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Background: Sarcoidosis-associated pulmonary hypertension (SAPH) is associated
with poor prognosis, conferring up to a 10-fold increase in mortality in patients with
sarcoidosis, but the actual prevalence of SAPH is unknown.

Methods: The PubMed, Embase, and Cochrane Library databases were systematically
searched for epidemiological studies reporting the prevalence of SAPH up to July 2021.
Two reviewers independently performed the study selection, data extraction, and quality
assessment. Studies were pooled using random-effects meta-analysis.

Results: This meta-analysis included 25 high-quality studies from 12 countries, with
a pooled sample of 632,368 patients with sarcoidosis. The prevalence of SAPH by
transthoracic echocardiography in Europe, the United States and Asia was 18.8%
[95% confidence interval (Cl): 11.1-26.5%], 13.9% (95% ClI: 5.4-22.4%) and 16.2%
(95% Cl: 7.1-25.4%) separately, and the overall pooled prevalence was 16.4% (95%Cl:
12.2-20.5%). By right heart catheterization (RHC), the pooled prevalence of SAPH was
6.4% (95% Cl: 3.6-9.1%) in general sarcoidosis population, and subgroup analyses
showed that the prevalence of SAPH was 6.7% (95% Cl: 2.4-11.0%) in Europe and 8.6%
(95% Cl: —4.1 to 21.3%) in the United States. Further, the prevalence of pre-capillary
PH was 6.5% (95% Cl: 2.9-10.2%). For the population with advanced sarcoidosis,
the pooled prevalence of SAPH and pre-capillary PH by RHC was as high as 62.3%
(95% Cl: 46.9-77.6%) and 55.9% (95% CI: 20.1-91.7%), respectively. Finally, the pooled
prevalence of SAPH in large databases with documented diagnoses (6.1%, 95% ClI:
2.6-9.5%) was similar to that of RHC. Substantial heterogeneity across studies was
observed for all analyses (2 > 80%, P < 0.001).

Conclusions: The sarcoidosis population has a relatively low burden of PH, mainly
pre-capillary PH. However, as the disease progresses to advanced sarcoidosis, the
prevalence of SAPH increases significantly.

Keywords: sarcoidosis-associated pulmonary hypertension, sarcoidosis, pulmonary hypertension, prevalence,
meta-analysis
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INTRODUCTION

Sarcoidosis is an inflammatory disease characterized by
multisystem non-caseating granulomas with unknown causes,
which most commonly affects the lungs and its surrounding
lymph nodes but can also involve other organs, including
the liver, kidneys, brain, heart, eyes, skin, and sinuses (1). The
prevalence of sarcoidosis and its clinical presentation vary greatly
according to patient sex, age group, ethnicity, and geographical
region (2, 3). Consistently, the incidence of sarcoidosis is the
highest among African Americans and lowest among Asians (4).
Many patients with sarcoidosis have favorable outcomes, with a
significant proportion showing spontaneous remission without
systemic therapy. However, a small number of cases progress
to advanced sarcoidosis, which is the end-stage of sarcoidosis
associated with significant mortality (5, 6). The mortality rate of
sarcoidosis is ~5% (5, 7).

Pulmonary hypertension (PH) is a hemodynamic and
pathophysiological state characterized by an increase in the
mean pulmonary arterial pressure (>25 mmHg); a subgroup
of pre-capillary PH is defined by an additional criterion of a
pulmonary arterial wedge pressure of <15 mmHg (8). PH is a
well-recognized complication of sarcoidosis, resulting in poor
prognosis (9-11). The development of sarcoidosis-associated PH
(SAPH) confers up to a 10-fold increase in mortality in patients
with sarcoidosis (7, 12). SAPH is also an independent cause
of death in patients with advanced pulmonary sarcoidosis (5).
Therefore, it is important to know the actual prevalence of PH
in patients with sarcoidosis for timely screening and treatment.

