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Abstract
Purpose Previous studies have confirmed that patients with obstructive sleep apnea (OSA) have higher systemic inflammatory 
markers, including intercellular adhesion molecule-1(ICAM-1), vascular cell adhesion molecule-1(VCAM-1), and E-selectin 
compared to control subjects. However, the effects of continuous positive airway pressure (CPAP) therapy on circulating 
levels of ICAM-1, VCAM-1, and E-selectin in OSA patients remain inconsistent. Therefore, the primary purpose of the pre-
sent meta-analysis is to estimate the effect of CPAP therapy on these cell adhesion molecules (CAMs) in patients with OSA.
Methods The PubMed, Scopus, Embase, and Cochrane Library databases were searched. The overall effects were measured 
by the standardized mean difference (SMD) with a 95% confidence interval (CI). A random effects model or a fixed-effects 
model was used, depending on the heterogeneity of the studies.
Results A total of 11 studies were included, comprising 650 OSA patients. The pooled results showed that CPAP therapy sig-
nificantly decreased ICAM-1 (SMD =  − 0.283, 95% CI   − 0.464 to − 0.101, p = 0.002) and E-selectin levels (SMD =  − 0.349, 
95% CI   − 0.566 to − 0.133, p = 0.002). In contrast, there was no significant improvement of VCAM-1 levels after CPAP 
treatment (SMD =  − 0.160, 95% CI   − 0.641 to 0.320, p = 0.513).
Conclusions Our meta-analysis demonstrated that CPAP treatment significantly decreased the circulating levels of ICAM-1 
and E-selectin in OSA patients. Thus, ICAM-1 and E-selectin may be effective markers to evaluate CPAP therapy for reduc-
ing OSA cardiovascular risk in clinical practice.

Keywords Obstructive sleep apnea · Continuous positive airway pressure · Intercellular adhesion molecule-1 · Vascular 
cell adhesion molecule-1 · E-selectin

Introduction

Obstructive sleep apnea (OSA) is a common sleep breath-
ing disorder which is a significant health problem in soci-
ety. OSA is characterized by intermittent hypoxia (IH). 

Increasingly, shreds of evidence showed close associations 
between the presence and severity of OSA and increased risk 
of hypertension, atherosclerosis, and cardiovascular disease 
(CVD) [1]. IH produces oxidative stress and inflammation, 
leading to endothelial dysfunction, all of which can contrib-
ute to the development of CVDs [2].

OSA patients have higher circulating levels of inflamma-
tory biomarkers, including intercellular adhesion molecule-
1(ICAM-1), vascular cell adhesion molecule-1(VCAM-1), 
E-selectin, interleukin-8, and C-reactive protein [3–5]. 
CAMs, such as ICAM-1, E-selectin, and VCAM-1, are 
involved in cell recognition, activation, and signal transduc-
tion and play an essential role in inflammatory response [6]. 
Circulating levels of soluble CAMs are potential markers of 
atherosclerosis development and increased risk of progres-
sion. Assessment of circulating inflammatory biomarkers, 
including CAMs, has been identified as a helpful tool for 
identifying patients at high risk of future cardiovascular 
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events. CAMs play a role in plaque formation. An early stage 
of atherosclerosis involves the recruitment of inflammatory 
cells from the circulation and their migration. The process 
is mediated mainly by CAMs, which are expressed on vas-
cular endothelium and circulating leukocytes in response to 
various inflammatory stimuli [7]. The elevation of various 
CAMs in OSA, including ICAM-1, VCAM-1, and E-selec-
tin, may be involved in the pathological process of OSA-
related CVD [8].

CPAP therapy is still considered the gold standard for 
OSA treatment. It has been shown to reduce the risk of car-
diovascular events and the levels of circulating ICAM-1, 
VCAM-1, and E-selectin in OSA patients, but the results 
have been controversial. For example, the study by Pak et al. 
showed that in OSA patients, four months of CPAP treat-
ment with good adherence did not reduce ICAM-1 levels [9]. 
However, another study showed a significant reduction in 
ICAM-1 levels during a 6–8-week period of CPAP treatment 
[10]. The same argument exists for VCAM-1 and E-selectin. 
Since a previous meta-analysis has shown that ICAM-1, 
VCAM-1, and E-selectin were significantly higher in OSA 
patients than in controls [11], we designed the present meta-
analysis to quantitatively determine the difference between 
the CAMs (ICAM-1, VCAM-1, and E-selectin) levels in 
OSA patients before and after CPAP treatment.

