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Abstract

Background: Speckle-tracking echocardiography (STE) has been increasingly used to uncover subtle
cardiac dysfunction in patients with extracardiac sarcoidosis (ECS) who show no clinical evidence of
heart disease. However, prior investigations were mostly retrospective, methodologically
heterogeneous, and focused primarily on left ventricular (LV) function. We conducted a prospective
study to provide a broader evaluation of myocardial deformation across both ventricles and atria in
ECS without fibrotic pulmonary involvement. Methods: Forty-one patients with ECS (mean age
57.4+10.2 years; 58.5% male) and 30 age- and sex-matched controls without ECS and without known
structural heart disease (58.5+11.1 years; 53.3% male) were enrolled. All participants underwent
conventional transthoracic echocardiography (TTE) supplemented by comprehensive STE analysis
of ventricular and atrial function. Subclinical myocardial dysfunction was defined as LV global
longitudinal strain (GLS) less negative than —20%, and potential predictors were analyzed. Results:
Standard TTE did not show echocardiographic features suggestive of overt infiltrative
cardiomyopathy but revealed higher E/average e’ ratios in the ECS group, suggesting subtle diastolic
dysfunction. While traditional indices of biventricular systolic function remained preserved, STE
demonstrated significant reductions in LV-GLS, LV global circumferential strain, right ventricular-
GLS, and both left and right atrial reservoir strain. Multivariate analysis identified disease duration
as the sole independent determinant of LV-GLS impairment (OR 2.26, 95%CI 1.10-4.65; p=0.03). A
disease duration of >4.5 years predicted abnormal GLS with 88% sensitivity and 75% specificity (AUC
0.89; 95%CI 0.76-1.00). Conclusions: ECS without fibrotic pulmonary involvement is associated with
early impairment of biventricular and biatrial strain despite preserved conventional function. The
extent of dysfunction correlates strongly with disease duration, underscoring the value of STE for
early detection and monitoring.

Keywords: sarcoidosis; subclinical myocardial dysfunction; global longitudinal strain; left atrial
reservoir strain; right atrial reservoir strain; apical sparing pattern

1. Introduction

Sarcoidosis is a multisystem inflammatory disorder of unknown cause, defined by non-caseating
granuloma formation in affected organs and associated with substantial morbidity [1]. Although
pulmonary and mediastinal disease are most common—occurring in roughly 80% of cases—
granulomatous inflammation can also involve the skin, parotid glands, spleen, liver, central nervous
system, bone, eyes, lymph nodes, and the heart [2].
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In systemic sarcoidosis, the reported prevalence of cardiac involvement varies widely (=3.7%—
54.9%), reflecting differences in the populations studied [3,4]. Up to one-third of patients with cardiac
involvement are completely asymptomatic, while only about 5% manifest clinically overt cardiac
sarcoidosis (CS) [5]. When present, CS most often presents with conduction disease, arrhythmias, or
heart failure [6]. Because cardiac involvement is a leading cause of sarcoidosis-related mortality [7],
early recognition of myocardial granulomatous infiltration is clinically crucial.

Initial screening for CS typically includes a targeted history, physical examination, and a 12-lead
electrocardiogram (ECG) [8]. However, abnormal ECG findings are not specific for CS and therefore
have limited diagnostic value on their own [9].

Late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) and 18F-
fluorodeoxyglucose positron emission tomography (FDG-PET) provide higher diagnostic sensitivity
and specificity for CS [10,11]. Despite these advantages, routine use for systematic screening is
constrained by cost and availability (CMR), patient-related limitations (e.g., obesity, renal
dysfunction, or cardiac devices for CMR), and radiation exposure (PET). Endomyocardial biopsy is
likewise unsuitable as a screening tool because it is invasive and has low sensitivity in a disease
characterized by patchy myocardial involvement [8].

In contrast, conventional two-dimensional (2D) transthoracic echocardiography (TTE) is
recommended as a first-line screening modality —together with ECG and clinical assessment—for
patients with biopsy-proven extracardiac sarcoidosis (ECS) [12]. TTE is widely available,
noninvasive, and less costly than CMR or FDG-PET, but standard systolic and diastolic indices have
suboptimal sensitivity and specificity, particularly in early disease [13].

Advances in echocardiography have introduced 2D speckle-tracking echocardiography (2D-
STE), an angle-independent technique that quantifies global and regional systolic function by
measuring myocardial deformation (“strain”) and its rate (“strain rate”) [14]. 2D-STE can uncover
subclinical dysfunction—commonly reflected by a less negative left ventricular (LV) global
longitudinal strain (GLS) than —20% despite preserved left ventricular ejection fraction (LVEF) (=55%)
[15,16].

Over the last decade, several studies [17-29] have assessed patients with ECS without overt heart
disease using conventional 2D-TTE supplemented by 2D-STE to detect early, subclinical myocardial
impairment. These investigations were largely heterogeneous and often retrospective, and most
focused primarily on LV-GLS without comprehensively evaluating deformation indices across all
four chambers.

Accordingly, we designed a prospective case—control study to compare baseline biventricular
and biatrial myocardial deformation parameters in consecutive patients with ECS without fibrotic
pulmonary involvement against age- and sex-matched controls without ECS and without known
structural heart disease. We also discuss the potential pathophysiological mechanisms that may drive
subclinical myocardial dysfunction in ECS.

2. Materials and Methods

2.1. Study Population

The present study prospectively enrolled a consecutive cohort of patients with ECS from the
Division of Pneumology, San Giuseppe MultiMedica IRCCS Hospital, between 13 January 2025 and
19 May 2025. This cohort was compared with individuals without ECS and without known structural
heart disease, matched for age and sex [30]. Controls were identified from the Outpatient Cardiology
Division of our institution.

ECS was diagnosed on the basis of chest computed tomography (CT) and bronchoscopy findings
following consensus at a multidisciplinary team meeting. Histological confirmation of non-caseating
granulomatous inflammation from extracardiac tissue samples obtained by bronchoscopy was
mandatory for inclusion, in accordance with current diagnostic guidelines [31,32].
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Inclusion criteria were: ECS diagnosed according to current practice guidelines [31,32];
pulmonary sarcoidosis stages 0-III; and clinical stability for at least 3 months prior to enrollment.

Exclusion criteria were: clinically evident cardiac sarcoidosis; end-stage fibrotic pulmonary
sarcoidosis (stage IV lung fibrosis); hemodynamic instability; suboptimal echocardiographic
windows that precluded adequate endocardial border definition of both ventricles and atria; and
refusal to participate.

