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Abstract

Introduction: Exercise-induced pulmonary hypertension (EIPH) is an abnormal hemodynamic response characterized by a mean pul-
monary artery pressure/cardiac output (mPAP/CO) slope >3 mmHg/L/min between rest and exercise conditions. This systematic review
and meta-analysis aimed to quantitatively synthesize existing evidence and investigate the association between EIPH and echocardio-
graphic parameters of cardiac function. Methods: Electronic databases were searched through April 2025 for observational studies
comparing cardiac function in individuals with EIPH and without EIPH. A random-effects meta-analysis model was used to pool the
mean differences (MDs) and standard errors (SEs). Results: A total of 18 records met the inclusion criteria and were included in the
meta-analysis. Compared with non-EIPH controls, individuals with EIPH exhibited a significantly attenuated cardiac output (CO) re-
sponse during exercise (MD: —1.50 L/min; 95% confidence interval (CI): —2.45 to —0.54; p < 0.001) and markedly higher pulmonary
vascular resistance (PVR) (MD: 1.30 wood units (WU); p <0.001). Regarding left ventricular (LV) diastolic function, EIPH was associ-
ated with significantly lower ¢’ velocities and higher E/e’ ratios, with the E/e’ difference widening from rest (MD: 1.48) to peak exercise
(MD: 2.46; both p < 0.001). In contrast, resting left ventricular ejection fraction (LVEF) and left ventricular end-diastolic diameter
(LVEDD) did not differ significantly between groups. Conclusions: EIPH represents an early pathological phenotype characterized by
impaired cardiac pumping reserve and subclinical biventricular dysfunction, particularly occult LV diastolic impairment. These findings
highlight EIPH as a critical window for detecting subclinical heart failure. Future research should prioritize investigation into disease
progression in individuals with EIPH and evaluate whether early intervention can prevent progression to overt cardiovascular failure.
The PROSPERO Registration: CRD42024506532, https://www.crd.york.ac.uk/PROSPERO/view/CRD42024506532.
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1. Introduction

Exercise-induced pulmonary hypertension (EIPH) is
a pathological hemodynamic phenotype defined by a mean
pulmonary artery pressure/cardiac output (mPAP/CO)
slope >3 mmHg/L/min at peak exercise [1,2,3]. In indi-
viduals without EIPH, the pulmonary vasculature accom-
modates increased CO by recruiting non-perfused capillar-

ies and promoting vasodilation, thereby maintaining a low-
resistance circuit with a physiological mPAP/CO slope (<3
mmHg/L/min) and stable or decreased total pulmonary re-
sistance (TPR) [2,4,5,6]. In contrast, individuals with EIPH
exhibit impaired vascular reserve and fail to sufficiently re-
duce pulmonary vascular resistance (PVR) as CO rises dur-
ing exercise, leading to an exaggerated increase in mPAP
[7,8,9,10,11]. The abnormally elevated mPAP and TPR
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during exercise impose significant mechanical strain on the
cardiovascular system, thereby increasing the risk of ad-
verse cardiovascular outcomes [12,13,14].

The precise pathogenesis of EIPH remains incom-
pletely understood, as exercise-induced changes in pul-
monary hemodynamics are jointly determined by CO, PVR,
and left atrial pressure (LAP) [15,16,17,18]. Abnormally
elevated PVR during exercise, deemed an early hemody-
namic marker of left ventricular (LV) diastolic dysfunction,
has been identified as a potential mechanism underlying the
pathogenesis of EIPH in previous studies [19,20]. Chronic
exposure to elevated pulmonary artery pressure (PAP) may
trigger a transition from reversible vascular distension to
permanent structural remodeling [12], potentially leading
to a progressive decline in the capacity of the pulmonary
vessels to accommodate increased pulmonary blood flow,
and eventually resulting in resting pulmonary hypertension.
The gold-standard measurement, right heart catheterization
(RHC), allows direct assessment of hemodynamic shifts.
However, RHC is challenging to perform owing to the inva-
sive nature and technical complexity of the procedure under
exercise conditions. Thus, there remains an urgent need for
validated non-invasive imaging diagnostic tools suitable for
clinical practice and public health screening.

Current literature reveals that EIPH is increasingly
recognized as a predictor of persistent pulmonary hyper-
tension (PH) and cardiovascular diseases [14,21]. Older
adults appear to be more susceptible to EIPH, likely due
to age-related increases in mean arterial pressure (MAP),
PVR, and systemic vascular resistance (SVR) [22]. Fur-
thermore, EIPH also serves as a biomarker in various patho-
logical states, including bone morphogenetic protein recep-
tor type 2 gene mutations, systemic sclerosis, left heart con-
ditions, chronic lung diseases, and chronic thromboembolic
pulmonary disease [14]. EIPH is also associated with re-
duced exercise capacity and early indication of cardiac dys-
function, characterized by decreased CO, reduced mitral
annular velocity (e'), and an elevated early ratio of trans-
mitral flow velocity to early mitral annular velocity (E/e’),
which often precedes the onset of PH [23,24,25]. These
early impairments in right ventricular (RV) pulmonary vas-
cular coupling suggest that EIPH may represent a critical
window for intervention before irreversible cardiac struc-
tural remodeling occurs.

Although numerous studies have explored the hemo-
dynamic characteristics of EIPH, available data regarding
the effect of EIPH on cardiac function remain heteroge-
neous and fragmented. Therefore, this systematic review
and meta-analysis aimed to provide a rigorous evaluation
of existing evidence on the association between EIPH and
cardiac function. Specifically, we analyzed: (1) pulmonary
hemodynamic parameters, including mPAP, PVR, and CO;
(2) LV diastolic function, including the early diastolic fill-
ing velocity to late diastolic filling velocity ratio (E/A ratio),
mitral annular early diastolic velocity (e’ wave velocity),

early transmitral flow velocity to early mitral annular veloc-
ity ratio (E/e’ ratio); (3) LV systolic function, including left
ventricular ejection fraction (LVEF), left ventricular end-
diastolic diameter (LVEDD), left ventricular end-systolic
diameter (LVESD), and stroke volume (SV). By synthesiz-
ing the existing evidence, this review aimed to elucidate the
structural and functional cardiac alterations associated with
EIPH and to inform future clinical management, research
priorities, and public health strategies.

2. Methods
2.1 Literature Search Strategy

This systematic review and meta-analysis were per-
formed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
statement and checklist [26]. The protocol was registered
with PROSPERO (CRD42024506532). We systematically
searched PubMed, Embase, and Web of Science databases
for articles published up to April 2025. The search strategy
included the following keywords and related terms: “Pul-
monary Hypertension”, “Pulmonary Arterial Hypertension
(PAH)”, “PH”, “Pulmonary Vascular”, “Exercise-Induced”,
“Exercise”, “Physical”, “Exercise Test”, “Exercise Toler-
ance”, “Ventricular Function”, “Left Ventricular Dysfunc-
tion”, “Heart Function Tests”, and “Cardiovascular Dis-
eases”. The updated search was conducted on 30 April 2025
(Supplementary Table 1).