Methods

PRISMA Statement

This meta-analysis was conducted under the guidance of 
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [12].

Literature Search

We searched the PubMed, Embase, Cochrane Library, and 
Scopus databases up to August 22, 2021. We used the search 
terms that included free-text and subject-based terms related 
to “obstructive sleep apnea,” “intercellular adhesion mol-
ecule-1,” “E-selectin,” “vascular cell adhesion molecule-1,” 
and “continuous positive airway pressure”. Supplementary 
Table 1 describes the complete search strategy. Additionally, 
we supplemented the computerized search with a manual 
search of references from the related articles.

Inclusion and Exclusion Criteria of the Literature

The inclusion criteria were as follows: (1) Population: the 
diagnosis of OSA was made by polysomnography (apnea 
hypopnea index [AHI] ≥ 5); (2) Intervention: treatment 
with CPAP; (3) Comparator: patients with OSA before 

CPAP treatment; and (4) Outcome: the circulating ICAM-
1, E-selectin, and VCAM-1 values before and after CPAP 
therapy.

The exclusion criteria were as follows: (1) repetition of 
previous publications; (2) reviews, letters, case reports, 
or editorials; (3) conference abstract; (4) no full text; (5) 
no relevant data; (6) non-English articles. We included 
the largest population of the studies if multiple stud-
ies reported outcomes on the same patient group. Two 
researchers independently screened the relevant articles 
and reviewed their full text. For articles with insufficient 
data, the corresponding author was contacted via email.

Data Extraction and Quality Assessment

Data extracted from each study included the first author’s 
name, year of publication, study country/region, sam-
ple type, study design, age, sex, mean body mass index 
(BMI), sample size, OSA severity (AHI), and the ICAM-1, 
E-selectin, and VCAM-1 levels. Two researchers indepen-
dently extracted the data simultaneously. A third investiga-
tor resolved any disagreement.

The methodological quality of all included observa-
tional studies was assessed according to the risk of a bias 
assessment tool for non-randomized studies (RoBANS) 
[13]. We used the risk-of-bias assessment tool outlined in 
the Cochrane Handbook for Systematic Reviews of Inter-
ventions for randomized studies [14].

Statistical Analysis

The meta-analysis was conducted using Stata 15.1 (Stata-
Corp, College Station, Texas, USA). We used the standard 
mean difference (SMD) to evaluate the difference between 
the ICAM-1, E-selectin, and VCAM-1 levels before and 
after CPAP treatment because the inflammatory markers 
were measured and reported differently. Results reported 
continuous data as medians and quartiles were converted 
to the mean and standard deviation (SD) using the meth-
ods of Wan et al. [15]. If there was evidence of statistical 
heterogeneity indicated by p < 0.10 or I2 > 50%, the data 
were analyzed using a random-effects model. Otherwise, 
a fixed-effects model was used for the analysis. Planned 
subgroup analyses and meta-regression analyses were per-
formed to identify the possible sources of heterogeneity. 
A funnel plot and Egger’s test were used to detect any 
publication bias. For all the results, p < 0.05 was consid-
ered statistically significant for the overall effect size. A 
sensitivity analysis was conducted to assess the stability of 
the results by sequentially removing one study each time.
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Results

Characteristics of Included Studies

According to the search strategy, 86 pieces of literature 
were screened out. After performing exclusion based on 
the flow chart for literature screening (Fig. 1), 11 articles 
were finally included. Each study investigated one or more 
CAMs markers: 10 studies on ICAM-1 [5, 9, 10, 16–22], 
5 on E-selectin [5, 17, 19, 21, 23], and 5 on VCAM-1 [5, 
16, 19, 21, 23]. The characteristics of included studies 

for different CAMs markers are provided in Table 1. The 
quality assessments are shown in Table 2. These studies 
comprised 650 patients with OSA.

