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      The prevalence of sleep-disordered breathing (SDB) 
in patients with heart failure (HF) is as high as 

47% to 76% in those with a reduced ejection fraction  1   
and 55% in those with preserved ejection fraction.  2   
Both central sleep apnea with Cheyne-Stokes breath-
ing (CSA-CSB) and obstructive sleep apnea (OSA) 
are seen in HF. CPAP therapy reduces the apnea-
hypopnea index (AHI),  3-10   improves the left ven-
tricular ejection fraction (LVEF),  3,4,7,8,10   and reduces 
sympathetic activity in HF.  3   However, the only major 
prospective randomized trial to date (Canadian Posi-
tive Airway Pressure for Patients with Central Sleep 
Apnea and Heart Failure Trial [CANPAP]) com-
paring patients with CSB and HF randomized to 

CPAP therapy vs usual medical care observed no major 
difference in transplant-free survival.  11   In this trial, 
CPAP was ineffective in suppressing CSA in almost 
one-half of the patients; in addition, some patients 
with HF and with CSA-CSB had trouble tolerating 
conventional CPAP or bilevel pressure ventilation   
(BPV) support. Recent technological modifi cations 
include adaptive servoventilation (ASV), which adjusts 
the delivered pressure support according to the needs 
of the patient. Manufacturers vary in their strategies, 
but the overall goal is to stabilize minute ventila-
tion by targeting either airfl ow or tidal volume. Thus, 
ventilation can vary gradually and naturally over the 
course of the night. The end-expiratory pressure can 

  Background:    Adaptive servoventilation (ASV) has demonstrated effi cacy in treating sleep-disordered 
breathing (SDB) in patients with heart failure (HF), but large randomized trials are lacking. We, 
therefore, sought to perform a systematic review and meta-analysis of existing data. 
  Methods:    A systematic search of the PubMed database was undertaken in March 2012. Publica-
tions were independently assessed by two investigators to identify studies of  �  1-week duration 
that compared ASV to a control condition (ie, subtherapeutic ASV, continuous or bilevel pressure 
ventilation, oxygen therapy, or no treatment) in adult patients with SDB and HF. Mean, vari-
ability, and sample size data were extracted independently for the following outcomes: apnea-
hypopnea index (AHI), left ventricular ejection fraction (LVEF), quality of life (SF-36 Health 
Survey; Medical Outcomes Trust), 6-min walk distance, peak oxygen consumption (  O  2 ) % pre-
dicted, and ventilatory equivalent ratio for CO 2  (   E /  co 2 ) slope measured during exercise. Ran-
dom effects meta-analysis models were applied. 
  Results:    Fourteen studies were identifi ed (N  5  538). Comparing ASV to control conditions, the 
weighted mean difference in AHI ( 2 14.64 events/h; 95% CI,  2 21.03 to  2 8.25) and LVEF (0.40; 
95% CI, 0.08-0.71) both signifi cantly favored ASV. ASV also improved the 6-min walk distance, 
but not peak    O  2  % predicted,    E /   CO  2  slope, or quality of life, compared with control conditions. 
  Conclusions:    In patients with HF and SDB, ASV was more effective than control conditions in 
reducing the AHI and improving cardiac function and exercise capacity. These data provide a 
compelling rationale for large-scale randomized controlled trials to assess the clinical impact of 
ASV on hard outcomes in these patients.    CHEST 2012; 142(5):1211–1221   

  Abbreviations:  AHI  5  apnea-hypopnea index; BPV  5  bilevel pressure ventilation; CAI  5  central apnea index; CSA  5  cen-
tral sleep apnea; CSB  5  Cheyne-Stokes breathing; HF  5  heart failure; LVEF  5  left ventricular ejection fraction; 
OAI  5  obstructive apnea index; OSA  5  obstructive sleep apnea; SDB  5  sleep-disordered breathing;  e /  co  2   5  ventila-
tory equivalent ratio for CO 2 ;  o  2   5  oxygen consumption 
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OR (OSA)) OR (OSAS)) OR (OSAHS)) OR (SAHS)) OR 
(“Cheyne-Stokes Respiration”[Mesh])) OR (Cheyne-Stokes)) OR 
(Cheyne Stokes)) AND ((((((“Heart Failure”[Mesh])) OR (Con-
gestive heart failure)) OR (Heart failure)) OR (CHF)) OR (HF)) 
AND ((((Adaptive servo ventilation)) OR (Adaptive ventilation)) 
OR (ASV)). Papers or peer-reviewed abstracts referenced in these 
papers, or other papers known to the authors, were also included 
and subjected to the selection criteria. 