2.2 Inclusion and Exclusion Criteria

Studies that met the following criteria were included:
(i) published as full-text articles in an English-language
peer-reviewed journal; (ii) involved adults aged >18 years;
(iii) used an observational study design (cross-sectional,
case—control, or cohort); (iv) investigated individuals with
EIPH and reported at least one quantitative indicator of car-
diac function; (v) grey literature, including conference ab-
stracts and posters, was eligible for inclusion if it met all
predefined criteria and provided sufficient data for extrac-
tion and analysis.

Studies were excluded if: (i) the population com-
prised individuals with exercise-induced pulmonary hemo-
dynamic changes driven by physiological adaptation (e.g.,
professional athletes) or distinct disease-specific mecha-
nisms (e.g., HIV-associated PH); (ii) a clear definition of
EIPH was not provided; or (iii) data were insufficient to
extract or analyze cardiac function outcomes in individuals
with EIPH.

2.3 Outcomes

The primary outcome of interest was the difference in
cardiac function indicators, including the following param-
eters: mPAP, PVR, CO, early diastolic filling velocity to
late diastolic filling velocity ratio (E/A ratio), mitral annu-
lar early diastolic velocity (e’ wave velocity), early transmi-
tral flow velocity to early mitral annular velocity ratio (E/e’
ratio), LVEF, LVEDD, LVESD, and SV.
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2.4 Full-Text Assessment and Data Extraction

After removing duplicates, one reviewer (CXR)
screened the titles and keywords for all retrieved articles,
followed by independent abstract screening by two review-
ers (CXR and WJ) to identify potentially eligible studies.
Studies that compared cardiac function indicators between
individuals with EIPH and non-EIPH controls were consid-
ered eligible. The same two reviewers then independently
assessed the full-text articles to confirm eligibility. Dis-
crepancies were resolved through discussion with a third
reviewer (LXY). From each eligible study, the following
information was extracted: authors, publication year, study
setting, diagnostic criteria for EIPH, exercise testing meth-
ods, sample size, and the mean values and standard devi-
ations of cardiac function indicators (CO, LVEF, mPAP,
PVR, E/e’, ¢/, E/A, LVEDD, LVESD, SV).

2.5 Quality Assessment

The quality of observational studies was assessed us-
ing the Newcastle—Ottawa scale (NOS) [27]. Studies scor-
ing =7 stars were considered of good quality, 5-6 stars as
moderate quality, and 4 stars or below as poor quality.

2.6 Statistical Analysis

We conducted a meta-analysis to compare cardiac
function indices between individuals with EIPH and non-
EIPH controls, using continuous variables as primary out-
comes. Summary effect sizes for continuous outcomes
were expressed as mean differences (MDs). When contin-
uous outcomes were reported as medians with interquartile
ranges (IQRs), means and standard deviations (SDs) were
estimated using the validated methods described by Wan
et al. [28], assuming approximate normality of the underly-
ing distributions, before inclusion in the meta-analysis. The
inverse-variance-weighted methods were applied to com-
bine summary MDs using random-effects models to mini-
mize the effect of between-study heterogeneity [29]. Sta-
tistical heterogeneity was assessed using the I statistic and
Cochran’s Q test. I values of <25%, 25-50%, and >50%
were interpreted as indicating low, moderate, and high het-
erogeneity, respectively [30].

Subgroup analyses were conducted to explore poten-
tial sources of heterogeneity. Prespecified subgroup anal-
yses were planned to explore potential sources of hetero-
geneity according to: (1) underlying disease category (con-
nective tissue disease-related, heart disease-related, and
dyspnea-related), (2) diagnostic threshold (mPAP/CO slope
>3.0 mmHg/L/min vs. alternative criteria), (3) assessment
modality (invasive vs. non-invasive), (4) body position dur-
ing exercise when measuring indicators (supine vs. semi-
supine vs. upright), and (5) intensity of exercise protocol
(symptom-limited vs. fixed-duration). To avoid spurious
findings due to sparse data, subgroup analyses and meta-
regression were not performed for outcomes with five or
fewer available studies. For a given outcome, a subgroup
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comparison was conducted only when at least two sub-
groups contained two or more studies. Subgroups compris-
ing a single study were excluded from between-subgroup
comparisons. If excluding single study subgroups left only
one eligible subgroup, no subgroup comparison was per-
formed.

Meta-regression was conducted to explore the influ-
ence of study-level covariates on effect estimates, with the
proportion of female participants and age included as inde-
pendent variables. Sensitivity analyses were conducted us-
ing a leave-one-out approach, sequentially excluding each
study, and additionally restricted to higher-quality studies
(NOS =7) to evaluate the influence of individual studies
and study quality on the pooled estimates.

Publication bias was evaluated through funnel plot
asymmetry tests and independent Egger’s linear regression
analyses [31]. When significant bias was identified (p <
0.05), the trim-and-fill method was applied to estimate the
number of potentially missing studies and adjust effect sizes
accordingly. All statistical analyses were two-sided, and p
< 0.05 was considered significant. Comprehensive Meta-
Analysis (CMA) version 3 (Biostat, Inc., Englewood, NJ,
USA) and R version 4.4.3 (R Foundation for Statistical
Computing, Vienna, Austria) were used for all statistical
analyses.

3. Results
3.1 Overview of Obtained Literature

The systematic search yielded 7718 records. After
removing duplicates and screening titles and abstracts, 71
studies were selected for full-text review. Of these, 17 met
the predefined inclusion criteria and were included in the
final analysis. Additionally, one relevant study was identi-
fied through reference list screening, resulting in the inclu-
sion of 18 studies (Fig. 1).

The 10 cardiac function indicators reported in
the 18 studies were pulmonary hemodynamic parame-
ters (mPAP, PVR, and CO); LV diastolic function (¢’
wave velocity, E/e’, and E/A); and LV systolic func-
tion (LVEF, LVEDD, LVESD, and SV). Table 1 (Ref.
[1,24,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47])
summarizes the main characteristics of the review and the
individual studies. Of the 18 included studies, 8 (44.4%)
were cross-sectional and 10 (55.6%) were cohort studies.
Study participants included patients with systemic sclero-
sis, connective tissue disease, chronic dyspnea on exertion,
preserved LVEF, mitral regurgitation, aortic stenosis
(AS), hypertrophic cardiomyopathy, chronic obstructive
pulmonary disease (COPD), and primary or secondary
mitral regurgitation, among others. EIPH was defined
using various invasive and non-invasive criteria, most
commonly mPAP >30 mmHg, pulmonary artery systolic
pressure (PASP) =50 mmHg, systolic pulmonary arterial
pressure (sPAP) >50-60 mmHg, AmPAP/ACO slope >3,
or tricuspid regurgitation peak gradient (TRPG) =50
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athletes, HIV): 2
18 studies included in the systematic Insufficent data providedi s
review

Fig. 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flowchart. EIPH, Exercise-induced pul-

monary hypertension.

mmHg during exercise. Diagnostic instruments included
right-heart catheterization, Doppler echocardiography, and
pulmonary gas-exchange analysis. Cardiac function was
assessed primarily through exercise testing methods such
as supine or semi-supine bicycle ergometry, symptom-
limited graded cycle ergometry, Master’s two-step test, and
upright ramp protocol cardiopulmonary exercise testing
(CPET), with continuous monitoring of echocardiographic
parameters, minute ventilation, or invasive hemodynamic
parameters.