Pooled Analysis

The pooled results showed that CPAP therapy significantly 
decreased ICAM-1 levels (SMD =  − 0.283, 95% confi-
dence interval (CI)   − 0.464 to − 0.101, p = 0.002; Fig. 2a). 
The random-effects model was used for meta-analysis 
because of significant heterogeneity among the eligible 
studies (I2 = 53.8%). The E-selectin levels also showed 

Fig. 1  Flow diagram of study 
search and selection. ICAM-1 
intercellular adhesion mol-
ecule-1, OSA obstructive sleep 
apnea, VCAM-1 vascular cell 
adhesion molecule-1
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Fig. 2  Meta-analysis and forest 
plot. Comparison of a ICAM-1, 
b E-selectin, and c VCAM-1 
levels before and after CPAP 
therapy. BMI body mass index, 
CI confidence interval, CPAP 
continuous positive airway 
pressure, ICAM-1 intercellular 
adhesion molecule-1, SMD 
standardized mean difference, 
VCAM-1 vascular cell adhesion 
molecule-1
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significant decrease after CPAP treatment (SMD =  − 0.349, 
95% CI − 0.566 to − 0.133, p = 0.002; Fig. 2b). The fixed-
effects model was used for meta-analysis because of small 
heterogeneity among the eligible studies (I2 = 28.2%). In 
contrast, VCAM-1 showed no improvement after CPAP 
(SMD =  − 0.160, 95% CI − 0.641 to 0.320, p = 0.513; 
Fig. 2c). The random-effects model was used for meta-
analysis due to significant heterogeneity among the eligible 
studies (I2 = 83.8%).

Subgroup Analysis

To understand the causes of heterogeneity, we performed 
subgroup analyses based on BMI, therapy duration, and 
study region.

ICAM‑1

When stratified by BMI (≥ 30 or < 30), CPAP treatment 
significantly decreased ICAM-1 levels both in OSA sub-
jects with BMI < 30 (SMD =  − 0.586, p < 0.001; I2 = 0) 
and BMI ≥ 30 (SMD =  − 0.158, p = 0.049; I2 = 26.2%) 
(Table 3). When therapy duration was ≥ 3 months, the total 
SMD =  − 0.205, p = 0.042, I2 = 55.9%. When therapy dura-
tion was < 3 months, the total SMD =  − 0.568, p < 0.001, 
I2 = 0 (Table 3). Data analysis according to the study region 
revealed that studies in East Asia showed a statistically sig-
nificant difference after CPAP treatment (SMD =  − 0.581, 
p < 0.001 I2 = 0). Contrastingly, studies in Europe and North 
America only showed a decreased trend (SMD =  − 0.158, 
p = 0.05, I2 = 26.1%) (Table 3). Sources of heterogeneities 
may be the study region and BMI by subgroup analysis.

E‑selectin

Data analyzed according to BMI < 30 (SMD =  − 0.319, 
p = 0.008, I2 = 0) had significantly lower E-selectin lev-
els after CPAP treatment; there was no significant dif-
ference when BMI ≥ 30 (SMD =  − 0.991, p = 0.23, 
I2 = 73.6%) (Table 3). Both therapy durations ≥ 3 months 
(SMD =  − 0.311, p = 0.017, I2 = 22.6%) and < 3 months 
(SMD =  − 0.448, p = 0.033, I2 = 49.7%) (Table 3) showed 
significant differences after CPAP. Next, data analysis 
according to study region showed no difference in E-selec-
tin level after CPAP treatment in Europe and North Amer-
ica (SMD =  − 0.463, p = 0.246, I2 = 63.1%). In East Asia, 
there was a significance difference after CPAP treatment 
(SMD =  − 0.374, p = 0.004, I2 = 0) (Table 3).

VCAM‑1

In studies with BMI ≥ 30, the VCAM-1 levels increased sig-
nificantly (SMD = 0.215, p = 0.042, I2 = 1.6%); no significant 

improvements were observed after CPAP application in 
BMI < 30 (SMD =  − 0.433, p = 0.072, I2 = 56.6%) (Table 3). 
Both therapy durations ≥ 3  months (SMD =  − 0.167, 
p = 0.706, I2 = 95.9%) or < 3  months (SMD =  − 0.129, 
p = 0.529, I2 = 0) (Table 3) showed no difference after CPAP 
treatment. The subgroup analyses of VCAM-1 levels accord-
ing to study region were similar with BMI (Table 3).