Atbaseline, data were extracted from hospital records for ECS patients, including demographics
and anthropometrics (age, sex, body surface area, body mass index); cardiovascular risk factors
(smoking, hypertension, type 2 diabetes mellitus, dyslipidemia); history of cardiovascular and/or
cerebrovascular disease (prior surgical or percutaneous coronary intervention, stroke, or transient
ischemic attack); electrocardiographic characteristics (rhythm, heart rate, intraventricular conduction
pattern); major comorbidities [malignancy, chronic obstructive pulmonary disease (COPD),
obstructive sleep apnea syndrome (OSAS), gastroesophageal reflux disease (GERD), rheumatoid
arthritis, hypothyroidism, mixed anxiety—depressive disorder]; laboratory results [complete blood
count with hemoglobin, red cell distribution width (RDW), neutrophil-to-lymphocyte ratio (NLR);
serum creatinine and estimated glomerular filtration rate (eGFR) [33]; glucose and total cholesterol];
and current medications.

At the same baseline visit, all ECS patients underwent spirometry, diffusing capacity of the lungs
for carbon monoxide (DLCO) assessment, six-minute walk test (6MWT), blood pressure
measurement, a 12-lead ECG, comprehensive 2D-TTE with full STE analysis of both ventricles and
atria, and carotid ultrasonography. All echocardiographic studies were performed on the same day
by a single cardiologist and interpreted in a blinded fashion.

The study protocol was approved by the Comitato Etico Territoriale Lombardia 5 (reference
number 597/24; approval date 17/12/2024).

2.2. Conventional Transthoracic Echocardiography

All examinations were performed with a commercially available Philips Sparq ultrasound
system (Philips, Andover, Massachusetts, USA) using a 2.5-MHz transducer. Images were acquired
with the patient in the left lateral decubitus position, and all measurements followed the
recommendations of the American Society of Echocardiography and the European Association of
Cardiovascular Imaging [34,35].

The following conventional 2D echo-Doppler variables were recorded: aortic root and ascending
aorta diameters using the “leading edge-to-leading edge” convention; relative wall thickness (RWT),
calculated as RWT =2 x posterior wall thickness / LV end-diastolic internal diameter; left ventricular
mass index (LVMi) by the Devereux formula; left ventricular end-diastolic and end-systolic volume
indexed (LVEDVi, LVESVi); and LVEF by the biplane modified Simpson method as an index of LV
systolic function [34]. Additional parameters included left atrial volume index (LAVi); right
ventricular inflow tract (RVIT); tricuspid annular plane systolic excursion (TAPSE) as a marker of
right ventricular (RV) systolic function; and inferior vena cava (IVC) diameter during quiet
respiration.

Doppler assessment included the mitral E/A ratio and the E/average e’ ratio as indices of LV
diastolic function and LV filling pressure, respectively [35]. Systolic pulmonary artery pressure
(sPAP) was estimated using the modified Bernoulli equation: sPAP = 4 x [tricuspid regurgitation
velocity (TRV)]? + right atrial pressure, with the latter derived from IVC diameter and collapsibility
[36]. Concomitant valvular disease was graded according to the AHA/ACC recommendations for
valvular heart disease management [37].
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2.3. Speckle-Tracking Echocardiography

Immediately after conventional TTE, high-resolution speckle-tracking analyses were performed
on 2D images in the following sequence: apical four-, two-, and three-chamber views for LV
longitudinal strain, and basal, mid, and apical short-axis views for LV circumferential strain, using
automated function imaging and the Q-Analysis module [38].

Per Philips QLAB conventions, the LV wall was segmented into seven segments in each apical
view. LV peak systolic strain was defined as the point of maximal systolic shortening for longitudinal
and circumferential components. A single bull’s-eye plot was generated for LV-GLS and LV global
circumferential strain (LV-GCS), displaying segmental values and global results. Early peak diastolic
strain rate was derived from longitudinal and circumferential traces [38].

RV-GLS was computed as the average of individual strain curves from the apical four-chamber
view. Right-ventricular free-wall longitudinal strain (RV-FWLS) was calculated as the mean of the
basal, mid, and apical free-wall segments, excluding septal segments [39].

For left atrial (LA) strain, the software automatically divided the atrial wall into seven segments
and a biplane method was used. The following indices were measured: peak positive LA longitudinal
strain (left atrial conduit strain, LAScd), peak negative LA longitudinal strain (left atrial contractile
strain, LASct), and their sum (left atrial reservoir strain, LASr). Mean LAScd, LASct, and LASr were
calculated by averaging four- and two-chamber values. From 2D atrial strain, the following strain-
rate curves were obtained: first positive global strain rate beginning with ventricular systole, global
early-diastolic strain rate, and global late-diastolic strain rate [40]. An index of LA stiffness was also
derived as LASr/E/ average e’ [41].

For right atrial reservoir strain (RASr), fiducial points were placed at the tricuspid annular edges
and the endocardial surface of the superior right atrium.

Normal reference cut-offs for comparison were: LV-GLS more negative than -20% [16]; LV-GCS
more negative than -23.3% [42]; RV-GLS more negative than -20% [43]; LASr more positive than 39%
[44]; and RASr more positive than 35% [45].

2.4. Carotid Ultrasonography

Carotid studies were performed with the Philips Sparq system using a 12-MHz transducer,
following a standardized protocol [46]. With the patient supine and the neck slightly extended and
rotated contralaterally to optimize imaging, acquisitions were obtained at end-diastole (R-wave on
the ECG).

The following 2D measurements were obtained manually: average intima-media thickness (IMT)
of the left and right common carotid arteries (CCAs) and average end-diastolic internal diameter
(CCA-EDD) of both CCAs. Measurements were taken in the distal CCA 1 cm proximal to the
bifurcation. Average carotid RWT was calculated as 2 x average IMT / average CCA-EDD. Average
CCA cross-sectional area (CSA, mm?) was computed as: [t x (2 x average IMT + average CCA-
EDD)/2]? - [t x (average CCA-EDD/2)?], as a surrogate of carotid arterial mass.

2.5. Endpoint Definition

The primary endpoint was to determine whether LV-GLS, LV-GCS, RV-GLS, LASr, and RASr
were impaired in ECS patients compared with controls. The secondary endpoint was to identify
predictors of subclinical LV dysfunction, defined as LV-GLS less negative than —20% [16].