 Study Eligibility Criteria 

 Two authors (B. K. S. and J. P. B.) independently excluded all 
qualitative reviews, letters, case studies, and meta-analyses, and 
then applied the following exclusion criteria in order by partici-
pants, intervention, comparator, outcome(s), and study design  16  : 
patients aged  ,  18 years, patients without a diagnosis of HF, 
patients with decompensated HF, ASV not used as the inter-
vention, no use of a comparator, no measure of at least one out-
come of interest, and study duration  ,  1 week. Publication in a 
language other than English was not grounds for exclusion. The 
primary outcome measure of interest was the severity of SDB 
expressed as total AHI measured either by polysomnography or 
the ASV device. Secondary outcomes of interest included cen-
tral apnea index (CAI), obstructive apnea index (OAI), arousal 
index, LVEF, quality of life expressed as role-physical and vitality 
components of the SF-36 Health Survey (Medical Outcomes 
Trust),  17   exercise capacity measured by 6-min walk distance,  18   
maximal oxygen consumption (  o  2 ) (measured as peak  o  2  % pre-
dicted) and ventilatory drive (ventilatory equivalent ratio for 
CO 2  [  e /  co  2 ] slope) measured during exercise testing. Finally, 
all studies meeting these criteria were compared for common 
methodology and data to ensure that the study samples were not 
duplicated. If duplicates were found, the paper with the oldest 
publication date was excluded. 

 Data Extraction 

 Data were extracted independently by authors B. K. S., D. G. M., 
and J. P. B. Descriptive data included study structure, duration 
of study arms, duration of washout (if applicable), type of con-
trol used, HF inclusion criteria, SDB inclusion criteria, propor-
tion of male patients, and mean age. For outcome data in 
crossover studies, the end-trial mean and variability in the ASV 
arm and control arm were extracted. For outcome data in parallel 
studies, data describing the mean and variability of the change in 
each variable over the ASV arm and control arm were extracted 
(end-trial minus baseline). The change in SD was calculated assum-
ing a paired correlation of  r   5  0.5 as previously described,  19   if 
this value was not reported in the publication. If any of these 
data were absent or unclear, we attempted to contact the fi rst, last, 
and corresponding authors of the relevant publications. 

 Data Synthesis and Statistical Analysis 

 Analyses were conducted by authors B. K. S. and J. P. B. using 
Review Manager (RevMan) version 5.1 software (Nordic Cochrane 
Centre). Parallel and crossover studies were analyzed separately 
with random effects models using DerSimonian and Laird meth-
odology.  20   A forest plot was constructed using the weighted mean 
difference of the outcome variable between the ASV and con-
trol arm of each study. Subgroup analyses of our primary outcome 
(AHI) were planned for studies using CPAP as the control condi-
tion, and studies recruiting patients with predominantly CSA. The 
 Q  statistic was calculated when at least three studies were avail-
able, and considered signifi cant when  P   �  .05, indicating hetero-
geneity. The  I  2  statistic was also calculated when at least three 
studies were available, to estimate the percentage of the observed 
variability due to heterogeneity rather than chance. Sensitivity 

be adjusted to eliminate obstructive respiratory events 
and the back-up rate aborts any impending apneas. 
ASV can effectively treat complex sleep apnea emerg-
ing after CPAP treatment,  12   although most data sug-
gest that this condition is transient and self limited,  13   
and also opioid-induced SDB.  14   

 Large randomized studies demonstrating the effec-
tiveness of ASV in treating SDB and other clinical 
outcomes in HF are lacking. A meta-analysis of 
studies published before June 2010, included in a 
recent practice-parameters document published by 
Aurora et al,  15   found that ASV signifi cantly improved 
LVEF and the AHI. However, only baseline/end-trial 
data in groups of patients administered ASV were 
analyzed and did not incorporate data from control 
groups. Thus, only a few studies were available, and 
the number of patients contributing to the summary 
statistics of these studies was also small. By perform-
ing an updated systematic review and meta-analysis, 
we sought to test the hypothesis that adult patients 
with SDB and stable HF would benefi t from ASV 
compared with a control condition (subtherapeutic 
ASV, CPAP, BPV, oxygen, or no treatment), using 
end-points of SDB severity, LVEF, exercise capacity, 
cardiopulmonary exercise testing, and quality of life 
measured over  �  1 week. 

 Materials and Methods 

 This report consists of a review of published literature. Ethical 
review is, therefore, not required. 