Sensitive Analysis

We evaluated the stability of the results through sensitiv-
ity analysis by using the sequential exclusion of each study. 
When single studies evaluating the ICAM-1 levels after 
CPAP treatment were sequentially removed, the pooled 
SMD did not alter substantially. The effect size ranged 
between − 0.20 and − 0.33, suggesting that the meta-analysis 
results were stable (Fig. 3a). Sensitivity analysis produced 
nonrobust results after omitting the study by Jin et al. [5] 
(SMD =  − 0.306, 95% CI − 0.649 to 0.037, p = 0.08), which 
indicated that after excluding this study, the E-selectin lev-
els were not significantly decreased with CPAP therapy 
(Fig. 3b). When single studies were sequentially removed 
among studies in the VCAM-1 group, after excluding the 
study by Pak et al. [16], the pooled results showed a sig-
nificant decrease in VCAM-1 level after CPAP treatment 
(SMD =  − 0.387, 95% CI − 0.698 to − 0.075, p = 0.015) 
(Fig. 3c).

Meta‑Regression

The outcome variable was the SMD of ICAM-1, E-selectin, 
and VCAM-1 levels. Meta-regression included the fol-
lowing variables as covariates: sample size, study region 
(Europe and North America or East Asia), mean age, male 
proportion, mean BMI, mean AHI, therapy duration. Meta-
regression showed that the study region might be the pos-
sible source of heterogeneity of ICAM-1; meta-regression 
results are shown in Table 4.

Publication Bias

Funnel plots showed the potential existence of asymmetry 
in the meta-analysis (Fig. 4). However, Egger’s test indi-
cated an absence of publication bias ICAM-1 (p = 0.319), 
E-selectin (p = 0.498), and VCAM-1 (p = 0.631).

Discussion

Our results demonstrated that CPAP was an effective inter-
vention for reducing ICAM-1 and circulating E-selectin lev-
els, but not VCAM-1.
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Fig. 3  Sensitivity analysis of 
the included studies. a ICAM-1, 
b E-selectin, and c VCAM-1. 
ICAM-1 intercellular adhesion 
molecule-1, SMD standardized 
mean difference, VCAM-1 vas-
cular cell adhesion molecule-1
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OSA is an independent risk factor for CVD, and the IH-
induced chronic inflammatory response may be associated 
with various CVDs. CAMs are related to inflammation, 
which plays a crucial role in atherosclerosis [7] and is asso-
ciated with chronic kidney disease (CKD) [24], ischemic 
cerebrovascular disease [25], and CVD [26]. Renal function 
may be a factor affecting CAMs. Inflammation and oxidative 
stress increase in patients with moderate to severe CKD [27, 
28]. These increased levels of inflammation and oxidative 
stress may accelerate the process of atherosclerosis, exac-
erbating the risk of CVD. The influence of renal function 
on CAMs in OSA patients, especially after CPAP therapy, 
remains unclear. More studies are needed to confirm whether 
CPAP therapy is effective in reducing CAMs levels in 
patients with CKD and OSA; this could help in understand-
ing the causes of the increased risk of CVD in patients with 
end-stage renal disease. A previous study had demonstrated 
that chronic IH activated nuclear factor-kappa B (NF-κB) 
and induced its expression in cardiovascular tissues in mice. 
CPAP treatment in OSA patients could reverse increased 
monocyte NF-κB activity [29]. NF-κB can further activate 
the CAMs and mediate inflammatory response [30]. This 
IH-induced NF-κB activation could increase the expres-
sion of proinflammatory NF-κB-dependent genes, includ-
ing the genes of adhesion molecules—ICAM-1, VCAM-1, 
and E-selectin [31]. Notably, CPAP therapy may improve 
cardiovascular outcomes by significantly reducing the levels 
of these markers, but the results are controversial. ICAM-1, 
E-selectin, and VCAM-1 decreased after CPAP treatment 
in several studies [5, 10, 23]. However, interestingly, some 
studies reported an increase in CAMs levels [9, 16]. In our 
meta-analysis, the combined results confirmed that the cir-
culating ICAM-1 and E-selectin levels were decreased in 
patients with OSA after CPAP treatment, but this was not the 
case for VCAM-1 levels, indicating that CPAP therapy could 
reduce inflammatory responses in OSA patients.