To date, the actual prevalence of SAPH is unknown; however,
the condition is associated with the stage at which patients
are assessed for PH. In recent years, researchers have been
interested in the prevalence of SAPH and extensive related
studies have been conducted worldwide. However, the results
are somewhat different for the limited sample sizes and these
studies are individually underpowered to effectively address this
issue. Although there are relevant literatures describing and
discussing this topic (13, 14), there are no meta-analysis reporting
the epidemiology of SAPH globally. Therefore, we performed
a systematic review and meta-analysis to comprehensively
calculate the prevalence of SAPH in general and advanced
sarcoidosis populations.

METHODS

Data Source and Search Strategy

This systematic review and meta-analysis followed the Meta-
analysis of Observational Studies in Epidemiology (MOOSE)
(Supplementary Table 1) (15) and Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) guidelines
(Supplementary Table 2) (16) guidelines. We performed a
systematic literature search of the PubMed, Embase, and
Cochrane Library databases up to July 6, 2021. The search
strategy was as follows: (sarcoidosis) AND [(pulmonary
hypertension) OR (pulmonary arterial hypertension) OR (PH)
OR (PAH)]. The language of the searched papers was English.
All reference lists of the included studies were manually searched

for additional studies. Moreover, we conducted a web-based
search in Internet search engines (such as Baidu Scholar and
Google Scholar). As the current meta-analysis was based on
previously published studies, no ethical approval or patient
consent was required.

Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) observational study,
including cross-sectional, prospective, and retrospective studies;
(2) study involving the prevalence of SAPH (including pre-
capillary PH and post-capillary PH); and (3) study providing
the total number of sarcoidosis cases to calculate the standard
error. The exclusion criteria were as follows: (1) missing
essential information; (2) duplicated data used in different
studies; and (3) reviews, meta-analyses, in vitro studies, and
study protocols.

Data Extraction

Two authors (Zhang and Tong) used a pre-designed data
extraction form to independently extract data from all eligible
studies. A third investigator intervened when there was any
disagreement or doubt. We extracted the following information:
first author; year of publication; country; sample size; number of
SAPH cases identified by transthoracic echocardiography (TTE);
number of SAPH cases identified by right heart catheterization
(RHC); and patient age, sex, ethnicity, smoking status, and
sarcoidosis stage. Notably, in the included studies, if the
probability of PH was judged to be high, intermediate, or
low (or the PH severity was classified as mild, moderate, and
severe), the high and intermediate probabilities (or moderate
and severe PH) were defined as the presence of PH. The
diagnostic criteria of SAPH in included studies are shown in
Supplementary Table 3. Advanced disease is mainly for patients
who are at risk for death or loss of organ function (5), so in
our analysis, advanced sarcoidosis refers mainly to patients with
Stage IV sarcoidosis, those for lung transplantation, and those
with severe life-threatening symptoms. In the study that only
provided medians and ranges for several groups, we transformed
the data into mean and standard deviation (SD) according to
the validated methods described by Wan et al. (17), and then
combined the mean and SD of multiple groups. When necessary,
we also requested further information from the corresponding
authors of the original studies.

Quality Assessments

For the quality assessments, two authors (Zhang and Tong)
independently assessed the risk of bias of the included
studies using an adapted risk of bias tool for prevalence
studies (Supplementary Table 4) (18). Selection, non-response,
measurement, and analysis biases were assessed using this tool.
The possible answers for every item were “low risk” or “high
risk,” which were scored as “0” or “1.” Scores of 0-3, 4-6, and
7-10 were defined as low, moderate, and high risk of bias,
respectively. Any disagreement was clarified and confirmed by a
third investigator.
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Data Analysis and Statistical Methods