 Systematic Literature Search 

 A systematic literature search was undertaken on March 24, 
2012, using the PubMed database. The following search string 
was used to identify clinical trials comparing ASV to a control 
group: (((((((((((((“Sleep Apnea Syndromes”[Mesh])) OR (Apn*)) 
OR (Hypopn*)) OR (Sleep apn*)) OR (Obstructive sleep apn*)) 
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marized in  Table 2 ,  and the authors’ judgment as to 
the risk of bias in each study is summarized in  Table 3 .  
The included studies had a combined sample size 
of 538 patients. Control groups were no treatment 
(four studies),  28,30,32,35   rejection of or poor compliance 
with ASV (three studies),  26,33,34   subtherapeutic ASV 
(one study),  22   CPAP (three studies),  23,29,31   BPV (one 
study),  25   and nasal oxygen (two studies).  24,27   A parallel 
design was adopted in 12 studies; the two studies 
using nasal oxygen in the control arm were both 
crossover studies. Additional data were obtained from 
studies by Pepperell et al,    22   Campbell et al,  24   and 
Oldenburg et al.  33   

 Meta-analyses 

 Severity of Sleep-Disordered Breathing:   The changes 
in AHI in the ASV and control arms were available 

analyses were performed for each meta-analysis including at least 
three studies, by removing one study at a time and observing the 
effect this had on the overall result.  21   Finally, publication bias for 
each analysis was assessed visually using a funnel plot. 

 Results 

 Identifi cation and Description of Included Studies 

 The systematic literature search returned 57 full 
articles; one additional article was known to the authors. 
After the exclusion criteria were applied, 14 studies 
comparing ASV to a control condition in adult patients 
with stable HF for  �  1 week including at least one 
outcome measure of interest remained ( Fig 1 ).  22-35    

 The design and patient characteristics of the included 
studies are summarized in  Table 1 ,  the effect size 
and 95% CI for each meta-analyzed variable are sum-

  Figure  1.   Literature exclusion fl owchart. Each publication was independently assessed and excluded in 
order by participants, intervention, comparator, outcome(s), and study design, with 14 studies remaining. 
ASV  5  adaptive servoventilation; BPAP   5  bilevel pressure ventilation; HF  5  heart failure; V E /V CO2   5  venti-
latory equivalent ratio for CO 2 ; VO 2   5  oxygen consumption.   
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from seven parallel studies (n  5  352).  22,23,25,28,31-33   The 
weighted mean difference was  2 14.64 events/h 
favoring ASV (95% CI,  2 21.03 to  2 8.25;  P   5  .0001), 
as shown in  Figure 2 .  Signifi cant between-studies 
heterogeneity was evident ( Q [6]  5  20.36;  P   5  .002) 
and the  I  2  was 71%, indicating that 71% of the 
observed variance came from real differences between 
the studies rather than chance. All but one individual 
study  31   reported a signifi cant difference in AHI between 
ASV and CPAP of  �  10 events/h. Sensitivity analysis 
indicated that no single study, when removed from 
the meta-analysis, changed the overall statistical sig-
nifi cance of the model. In the two crossover studies,  24,27   
the weighted mean difference in AHI between ASV 
and oxygen therapy was  2 20.46 events/h favoring 
ASV (95% CI,  2 24.88 to  2 16.04;  P   5  .0001). 

 Two subgroup analyses were planned for our pri-
mary outcome (AHI) in parallel trials. Comparing 
ASV and CPAP, the weighted mean difference in 
AHI significantly favored ASV in two studies  23,31   
( 2 0.65 events/h; 95% CI,  2 1.06 to  2 0.25;  P   5  .002). 
Then, comparing ASV and all control conditions in 
only the fi ve studies recruiting patients with predom-
inantly CSA,  22,25,28,32,33   the weighted mean difference 
in AHI signifi cantly favored ASV ( 2 0.99 events/h; 
95% CI,  2 1.50 to  2 0.48;  P   5  .0001). 

 In addition to the total AHI, two parallel studies  23,32   
(n  5  47) reported the CAI and three parallel stud-
ies  23,25,32   (n  5  117) reported the OAI separately. There 
was no signifi cant difference in either of these indi-
ces between the ASV and control arms (weighted 
mean difference in CAI:  2 6.33 events/h, nonsignifi -
cantly favoring ASV; 95% CI,  2 20.25-7.59;  P   5  .37; and 
weighted mean difference in OAI:  2 2.67 events/h, 
nonsignifi cantly favoring ASV; 95% CI  2 6.18-0.83; 
 P   5  .14). Signifi cant between-studies heterogeneity 
and substantial variance were evident in the OAI 
analysis ( Q [2]  5  9.84;  P   5  .007),  I  2  was 80%; and when 
one study  25   was removed, the weighted mean differ-
ence between ASV and control arms became signi-
fi cant ( 2 4.54 events/h favoring ASV; 95% CI,  2 7.19 
to  2 1.89;  P   5  .0008). 