3.2 Pulmonary Hemodynamic Parameters

A total of 12 records [1,24,32,33,34,35,36,37,38,
39,40,41] reported associations between EIPH and
pulmonary hemodynamic parameters.  Eight studies
[1,32,33,35,36,38,39,40] showed significantly higher
mPAP values among individuals with EIPH than among

non-EIPH subjects, both at rest (MD: 3.70 mmHg; 95%
confidence interval (CI): 2.24 to 5.17; p < 0.001) and
under exercise condition (MD: 10.23 mmHg; 95% CI:
8.60 to 11.85; p < 0.001) (Fig. 2A). A total of 11 studies
[1,24,32,33,34,35,36,37,39,40,41] found that, compared
with the non-EIPH participants, individuals with EIPH
had significantly lower CO under the exercise condition
(MD: —1.50 L/min; 95% CI: —2.45 to —0.54; p < 0.001),
and tended to have lower CO at rest (MD: —0.23 L/min;
95% CI: —0.47 to 0.01; p = 0.06) (Fig. 2B). Differences
in PVR values between EIPH and non-EIPH subjects
were reported in eight studies [32,35,36,37,38,39,40,41],
indicating that individuals with EIPH had a higher PVR at
rest (MD: 0.51 WU; 95% CI: 0.33 to 0.69; p < 0.001) and
under exercise conditions (MD: 1.30 WU; 95% CI: 0.82 to
1.78; p < 0.001) compared with those without EIPH (Fig.
20).
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Table 1. Characteristics of the included studies.

Sample size . — . .
Author —— Country Population EIPH criteria Hemodynamic assessment Study design ~ NOS score
Non-EIPH EIPH
Miyanaga et al. (2019) [35] 17 7 Japan CTD mPAP >30 mmHg and TPR >3 WU Exercise RHC Cross-sectional 6
at exercise
Suzuki et al. (2015) [37] 361 133 Japan SS post-exercise systolic PAP =50 Post-exercise echocardiography Cohort 7
mmHg
Saggar et al. (2010) [36] 15 21 Us SS mPAP >30 mmHg; PCWP <18 Exercise RHC Cross-sectional 7
mmHg; TPG =15 mmHg
Kanazawa et al. (2024) [32] 21 19 Japan SS mPAP/CO slope >3 Exercise RHC Cross-sectional 6
Voilliot et al. (2014) [39] 24 21  Belgium SS sPAP >50 mmHg at exercise Exercise echocardiography Cross-sectional 6
Tolle et al. (2008) [38] 16 78 usS Apparently healthy Resting mPAP <25 mmHg and Invasive CPET Cross-sectional 7
exercise mPAP >30 mmHg with
PCWP <20 mmHg and PVR >80
dyn-s-cm™
Ho et al. (2020) [1] 418 296 us Dyspnea on exertion PAP/CO slope >3 mmHg/L/min Exercise RHC Cohort 6
Lim et al. (2017) [24] 947 436 Korea  Exertional dyspnea or chest PASP =50 mmHg Post-exercise echocardiography Cross-sectional 5
discomfort with preserved
LVEF
Ha et al. (2009) [43] 261 135 Korea  Exertional dyspnea or chest PASP >50 mmHg at 50 W of Exercise echocardiography Cross-sectional 7
discomfort with preserved exercise
LVEF
Shim et al. (2011) [41] 327 171 Korea Apparently healthy PASP =50 mmHg at 50 W of Exercise echocardiography Cohort 8
exercise
Amano et al. (2022) [42] 66 57 Japan MR SPAP >60 mmHg or TRPG =50 Exercise echocardiography Cohort 5
mmHg during exercise
Magne et al. (2011) [34] 44 45  Belgium MR sPAP >60 mmHg Exercise echocardiography Cohort 7
Magne et al. (2015) [46] 43 59  Belgium MR sPAP >60 mmHg at exercise Exercise echocardiography Cohort 6
Lancellotti et al. (2015) [45] 96 63  Belgium MR sPAP >60 mmHg Exercise echocardiography Cohort 7
Lancellotti et al. (2012) [44] 47 58  Belgium AS sPAP >60 mmHg Exercise echocardiography Cohort 6
Kusunose et al. (2019) [33] 186 57 Japan SS or CTD AmPAP/ACO >3.3 and/or exercise Exercise echocardiography Cohort 6
mPAP >25 mmHg
Re et al. (2022) [47] 145 37 Italy HCM sPAP >40 mmHg during exercise Exercise echocardiography Cohort 8
Skjerten et al. (2018) [40] 29 42 Norway COPD Resting mPAP <25 with Exercise RHC Cross-sectional 6

AmPAP/ACO slope >3

Abbreviations: EIPH, exercise-induced pulmonary hypertension; CTD, connective tissue disease; SS, systemic sclerosis; MR, mitral regurgitation; LVEF, left ventricular ejection fraction; AS, aortic
stenosis; COPD, chronic obstructive pulmonary disease; mPAP, mean pulmonary arterial pressure; sPAP, systolic pulmonary arterial pressure; HCM, hypertrophic cardiomyopathy; CO, cardiac output;
WU, wood units; PVR, pulmonary vascular resistance; PASP, pulmonary artery systolic pressure; RHC, right heart catheterization; CPET, cardiopulmonary exercise testing; NOS, Newcastle-Ottawa
scale; TRPG, tricuspid regurgitation peak gradient; TPG, transpulmonary pressure gradient; PCWP, pulmonary capillary wedge pressure; TPR, total pulmonary resistance.
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Figure 2A. Forest Plot of mMPAP(mmHg) Meta-analysis with Weights