In this study, all analyses were performed using Stata 12.0, with
statistical significance set at P < 0.05. We applied a random-
effects model to obtain a pooled prevalence and a corresponding
95% confidence interval (CI) from various studies. Heterogeneity
was tested using x 2 and I? tests. A P < 0.10 suggested significant
between-study heterogeneity. Thresholds for the interpretation
of I? were as follows: 0— 40%: might not be important; 30-60%:
may represent moderate heterogeneity; 50-90%: may represent
substantial heterogeneity; 75-100%: considerable heterogeneity
(19). Sensitivity analyses were conducted to explore the sources of
heterogeneity of results across studies by sequentially excluding
eligible studies. Publication bias was assessed by Egger’s and
Begg's tests, with P < 0.05, indicating potential bias. A trim-and-
fill analysis was performed to identify possible asymmetry and
assess the robustness of the conclusions. Publication bias was
not assessed when fewer than 10 studies were included in our
analysis. If there was significant heterogeneity, subgroup analysis
was further performed.

RESULTS
Study Characteristics

As shown in Figure 1, the initial literature search in the PubMed,
Embase, and Cochrane Library databases and other sources
identified 1,857 studies. After checking for duplicates, 575 studies
were excluded. And 1,202 studies were removed after title

and abstract review. Furthermore, three articles were excluded
because they were reviews. The remaining 77 studies were further
assessed for eligibility through a full-text review. Of these, 49
studies were subsequently excluded for a lack of usable data.
Three studies were removed for duplicated data used in another
study (13, 20, 21). Finally, the analysis included 25 studies (7, 11,
12, 22-43). The studies were conducted in the United States (n
= 10), Europe (n = 9), and Asia (n = 6). Of these, 14 studies
reported the prevalence of SAPH by TTE, 11 studies reported
the prevalence of SAPH by RHC, and eight studies reported
the prevalence of pre-capillary PH by RHC. Furthermore, four
other studies were conducted using large databases with only
documented records for the diagnosis of sarcoidosis and PH
(25, 26, 28, 29). In addition, five studies included patients with
advanced sarcoidosis (11, 12, 27, 37, 43); the others included the
general sarcoidosis population. The basic characteristics of the
included studies are shown in Table 1. The quality score of all
included studies was 1-3 points, and all studies were deemed
to have low risks of selection, non-response, measurement, and
analysis biases (Supplementary Table 5).

Prevalence of Sarcoidosis-Associated
Pulmonary Hypertension by Transthoracic

Echocardiography

Fourteen studies (11, 22-24, 30-36, 38, 40, 42) reported the
prevalence of SAPH by TTE. Among them, one study targeted
a population with advanced sarcoidosis, among which the

Records identified through
(2 ]
) database searching
® (n=:Pubmed (n=492), Additional records identified
£ || Embase (n=1315), Cochrane (n=46),) through other sources
- =
= (n=4)
[
32)
A A4
Records after duplicates removed
—)
o) (n=1282)
‘s Articles excluded based
& > on title and abstract
s =
3 L (n=1202)
—J Records screened
(n=80)
> Reviews excluded
£ (n=3)
o A 4
o) Full-text articles assessed for
L eligibility
L (n=77)
52 studies were excluded for reasons:
— » Duplicated data used (n=3 );
o No usable data (n=49).
()
= Studies included in
S meta-analysis
= (n=25)
FIGURE 1 | Flow diagram of the selection of studies for inclusion.
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TABLE 1 | Characteristics of included studies.

