitness.

Cardiopulmonary exercise test elicitates functional and
molecular cardiovascular stress markers (Fig. 1)

To explore these functional alterations, we evaluated
soluble markers of vascular endothelial activation such as
ICAM-1 and of metabolic muscular stress such as FGF21
at baseline and after LUS-CPET [22, 46-48]. At rest,
ICAM-1 levels were similar in TDT patients compared
to controls (178.11+26.55 vs 162.68+13.33, p=0.216).
ICAM-1 increased more in TDT patients than in HC in
response to LUS-CPET (195.90 +26.60 vs 161.94 +13.96,
p=0.003). At rest FGF21 was significantly increased in
TDT (232.41+137.5) compared to HC (105.10+39.13,
p=0.036). Post LUS-CPET, FGF21 levels were markedly
higher in TDT when compared to HC (764.81 +573.90 vs
128.24+48.98, p<0.001). In TDT patients, FGF21 levels
correlated negatively with lean body mass and VO,max
(p=-0.840, p=0.005 and p=-0.679, p=0.044, respec-
tively). To further explore soluble markers functionally
link to metabolic and myocellular stress triggered by
FGF21, we evaluated miR577 [49-51]. We first found that
FGF21 3'UTR is a direct target of miR-577 with a nega-
tive effect (Fig. 1S). As predicted by our in silico analyses,
in TDT patients, we observed a reduction in serum miR-
577 levels in response to exercise when compared to rest
condition (median TDT_miR577_pre: 0.9x [0.88-2.81];
median TDT_miR577_post: 0.1x [0.03-1.01]) (p<0.05).
Serum miR-577 did not change significantly after exercise
in healthy controls (HC) (median HC_miR577_pre: 1.xx
[0.88-2.56]; median HC_miR577_post: 0.9x [0.01-2.42])
(p>0.05). We also evaluated miR-199b, a marker of sys-
tolic dysfunction [52, 53], whose levels were not affected
by exercise in either HC or TDT patients.

Discussion

Here, we showed that, at rest, asymptomatic TDT
patients free from heart iron-overload and normal dia-
stolic dysfunction display no compensatory hyperdy-
namic state in response to chronic anemia, suggesting
a possible impairment of hearts in increasing their per-
formance in response to exercise. Indeed, we found that
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Fig. 1 A) Lower fitness levels and worse body composition in TDT patients. VO,max: maximal oxygen consumption. Chrono-index: chronotropic index;
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exercise testing exacerbated pulmonary congestion (B
lines) used as an indirect sign of diastolic dysfunction in
TDT patients. This agrees with reduction in the VO,max
in TDT patients when compared to HC subjects. Despite
reduced resting and maximal VE in TDT, no major venti-
latory or gas diffusion limitations were observed, as indi-
cated by normal values of breathing reserve, VE/VCO,
slope, and oxygen saturation at peak exercise, consistent
with previous findings [54]. To our knowledge, this is
the first study to evaluate a homogeneous group of TDT
patients without present or history of heart iron-over-
load, using cardiopulmonary exercise testing (CPET). In
previous reports, some or all the enrolled patients had
iron-overload cardiomyopathy with reduced BMI [6, 13,
54]. In our study, TDT patients displayed normal BMI,
but we found abnormal altered waist to thigh ratio, which
reflects body muscle mass. We confirmed that TDT
patients have significantly lower oxygen consumption
values both at maximal (VO,max) and submaximal (AT)
efforts during CPET when compared to HC. This find-
ing might be primarily related to reduced oxygen delivery
(i.e. anemia) in TDT patients, but also to the altered body
composition, with reduced lower lean mass and thigh
circumference than HC. This makes waist to thigh ratio
a simple important marker to be used for body muscle
mass evaluation in TDT patients. As described in other
chronic disorders, patients tend to adapt their lifestyle
to their functional limitation, generally moving towards
a sedentary life [43]. Indeed, TDT patients with altered
waist to thigh ratio reported lower levels of weekly physi-
cal activity at the IPAQ questionnaire, similarly to other
thalassemic cohorts [55], showing sedentary habits. At
this stage we cannot exclude a component of non-specific
myopathy previously described in TDT patients [56]. On
initial observation, TDT peripheral muscle seemed able
to extract oxygen at a normal rate - i.e. normal VO2/WR
slope, a common finding in early diastolic disfunction
[57] — a reduction of both oxygen consumption, hemo-
globin concentration and power output could have nor-
malized this result. Interestingly, VO2/WR slope may
also be normal if the component of mainly non-oxidative
type II muscular fibers might be affected in TDT patients,
as in sarcopenic aging [58]. Reduced physical activity,
as seen in our TDT patients, and energy imbalance can
also switch to a starving phenotype with FGF21 acting
marker of impaired autophagy and metabolism resulting
in patients’ reduced strength [59]. It is also not possible
to exclude that the higher levels of FGF21 are related
to a reduced expression of the FGF21 receptor in TDT
patients. However, muscular weakness is of particular
interest, as TDT patients showed reduced thigh circum-
ference and handgrip strength, that has been reported to
be strongly associated with cardiometabolic diseases in
several populations [60, 61]. Thus, altered waist to thigh
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ratio, as seen in our TDT cohort, is a predictor of CV dis-
eases [62]. Indeed, the marked and significant increase
in post-exercise FGF21 levels in TDT patients might be
support the interplay between reduced cardiac function
and lower muscular mass [63], as FGF21 provides cardiac
protection and enhances remodeling by reducing oxida-
tive stress and inflammatory responses in cardiovascular
diseases [64]. Of note, we found a mirrored reduction of
post exercise miR-577 in patients with TDT, a result that
confirm the data on FGF21, as miR-577 inhibits its trans-
lation [33]. Lastly, FGF21 secretion in adipose tissue and
liver is also positively regulated by Erythropoietin (EPO),
which could explain higher basal levels in TDT patients
[65]. However, despite the presence of hepatic iron over-
load in 4 out of 9 patients, the normal baseline levels
of alanine aminotransferase and the exercise-induced
increase in FGF21 suggest that this finding is more likely
associated with cardiovascular and muscular dysfunction
rather than hepatic alterations — as suggested by negative
correlations with VO,max and lean body mass in TDT
patients. The observed differences in these key param-
eters showed large effect sizes, supporting the biological
relevance of our findings.The results regarding the chro-
notropic response to exercise in subjects with TDT show
an altered heart rate during exertion, although there is
some discrepancy in the literature [6, 66, 67]. Notably, in
our TDT patients, the chronotropic response is reduced,
despite the anemic profile. Reduced chronotropic index
(ChI) has been reported to be altered by both electri-
cal and ischemic heart disorders [68]. A possible cause
is related to the known competition between Ca2+ and
Fe2+ ions, affecting both ryanodine-sensitive channels
and divalent ion channels [12], that may alter, even with-
out MRI-detectable iron burden, the ECG and the HR
response to exercise. We found that QTc was longer in
TDT patients, and arrhythmias may be early indicators
of cardiopathy in thalassemia [69]. In our sample, we
reported exercise induced atrial fibrillation, PVCs, non-
sustained ventricular paroxysmal tachycardia and PACs.
On the other hand, patients with heart failure with pre-
served ejection fraction (HFpEF) present similar reduced
pathological chronotropic response to exercise [70], with
a strong correlation with exercise-induced B lines with
diastolic function worsening [44]. To our knowledge,
LUS was never used in TDT, while some data are present
in intensive care settings in sickle cell disease [71]. We
think that LUS, specifically combined with CPET may
have a prognostic value in these patients, as the possible
pathophysiological mechanism by which B-lines appear
during exercise is directly connected to pulmonary con-
gestion caused by a disproportionate increase in left
ventricular filling pressure. We did not perform exercise
echocardiography, but LUS provided valuable non-inva-
sive insights into exercise-induced diastolic dysfunction.
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Indeed, B-lines are an excellent surrogate for PCWP dur-
ing exercise testing [21]. During CPET, however, we did
not document signs of pulmonary hypertension, such as
VE/VCO?2 slope increase, desaturation, or decrease of
breathing reserve: these findings are consistent with pre-
vious literature [6]. This is of particular interest as B-lines
and possible latent diastolic dysfunction seem to be an
early indicator of pulmonary congestion, even in the
absence of ventilatory limitations to exercise [44].

