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Objective: To systematically review polysomnographic sleep differences, with emphasis on cyclic alternating pattern (CAP)
microstructure, between patients with Parkinson’s disease (PD) and healthy controls (HC).

Methods: We searched MEDLINE (via OVID), EMBASE (via OVID), CINAHL (via EBSCOhost), APA PsycArticles (via
EBSCOhost), and Evidence-Based Medicine databases (via EBSCOhost) for studies published from January 1, 2020, to
September 15, 2025. Eligible studies enrolled adults with idiopathic PD, included an internal HC group, used overnight polysomno-
graphy, and reported extractable CAP-related outcomes. Study quality was assessed with the Newcastle-Ottawa Scale. Random-effects
meta-analyses were performed using Hedges’ g with restricted maximum-likelihood estimation, and certainty of evidence was
appraised with GRADE.

Results: Four studies were included. PD patients showed significant reductions in CAP rate, CAP sequence duration, and CAP index
(all p<0.05), with low statistical heterogeneity. Macrostructural parameters showed no statistically significant pooled differences, and
several had moderate-to-high heterogeneity. GRADE certainty was very low because the evidence came from a small number of
observational studies.

Conclusion: Within a limited evidence base, CAP-related microstructure shows a consistent pattern of reduction in clinically
diagnosed PD, whereas macrostructural alterations were not stable across the included studies. CAP measures may provide com-
plementary information in future PD sleep research, but the present evidence is insufficient to support their use as validated
biomarkers.
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Introduction

According to the current international criteria established by the Movement Disorder Society (MDS), the clinical diagnosis of
Parkinson’s disease (PD) primarily relies on the identification of core motor signs, such as the presence of bradykinesia in
combination with either resting tremor or rigidity.' However, both prior to the manifestation of motor symptoms and throughout
the entire disease course, a substantial range of non-motor symptoms (NMS) exert a profound impact on patients’ quality of life,
functional status, and prognosis, even constituting a primary cause of disability.” * Among the diverse spectrum of NMS, sleep
disturbances represent a frequently encountered non-motor manifestation in PD patients, which intensifies with disease
progression.”’ Common sleep disorders encompass insomnia, excessive daytime sleepiness (EDS), restless legs syndrome
(RLS), and, notably, the highly distinctive rapid eye movement sleep behavior disorder (RBD).*® Polysomnographic studies
suggest that these sleep disturbances correspond to well-defined alterations in sleep architecture, including impairments in
macroscopic structure such as reduced sleep efficiency and diminished slow-wave sleep, as well as abnormalities in microscopic
architecture such as alterations in sleep spindles.>'" Importantly, longitudinal follow-up studies indicate that the risk of
developing neurodegenerative diseases among individuals with RBD is estimated to exceed 90% in some cohorts, positioning
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RBD as one of the most specific prodromal biomarkers in relevant populations for Parkinson’s disease.''™'* Consequently, in-
depth investigation into sleep disturbances in PD holds critical clinical significance for elucidating early disease pathophysiology,
clarifying clinically relevant sleep-related phenotypes and enhancing overall patient management.

Polysomnography (PSG) is a standard objective method for assessing sleep and allows quantification of macroscopic
sleep architecture—including total sleep time, sleep efficiency, and sleep-stage distribution—as well as microstructural
features, such as sleep spindles, electroencephalographic spectral power, and the cyclic alternating pattern.'®
A comprehensive systematic review and meta-analysis conducted by Zhang et al (2020)° has reported that PD patients
may exhibit significant abnormalities in macroscopic sleep structure, manifested as reductions in total sleep time, sleep
efficiency, and the proportion of slow-wave sleep, coupled with an increase in wake time after sleep onset. Collectively,
these alterations in macroscopic architecture may indicate a notable decline in both the quality and quantity of sleep
among individuals with Parkinson’s disease.

With the progressive advancement of research, investigations into PD-associated sleep disturbances have moved beyond
conventional macrostructural descriptions toward the evaluation of sleep microarchitecture.'>'® Broadly, NREM sleep micro-
architecture can be characterized using complementary domains such as sleep spindles, quantitative electroencephalographic
(EEG) spectral power, and the cyclic alternating pattern (CAP)."* These measures may reflect the functional integrity of neural
systems vulnerable to PD pathology: spindle abnormalities have been linked to thalamocortical dysfunction,'” whereas spectral
measures can capture alterations in cortical synchronization.'® However, the available evidence is uneven across microstructural
domains, and sufficiently comparable quantitative data are currently concentrated in CAP-related outcomes.