Study Country Sarcoidosis SAPH
N Age Sex Ethnicity Smoking (yes/no) SAPH SAPH Pre-capillary SAPH Age* Sex* Sarcoidosis*
(M/F) by TTE by RHC PH by RHC (N) from (M/F) stage
(N) (N) database (0/1/2/3/4)
(N)
Pabst et al. (34) Germany 111 52.2 +£14.9 65/56 NR NR 23 5 4 N/A 66.25 + 7.80 NR 0/0/0/3/1
Shorr et al. (43) USA 363 46 127/236 71.6% A-A NR NR 268 NR N/A 46.5+7.8 97/171 NR
Huitema et al. (24) Netherlands 479 NR NR NR NR 42 17 NR N/A 58.7 £12.9 13/4 NR
Rapti et al. (33) Greece 313 54.08 + 13.39 121/192 NR 110/203 37 9 NR N/A NR NR NR
Milman et al. (37) Demark 24 NR 16/8 Danish NR NR 19 18 N/A 46.61 £6.87 14/5 0/0/3/0/16
Sulica et al. (42) USA 354 NR NR NR NR 54 NR NR N/A 50.3+1.6 17/37 2/2/7/4/23
Handa et al. (40) Japan 212 57.67 + 14.30 55/157 Japanese 46/166 12 NR NR N/A 58.9 +13.0 7/5 2/3/1/4/2
Maimon et al. (35) Israel 127 56.70 + 13.46 37/91 NR 39/88 36 NR NR N/A 64.3 + 11 12/25  1/5/13/17/0
Baughman et al. (12) USA 130 53.04 £ 11.43 39/91 50.77% white NR NR 70 50 N/A 52 (24-76) 17/33 1/7/10/7/25
Gangemi et al. (27) USA 28 59.23 + 6.35 13/15 78.57% black NR NR 11 NR N/A NR NR NR
Kirkil et al. (7) USA 452 50 (25-78) 139/313 68.8% white; NR NR NR 29 N/A NR NR NR
30.1% A-A
Huitema et al. (32) Netherlands 89 51.69 +£ 11.19 60/29 NR NR 37 25 NR N/A 55.8 £ 9.0 16/9 0/0/0/0/25
Smedema et al. (30)  Netherlands 87 53.27 +10.04 57/30 NR NR 15 NR NR N/A NR NR NR
Baughman et al. (39) USA 142 51 (26-81) 41/101 61.97% A-A NR NR NR 14 N/A NR NR NR
Nardi et al. (11) France 111 NR NR NR NR 33 NR NR N/A NR NR NR
Mirsaeidi et al. (31) USA 108 NR NR NR NR 6 NR NR N/A NR NR NR
Baughman et al. (41) USA 1,223 NR 370/853 56.50% NR NR 30 25 N/A NR NR NR
white,
43.50% A-A
Bourbonnais et al. USA 162 47 £12 38/124 88.3% A-A, 23/139 35 25 22 N/A NR NR NR
(38) 11.7% White
Alhamad et al. (36) Saudi Arabia 96 50.47 £ 13.75 32/64 NR NR 20 NR NR N/A 49.2 £14.2 317 0/2/6/3/9
Utpat et al. (22) India 68 42.7 27/41 NR NR 9 NR NR N/A NR NR NR
Ozen et al. (23) Turkish 55 52.7 +10.1 10/45 NR 6/49 8 3 0 N/A 64 + 2.646 0/3 0/1/0/0/2
Tiosano et al. (25) Israel 3,993 64.2 +15.7 1,471/2,522 NR 1,342/2,651 N/A N/A N/A 269 NR NR NR
Serrano et al. (26) Spain 5,484 60.62 + 16.28 2,395/3,089 NR NR N/A N/A N/A 337 NR NR NR
Frank et al. (28) Germany 9,106 55.4+15.5 4,288/4,818 NR NR N/A N/A N/A 254 NR NR NR
Patel et al. (29) USA 609,051 55+ 14 199,769/409,282  43.9% white, NR N/A N/A N/A 52,442 NR NR NR