2.6. Statistical Analysis

A priori power calculations indicated that enrolling 30 ECS patients and 30 age-, sex-, and
cardiovascular risk-matched controls would provide 80% power to detect a 2-percentage-point
difference in GLS magnitude (-20% vs —18%) at baseline, assuming a standard deviation of 2.5 for
each group and using a two-sided equal-variance t test with a = 0.05.
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Normality of continuous variables was assessed with the Kolmogorov-Smirnov test. Normally
distributed data were presented as mean + standard deviation; non-normally distributed data as
median (range). Between-group comparisons used the independent two-tailed t test for normally
distributed variables and the Mann-Whitney test for non-normal variables. Categorical variables
were compared with the chi-square test.

Univariate and multivariate logistic regression was used to identify independent predictors of
LV-GLS impairment (LV-GLS less negative than -20% [16]) in the full ECS cohort. In accordance with
the one-in-ten rule, candidate predictors were limited to: male sex (demographic), years since
diagnosis (disease duration), neutrophil-to-lymphocyte ratio (systemic inflammation), and systolic
blood pressure (overall cardiovascular risk). Odds ratios with 95% confidence intervals (Cls) were
reported. Variables significant in univariate analyses were entered into the multivariable model.

Receiver operating characteristic (ROC) analysis determined the sensitivity and specificity of
significant continuous predictors for the secondary endpoint (subclinical LV-GLS impairment). The
area under the curve (AUC) was estimated. Optimal cut-offs were identified using the Youden index
(sensitivity + [1 - specificity]).

To assess measurement reproducibility for LV-GLS, a subset of 15 ECS patients underwent
repeat analysis by the original echocardiographer (A.S.) and a second cardiologist (M.B.), both
blinded to prior results. Intra- and inter-observer variability was quantified using the intraclass
correlation coefficient (ICC) with 95% CI; an ICC > 0.70 denoted acceptable reliability.

All statistical analyses were performed in SPSS version 28 (SPSS Inc., Chicago, Illinois, USA).
Two-tailed p values < 0.05 were considered statistically significant.

3. Results
3.1. Clinical Findings

We prospectively enrolled 41 patients with pulmonary sarcoidosis and compared them with 30
age- and sex-matched controls (age 57.4 + 10.2 vs 58.5 + 11.1 years, p = 0.67; males 58.5% vs 53.3%, p
= 0.85). Demographic, anthropometric, clinical, biochemical, and hemodynamic variables at baseline
are reported in Table 1.

Table 1. Baseline demographic, clinical, biochemical, and hemodynamic characteristics of ECS patients and

controls.

CLINICAL VARIABLES Sarcoidosis patients (n = 41) C(ﬁ’f;‘(’}f P Value
Demographics and anthropometrics

Age (yrs) 57.4+10.2 58.5+11.1 0.67
Male sex (%) 24 (58.5) 16 (53.3) 0.85
BSA (m?) 1.96 + 0.23 1.92+0.13 0.36
BMI (Kg/m?) 279+49 26.3+3.5 0.11
Cardiovascular risk factors

Smoking (%) 13 (31.7) 10 (33.3) 0.89
Hypertension (%) 18 (43.9) 15 (50.0) 0.61
Type 2 diabetes (%) 4(9.7) 7 (23.3) 0.18
Dyslipidemia (%) 11 (26.8) 8 (26.7) 0.99
Clinical staging

I (%) 11 (26.8) / /
II (%) 23 (56.1) / /
111 (%) 7(17.1) / /
Yrs from diagnosis 7.2 (1-20) / /
Spirometry parameters

FVC (1) 3.7+1.1 / /
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FVC (%) 91.3+144 / /
FEV (1) 2.79 (1.21-6.04) / /
FEV1 (%) 88.4+17.6 / /
FEV1/FVC ratio 76.1+89 / /
TLC (1) 55+14 / /
TLC (%) 88 (50-116) / /
DLCO (ml/min/mmHg) 6.7+15 / /
DLCO (%) 81.8+14.1 / /
Normal pattern (%) 22 (53.6) / /
Obstructive pattern (%) 9 (21.9) / /
Restrictive pattern (%) 5(12.2) / /
Mixed pattern (%) 1(2.4) / /
Impaired diffusion capacity (%) 10 (24.4) / /
6MWT (m) 480.2 +93.9 / /
ASaO2 (%) 40+29 / /
Blood tests
Serum hemoglobin (g/dl) 13.6+1.3 13.7+1.2 0.74
RDW (%) 13.3+0.9 13.1+0.8 0.33
NLR 0.63+0.14 0.59 £ 0.12 0.20
Serum creatinine (mg/dl) 0.85+0.17 0.90+0.14 0.18
eGFR (ml/min/1.73 m?2) 87.9+18.4 93.8+155 0.15
Serum glucose (mg/dl) 95.5+114 100.1£18.2 0.23
Serum total cholesterol (mg/dl) 196.6 + 52.7 204.1+43.4 0.51
Comorbidities
Cancers (%) 1(2.4) 2(6.7) 0.57
COPD (%) 3(7.3) 1(3.3) 0.63
OSAS (%) 3(7.3) 1(3.3) 0.63
GERD (%) 6 (14.6) 6 (20.0) 0.74
Rheumatoid arthritis (%) 4(9.7) 13.3) 0.39
Hypothyroidism (%) 4(9.7) 4 (13.3) 0.71
Mixed anxiety—depressive disorder (%) 1(2.4) 3 (10.0) 0.32
Hemodynamics
Heart rate (bpm) 72.1+12.2 69.0 + 8.4 0.23
SBP (mmHg) 129.8 (104-190) 132.5 (105-165)  0.46
DBP (mmHg) 77.6 (63-100) 79.3 (65-100) 0.45
Respiratory treatment
Oxygen therapy (%) 1(2.4) / /
Oral corticosteroids (%) 14 (34.1) / /
Inhalation therapy (%) 14 (34.1) / /
Immunosuppressants (%) 3(7.3) / /
Nonrespiratory treatment
Antiplatelets (%) 4(9.7) 4 (13.3) 0.72
Anticoagulants (%) 1(2.4) 2 (6.7) 0.57
ACEi-ARBs (%) 13 (31.7) 11 (36.7) 0.66
Calcium channel blockers (%) 6 (14.6) 6 (20.0) 0.57
Beta blockers (%) 11 (26.8) 12 (40.0) 0.25
Diuretics (%) 6 (14.6) 7 (23.3) 0.37
Statins (%) 6 (14.6) 12 (40.0) 0.02
Hydroxychloroquine (%) 4(9.7) 1(3.3) 0.39
Oral hypoglycaemic agents (%) 4(9.7) 7(23.3) 0.11
Proton pump inhibitors (%) 6 (14.6) 6 (20.0) 0.74
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Normally distributed data are presented as mean + SD, while non-normal data as median (range). Categorical
variables are expressed as percentages. Significant p values are in bold. ASaO2, change in oxygen saturation from
stress to rest; 6MWT, Six-Minute Walk Test; ACEi/ARBs, Angiotensin-Converting Enzyme
Inhibitors/Angiotensin II Receptor Blockers; BMIL, body mass index; BSA, body surface area; COPD, chronic
obstructive pulmonary disease; DBP, diastolic blood pressure; DLCO, diffusing capacity of the lung for carbon
monoxide; ECS, extra-cardiac sarcoidosis; eGFR, estimated glomerular filtration rate; FEV1, forced expiratory
volume in one second; FVC, forced vital capacity; GERD, gastroesophageal reflux disease; NLR, neutrophil-to-
lymphocyte ratio; OSAS, obstructive sleep apnea syndrome; RDW, red cell distribution width; SBP, systolic
blood pressure; TLC, total lung capacity.