CAP is a periodic EEG phenomenon of NREM sleep that organizes transient fluctuations in cortical activation. A CAP
cycle consists of an activating A phase followed by a background B phase, and at least three consecutive A phases interleaved
with B phases constitute a CAP sequence when they occur within the accepted temporal criteria. According to their degree of
synchronization and desynchronization, A phases are classified as A1, A2, or A3: Al is dominated by synchronized slow-
wave activity and is generally linked to slow-wave build-up and sleep consolidation; A2 contains mixed slow and fast
rhythms; and A3 is characterized predominantly by desynchronized fast activity.'*?® Because CAP reflects the dynamic
regulation of NREM sleep stability, it may be relevant to PD-related dysfunction of arousal-modulatory systems, including
noradrenergic pathways.”' At the same time, CAP is not disease-specific and may be influenced by dopaminergic or
psychotropic medications, comorbid REM sleep behavior disorder (RBD), obstructive sleep apnea (OSA), periodic limb
movements, and disease stage.”* Recent work has also linked altered sleep-stage mixing with poorer prognosis in early PD and
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associated objective sleep features with brain structure and cognition in clinical cohorts,
of systematic PSG phenotyping without implying that CAP is already a validated biomarker.

Although preliminary studies suggest that sleep microarchitecture may be altered in PD, the evidence remains fragmen-
ted. Because a prior meta-analysis focused primarily on sleep macrostructure and searched literature published before 2020,
the present review was designed as a focused update of studies published from 2020 to 2025. The search strategy covered
CAP, sleep spindles, and EEG spectral measures as prespecified microstructural domains. This systematic review and meta-
analysis aimed to synthesize CAP-related PSG findings in PD, provide a partial update on macrostructural outcomes within

CAP-reporting cohorts, and summarize non-CAP microstructural findings reported by eligible studies.

Materials and Methods

Protocol and Registration

This systematic review protocol was registered with PROSPERO (ID: CRD420251144799; https://www.crd.york.ac.uk/
PROSPERO/view/CRD420251144799) and was conducted and reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

Eligibility Criteria According to the PICOS Approach

Participants (P)

The study population comprised adults (age >18 years) diagnosed with idiopathic Parkinson’s disease according to established
clinical criteria, such as the UK Parkinson’s Disease Society Brain Bank Clinical Diagnostic Criteria or Movement Disorder
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Society (MDS) Clinical Diagnostic Criteria. To maintain population homogeneity, studies involving patients with non-
idiopathic parkinsonian syndromes (eg., vascular parkinsonism, drug-induced parkinsonism, multiple system atrophy,
progressive supranuclear palsy) were excluded.

Intervention (I)

Eligible studies were required to use at least one full-night polysomnographic recording of at least 6 hours, with standard
sleep staging and multichannel signals sufficient to derive the outcomes of interest. Laboratory-based and validated
home-based PSG recordings were eligible when scored according to recognized standards. Studies relying only on
questionnaires, actigraphy, or non-standard sleep monitoring without extractable PSG outcomes were excluded.

Comparison (C)

The comparator group comprised non-PD adults described by the original studies as healthy controls or low-risk non-
manifest participants. We sought age- and sex-comparable groups where available; however, studies were not excluded
solely because minor residual imbalance remained after matching, and any material imbalance was considered during
interpretation. Comparator participants were required to be free of diagnosed parkinsonian syndromes and to provide an
internal reference group for the PD cohort.

Outcomes (O)

The primary outcomes were prespecified CAP metrics reflecting NREM sleep microstructure: CAP rate (%), CAP index
(cycles/h), and mean CAP sequence duration (s). Secondary outcomes included conventional PSG macrostructural
parameters (eg., total sleep time, wake after sleep onset, sleep efficiency, N1, N2, N3, REM sleep, and apnea-
hypopnea index) and non-CAP microstructural findings, including sleep spindle characteristics and EEG spectral-
power measures, when reported. Outcomes were pooled when quantitative data were extractable and sufficiently
compatible across studies; other relevant CAP and non-CAP microstructural findings were summarized descriptively.

Study Design (S)

This systematic review was restricted to observational study designs, explicitly encompassing case-control studies and
cross-sectional investigations. The following categories of publications were excluded: individual case reports and case
series, editorial or commentary articles, conference abstracts, publications in languages other than English, and non-
human animal studies or other pre-clinical research not involving human subjects.

Information Sources

We conducted a systematic literature search restricted to studies published from January 1, 2020, to September 15, 2025,
across MEDLINE via OVID, EMBASE via OVID, CINAHL via EBSCOhost, APA PsycArticles via EBSCOhost, and
Evidence-Based Medicine (EBM) databases via EBSCOhost.

Search

The search strategy combined controlled vocabulary and free-text terms relating to Parkinson’s disease, polysomnogra-
phy, and sleep microstructure. Search terms included CAP, sleep spindles, sigma activity, and EEG spectral-power
measures. Reference lists of included studies and relevant reviews were also screened manually. The full search strategies
are provided in Supplementary File 1.