49.5% black

NR, not reported; N/A, not applicable; A-A, African-American. "Data were extracted in the priority order of pre-capillary PH by RHC, SAPH by RHC, and SAPH by TTE.
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prevalence of SAPH by TTE was 29.7% (11). In the general
sarcoidosis population, the prevalence of SAPH by TTE in
Europe, the United States, and Asia were 18.8% (95% CI: 11.1-
26.5%), 13.9% (95% CI: 5.4-22.4%), and 16.2% (95% CIL: 7.1-
25.4%), separately. Overall, 334 of 2,261 sarcoidosis patients
had SAPH by TTE and the pooled prevalence of SAPH by
TTE was 16.4% (95% CI: 12.2-20.5%) (Figure 2). However, the
heterogeneity between studies was substantial (I> = 88.3%, P
< 0.001). A sensitivity analysis to explore the effect of each
study on the pooled meta-results showed no substantial changes
in the pooled prevalence, indicating the stability of our meta-
analysis (Supplementary Figure 1). In terms of publication bias,
Begg’s and Egger’s tests revealed P-values of 0.059 and 0.003,
respectively, indicating some publication bias. However, there
was no indication of publication bias by trim-and-fill method
(no trimming was performed, and the data were unchanged)
(Supplementary Figure 2).

Prevalence of Sarcoidosis-Associated
Pulmonary Hypertension by Right Heart
Catheterization

Eleven studies (12, 23, 24, 27, 32-34, 37, 38, 41, 43) described
the prevalence of SAPH by RHC. Of these, seven studies focused
on the general sarcoidosis population, while four studies focused

on the population with advanced sarcoidosis. In 2,432 general
sarcoidosis patients, 114 had SAPH by RHC, with an estimated
prevalence of SAPH by RHC of 6.4% (95% CI: 3.6-9.1%)
(Figure 3). Among the population with advanced sarcoidosis,
the estimated prevalence of SAPH by RHC was 62.3% (95% CI:
46.9-77.6%) (Figure 4). Significant heterogeneity across studies
was observed for both the general (I = 88.0%, P < 0.001)
and advanced sarcoidosis (I*> = 89.4%, P < 0.001) populations.
Sensitivity analysis revealed that our meta-results were stable in
both groups (Supplementary Figures 3, 4).

Subgroup analyses by geographical region showed persisting
heterogeneity. The pooled prevalence of SAPH by RHC was
6.7% (95% CI: 2.4-11.0%) in Europe and 8.6% (95% CI: —4.1 to
21.3%) in the United States for the general sarcoidosis population
(Figure 5).

Prevalence of Sarcoidosis Associated
Pre-capillary Pulmonary Hypertension by
Right Heart Catheterization

Eight studies (7, 12, 23, 34, 37-39, 41) showed the prevalence
of pre-capillary PH by RHC in patients with sarcoidosis, six
of which focused on the general sarcoidosis population. In the

general sarcoidosis population, the estimated prevalence of pre-
capillary PH by RHC was 6.5% (95% CI: 2.9-10.2%) (Figure 6),

Study %

ID Prevalence (95% CI) Weight
1

Europe !

Pabst S (2013) - 0.21 (0.13, 0.28) 7.23

Huitema MP (2020) - 0.09 (0.06, 0.11) 9.17

Rapti A (2013) - 0.12 (0.08, 0.15) 8.87

Huitema MP (2015) : —&— 0.42(0.31, 0.52) 6.02

Smedema JP (2017) —— 0.17 (0.09, 0.25) 7.05

Subtotal (l-squared =91.1%, p = 0.000) <> 0.19 (0.11, 0.26) 38.33
1

N 1

the United States |

Sulica R (2005) - 0.15 (0.12, 0.19) 8.81

Mirsaeidi M (2016) - 0.06 (0.01, 0.10) 8.61

Bourbonnais JM (2008) —— 0.22 (0.15, 0.28) Tt

Subtotal (l-squared = 89.9%, p = 0.000) <> 0.14 (0.05, 0.22) 25.19
1

= 1

Asia :
1

Handa T (2006) - . 0.06 (0.08, 0.09) 9.01

Maimon N (2013) ! —_— 0.28 (0.21, 0.36) 7.09

Alhamad EH (2010) —:—0— 0.21 (0.13, 0.29) 6.96

Utpat K (2021) —-0-:— 0.13 (0.05, 0.21) 6.99

Ozen DK (2021) —_—— 0.15 (0.05, 0.24) 6.42

Subtotal (l-squared = 89.1%, p = 0.000) <> 0.16 (0.07, 0.25) 36.48

R 1

Overall (l-squared = 88.3%, p = 0.000) ¢ 0.16 (0.12, 0.21) 100.00
1

NOTE: Weights are from random effects analysis '