Patients with sarcoidosis showed a moderate prevalence of smoking, hypertension, and
dyslipidemia and a low prevalence of type 2 diabetes, yielding a cardiovascular risk profile
comparable with that of controls (all p > 0.05). No participant had a prior history of coronary artery
disease or cerebrovascular events. Most sarcoidosis cases were stage II (56.1%), followed by stage I
(26.8%) and stage I1I (17.1%); median disease duration was 7 years (range 1-20).

Spirometry indicated mild functional impairment: forced vital capacity (FVC) and forced
expiratory volume in one second (FEV1) were slightly reduced yet near the lower limit of normal;
mean FEV/FVC was 76%, suggesting no major airflow obstruction on average. Total lung capacity
(TLC) and DLCO were mildly decreased. A normal ventilatory pattern was present in 53.6% of
patients, whereas 21.9% had an obstructive, 12.2% a restrictive, and 2.4% a mixed pattern. Diffusing
capacity was impaired in 24.4%. On the 6MWT, patients covered 480.2 + 93.9 m with a mean oxygen
desaturation of 4.0 +2.9%.

Laboratory testing showed no group differences in hemoglobin, systemic inflammation indices
(RDW, NLR), renal function (serum creatinine, eGFR), or metabolic parameters (glucose, total
cholesterol). Non-pulmonary comorbidities (cancer, COPD, OSAS, GERD, rheumatoid arthritis,
hypothyroidism, mixed anxiety—depressive disorder) were likewise similar between groups. Resting
heart rate and blood pressure were within the normal range and did not differ significantly.

At baseline, 34% of patients were receiving corticosteroids or inhaled therapy and 7% were on
immunosuppressants; one patient (2.4%) required oxygen therapy. Rates of cardioprotective and
systemic medications were comparable, except for statins, which were more common in controls (40%
vs 15%, p =0.02).

3.2. Conventional Echocardiographic and Carotid Ultrasound Parameters

None of the enrolled patients showed echocardiographic or clinical evidence of overt cardiac
sarcoidosis at baseline evaluation. Transthoracic echocardiography showed normal LV wall
thickness, normal LVMi, normal chamber sizes, and preserved biventricular systolic function (LVEF
and TAPSE) in sarcoidosis patients. LV geometry was normal in 70.7%, with concentric remodeling,
eccentric hypertrophy, and concentric hypertrophy in 17.1%, 7.3%, and 4.9%, respectively. First-
degree diastolic dysfunction was the most frequent transmitral filling pattern, and the E/average e’
ratio commonly fell within the gray zone (8-13) [35]. Valvular disease was not clinically significant
and pulmonary hemodynamics were normal. Between-group comparisons revealed no significant
differences in cardiac structure, valvular abnormalities, biventricular systolic indices, or sPAP; only
the E/average e’ ratio was higher in the sarcoidosis group, suggesting subclinical elevation of LV
filling pressures.

On carotid ultrasound, CCA-EDD and CCA-IMT were similar overall, with a trend toward
higher IMT in sarcoidosis (0.99 vs 0.92 mm, p = 0.09). Carotid relative wall thickness was greater in
the sarcoidosis group (0.26 vs 0.24, p = 0.04), while CCA-CSA tended to be larger without reaching
significance. Although values remained within the mild range, carotid stenosis severity was greater
in sarcoidosis on both the left (30% vs 22.5%, p = 0.001) and right sides (28.6% vs 23.3%, p = 0.02)
(Table 2).
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Table 2. Conventional TTE and carotid ultrasound parameters obtained in ECS patients and controls at basal

evaluation.

Conventional TTE variables Sarcoidosis (n = 41) Controls (n = 30) P value
LV size and systolic function

IVS thickness (mm) 11.5+2.3 11.3+2.6 0.74
PW thickness (mm) 8.6+1.3 87+15 0.77
LVEDD (mm) 472 +4.1 482 +3.6 0.28
RWT 0.37 £0.06 0.36 +0.07 0.53
LVMi (g/m?) 87.1 (40.2-165.8) 89.3 (48-123) 0.70
LVEDVi (ml/m?) 39.2 (24.2-71.9) 42.5 (29.3-58.8) 0.13
LVESVi (ml/m?) 13.6 (7.0-30.8) 15.2 (12.6-17.7) 0.13
LVEF (%) 65.8 (45-75) 64.2 (57-70) 0.21
LV geometric pattern

Normal (%) 29 (70.7) 20 (66.7) 0.80
Concentric remodeling (%) 7 (17.1) 2(6.7) 0.29
Eccentric hypertrophy (%) 3(7.3) 5 (16.6) 0.27
Concentric hypertrophy (%) 2 (4.9) 3 (10.0) 0.64
LV diastolic function

E/A ratio 0.87 (0.51-2.0) 0.80 £ 0.20 0.26
E/average e’ ratio 10.1 (6.0-21.5) 8.5 (4.5-12.4) 0.03
LA size

LA A-P diameter (mm) 40.8 (27.5-62.0) 40.4 (35-46) 0.73
LA longitudinal diamerer (mm) 51.7 (40.0-89.0) 50.3 (42-55) 0.37
LAVi (ml/m?) 28.5 (14.8-90.6) 32.1 (22.0-43.3) 0.16
Valvular regurgitation