Study name No. of non-EIPH _No. of EIPH __Mean difference _P-value Effect Size (95% CI) Weight
Time-point
Rest
Miyanaga, $.(2019) 17 7 430(150,7.10) 0006 — 1047
Saggar, R.(2010) 15 21 4.90(261,7.19) <0001 — 1160
Kanazawa, Y. (2024) 21 19 3.00(-0.13,6.13)  0.066 | Em— 9.30
Voilliot, D. (2014) 24 21 6.00(366,8.34) <0001 — 11.44
Tolle, J.J. (2008) 16 78 470(3.00,6.40) <0001 —— 1329
Ho, J. E. (2020) 418 296 5.00(427,573)  <0.001 - 1554
Kusunose, K. (2019) 186 57 200(1.11,2.89) <0001 el 15.26
Skjorten, I. (2018) 29 42 020(-146,1.86) 0813 —e— 1340
Overall 726 541 3.71(2.24,547)  <0.001 —_
=85.91%, Heterogeneity P<0.001
Time-point
Exercise
Miyanaga, S.(2019) 17 7 1533 (6.44,24.22)  0.002 290
Saggar, R.(2010) 15 21 13.70 (10.46, 16.94) <0001 —_— 179
Kanazawa, Y. (2024) 21 19 9.00(497,13.03)  <0.001 —_ 938
Voilliot, D. (2014) 24 21 13.00(9.79,1621)  <0.001 e 11.87
Tolle, J.J. (2008) 16 78 920(628,12.12)  <0.001 [ ——— 1293
Ho, J. E. (2020) 418 296 11.00 (9.68, 12.32) <0001 —.— 19.37
Kusunose, K. (2019) 186 57 9.00(7.94,10.06)  <0.001 . 2031
Skjorten, |. (2018) 29 42 550(2.16,8.84)  0.001 — 1144
Overall 726 541 10.23(8.60, 11.85)  <0.001 —
1269.32%, Heterogeneity P=0.002
T T T T T T
-5 0 5 10 15 2 25
Favors non-EIPH Favors EIPH
Figure 2B. Forest Plot of CO(L/min) Meta-analysis with Weights
Study name No. of non-EIPH _No. of EIPH__Mean difference _P-value Effect Size (95% CI) Weight
Time-point
Rest
Miyanaga, $.(2019) 17 7 -0.60 (-149,029)  0.186 — 485
Suzuki, K. (2014) 361 133 0.00(-0.24,024)  1.000 = &l 1230
Saggar, R.(2010) 15 21 -1.00 (-1.79,-021) 0013 —_— 560
Kanazawa, Y. (2024) 21 19 0.53(-0.56,162) 0339 —_— 367
Voillot, D. (2014) 24 21 -0.40 (-095,0.15)  0.52 ——t 817
Ho, J. E. (2020) 418 296 -0.80 (-1.01,-0.59)  <0.001 o 1266
Lim, A. Y. (2017) 947 436 -0.04(-0.16,0.08)  0.505 L] 1361
Shim, C. Y. (2011) 327 17 0.10(-0.08,028) 0273 hEH 13.06
Magne, J. (2011) 44 45 060 (-0.21,141) 0147 H— 546
Kusunose, K. (2019) 186 57 =0.30 (-0.64, 0.04) 0.085 —a— 10.99
Skjorten, I. (2018) 29 42 0073 —a—} 964
Overall 2389 1248 -0.23(-047,0.01)  0.061 —
1=83.47%, Heterogeneity P<0.001
Time-point
Exercise
Miyanaga, $.(2019) A7 7 -2.70(-6.41,1.01) 0453 4.09
Suzuki, K. (2014) 361 133 0.00(-0.41,041)  1.000 —— 1045
Saggar, R.(2010) 15 21 -3.40 (-4.97,-1.83)  <0.001 —_— 828
Kanazawa, Y. (2024) 21 19 -1.76 (-368,0.16) 0072 _— 745
Voilliot, D. (2014) 24 21 -1.20(-2.33,-0.07) 0038 — 927
Ho, J. E. (2020) 418 296 370 (-4.13,-327) <0001 —s— 1044
Lim, A. Y. (2017) 947 436 -0.10(-038,0.18) 0479 el 1057
Shim, C. Y. (2011) 327 17 0.10(-0.17,037) 0470 Ha=— 1057
Magre, J. (2011) 44 45 -0.60 (-1.87,067) 0354 —_— 897
Kusunose, K. (2019) 186 57 -1.00(-1.66,-0.34) 0003 —e— 1014
Skjorten, I. (2018) 29 42 -3.30 (-4.17,-243)  <0.001 —_— 979
Overall 2389 1248 -1.50 (-2.45,-0.54) <0.001 _
1=96.66%, Heterogeneity P<0.001
I 5 3 & 5 I % 1 ¢
Favors non-EIPH Favors EIPH
Figure 2C. Forest Plot of PVR(Wood) Meta-analysis with Weights
Study name No. of non-EIPH_No. of EIPH _Mean difference _P-value Effect Size (95% CI) Weight
Time-point
Rest
Miyanaga, $.(2019) 17 7 087(023,1.51) 0008 —_— 611
Suzuki, K. (2014) 361 133 030(023,037)  <0.001 (2] 27.48
Saggar, R.(2010) 15 21 087(037,137) 0001 —_— 897
Kanazawa, Y. (2024) 21 19 0.40(-0.39,1.19) 0319 _— 439
Voiliot, D. (2014) 24 21 1.20(0.63,1.77)  <0.001 —_— 7.35
Tolle, J. J. (2008) 16 78 0.86(0.33,1.39)  0.002 —_— 809
Shim, C. Y. (2011) 327 171 024(0.13,035)  <0.001 e 2561
Skjerten, I. (2018) 29 42 052(0.13,091) 0010 [ — 12,01
Overall 810 492 0.51(0.33,0.69)  <0.001 —_—
1=70.80%, Heterogeneity P<0.001
Time-point
Exercise
Miyanaga, S.(2019) 17 7 1.73(0.98,248) <0001 _— 172
Suzuki, K. (2014) 361 133 050 (0.41,059)  <0.001 e 16.35
Saggar, R.(2010) 15 21 176 (1.25,227) <0001 —_—y 13.88
Kanazawa, Y. (2024) 21 19 1.30(0.83,1.77)  <0.001 _— 1421
Voilliot, D. (2014) 24 21 150 (1.02,1.98) <0001 —_— 14.13
Tolle, J. J. (2008) 16 78 1.23(0.86,1.60)  <0.001 —_— 14.94
Skjerten, I. (2018) 29 42 1.27(0.87,167) <0001 —_— 14.78
Overall 483 321 1.30(0.82,1.78)  <0.001 —
1292.18%, P<0.001
T T T T T T T
-05 o s 1 5 2 25 3
Favors non-EIPH Favors EIPH

Fig. 2. Forest plot comparison of the differences in pulmonary hemodynamic parameters between exercise-induced pulmonary

hypertension (EIPH) and non-EIPH groups at rest and under exercise conditions. (A) Forest Plot of mPAP (mmHg) Meta-analysis
with Weights; (B) Forest Plot of cO (L/min) Meta-analysis with Weights; (C) Forest Plot of PVR (Wood) Meta-analysis with Weights.
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3.3 LV Diastolic Function

In the 15 analytical studies
[24,32,33,34,35,37,39,40,41,42,43,44,45,46,47] evalu-
ating the associations between EIPH and LV diastolic
functions, 10 studies [24,32,34,37,39,41,42,43,44,45] re-
ported the effect of EIPH on e’ wave velocity. Participants
with EIPH had a lower ¢’ wave velocity than those without
EIPH both at rest (MD: —0.99 cm/s; 95% CI: —1.49 to —
0.50; p <0.001) and under exercise conditions (MD: —0.86
cm/s; 95% CI: —1.55 to —0.17; p = 0.01) (Fig. 3A). Four-
teen studies [24,32,33,34,35,37,39,40,41,43,44,45,46,47]
reported that the MDs of E/e’ ratio in the EIPH group
were higher than in non-EIPH group by 1.48 (95% CI:
0.80 to 2.16; p < 0.001) at rest and 2.46 (95% CI: 1.57 to
3.34; p < 0.001) under exercise conditions (Fig. 3B). No
significant differences in E/A were found between EIPH
and non-EIPH individuals, either at rest or under exercise
conditions (Fig. 3C).

3.4 LV Systolic Function

Sixteen studies [1,24,32,33,34,35,37,39,40,41,42,43,
44,45,46,47] reported associations between EIPH and LV
systolic function. In the pooled analysis of 6 studies
[1,34,39,44,45,46] revealed that individuals with EIPH had
a significantly lower LVEF under exercise conditions (MD:
—1.96; 95% CI: -3.25 to —0.67; p = 0.003), whereas no sig-
nificant differences were found at rest (Fig. 4A). Six studies
[24,37,41,42,43,46] showed a significantly lower LVESD
(MD: —0.54 mm; 95% CI: —0.94 to —0.15; p = 0.007) in in-
dividuals with EIPH compared with non-EIPH participants
(Fig. 4B). No significant differences between EIPH and
non-EIPH individuals were found for LVEDD or SV, either
at rest or under exercise conditions (Fig. 4B,C).