Of note, FGF21 levels correlate with diastolic dysfunc-
tion in heart failure patients [72]. However, in our sam-
ple, no basal systolic cardiac output alterations or signs
of cardiac hypertrophy were found. This is noteworthy,
as miR-199b is dysregulated in systolic heart failure and
more severe CV diseases [53, 73, 74]. We speculate that
due to diastolic cardiovascular involvement, this marker
was not altered even after maximal exercise.

This agrees with the significant increase in soluble
ICAM-1 in TDT patients in response to exercise when
compared to healthy controls. Of note, previous studies
have shown that ICAM-1 increases after exercise related
to both inflammatory and vascular endothelial share
stress response [22, 75]. In healthy population, sedentary
habits and ageing are known to contribute to increased
soluble ICAM-1 with associated higher risk of CV [76].

This study has some limitations. First, the exploratory
cross-sectional design limit statistical power and may
preclude causal inference; however, the collected data
are consistent with early cardiovascular and muscular
involvement in TDT patients, as suggested by BIA and
LUS-CPET findings. Given the rarity of the condition
and the strict inclusion/exclusion criteria, recruitment
was inherently limited. Second, despite the homogeneity
of the TDT cohort and matching with healthy controls,
the latter exhibited higher IPAQ scores. This is notewor-
thy, as TDT patients in clinical practice are often dis-
couraged from engaging in physical activity; accordingly,
future studies should explore adapted exercise programs
for this population. Importantly, reduced physical activity
may only partially explain the impaired functional status
observed in TDT patients [13].

Third, residual confounding related to clinical hetero-
geneity (e.g., therapies, splenectomy status) cannot be
excluded, and larger studies with multivariable analyses
are warranted. However, it is noteworthy that mean fer-
ritin levels in TDT patients indicated an optimal iron
chelation status at the time of CPET, thereby limiting
potential confounding related to soluble iron overload
[15].

Although stress echocardiography could have provided
more direct evidence, the combination of chronotropic
index impairment and exercise-induced pulmonary con-
gestion assessed by LUS-CPET represents a simple and
non-invasive approach that deserves further investigation
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in larger cohorts. Similarly, the use of circulating bio-
markers and miRNA requires further validation in TDT,
due to the explorative nature of our study.

In conclusion, our study identified the waist-to-thigh
ratio as an informative parameter for estimating muscle
mass and identifying muscle waste in TDT patients. We
further suggest that LUS-CPET may provide valuable
insights into exercise-induced diastolic dysfunction with
preserved ejection fraction, representing a potential early
marker of TDT-related cardiomyopathy in patients with-
out evidence of cardiac iron overload. The response of
ICAM1, FGF21, and miR-577 to exercise may highlight
the interplay between vascular endothelial activation and
early metabolic and myocellular stress in TDT. Our data
bring the attention in prescribing low-moderate intensity
aerobic exercise, which promotes lower ferritin, reduced
oxidative stress [77] and possibly ICAM-1 [76], combined
with strength training that may reduce circulating FGF21
levels in TDT patients [78]. Future studies should focus
on the possible prognostic value of these findings and the
role of exercise to protect from early muscle dysfunction
patients with TDT.
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