More than mild MR (%) 2(4.9) 3 (13.3) 0.64
More than mild AR (%) 1(2.4) 3 (13.3) 0.30
More than mild TR (%) 5(12.2) 5 (16.6) 0.73
RV size and systolic function

RVIT (mm) 30.6 (24.5-52.0) 31.1 (25-37) 0.59
TAPSE (mm) 224 +3.7 225+3.0 0.90
Pulmonary hemodynamics

TRV (m/sec) 2.45 (2.0-2.95) 2.47 (2.18-2.74) 0.71
sPAP (mmHg) 29.3 (21-39) 30.1 (24-40) 0.49
Aortic dimensions

Aortic root (mm) 34.8 (27-49) 34.2 (29-44) 0.56
Ascending aorta (mm) 33.4 (26.5-41.0) 33.1 (28-42.5) 0.76
Aortic arch (mm) 28.3 (22.5-35.0) 27.5(23.5-34) 0.21
Carotid ultrasound variables

CCA-EDD (mm) 7.6 (6.2-9.5) 7.5 (7.0-8.3) 0.49
CCA-IMT (mm) 0.99 (0.55-1.50) 0.92 (0.60-1.10) 0.09
Carotid RWT 0.26 (0.18-0.32) 0.24 (0.16-0.30) 0.04
Carotid CSA (mm?) 26.9 (12.8-47.1) 24.4 (15.3-29.2) 0.08
Left carotid artery stenosis (%) 30 (15-45) 22.5 (10-40) 0.001
Right carotid artery stenosis (%) 28.6 (20-45) 23.3 (10-45) 0.02

Normally distributed data are presented as mean + SD, while non-normal data as median (range). Categorical

variables are expressed as percentages. Significant p values are in bold. A-P, antero-posterior; AR, aortic

regurgitation; CCA, common carotid artery; CSA, cross-sectional area; ECS, extra-cardiac sarcoidosis; EDD, end-

diastolic diameter; IMT, intima-media thickness; IVS, interventricular septum; LA, left atrial; LAVi, left atrial

volume index; LVEDD, left ventricular end-diastolic diameter; LVEDV], left ventricular end-diastolic volume

index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume index; LVMi, left
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ventricular mass index; MR, mitral regurgitation; PW, posterior wall; RVIT, right ventricular inflow tract; RWT,
relative wall thickness; sPAP, systolic pulmonary artery pressure; TAPSE, tricuspid annular plane systolic
excursion; TR, tricuspid regurgitation; TRV, tricuspid regurgitation velocity; TTE, transthoracic
echocardiography.

3.3. Speckle-Tracking Echocardiography—Derived Myocardial Strain Parameters

Table 3 summarizes regional and global biventricular and biatrial mechanics by STE.

Table 3. STE-derived myocardial strain parameters measured in ECS patients and controls at basal evaluation.

STE variables Sarcoidosis (n = 41) Controls (n=30) P value
LV regional and global longitudinal strain

LS 4C view (%) -18.5+2.5 -20.7 +2.7 <0.001
LS 2C view (%) -18.4+3.2 -20.5+2.9 0.005
LS 3C view (%) -17.4+ 3.6 -20.1+3.1 0.001
GLS (%) -18.1+2.6 -204+29 0.001
LV-GLS less negative than -20% (%) 33 (80.5) 6 (20.0) <0.001
LV regional and global longitudinal strain rate

LSR 4C view (s?) -1.01 (-0.7,-1.3) -1.15(-0,97,-1.33)  0.001
LSR 2C view (s1) -0.98 +£0.14 -1.13+0.16 <0.001
LSR 3C view (s) -1.00 (-0.6,-1.3) -1.11(-0.94-1.28)  0.01
GLSR (s) -1.00+0.11 -1.13+0.17 <0.001
LV regional and global circumferential strain

CS at base level (%) -16.5+45 -21.3+22 <0.001
CS at papillary muscles level (%) -19.4+4.5 —245+29 <0.001
CS at apex level (%) —272+6.2 -26.5+64 0.65
GCS (%) -20.2 (-13.6,-29.6) -24.1(-20,3,-32.9) <0.001
LV-GCS less negative than -23.3% (%) 8 (19.5) 3 (10.0) 0.34
LV regional and global circumferential strain rate

CSR 4C view (s1) -1.14+0.20 -1.37+0.22 <0.001
CSR 2C view (s7) -1.29+0.26 -1.65+0.29 <0.001
CSR 3C view (s7) -1.80+0.36 -1.78 +0.35 0.81
GCSR (s7) -1.34+0.23 -1.60+0.29 <0.001
LA phasic strain

LAScd (%) 22.9 (5.7-36.8) 28.4 (21-37.5) <0.001
LASct (%) 7.4 (-1,-19) -9.6 (-1,-16.4) 0.07
LASr (%) 30.2 (17-55.8) 38.1 (27.8-46) <0.001
LASr less positive than 39% (%) 29 (70.7) 6 (20.0) <0.001
LA phasic strain rate

SRs (s1) 1.61 (0.6-2.7) 1.98 (1.2-3.8) 0.008
SRe (s1) -1.65 (-0.9,-3.7) -247 (-1.7-4.2)  <0.001
SRI (s7) -2.44 +0.66 2.74 +0.56 0.04
LASr/E/average e’ ratio (%) 3.56 +1.34 4.58 +1.37 0.003
RV regional and global strain

FWLS (%) -17.5 (-12,-27.5) -24.6 (-19.0,29.6)  <0.001
GLS (%) -16.8 (-11.5,-26.5) -23.5(-18,-28.5)  <0.001
RV-GLS less negative than -20% (%) 35 (85.4) 2 (6.7) <0.001
RV global strain rate

GLSR (s) -1.06 +0.18 1.22+0.19 <0.001
RA phasic strain

RAScd (%) 21.6+7.5 25.5+5.8 0.02
RASct (%) -6.9 (-1,-20) -9.7 (-4,-25) 0.02
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RASr (%) 28.5 (17-49.4) 352+77 <0.001
RASr less positive than 35% (%) 28 (68.3) 5 (16.7) <0.001
RA phasic strain rate

SRs (s1) 1.79 (1-3.3) 2.01 (1.21-3.51) 0.12
SRe (s7) -1.46 +0.41 -1.68 + 0.44 0.04
SRI (s7) -1.85+0.56 -2.15+0.61 0.04
Timing (minutes) 9.1+15 8.0+1.8 0.009