3.5 Subgroup Analysis, Sensitivity Analyses, and
Meta-Regression Analysis

Significant subgroup differences were observed ac-
cording to assessment modality (invasive vs. non-invasive)
for CO at rest and during exercise, and for LVEF and E/e’ at
rest (all p for subgroup difference <0.01). Meta-regression
analyses indicated that assessment modality accounted for
a substantial proportion of between-study heterogeneity for
CO (R? = 0.81 at rest and R? = 0.96 during exercise). A
statistically significant subgroup difference was also ob-
served for PVR at rest (p for subgroup difference = 0.02).
However, substantial heterogeneity was present within sub-
groups, particularly among non-invasive studies, indicating
that this finding should be interpreted with caution.

When stratified by the EIPH definition, significant
subgroup differences were observed for CO at rest and dur-
ing exercise, whereas no significant subgroup differences
were observed for other cardiac function indicators. Ex-
ploratory subgroup analyses stratified by underlying dis-
ease category demonstrated generally consistent effect di-
rections across populations; however, for most outcomes,
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no statistically significant differences between groups were
observed. Meanwhile, when stratified by participant char-
acteristics, dyspnea and connective tissue disease- or CVD-
related conditions were not identified as potential sources of
heterogeneity. Nonetheless, E/e’ ratios at rest were signifi-
cantly elevated among individuals with CVD.

Overall, body position during exercise and exercise in-
tensity did not clearly explain the observed between-study
heterogeneity for mPAP, CO, and E/e’ in the subgroup anal-
yses. For the pooled estimate of LVEF during exercise,
excluding the large-weight upright exercise position study
rendered the pooled estimate from the remaining five semi-
supine studies non-significant [1]. Although the direction
of effect remained broadly consistent, these results indicate
that the pooled finding is highly sensitive to this single study
and does not allow a definitive conclusion regarding the as-
sociation between EIPH and LVEF during exercise.

For PVR during exercise stratified by intensity, ex-
cluding the single fixed-duration study eliminated hetero-
geneity (I = 0%), indicating that this study was the primary
contributor to between-study variation [37]. Importantly,
the pooled estimate remained statistically significant after
this exclusion, suggesting that the main finding is robust
despite differences in exercise protocols.

Meta-regression analyses were conducted to examine
whether age and percentage of female participants modified
the pooled MDs in cardiac function indicators between indi-
viduals with EIPH and non-EIPH controls. Increasing age
was significantly associated with a smaller pooled MD in
mPAP between the EIPH and non-EIPH groups at both rest
and during exercise, with R? values of 0.54 and 1.0, respec-
tively. Modest study-level associations were also observed
between age and LVEDD and LVESD at rest. No signif-
icant associations were observed between age and other
hemodynamic or functional cardiac indices.

The proportion of female participants was not signifi-
cantly associated with pooled MDs for most hemodynamic
and cardiac function indices, including mPAP, PVR, CO,
and LVEEF, at rest or during exercise. Although a higher pro-
portion of female participants was associated with smaller
pooled MDs for E/e’ and LVESD at rest, these findings
were based on limited data and unstable estimates of het-
erogeneity; therefore, these estimates should be interpreted
with caution. Detailed results of the subgroup and meta-
regression analyses are presented in Supplementary Ta-
bles 2—4 and Supplementary Figs. 1-6.

Other leave-one-out sensitivity analyses showed that
exclusion of any single study did not substantially alter
the pooled estimates. No significant differences were ob-
served at rest or during exercise in any cardiac function
indicator, indicating that the overall findings were robust
(Supplementary Table S).

To assess the influence of study quality on the pooled
estimates, sensitivity analyses were performed that in-
cluded only studies with NOS scores >7. For most out-
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Figure 3A. Forest Plot of e velocity(cm/s) Meta-analysis with Weights

Study name No. of non-EIPH_No. of EIPH__Mean difference _P-value Effect Size (95% CI) Weight
Time-point
Rest
Suzuki, K. (2014) 361 133 -1.10(-157,-0.63)  <0.001 —— 1169
Kanazawa, Y. (2024) 21 19 -120(-239,-001)  0.048 — 7.43
Voilliot, D. (2014) 2 21 -2.00 (-3.76,-0.24) 0026 _ 493
Lim, A. Y. (2017) %47 436 -0.50 (-0.75,-0.25)  <0.001 — 1266
Ha, J. W. (2009) 261 135 -1.70 (-220,-120)  <0.001 — 1154
Shim, C. Y. (2011) 327 7 -0.64(-1.04,-0.24)  0.002 —— 12.05
Amano, M. (2022) 66 57 0.024 —_ 879
Magne, J. (2011) 44 45 0.001 — 10.07
Lancellotti, P. (2015) % 63 -1.30(-1.83,-0.77)  <0.001 — 11.40
Lancellotti, P. (2012) 47 58 0.40 (-0.45,1.25) 0357 — 9.43
Overall 2194 1138 -0.99(-1.49,-0.50) <0.001 —
1’=74.52%, Heterogeneity P<0.001
Time-point
Exercise
Voiliot, D. (2014) 2 21 -4.00(-5.76,-2.24) <0001 b 956
Lim, A. Y. (2017) %47 436 -0.20(-0.79,0.39)  0.504 —a— 2144
shim, C. Y. (2011) 327 7 -0.90 (-1.39,-0.41)  <0.001 —a— 2246
Magne, J. (2011) 44 45 -0.90 (-2.65, 0.85) 0310 —_— 9.62
Lancellotti, P. (2015) % 63 -2.00 (-266,-1.34)  <0.001 —e— 2054
Lancellotti, P. (2012) 47 58 1.60(0.59,261) <0001 — 16.38
Overall 1485 794 -0.86 (-1.55,-0.17)  0.010 _
190.18%, Heterogeneity P<0.001