 Arousal index data were available from two par-
allel studies (n  5  87)  23,32   and both crossover studies 
(n  5  21).  24,27   The difference between ASV and the con-
trol arms was nonsignifi cant in both analyses (weighted 
mean difference in parallel studies  2 3.35 events/h, 
nonsignifi cantly favoring ASV; 95% CI,  2 12.12-5.07; 
 P   5  .42; and weighted mean difference for crossover 
studies:  2 5.6 events/h, nonsignifi cantly favoring ASV; 
95% CI,  2 11.24-0.04;  P   5  .06). 

 Left Ventricular Ejection Fraction:   Meta-
analysis of LVEF data from 10 parallel studies 
(n  5  385)  22,23,25,28,30,32-36   resulted in a weighted mean 
difference of 0.40 favoring ASV (95% CI, 0.08-0.71; 
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(weighted mean difference: 10.14, nonsignifi cantly 
favoring ASV; 95% CI,  2 0.09-20.38;  P   5  .051). The 
 I  2  was 79%, and signifi cant heterogeneity was evi dent 
( Q [2]  5  9.58;  P   5  .008). When one study was removed 
during sensitivity analysis,  30   the weighted mean dif-
ference became signifi cant (weighted mean differ-
ence was 14.73, favoring ASV; 95% CI, 6.08-23.38; 
 P   5  .0008). 

 There was also no signifi cant difference in the change 
in ventilatory drive, expressed as    e /   co  2  slope, com-
paring the ASV and control arms of two parallel stud-
ies (n  5  175)  26,33   (weighted mean difference:  2 2.30, 
nonsignifi cantly favoring ASV; 95% CI,  2 5.33-0.74; 
 P   5  0.14). The  I  2  was 61%. 

 Assessment of Publication Bias 

 We found no evidence of publication bias when 
funnel plots were inspected for each meta-analysis. 
Additional unpublished studies may exist  . 

 Discussion 

 This systematic review and meta-analysis showed 
that ASV was more effective than control conditions 
(combined) and CPAP treatment (subgroup analysis) 
in treating SDB in HF. LVEF and exercise capacity 
also showed greater improvement with ASV com-
pared with control conditions. These data provide a 
compelling rationale for large-scale, randomized, 
controlled trials to assess the clinical impact of ASV 
on hard outcomes for patients with SDB and HF. 

 P   5  .01), as shown in  Figure 3 .  Signifi cant between-
studies heterogeneity was evident ( Q [9]  5  20.26; 
 P   5  .02), and the  I  2  was 56%. When removed from 
the pooled analysis individually, no study caused the 
weighted mean difference to become nonsignifi cant 
( P   .  .05). The effect size of individual studies ranged 
from 1.2 favoring ASV  32   to 0.44 (nonsignifi cantly) 
favoring CPAP.  23   In the two crossover studies, the 
weighted mean difference in LVEF between ASV 
and oxygen therapy was 4.01 favoring ASV (95% CI, 
0.67-7.35;  P   5  .02). 

 Quality of Life:   Two parallel studies (n  5  60)  22,31   
used the SF-36 Health Survey; however, only one of 
the two subscales we intended to analyze was reported 
in both papers. There was no signifi cant difference in 
the change in SF-36 energy-vitality scores between 
the ASV and control arms (weighted mean difference 
was 10.50, nonsignifi cantly favoring ASV; 95% CI, 
 2 2.37-23.36;  P   5  .11); the  I  2  was 54%. 

 Exercise Capacity:   Two parallel studies (n  5  145)  31,33   
described the change in 6-min walk distance after 
treatment with ASV and the control arm. The weighted 
mean difference in 6-min walk distance was 32.82, 
favoring ASV (95% CI, 4.21-61.42;  P   5  .02); the 
 I  2  was 0%. 