Normally distributed data are presented as mean + SD, while non-normal data as median (range). Categorical
variables are expressed as percentages. Significant p values are in bold. CS, circumferential strain; CSR 2C view,
circumferential strain rate in two-chamber view; CSR 3C view, circumferential strain rate in three-chamber view;
CSR 4C view, circumferential strain rate in four-chamber view; ECS, extra-cardiac sarcoidosis; FWLS, free-wall
longitudinal strain; GCS, global circumferential strain; GCSR, global circumferential strain rate; GLS, global
longitudinal strain; GLSR, global longitudinal strain rate; LAScd, left atrial strain during conduit phase; LASct,
left atrial strain during contraction phase; LASr, left atrial strain during reservoir phase; LS 4C, longitudinal
strain in four-chamber view; LS 2C view, longitudinal strain in two-chamber view; LS 3C view, longitudinal
strain in three-chamber view; LSR 2c view, longitudinal strain rate in two-chamber view; LSR 3C view,
longitudinal strain rate in three-chamber view; LSR 4C view, longitudinal strain rate in four-chamber view; RA,
right atrial; RAScd, right atrial strain during conduit phase; RASct, right atrial strain during contraction phase;
RASr, right atrial strain during reservoir phase; RV, right ventricular; SRe, strain rate during early diastole; SRI,

strain rate during late diastole; SRs, strain rate during systole; STE, speckle tracking echocardiography.

LV mechanics showed a significant reduction in LV-GLS in sarcoidosis (-18.1% vs -20.4%, p =
0.001) with impairment across the apical four-, two-, and three-chamber views. A larger proportion
of patients had LV-GLS less negative than -20% (80.5% vs 20.0%, p <0.001). Global longitudinal strain
rate was reduced in all views. LV-GCS was lower in sarcoidosis (median —20.2% vs —24.1%, p <0.001),
mainly due to reduced basal and mid-ventricular circumferential strain, with apical values preserved.
More patients had GCS less negative than -23.3%, but the difference was not significant (19.5% vs
10.0%, p = 0.34). Global circumferential strain rate was also lower (-1.34 vs -1.60 s7!, p <0.001).

Left atrial mechanics were significantly impaired in patients with sarcoidosis compared with
controls: LAScd and LASr were reduced (22.9% vs 28.4%, p < 0.001; 30.2% vs 38.1%, p < 0.001,
respectively), and a higher proportion of patients had abnormal LASr (<39%) (70.7% vs 20.0%, p <
0.001). Strain-rate analysis further showed lower systolic and early-diastolic indices, together with a
reduced LASr/E/e’ ratio (3.56 vs 4.58%, p = 0.003), consistent with impaired LA function and elevated
LV filling pressures in sarcoidosis.

Right ventricular mechanics were also markedly abnormal in sarcoidosis patients: free-wall
longitudinal strain (RV-FWLS, -17.5% vs —24.6%, p < 0.001) and global longitudinal strain (RV-GLS,
-16.8% vs —23.5%, p < 0.001) were significantly reduced, with abnormal RV-GLS (less negative than
—20%) observed in 85.4% of patients versus only 6.7% of controls (p < 0.001). RV strain-rate indices
were likewise decreased. Right atrial (RA) reservoir and conduit strain were impaired (RASr 28.5%
vs 35.2%, p < 0.001; RAScd 21.6% vs 25.5%, p = 0.02), and abnormal RASr (<35%) was substantially
more frequent in patients (68.3% vs 16.7%, p < 0.001). RA strain-rate analysis corroborated the
presence of functional impairment.

The time required for strain analysis was slightly but significantly longer in sarcoidosis (9.1 £ 1.5
vs 8.0 £ 1.8 minutes, p = 0.009).

Figure 1 shows representative LV-GLS, RV-GLS, LASr, and RASr assessments in an ECS patient,
and Figure 2 displays bull’s-eye plots of LV-GLS and LV-GCS for an ECS patient and a control
without ECS.
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LASr = 30.1%

Figure 1. [llustrative example of LV-GLS (A), RV-GLS (B), LASr (C) and RASr (D) assessment by speckle tracking
echocardiography in an ECS patient participating in the present study. ECS, extra-cardiac sarcoidosis; GLS,
global longitudinal strain; LASr, left atrial reservoir strain; LV, left ventricular; RASr, right atrial reservoir strain;

RV, right ventricular.
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Figure 2. Bull's eye plots derived from 2D-STE illustrating LV-GLS and LV-GCS in an ECS patient (A and C,
respectively) and in a control (B and D, respectively). 2D, two-dimensional; ECS, extra-cardiac sarcoidosis; GCS,
global circumferential strain; GLS, global longitudinal strain; LV, left ventricular; STE, speckle tracking
echocardiography.

3.4. Variability Analysis

Reproducibility was high. Intra-observer agreement was excellent for LV-GLS and LV-GCS (ICC
0.93, 95% CI 0.81-0.98; and 0.92, 95% CI 0.80-0.97). Inter-observer reproducibility was good (LV-GLS
ICC 0.82, 95% CI 0.54-0.93; LV-GCS ICC 0.83, 95% CI 0.56-0.94) (Table 4).

Table 4. The intra- and inter-observer reproducibility of STE-based measurements of LV-GLS and LV-GCS,
performed in a subgroup of 15 randomly selected ECS patients.

LV-GLS LV-GCS
PATIENT INITIAL REMEASUREMENTS INITIAL REMEASUREMENTS
LIST MEASUREMENT Raterl Rater2 MEASUREMENT Rater1  Rater2

1) L.B. 153 16 165 20.4 20.8 22

2) A.D. 16.8 17 17.1 19 19.5 21

3) A.C. 19 18 17 22.7 20.3 19.5

4) F.N. 15.1 135 12 136 15 15.6

5) MLL. 19.6 20 20.2 13.8 13.1 12.6

6) M.B. 16.6 16.9 17 14.7 135 13

7) C.M. 184 185 18.8 15.4 15 145

8) MLF. 18 17 165 165 16 15

9) F.B. 189 18 16 17 16.1 15.8
10) L.S. 16.4 155 15 17.1 17 17.1
11) S.R. 19.8 19 19 17.3 16.7 165
12) G.S. 24.4 235 23 17.5 17 16.8
13) MLP. 162 17 17.1 17.5 18 18.1
14) P.B. 19.2 20 20.2 18 183 189
15) D.S. 17.9 18.8 18.9 182 17.5 17
ICC 0.93 0.82 0.92 0.83
(95%CI) (0.81-0.98) (0.54-0.93) (0.80-0.97) (0.56-0.94)

ECS, extra-cardiac sarcoidosis; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left
ventricular; STE, speckle tracking echocardiography.