T T T T T T T T T

-6 -5 - -3 -2 -1 o 1 2 3

Favors non-EIPH Favors EIPH

Figure 3B. Forest Plot of E/e’ ratio Meta-analysis with Weights

Study name No. of non-EIPH_No. of EIPH__Mean difference _P-value Effect Size (95% Cl) ‘Weight
Time-point
Rest
Miyanaga, $.(2019) 17 7 -3.17(-4.84,-150)  <0.001 —_— 612
Suzuki, K. (2014) 361 133 1.50 (0.90,2.10) <0001 —— 898
Kanazawa, Y. (2024) 21 19 0.70 (-1.13,2.53) 0.453 —_ 571
Voilliot, D. (2014) 24 21 1.30 (0.25, 2.35) 0.016 —_—— 7.85
Lim, A. Y. (2017) %47 436 1.00(069,1.31) <0001 = 945
Ha, J. W. (2009) 261 135 310(238,382)  <0.001 —— 872
Shim, C. Y. (2011) 327 7 2.40(1.75,3.05)  <0.001 —— 8388
Magne, J. (2011) 44 45 5.00(288,7.12)  <0.001 —_—_ 499
Magne, J. (2015) 43 59 3.00(0.94,5.06) 0004 _— 513
Lancellotti, P. (2015) % 63 250(0.37,463) 0022 _— 497
Lancellotti, P. (2012) a7 58 080(-062,222) 0269 — 682
Kusunose, K. (2019) 186 57 1.00(023,1.77) o011 — 859
Re, F. (2022) 145 37 3.10(1.35,4.85) 0001 —_— 591
Skjerten, 1. (2018) 29 42 -040(-144,064) 0451 —t— 7.88
Overall 2548 1283 1.48 (0.80,2.16)  <0.001 —_—
1:=86.68%, Heterogeneity P<0.001
Time-point
Exercise
Suzuki, K. (2014) 361 133 1.50(0.84,2.16) <0001 —a— 1571
Voiliot, D. (2014) 2 21 350 (2.56,4.44)  <0.001 —a— 1444
Lim, A. Y. (2017) 947 43 1.10(0.77,143) <0001 HH 1684
Shim, C. Y. (2011) 327 171 230(1.62,298  <0.001 —— 1563
Magne, J. (2011) 44 45 360 (161,559)  <0.001 _ 9.18
Lancellotti, P. (2015) % 63 5.80(329,831)  <0.001 —_— 2
Lancellotti, P. (2012) 47 58 010(-198,2.18) 0925 —_— 880
Re, F. (2022) 145 37 3.40(203,477)  <0.001 S ——— 1247
Overall 1991 %4 246(1.57,334)  <0.001 —_—
1:=86.60%, Heterogeneity P<0.001

T T T

5 % 3§ F 7 % % 3

Favors non-EIPH Favors EIPH

Figure 3C. Forest Plot of E/A ratio velocity Meta-analysis with Weights

Study name No.ofnon-EIPH_No. of EIPH__ Mean difference __P-value| Effect Size (95% CI) Weight
Time-point
Rest
Suzuki, K. (2014) 361 133 -0.10(-021,001) 0086 —_H 14.64
Kanazawa, Y. (2024) 21 19 -0.17(-0.35,0.01)  0.060 _— 1032
Voillot, D. (2014) 24 21 000(-029,029)  1.000 b | 543
Lim, A. Y. (2017) %47 436 0.00(-0.04,0.04)  1.000 —— 1976
Ha, J. W. (2009) 261 135 -0.20 (-0.28,-0.12)  <0.001 —_ 1753
Magne, J. (2011) 44 5 010(-017,037) 0470 613
Lancellot, P. (2012) a7 58 004(-0.10,0.18) 0570 —_— 12.87
Skjorten, 1. (2018) 29 42 -0.03(-0.16,0.10) 0655 —_— 1333
Overall 1734 889 -0.06 (-0.14,0.02)  0.141 —
1'=72.63%, Heterogeneity P=0.001
Time-point
Exercise
Voillot, D. (2014) 2 21 -0.10(-0.19,-001)  0.038 —_— 2930
Lim, A. Y. (2017) %47 436 001(-003,0.05) 0506 = 3623
Magne, J. (2011) 44 45 010(-005,025)  0.181 —_—— 22.17
Lancellotti, P. (2012) a7 58 0.19(-006,0.44)  0.138 1230
Overall 1062 560 002(-0.09,0.13) 0716 —
13=64.72%, Heterogeneity P=0.037
T T T T T T T T T
-04 -03 -02 -0 3 01 02 03 04 05
Favors non-EIPH Favors EIPH

Fig. 3. Forest plot of the differences in left ventricular (LV) diastolic function indicators between EIPH and non-EIPH groups
at rest and under exercise conditions. (A) Forest Plot of ¢' velocity (cm/s) Meta-analysis with Weights; (B) Forest Plot of E/e' ratio
Meta-analysis with Weights; (C) Forest Plot of E/A ratio velocity Meta-analysis with Weights.
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Figure 4A. Forest Plot of LVEF(%) Meta-analysis with Weights

Study name No. of non-EIPH_No. of EIPH __Mean difference  P-value Effect Size (35% CI) Weight
Time-point
Rest
Miyanaga, S.(2019) 17 7 368(-6.13,1349) 046z 1 039
Suzuki, K. (2014) 361 133 060(-051,1.71) 0291 A 925
Kanazawa, Y. (2024) 21 19 100(-179.379) 0483 —_— 357
Voilliot, D. (2014) 2 21 3.00(-028.6.28 0073 S 280
Ho, J. E. (2020) 418 296 -2.00(-325.-0.75) 0002 —i 855
Lim, A. Y. (2017) 947 438 110(0.50,1.70)  <0.001 — 173
Ha, J. W. (2009) 261 138 170(0.52,.288) 0005 b 892
shim, C. Y. (2011) 327 7 0.90(-0.11,191) 0082 —— 975
Amario, M. (2022) 6 57 120(0.15,225) 0025 — 957
Magre, J. (2011) 44 45 0.00 (-2.49,2.49) 1.000 ) 419
Magne, J. (2015) 43 59 0.66 (-2.17,3.49) 0847 —— 351
Lancellotti, P. (2015) 9% 63 1.00(-1.22,3.22) 0378 | o e | 487
Lancellotti, P. (2012) 47 58 1.50 (-1.43,4.43) 0315 —_—t 333
Kusunose, K. (2019) 186 57 1.00 (0.1, 1.89) 0.028 ==y 1037
Re, F. (2022) 145 a7 -3.30(-599,-061) 0016 f——r 78
Skjerten, 1. (2018) 29 41 -1.00 (-3.04, 1.04) 0337 — 541
Overall 3032 1635 0.55(-0.07,1.47)  0.082 —_
1*=60.30%, Heterogeneity P=0.001
Time-point
Exercise
Voilliot, D. (2014) 24 21 0.00(-325.325) 1000 —_— 1248
Ho, J. E. (2020) 418 206 -4.00(-5.11,-2.89)  <0.001 —a— 4214
Magne, J. (2011) a4 45 1.00(-297.497) 0621 —_— 900
Magne, J. (2015) 43 59 -1.00 (-4.31,231) 0554 —_—_— 1212
Lancellott, P. (2015) % 63 -1.00 (-4.13,243) 0531 _ 133
Lancellott, P. (2012) 47 58 -1.00 (-452,252) 0578 e e e | 1097
Overall 672 542 -1.96 (-3.26,-0.67)  0.003
1=65.02%, Heterogeneity P=0.014

T T T T T T T T
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Favors non-EIPH Favors EIPH

Figure 4B. Forest Plot of LVEDD and LVESD Meta=analysis with Weights

Study name No.of non-EIPH _No.of EIPH__Mean difference _P-value Effect Size (95% Cl) ‘Weight
Outcome
LVEDD
Miyanaga, $.(2019) 7 T 044(-407.4.95) 0848 [
Suzuki, K. (2014) 361 133 -0.10(-0.94,074) 0816 — 16.32
Lim, A, . (2017) 047 436 050(0.03,097) 0035 —o— 3323
Ha, J. W. (2009) 261 135 0.00(-0.70,0.70) 1000 —— 21.07
Shim, C. Y. (2011) 327 171 1.000 —— 2218
Amano, M. (2022) 66 57 0.379 i 3.70
Magne, J. (2015) 43 59 2,00 (-0.36, 4.36) 0.096 S p———— 272
Overall 2022 998 0.24 (-0.16, 0.64) 0.235 T
1*=0%, ity P=0.504
Outcame
LVESD
Suzuki, K. (2014) 361 133 -1.20 (-1.94,-0.46) 0,001 —_— 1927
Lim, A, Y. (2017) 97 436 -0.10 (-0.50,030) 0625 . 36.69
Ha, J. W. (2009) 261 135 -1.00(-183.-0.17) 0018 — 16.24
Shim, C. Y. (2011) 327 1 -060(-1.30,0.10) 009 — 2048
Amano, M. (2022) 6 57 -0.10 (-1.65,145) 0899 —_— 580
Magne, J. (2015) 43 59 100(-2.14.4.14) 0533 152
Overall 2005 991 -0.54(~0.94,~0.15)  0.007 _—
1°=48.96%, Heterogeneity P=0.081