T T
-.518 0 518
FIGURE 2 | Forest plot of the pooled prevalence of SAPH by TTE in the general sarcoidosis population. SAPH, sarcoidosis-associated pulmonary hypertension; TTE,
transthoracic echocardiography.
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Study %

ID Prevalence (95% Cl) Weight
1
]

Pabst S (2013) —— 0.05 (0.01, 0.08) 14.59
|
1

Huitema MP (2020) = : 0.04 (0.02, 0.05) 19.04
1
1

Rapti A (2013) = | 0.03 (0.01, 0.05) 18.72
|
1

Huitema MP (2015) : ——®%— 0.28 (0.19, 0.37) 6.10
]
I

Baughman RP (2006) = 0.02 (0.02, 0.03) 20.04
|
1

Bourbonnais JM (2008) ! — 0.15 (0.10, 0.21) 11.14
1
1

Ozen DK (2021) —— 0.05 (-0.01, 0.11) 10.37
1

Overall (I-squared = 88.0%, p = 0.000) @ 0.06 (0.04, 0.09) 100.00
1
|
1

NOTE: Weights are from random effects analysis !

T * T
-.374 0 374
FIGURE 3 | Forest plot of the pooled prevalence of SAPH by RHC in general sarcoidosis population. SAPH, sarcoidosis-associated pulmonary hypertension; RHC,
right heart catheterization.

with a high degree of heterogeneity across studies (I = 89.3%,
P < 0.001). Sensitivity analysis revealed that our meta-results
were stable (Supplementary Figure 5). In addition, two studies
reported the prevalence of advanced sarcoidosis, with a pooled
prevalence of pre-capillary PH by RHC of 55.9% (95% CI:
20.1-91.7%) (Figure 7).

Prevalence of Sarcoidosis-Associated
Pulmonary Hypertension in Large
Databases With Documented Records for

Diagnoses

Four studies (25, 26, 28, 29) used data on the prevalence
of SAPH in large databases with documented records for
diagnoses of sarcoidosis and PH (i.e., the chronic disease
registry of Clalit Health Services in Israel, the Spanish
National Hospital Discharge Database, the patient-individual
health insurance claims data in Germany, and the National
Inpatient Sample database in the United States). Among 627,634
sarcoidosis records, 53,302 had PH. The pooled prevalence of
SAPH was 6.1% (95% CI: 2.6-9.5%) (Figure 8), with a non-
negligible heterogeneity (I*> = 99.7%, P < 0.001). Sensitivity
analysis revealed the stability of our meta-analysis results
(Supplementary Figure 6).

DISCUSSION

Sarcoidosis can affect multiple organs, including the lungs,
liver, kidneys, brain, heart, eyes, skin, and sinuses, and can
cause a variety of complications. Among them, cardiovascular
complications, such as conduction abnormalities, arrhythmias,
heart failure, and PH, are associated with higher mortality (14, 44,
45). SAPH is closely associated with poor prognosis, conferring
up to a 10-fold increase in mortality in patients with sarcoidosis.
Therefore, estimating the prevalence of SAPH is critical to the
treatment and prognosis of sarcoidosis and essential for adequate
health services planning and organization.

This is the first comprehensive meta-analysis to estimate the
prevalence of SAPH in patients with sarcoidosis. Twenty-five
high-quality studies from 12 countries met the inclusion criteria,
with a pooled sample of 632,368 patients with sarcoidosis. In the
general sarcoidosis population, the pooled prevalence of SAPH
was 16.4% by TTE and 6.4% by RHC but was as high as 62.3% by
RHC in the population with advanced sarcoidosis. Furthermore,
the estimated prevalence of pre-capillary PH by RHC was 6.5% in
the general sarcoidosis population and 55.9% in the population
with advanced sarcoidosis. The prevalence of SAPH in large
databases with documented diagnoses was 6.1%.