3.5. Univariate and Multivariate Logistic Regression

On univariate analysis, male sex was associated with higher odds of LV-GLS impairment (OR
6.00, 95% CI 1.04-34.7, p = 0.046), but this was not independent after adjustment (OR 3.04, 95% CI
0.26-35.5, p = 0.37). NLR showed a significant univariate association (OR 1.10, 95% CI 1.01-1.20, p =
0.025) that attenuated in the multivariable model (OR 1.12, 95% CI 0.98-1.28, p = 0.10). In contrast,
years since diagnosis remained an independent predictor: each additional year more than doubled
the odds of LV-GLS impairment in both univariate (OR 2.27, 95% CI 1.26-4.09, p = 0.006) and
multivariate analyses (OR 2.26, 95% CI 1.10—4.65, p =0.03). Systolic blood pressure was not associated
with the outcome (OR 1.01, 95% CI 0.96-1.06, p = 0.62) (Table 5).
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Table 5. Univariate and multivariate logistic regression analysis performed for identifying the independent

predictors of subclinical myocardial dysfunction (defined as LV-GLS less negative than —20%) in the whole

cohort of ECS patients.

UNIVARIATE LOGISTIC MULTIVARIATE LOGISTIC

REGRESSION ANALYSIS REGRESSION ANALYSIS
VARIABLES OR 95% CI P value OR 95% CI P value
Male sex 6.00 1.04-34.7 0.046 3.04 0.26-35.5 0.37
Years from diagnosis 2.27 1.264.09 0.006 2.26 1.10-4.65 0.03
NLR 1.10 1.01-1.20 0.025 1.12 0.98-1.28 0.10
SBP (mmHg) 1.01 0.96-1.06 0.62

ECS, extra-cardiac sarcoidosis; GLS, global longitudinal strain; LV, left ventricular; NLR, neutrophil-to-
lymphocyte ratio; SBP, systolic blood pressure.

Receiver-operating characteristic analysis identified a disease duration of 4.5 years as the
optimal cut-off to predict LV-GLS impairment, with 88% sensitivity and 75% specificity (AUC = 0.89;
95% CI 0.76-1.00) (Figure 3).
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Figure 3. ROC curve analysis performed to determine the optimal cutoff for disease duration in predicting
impaired LV-GLS within the ECS cohort. ECS, extra-cardiac sarcoidosis; GLS, global longitudinal strain; LV, left
ventricular; ROC, Receiver operating characteristic.
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4. Discussion
4.1. Main Findings of the Present Study

In this prospective cohort of patients with ECS and only mild pulmonary impairment,
conventional TTE excluded overt infiltrative cardiomyopathy and revealed subtly elevated LV filling
pressures, consistent with early subclinical LV diastolic dysfunction. Despite preserved conventional
systolic indices (LVEF and TAPSE), STE uncovered a diffuse pattern of subclinical myocardial
impairment, characterized by significant reductions in LV global deformation in both longitudinal
and circumferential directions, together with impaired RV free-wall and global strain. These findings
indicate early biventricular mechanical dysfunction that would not have been detected using
standard echocardiographic parameters alone.

Notably, LV-GCS impairment predominantly involved basal and mid-ventricular segments
while sparing the apex, suggesting a relative apical preservation pattern that may reflect
compensatory recruitment of apical mechanics in response to early regional myocardial involvement.
In parallel, biatrial function was significantly altered, with reduced LA and RA reservoir and conduit
strain values, likely reflecting the combined effects of elevated LV filling pressures, myocardial
stiffening, and potential direct atrial involvement.

Importantly, on multivariable analysis, years since diagnosis emerged as the sole independent
predictor of LV-GLS impairment (less negative than -20%), indicating that myocardial deformation
abnormalities are more closely related to disease chronicity than to resting hemodynamics or
systemic inflammatory burden alone. This temporal association supports the concept of a progressive,
cumulative myocardial involvement in ECS, even in clinically stable patients without overt cardiac
disease.

Despite a comparable traditional cardiovascular risk profile, patients with sarcoidosis also
exhibited increased carotid relative wall thickness and greater carotid stenosis severity compared
with controls, pointing toward early and accelerated vascular remodeling. Together with the
observed myocardial strain abnormalities, these vascular findings suggest that ECS may be
associated with a broader cardiometabolic and inflammatory vascular phenotype extending beyond
the myocardium.

4.2. Comparison with Previous Studies and Interpretation of Results

Over the past decade, several echocardiographic studies have examined patients with ECS
lacking overt heart disease using conventional 2D-TTE complemented by 2D-STE, with the goal of
detecting early, subclinical myocardial dysfunction. These cohorts typically featured a high
prevalence of pulmonary involvement, preserved cardiac structure and LVEF on TTE, and
predominantly female participants with low-to-moderate rates of standard cardiovascular risk
factors. Across studies, STE consistently revealed subclinical LV mechanical impairment despite
normal LVEF. A recent meta-analysis from our group that pooled 13 studies (785 sarcoidosis patients
and 567 controls) showed that sarcoidosis exerts a larger effect on LV-GLS than on LVEF [47]. This
LV-GLS reduction was robust to multiple potential confounders, including age, sex, smoking,
hypertension, type 2 diabetes, dyslipidemia, disease duration, and ultrasound platform. In the subset
with both echocardiography and CMR, impaired LV-GLS correlated with the extent of myocardial
inflammation/fibrosis on LGE [17,18,21]. Approximately half of the included studies further linked
LV-GLS to adverse outcomes—overall mortality, incident heart failure, arrhythmias, device
implantation, or subsequent development of cardiac sarcoidosis—over mid-term follow-up.

Our findings align with this literature: normal chamber sizes, preserved biventricular systolic
function, grade I diastolic dysfunction with higher LV filling pressures, and normal pulmonary
hemodynamics on conventional TTE, yet widespread subclinical abnormalities on STE. Extending
prior work that largely focused on LV mechanics, we performed a comprehensive four-chamber
assessment and observed mild but significant attenuation of biventricular and biatrial strain indices.
Importantly, apical circumferential strain remained preserved relative to basal and mid-ventricular
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segments, suggesting a relative apical sparing pattern even at subclinical stages of cardiac
involvement. While classically associated with cardiac amyloidosis [48], apical sparing can also
appear in hypertrophic cardiomyopathy, hypertensive LV hypertrophy, end-stage renal disease,
coronary disease (particularly right coronary or left circumflex territories), reverse Takotsubo
syndrome, chemotherapy-related cardiomyopathy, and mitral valve prolapse [49-51]. Preservation
of apical circumferential mechanics may help maintain a normal LVEF despite impaired longitudinal
shortening, underscoring why LV-GLS is a more sensitive marker of early dysfunction [52]. In our
cohort, LV-GLS impairment tracked with disease duration rather than with resting hemodynamics
or systemic inflammation alone, emphasizing the value of early detection and longitudinal
surveillance of myocardial function in sarcoidosis.