T T T T T T T T T T

-5 - £ 2 -t o 1 2 3 4 5

Favors non-EIPH Favors EIPH

Figure 4C. Forest Plot of stroke volume(ml) Meta-analysis with Weights

Study name No. of non-EIPH_ No. of EIPH _ Mean difference  P-value Effect Size (95% CI) Weight
Time-point
Rest
Voiliol, D. (2014) 24 21 -3.00(-10.36,4.36) 0424 F 1 3.05
Ha, J. W. (2008) 261 135 200(-0.70,470) 0147 — 2264
Shim, . Y. (2011) 21 171 1.10(-049,269)  0.174 H— 65.69
Amano, M. (2022) 66 57 240(-245,7.25) 0332 —_— 70
Magne, J. (2011) a4 a5 ~6.00(-16.19,4.19)  0.248 159
Overall 722 a29 116(-0.13,2.44)  0.078 f—
1=0%, Heterogeneity P=0.440
Time=point
Exercise
Voo, D, (2014) 2 21 ~7.00(~15.94,1.94)  0.125 837
Shim, C. Y. (2011) 327 171 -130(-4.10,1.50)  0.363 —et 2543
Magne, J. (2011) 44 45 -6.00(-16.39,4.39)  0.258 620
Overall 305 237 -207 (-4.66,052)  0.117 —
1?=0.04%, Heteregeneity P=0.366
T T T T T T T T T T T T
%6 -4 -1z -0 8 -6 4 2 90 z 4 6 8
Favors non-EIPH Favors EIPH

Fig. 4. Forest plot of the differences in LV systolic function indicators between EIPH and non-EIPH groups at rest and under
exercise conditions. (A) Forest Plot of LVEF (%) Meta-analysis with weights; (B) Forest Plot of LVEDD andLVESD Meta-analysis
with Weights; (C) Forest Plot of stroke volume (mL) Meta-analysis with Weights.

comes (e.g., mPAP, PVR, E/e’, and SV at rest and during ex-
ercise; CO, ¢', LVEF, LVEDD, and LVESD at rest; E/A dur-
ing exercise), pooled estimates from higher-quality studies
(NOS >7) were generally consistent in direction and sig-
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nificance with the main analysis, indicating that the find-
ings were robust to exclusion of lower-quality studies. For
a few outcomes (CO, ¢', and LVEF during exercise; E/A
during rest), the pooled estimates among NOS >7 studies
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remained in the same direction as the main analysis, but sta-
tistical significance differed, suggesting that these results
may be sensitive to the inclusion of moderate-quality (NOS
=5 or 6) studies (Supplementary Table 6).

3.6 Publication Bias

Evidence of funnel plot asymmetry was observed
for selected outcomes, including PVR (rest and exercise),
LVEF (exercise), and E/e’ (exercise), whereas SV showed
no indication of small-study effects (Supplementary Figs.
7-24). Trim-and-fill analyses suggested modest changes in
pooled estimates due to potential small-study effects. PVR
(rest and exercise), and E/e’ (exercise) remained statistically
significant after adjustment, whereas LVEF during exercise
became non-significant, indicating that small-study effects
may have influenced this outcome.

4. Discussion

To our knowledge, this is the first systematic re-
view and meta-analysis to investigate the cardiac func-
tional profile of individuals with EIPH. Based on data from
the included studies, our results provide robust evidence
that EIPH is both a transient hemodynamic phenomenon
and consistently associated with impaired cardiac function.
This impairment is primarily characterized by early-stage
diastolic dysfunction, as reflected by altered e’ and elevated
E/e’ ratio. Furthermore, blunted CO and elevated mPAP
and PVR suggest compromised ventricular pump function.
These hemodynamic changes and chronic pressure over-
load trigger a harmful remodeling process in which the right
ventricle thickens and dilates, eventually leading to pro-
gressive ventricular dysfunction and biventricular failure.

During exercise, elevated pulmonary pressure im-
poses acute strain on the right ventricle, which could trig-
ger a ventricular septal shift toward the left ventricle and
ultimately lead to biventricular diastolic dysfunction [48].
Moreover, this “ventricular interference” leads to exertional
dyspnea and progressive exercise intolerance, even in the
absence of resting cardiopulmonary pathology. These find-
ings highlight that EIPH is not an independent vascular
event but a systemic cardiovascular stressor that is an indi-
cator of early hemodynamic abnormalities and a long-term
risk factor for overt heart failure.

4.1 Association of EIPH With Pulmonary Hemodynamic
Parameters

The adverse association of EIPH with pulmonary
hemodynamic parameters is primarily characterized by re-
duced CO under exercise conditions. Notably, healthy indi-
viduals exhibit a robust elevation in CO to meet metabolic
demands, whereas patients with EIPH experience an abnor-
mal rise in mPAP and PVR that imposes significant stress
on the right ventricle. Indeed, the present study found that
the CO of patients with EIPH decreased by 1.50 L/min dur-
ing exercise compared with healthy individuals, whereas
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resting differences were marginal. This suggests mild im-
pairment of pulmonary hemodynamic parameters in EIPH,
potentially triggered by a hemodynamic triad during exer-
cise.

Prolonged exposure to high pressures may be associ-
ated with progression to resting PH and overt right heart
failure (RHF) [49]. A prospective study of 90 patients
with PH from Johns Hopkins Hospital and affiliated centers
found that RHF was the leading cause of admission (56%)
[50].

Hemodynamic data obtained at the time of PAH di-
agnosis revealed that mPAP and PVR were 49 mmHg and
10.8 WU, respectively, with an in-hospital mortality rate
of 14% among patients with RHF. Another retrospective
study demonstrated that, among patients with heart fail-
ure, each 1 mmHg increase in mPAP was associated with
a 2% higher risk of all-cause mortality or heart failure hos-
pitalization, whereas each 1 WU increase in PVR elevates
this risk by 7% [51]. Furthermore, an abnormal decline in
CO during exercise indicates exhaustion of RV afterload-
compensatory mechanisms, which could ultimately lead to
peripheral vasoconstriction and severe end-organ damage.
This pattern is a critical determinant of cardiogenic shock, a
condition associated with a 30-day mortality rate of 39.7%,
posing a profound health risk to the EIPH population [52].

4.2 Association of EIPH With LV Diastolic Function

Our findings confirm that EIPH is significantly asso-
ciated with impaired LV diastolic function, as evidenced
by decreased e’ values and elevated E/e’ ratios. Notably,
a more pronounced elevation of E/e’ ratios during exercise
(MD: 2.46 vs. 1.48) compared with rest suggests a sub-
stantial increase in LV filling pressure in the EIPH popu-
lation during exercise. Our findings further indicate that
the difference in mean resting E/e’ ratios between EIPH and
non-EIPH groups was more pronounced in studies involv-
ing CVD populations, suggesting relatively greater impair-
ment of LV diastolic function in this subgroup. This phe-
nomenon likely arises from chronic RV pressure overload,
which may result in RV wall thickening, a leftward septal
shift, and a restricted LV filling space.