The mechanisms of PH in sarcoidosis patients are
unclear and multifactorial. The possible triggers include
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NOTE: Weights are from random effects analysis

Study %
ID Prevalence (95% Cl) Weight
1
:
1
Shorr AF (2005) ! - 0.74 (0.69, 0.78) 29.12
1
:
1
Milman N (2009) :—I— 0.79 (0.63, 0.95) 22.40
1
i
Baughman RP (2010) — 0.54 (0.45, 0.62) 27.34
1
1
i
Gangemi AJ (2019) —_— 0.39 (0.21, 0.57) 21.14
i
Overall (I-squared = 89.4%, p = 0.000) @ 0.62 (0.47, 0.78) 100.00

I
-.954 0

right heart catheterization.

FIGURE 4 | Forest plot of the pooled prevalence of SAPH by RHC in advanced sarcoidosis population. SAPH, sarcoidosis-associated pulmonary hypertension; RHC,

progressive pulmonary fibrosis and hypoxic vasoconstriction
(46), small vessel inflammatory vasculopathy (46, 47),
diffuse alveolar-capillary multiplication (48, 49), pulmonary
veno-occlusive disease (50), chronic thromboembolism
and non-thromboembolic pulmonary embolism (51-53),
extrinsic compression of pulmonary vessels caused by
lymphadenopathy (54), myocardial involvement (55), sleep-
disordered breathing (56), and liver dysfunction causing
portopulmonary hypertension and anemia (14). Many
confounders also affect the prevalence of SAPH, particularly
the stage at which sarcoidosis patients are assessed (14). In our
study, SAPH occurred much more frequently in patients with
advanced sarcoidosis.

Surprisingly, our meta-analysis showed that the prevalence
of pre-capillary PH by RHC (6.5%) was similar to that for
SAPH by RHC (6.4%), or even slightly higher in general
sarcoidosis patients, mainly because the studies included in
each analysis were not completely consistent. To address this
problem, we performed a meta-analysis of four studies (23,
34, 38, 41) that reported both the prevalence of PH and
pre-capillary PH by RHC for general sarcoidosis patients,
the results of which showed that the prevalence of SAPH
by RHC (6.5%) (Supplementary Figure7) was higher than
that of pre-capillary PH (5.8%) (Supplementary Figure 8).
In all included studies, only two studies (31, 33) excluded
patients with cardiac dysfunction. Thus, our results showed
that SAPH was mostly pre-capillary PH to some extent, with

few parts related to cardiovascular conditions (mainly left heart
disease) (57).

We also estimated the prevalence of SAPH in large databases
with documented records for diagnoses. Surprisingly, the
prevalence of SAPH in the large databases (6.1%) was similar
to that by RHC (6.4%). These results indicated that the clinical
diagnosis of SAPH mainly depends on RHC rather than TTE.
The higher prevalence of PH by TTE than that by RHC is mainly
based on the peak tricuspid regurgitation velocity or an estimated
systolic pulmonary arterial pressure, which can only assign the
echocardiographic probability of PH. Finally, the gold standard
for the diagnosis of PH is RHC (8). When interpreted in a clinical
context, TTE should always be performed initially in cases of
suspected PH because TTE is non-invasive and cheaper, and
if there are indications of PH, RHC should be considered to
confirm the diagnosis of PH. In addition, TTE can help detect
the cause of PH.