To our knowledge, this is the first study to couple detailed regional LV strain and strain-rate
analysis in both longitudinal and circumferential directions with comprehensive RV (global and free-
wall) and biatrial systolic/diastolic strain assessment. Beyond the diagnostic yield relative to
conventional parameters, our reproducibility analysis supports the clinical reliability of STE-derived
metrics, with low intra- and inter-observer variability for LV-GLS and LV-GCS.

Although atherosclerosis is not traditionally considered a hallmark of sarcoidosis, our vascular
findings suggest a possible link between the two. Consistent with Yilmaz et al. [53], who
demonstrated increased carotid IMT and impaired flow-mediated dilation in sarcoidosis —indicative
of endothelial dysfunction and subclinical atherosclerosis —we observed carotid remodeling despite
similar classic risk profiles. Notwithstanding the anti-inflammatory and anti-atherosclerotic
properties of statins [54,55], these agents appeared underused in our sarcoidosis cohort.

4.3. Pathophysiological Mechanisms Underpinning Subclinical Myocardial Dysfunction in
Sarcoidosis Patients

Cardiac sarcoidosis predominantly involves the myocardium, with pericardial and endocardial
disease typically representing direct extension from myocardial lesions [56]. The key histopathologic
hallmarks include heightened fibrotic activity, lymphocytic infiltration, interstitial edema, and non-
caseating granulomas with a characteristically patchy, localized myocardial distribution [57]. The
regions most frequently affected, in descending order, are the LV free wall, interventricular septum,
papillary muscles, right ventricle, and atria [58].

Impairment of LV-GLS is thought to arise from the preferential localization of granulomatous
inflammation within the mid-myocardial layer, which is crucial for longitudinal shortening [59].
Inflammatory injury promotes myocardial fibrosis and scarring, thereby attenuating LV mechanics.
Because early involvement is patchy and focal, the earliest abnormality is often a reduction in LV-
GLS rather than a fall in LVEF, explaining why conventional echocardiography may appear normal
at first. When damage becomes more transmural, concomitant reductions in LV-GCS are expected.

Multiple mechanisms may contribute to RV dysfunction. Reduced RV-GLS may reflect (1) direct
RV free-wall infiltration, (2) increased sPAP secondary to pulmonary involvement, and (3) chronic
exposure to elevated LV filling pressures resulting from LV diastolic dysfunction [19].

The observed reductions in biatrial reservoir function in ECS likely reflect either direct atrial
involvement or chronic elevation of LV filling pressures —or both [60,61].

In our cohort, the modest burden of traditional risk factors, the absence of prior CAD and
significant valvulopathy, and, importantly, the logistic regression results together support the
interpretation that subclinical myocardial dysfunction is primarily attributable to sarcoidosis and its
hemodynamic consequences rather than to confounding conditions.

4.4. Implications for Clinical Practice

To our knowledge, this is the first prospective study providing a comprehensive four-chamber
myocardial deformation assessment in ECS patients without fibrotic pulmonary involvement. These
findings support the potential role of STE as an intermediate screening tool between conventional
echocardiography and advanced imaging modalities. The integration of LV-GLS into routine
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echocardiographic evaluation may facilitate earlier recognition of subclinical myocardial
involvement and help guide timely referral for CMR or FDG-PET in selected patients, even in the
presence of preserved conventional systolic function.

From a practical perspective, 2D-STE offers incremental diagnostic information beyond
standard 2D-TTE and may be particularly valuable when advanced imaging is unavailable or
contraindicated. In ECS patients presenting with palpitations or non-specific ECG abnormalities, a
preserved LV-GLS (more negative than —-20%) may reasonably argue against early cardiac
involvement, whereas an abnormal LV-GLS (less negative than -20%) should prompt closer
cardiological surveillance and consideration of further diagnostic work-up.

Beyond its diagnostic utility, LV-GLS may also provide relevant prognostic information.
Sarcoidosis patients with lower LV-GLS values have been linked to higher risks of adverse cardiac
outcomes over mid-term follow-up [25,26], suggesting a need for closer surveillance. It is also
plausible —though unproven—that ECS patients with reduced LV-GLS could benefit from earlier
therapy to forestall progression to overt CS and to reduce the risk of malignant arrhythmias and
conduction disease; in this context, early immunosuppression with corticosteroids might be more
effective before overt systolic dysfunction develops [62-64]. These hypotheses require confirmation
in prospective studies.

Finally, the signal of early subclinical atherosclerosis in ECS supports proactive screening and
rigorous control of traditional risk factors. Given our observations, early consideration of statin
therapy within the first years after diagnosis may be warranted [54,55].

4.5. Study Limitations

This investigation has several limitations. It is single-center with a modest sample size, although
our a priori power calculation supports the numbers analyzed. The ECS cohort was heterogeneous
with respect to disease duration, spirometric patterns, and respiratory therapy. The absence of
systematic reference imaging, such as CMR or FDG-PET, precluded direct validation of
echocardiographic strain abnormalities against myocardial inflammation or fibrosis and represents
an important limitation of the present study. In addition, the lack of longitudinal outcome data did
not allow assessment of the prognostic implications of the observed strain abnormalities. Biomarkers
such as C-reactive protein and N-terminal pro-B-type natriuretic peptide were unavailable. Finally,
strain imaging carries technical constraints —including inter-vendor variability, dependence on
operator expertise and image quality, frame-rate selection (low frame rates can cause speckle loss),
loading conditions, and external mechanical factors such as chest wall configuration—that can affect
measurements [65-68].

5. Conclusions

Sarcoidosis is associated with early deterioration of biventricular and biatrial strain indices, and
this impairment appears closely related to disease duration. Incorporating 2D-STE into routine
evaluation may facilitate earlier recognition of cardiac involvement in ECS. Further prospective
studies are warranted to determine whether 2D-STE can guide timely immunosuppressive therapy
in ECS patients with reduced LV-GLS.
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