Subgroup analyses suggested that BMI might be a source 
of heterogeneities for ICAM-1. CPAP therapy was likely 

to produce a better response in decreasing ICAM-1 levels 
in OSA patients with lower BMI than in those with higher 
BMI. It is speculated that once the thinner OSA patients are 
relieved of repeated airway obstruction after CPAP treat-
ment, their levels of circulating CAMs decrease more rapidly 
than that of fatter patients. Obesity is regarded as a chronic 
low-grade inflammatory state, which may be related to an 
increase in adhesion molecule levels. In a recent study of 
OSA patients, ICAM-1, E-selectin, and VCAM-1 were sig-
nificantly associated with BMI [32]. The results from one 
meta-analysis also showed a significant correlation between 
BMI and ICAM-1 or VCAM-1 [11]. This may explain why 
the ICAM-1 and E-selectin levels of OSA patients in East 
Asia responded better to CPAP treatment—probably because 
of a relatively low BMI. The increased levels of CAMs by 
obesity may not be alleviated effectively by CPAP therapy. 
Subgroup analyses indicated that the treatment duration 
of < 3 months appears to be more effective in decreasing 
the circulating ICAM-1 and E-selectin levels. This may be 
related to patient adherence, as one study showed that a 
longer therapy duration might influence CPAP adherence 
[33]. Therefore, further long-term RCTs, involving weight-
matched patients with good adherence, are needed to ver-
ify the effects of CPAP treatment on circulating ICAM-1, 
E-selectin, and VCAM-1 in OSA patients, after controlling 
for other influencing factors.

Meta-regression suggested that the study region might 
be a source of heterogeneities for ICAM-1. However, we 
did not find the source of heterogeneity for VCAM-1 by 
subgroup and meta-regression. Sensitive analyses showed 
that the results of pooled analyses of E-selectin levels after 
CPAP therapy were not stable upon omission of Jin et al.’s 
results [5]. Possible reasons may include the following: (i) 
the number of patients included in this study is larger than 
that in other studies (Fig. 2b) and/or (ii) the number of arti-
cles included was small (n = 5). When excluding the data 
from Pak et al. [16], the pooled results of VCAM-1 sig-
nificantly decreased after CPAP treatment. Unexpectedly, in 

Table 4  The results of meta-
regression analyses

AHI apnea–hypopnea index, BMI body mass index, ICAM-1 intercellular adhesion molecule-1, VCAM-
1vascular cell adhesion molecule-1

Variable ICAM-1 E-selectin VCAM-1

Number of 
studies

p Number of 
studies

p Number of 
studies

p

Sample size 10 0.287 5 0.885 5 0.550
Study region 10 0.02 5 0.799 5 0.127
Age in case group 10 0.198 5 0.915 5 0.981
AHI in case group 10 0.84 5 0.20 5 0.852
BMI in case group 10 0.382 5 0.229 5 0.556
Male proportion in case group 10 0.21 4 0.567 4 0.977
Therapy duration 9 0.488 5 0.376 5 0.196
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Fig. 4  Funnel plots for 
assessing publication bias of 
studies included. a ICAM-1, 
b E-selectin, and c VCAM-1 
levels. ICAM-1 intercellular 
adhesion molecule-1, SMD 
standardized mean difference, 
VCAM-1 vascular cell adhesion 
molecule-1



650 Lung (2021) 199:639–651

1 3

Pak et al.’s study, the VCAM-1 levels increased after CPAP 
treatment. Due to uncertain therapeutic effects and signifi-
cant heterogeneity in the analysis, more studies are needed 
to evaluate the effects of CPAP treatment on VCAM-1.

To the best of our knowledge, this is the first meta-
analysis to study the effects of CPAP on CAMs in patients 
with OSA. The statistical analysis supports the effective-
ness of CPAP treatment. Thus, ICAM-1 and E-selectin may 
be effective markers to evaluate CPAP therapy for reduc-
ing cardiovascular risk in OSA patients. Nonetheless, this 
meta-analysis has several limitations. Firstly, the included 
studies had relatively small sample sizes. The small sam-
ple sizes of patients clearly reduced the reliability of the 
results. Secondly, although we studied the changes in CAMs 
in each patient before and after CPAP treatment, we still 
cannot exclude the possibility that our results were subject 
to various confounding factors, such as obesity [32], tumors 
[34], infections [35], and diabetes [36], which could affect 
circulating CAMs levels. This possibility should receive 
significant attention in future studies. Thirdly, in this meta-
analysis, the exclusion of non-English articles may cause 
potential publication bias.

Conclusions

Our meta-analysis demonstrated that CPAP treatment sig-
nificantly improved the circulating ICAM-1 and E-selectin 
levels in OSA patients. Thus, ICAM-1 and E-selectin may 
be effective markers to evaluate CPAP therapy for reducing 
OSA cardiovascular risk in clinical practice.
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