The presence of SAPH is an independent risk factor for
poor prognosis in patients with sarcoidosis (46, 58, 59).
As this meta-analysis aimed to calculate the prevalence of
SAPH to inform clinic settings, attention should be paid to
therapy after the confirmation of SAPH. The pathophysiology
of SAPH is relevant to individual treatment. Currently, the
approved medical therapies for PH are mainly for patients
with group 1 pulmonary arterial hypertension (PAH); however,
SAPH may be somewhat similar to PAH (54). Studies on
PAH-directed therapies in the treatment of SAPH have
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FIGURE 5 | Subgroup analysis of the prevalence of SAPH by RHC in the general sarcoidosis population by geographical regions. SAPH, sarcoidosis-associated
pulmonary hypertension; RHC, right heart catheterization.

demonstrated that pulmonary vasodilators (mainly referred
to as endothelin receptor antagonists, phosphodiesterase
inhibitors, and prostacyclins) can improve hemodynamics and
functional status (21, 60-64). Additional treatments for SAPH
include combination therapy with pulmonary vasodilators and
immunomodulation, diuretics for volume optimization, stenting
for mechanical vascular obstruction, pulmonary endarterectomy,
balloon pulmonary angioplasty, and even lung transplantation
(14, 54).

In our meta-analysis, the heterogeneity between studies was
substantial, with many analyses showing I?> > 80%. Previous
meta-analyses on prevalence studies have reported similar
results (65, 66). The subgroup analyses failed to determine the
reasons for this significant heterogeneity. There was insufficient
information or quantity of studies to conduct subgroups
according to sex, smoking, and the stage of sarcoidosis. The
incidence of sarcoidosis in different races is different and
evaluating the impact of ethnicity on SAPH is of significance.
However, few included studies reported information on ethnicity
and detailed data on the prevalence of SAPH in different races
were not available. Thus, this study could not conduct a subgroup
analysis by ethnicity. SAPH is also related to the severity of
lung disease and chronic hypoxemia, but there was insufficient
information to analyze the severity of PH based on current

published literature. In addition, the inconsistent use of TTE
and RHC to confirm the diagnosis of PH in all included studies
contributed to the heterogeneity.

This study has several strengths. First, this was the first
meta-analysis to estimate the prevalence of SAPH. Second, the
25 high-quality included studies from 12 countries provided a
sufficient sample size with a pooled sample of 632,368 patients
with sarcoidosis, which is powered to effectively address this
issue. Third, our study assessed the prevalence of SAPH from
multiple perspectives, including TTE, RHC, and data from
a large database with documented records for diagnoses, as
well as the prevalence of pre-capillary PH (a subgroup of
PH) in patients with sarcoidosis. Nevertheless, this study also
has some limitations arising from the included studies. First,
because the prevalence of SAPH was not the main focus
but was rather integrated into some studies, the reporting
was often suboptimal for the purpose of this meta-analysis.
Second, our meta-analysis identified significant publication bias,
particularly regarding the prevalence of SAPH by TTE, which
might be associated with the small sample sizes in most
of the included studies and the English language restriction
during study screening. Third, the included studies were
concentrated in the United States (n = 10), Europe (n = 9),
and Asia (n = 6), which might affect the generalizability of
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FIGURE 7 | Forest plot of the pooled prevalence of pre-capillary PH by RHC in the population with advanced sarcoidosis. PH, pulmonary hypertension; RHC, right
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the findings. Finally, some analyses included small numbers of
studies, resulting in limited statistical confidence. Despite these
limitations, we were able to minimize bias throughout the entire
analysis process.

CONCLUSIONS

Estimating the prevalence of SAPH is essential for adequate
planning and organizing health services. Based on the
available literature, the pooled prevalence of SAPH was
16.4% by TTE and 6.4% by RHC in the general sarcoidosis
population but was as high as 62.3% by RHC in the
population with advanced sarcoidosis. The estimated
prevalence of pre-capillary PH by RHC was 6.5% in
the general sarcoidosis population and 559% in the
population with advanced sarcoidosis. To yield more accurate
prevalence estimates, more high-quality cohort studies are
warranted and procedures and prevalence studies should
be standardized.
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