 Cardiopulmonary Exercise Testing:   Changes in 
peak    o  2 , expressed as peak    o  2  % predicted, were 
available from three parallel studies (n  5  194).  26,30,33   
There was no signifi cant difference in the change 
in peak    o  2  between ASV and the control arms 

 Table 3— Authors’ Judgment as to Risk of Bias in Identifi ed Studies  

Study/Year
Adequate Sequence 

Generation?
Allocation 

Concealment?
Blinding 

(All Outcomes)?
Free of Selective 

Reporting?
Free of Incomplete 

Outcome Data?  a  

Pepperell et al  22  /2003 Yes Yes Yes (double) Yes Yes
Philippe et al  29  /2006 Not stated Not stated No Reported some data in 

 graphical form only
Yes

Zhang et al  27  /2006 No No No Yes N/A
Fietze et al  25  /2008 Not stated Not stated No Yes No
Bitter et al  26  /2010 No No No Incomplete data for 

 control group
N/A

Hastings et al  30  /2010 No No No Incomplete data for 
 control group

N/A

Kasai et al  31  /2010 Not stated Not stated No Yes Yes
Koyama et al  32  /2010 No No No Yes N/A
Haruki et al  35  /2011 No No No Yes N/A
Oldenburg et al  33  /2011 No No No Incomplete data for 

 control group
N/A

Koyama et al  34  /2011 No No No Yes N/A
Yoshihisa et al  28  /2011 No No No Incomplete data for 

 control group
N/A

Campbell et al  24  /2011 Not stated Not stated No Yes Yes
Randerath et al  23  /2012 Not stated Yes Yes (single) Yes Yes

N/A  5  not applicable.
 a Not applicable for nonrandomized studies.
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exercise capacity, quality of life, and cardiopulmonary 
exercise testing. ASV has previously been shown to 
reduce SDB  22,28,30,31,37   and systemic infl ammation,  32   
and improve LVEF,  22,26,27,31-33,37   quality of life,  31,37   
exercise capacity,  31,33   and respiratory instability  33   in 
patients with HF and CSA. ASV was also more effec-
tive than CPAP in improving parameters like SDB, 
LVEF, and treatment compliance in patients with 
both systolic HF and SDB.  27   

  Figure  2. Forest plot of AHI data in parallel studies. Each publication is represented by a square, the 
horizontal position of which represents the effect size, and error bars, which represent the 95% CI. All 
squares lie on the left of the null effect vertical line (mean difference of 0), indicating that all studies 
found a greater reduction in AHI with ASV compared with the control arm. The size of each square is 
proportional to the weight of each study in the pooled analysis, also listed as a percentage. The diamond 
represents the meta-analysis: the apex is the weighted mean difference ( 2 14.64 events/h), and the width 
is the 95% CI ( 2 21.03- 2 8.25 events/h). The width of the diamond does not cross the null effect vertical 
line, so the difference is statistically signifi cant ( P   5  .0001). AHI  5  apnea-hypopnea index. See Figure 1 
legend for expansion of other abbreviation.   

  Figure  3. Forest plot of LVEF data in parallel studies. Each publication is represented by a square, the 
horizontal position of which represents the effect size, and error bars, which represent the 95% CI. 
Squares lying to the right of the null effect vertical line (mean difference of 0) are those that found a 
greater increase in LVEF with ASV compared with the control arm. The size of each square is propor-
tional the weight of each study in the pooled analysis, also listed as a percentage. The diamond repre-
sents the meta-analysis: the apex is the weighted mean difference (0.40), and the width is the 95% CI 
(0.08-0.71). The width of the diamond does not cross the null effect vertical line, so the difference is 
statistically signifi cant ( P   5  .01). LVEF  5  left ventricular ejection fraction. See Figure 1 legend for 
expansion of other abbreviation.   

None of the controlled studies identifi ed in our lit-
erature search specifically recruited patients with 
opioid-induced SDB, suggesting that this, too, is 
an avenue of research worthy of further attention 
because preliminary studies suggest effi cacy of these 
devices.  14   Our results build on those of Aurora et al,  15   
which reported uncontrolled changes with ASV only, 
by locating eight additional studies for inclusion and 
investigating a greater number of outcomes, including 
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Fifth, secular trends in HF therapy have been occur-
ring over the past decade (for example, cardiac resyn-
chronization therapy and increased use of implantable 
defibrillators); these newer therapies may affect 
SDB and its outcomes,  44,45   and, thus, results could 
be different if the studies were undertaken today. 
As such, we acknowledge that our results are clearly 
limited to the populations studied. Despite these 
limitations, we view our findings as an important 
addition to the literature because they provide a com-
pelling rationale for further research and repre sent the 
best available evidence until more data are available. 

 Conclusions 

 In conclusion, ASV is more effective than control 
conditions in reducing SDB severity and improving 
cardiac function and exercise capacity in patients with 
SDB and HF. We support large-scale comparative 
effectiveness research in this area. 
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