Physiologically, these abnormalities are due to “heart-
room interference”. Meanwhile, chronic RV pressure over-
load is associated with wall thickening that physically
pushes into the LV filling space, thereby increasing filling
resistance, a compensatory response to RV diastolic dys-
function [48]. Clinically, understanding that the ‘hidden’
pressure risk, specifically the PAWP/CO slope, is essential
for differentiating between pre-capillary pulmonary vascu-
lar disease (PVD) and post-capillary left heart involvement
is critical [53,54,55,56,57].

Recent studies have indicated that a PAWP/CO slope
>2 mmHg/L/min represents a key indicator for identify-
ing occult PAWP elevation, especially in individuals with
resting PAWP of 12—-15 mmHg, while an exercise PAWP
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>25 mmHg (supine position) has been established as a di-
agnostic threshold for HFpEF [53,58]. Early-stage PVD is
characterized by a hemodynamic split during exercise: the
mPAP/CO slope rises above 3.0 mmHg/L/min, while the
PAWP/CO slope remains normal [54,55,56].

Cardiac injury induced by EIPH is associated with per-
sistent elevation of the E/e’ ratio, thereby increasing heart
failure risk in EIPH populations. In patients with heart fail-
ure with improved ejection fraction (HFimpEF), each 1-
unit increase in the E/e’ ratio correlates with a 28% rise
in the composite risk of heart failure rehospitalization and
all-cause mortality [57]. Patients with E/e’ >13.80 exhibit
a 4.48-fold higher risk of heart failure rehospitalization
within 6 months compared with those with lower E/e’ values
[59]. The continuous progression of EIPH progressively
increases cardiac pumping load, driving ongoing E/e’ ratio
elevation that further promotes RV hypertrophy and exacer-
bates LV diastolic dysfunction. This pathological remodel-
ing process portends a poorer prognosis for cardiovascular
diseases, sharing similar pathophysiological mechanisms
with AS patients, where diastolic impairment is a primary
risk factor for long-term mortality [60].

4.3 Association of EIPH With LV Systolic Function

Our analysis revealed a refined relationship between
EIPH and LV systolic function. The modest reduction in
exercise LVEF and the smaller LVESD are likely both as-
sociated with the same “heart-room interference” mecha-
nism observed in diastolic dysfunction. However, the find-
ings regarding exercise LVEF should be interpreted with
caution, as exercise position appears to influence measured
LVEEF, with upright assessments potentially attenuating ob-
servable systolic responses. Clinically, the pooled MD
of 1.96% is notably lower than the established minimum
detectable difference (MDD) for echocardiographic LVEF
measurement, which is typically approximately 4 percent-
age points [61]. This indicates that, at the individual pa-
tient level, such a minor change falls within measurement
variability and lacks clinical relevance for diagnosing overt
systolic dysfunction. Furthermore, sensitivity analyses in-
dicated that the statistical significance of exercise LVEF
was highly dependent on a single large-weight study, and
the trim-and-fill analysis collectively suggests a convergent
pattern of statistical fragility for this specific parameter.
Therefore, this modest alteration should be viewed as an ex-
ploratory signal rather than a definitive indication of overt
systolic failure.

The subgroup differences by assessment modality
likely reflect inherent differences in hemodynamic quan-
tification: invasive methods directly measure CO and pres-
sures, whereas non-invasive techniques rely on Doppler-
based estimates and geometric assumptions that affect
flow-dependent indices, thereby contributing to between-
study heterogeneity. These findings highlight the need
for methodological standardization in non-invasive assess-
ments.
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The between-group difference observed in CO, ac-
cording to the EIPH definition, likely reflects structural
distinctions between mPAP/sPAP cutoff-based and slope-
based criteria, as slope-based definitions explicitly incor-
porate the mPAP—CO relationship.

Overall, meta-regression analyses demonstrated that
age was primarily associated with differences in mPAP.
Similarly, sex distribution had minimal influence on pooled
hemodynamic contrasts, with only isolated associations that
were not consistently replicated across related parameters,
suggesting that demographic composition is unlikely to be
a major source of between-study heterogeneity in EIPH-
related differences in cardiac function.

4.4 Implications

In susceptible individuals, EIPH is not a normal hemo-
dynamic variation but an early marker of cardiac functional
impairment. The observed reduction in exercise CO, cou-
pled with abnormally increasing mPAP and PVR, signals
an RV—pulmonary vascular uncoupling that is closely asso-
ciated with the progression toward persistent PH and right
heart failure. Crucially, the widening E/e’ ratio during ex-
ercise conditions suggests that EIPH is a vital window for
identifying subclinical left-heart diastolic dysfunction. To
translate these findings into practice, standardized, non-
invasive stress imaging diagnostic protocols are needed and
should be integrated into primary prevention strategies tar-
geting early cardiac dysfunction in at-risk EIPH popula-
tions. Such tools are essential for distinguishing early-stage
pulmonary vascular disease from age-related physiological
changes or congestion associated with left-heart disease.
Increasing clinical awareness of these early functional de-
clines will facilitate timely intervention and potentially halt
the remodeling process before irreversible cardiovascular
damage occurs.

4.5 Limitations

This study has several limitations. First, this meta-
analysis was based on aggregate data from published stud-
ies rather than individual participant data (IPD), limiting the
ability to explore patient-level variation and effect modi-
fication. Second, substantial heterogeneity was observed
across studies. Subgroup analyses and meta-regression sug-
gested that this heterogeneity was largely explained by as-
sessment modality, EIPH diagnostic criteria, body posi-
tion of the measuring indicators during exercise, and ex-
ercise intensity. Some high R? values (including R? = 1)
are likely artifacts of the small number of studies rather
than reflecting true biological effects. Third, due to limited
data availability, we were unable to perform analyses strat-
ified by diagnostic criteria recommended by the ESC/ERS
guidelines [3] to examine the relationship between EIPH
and RV diastolic function. Lastly, sensitivity analyses re-
stricted to higher-quality studies (NOS >7) indicated that
most outcomes were robust to the exclusion of moderate-
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quality studies; however, a few indicators showed varia-
tion in statistical significance. Meanwhile, the existence
of publication bias reflects greater methodological variabil-
ity. Trim-and-fill analyses suggested that small-study ef-
fects may have influenced the pooled estimate of exercise
LVEF; therefore, this estimate should be interpreted with
caution.

5. Conclusions

This meta-analysis demonstrates that EIPH represents
adistinct early pathological phenotype that signals impaired
cardiac function. Our findings indicate that EIPH is associ-
ated with subclinical biventricular dysfunction, where ad-
verse ventricular interdependence contributes to left-heart
diastolic impairment. Consequently, EIPH serves as a crit-
ical clinical window for detecting subclinical heart failure
that remains undetectable at rest and should be recognized
for early risk stratification. Future research should priori-
tize tracking disease progression and conducting prospec-
tive trials to determine whether early intervention can pre-
vent progression to overt cardiovascular failure, a crucial
step toward improving long-term cardiovascular outcomes.
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