Study Selection

Two reviewers (Zixuan Zeng and Jiajun Jiang) independently screened records against the prespecified eligibility criteria.
Disagreements were resolved through discussion or, when necessary, arbitration by a third reviewer (Jing Li). Screening
was conducted in two stages: title/abstract screening followed by full-text assessment. Before consensus, inter-reviewer
agreement was high, with Cohen’s « values of 0.873 for title/abstract screening and 0.789 for full-text assessment,
corresponding to raw agreement rates of 94.7% and 98.0%, respectively.
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Data Collection Process

Data from the included studies were independently extracted by two reviewers using a pre-piloted standardized form,
with discrepancies resolved by consensus. The extracted variables included: (1) study characteristics; (2) demographic
and clinical characteristics of participants; (3) PSG methodology; (4) CAP metrics, sleep spindle characteristics, and
EEG spectral-power findings when available; and (5) means, standard deviations, and sample sizes for all relevant
outcomes in PD and HC groups. Across 384 prespecified extraction items, the two reviewers agreed on 358 items before
consensus, yielding an initial agreement rate of 93.2%. When clarification or data were unavailable in the published
reports, missing details were recorded as not reported rather than inferred; no unpublished participant-level data were
incorporated.

Quality Assessment

Risk of bias was assessed using the Newcastle-Ottawa Scale (NOS) for the included case-control and cross-sectional
studies. Two reviewers (Zixuan Zeng and Jiajun Jiang) independently assessed each study across the domains of
selection, comparability, and exposure/outcome ascertainment. Disagreements were resolved by discussion or, when
needed, by a third reviewer (Jing Li). Item-level NOS ratings are reported in Supplementary Table S1.

Data Synthesis and Statistical Analysis

All quantitative syntheses were performed in jamovi version 2.7 using the metafor backend. For continuous outcomes,
Hedges’ g (bias-corrected standardized mean difference) with 95% confidence intervals was calculated and pooled with
a random-effects model using restricted maximum-likelihood estimation. Between-study heterogeneity was assessed
using Cochran’s Q and I? statistics; I* values of approximately 25%, 50%, and 75% were interpreted as low, moderate,
and substantial heterogeneity, respectively, while recognizing that heterogeneity estimates are unstable when k is small.
Leave-one-out sensitivity analyses were conducted for each pooled outcome. Because complete sample independence
between Doppler et al (2021)*' and Doppler et al (2022)* could not be established from the published reports, overlap-
focused sensitivity analyses excluding one Doppler comparison at a time were additionally examined for outcomes to
which both studies contributed.

To investigate potential sources of the observed heterogeneity, pre-specified subgroup analyses and meta-regression
were planned. Planned moderators for examination included factors potentially influencing the outcomes, such as the
concomitant presence of rapid eye movement sleep behavior disorder, disease severity, medication status (including
LEDD when available), and the specific polysomnography scoring criteria employed. However, because each outcome
was informed by only 3—4 comparisons, subgroup analyses and meta-regression were not feasible and were therefore not
performed.

Assessment of publication bias was considered unreliable because each outcome included fewer than 10 studies.
Funnel-plot inspection, Egger’s regression, Begg’s test, and fail-safe N calculations were therefore treated as exploratory
only and were not used to support confirmatory inferences regarding the presence or absence of reporting bias.

Given the age imbalance reported in Dagay et al (2025),?® age mismatch was considered a potential confounder in the
descriptive synthesis and limitations. We did not compute exclusion-based pooled estimates removing Dagay et al
(2025),%° because this would reduce the relevant CAP analyses to only two studies and make pooled inference especially
unstable.

Assessment of the Certainty of Evidence

We used the GRADE framework to assess the certainty of evidence for the three primary CAP outcomes. Because all
included studies were observational, the starting certainty rating was low. A structured outcome-level evidence profile
was constructed across the domains of risk of bias, inconsistency, indirectness, imprecision, and publication bias.
Downgrading decisions considered study quality, sample size, residual confounding, and the small number of contribut-
ing studies.
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Results
Study Selection

Our systematic review, conducted in accordance with PRISMA 2020, identified 536 records from database searches conducted
for studies published between 2020 and 2025 (168 from MEDLINE via OVID, 311 from EMBASE via OVID, 21 from
CINAHL via EBSCOhost, 30 from EBM databases via EBSCOhost, and 6 from APA PsycArticles via EBSCOhost). After
removal of duplicates, 339 unique records were screened, of which 239 were excluded at title/abstract stage. One hundred full-
text reports were assessed, and 96 were excluded for the following reasons: no target outcome (n=60), ineligible controls (n=17),
ineligible patients (n=9), overlapping data (n=1), review article (n=2), case report (n=1), animal study (n=4), and editorial (n=2).
Four studies met all eligibility criteria and were included in the qualitative synthesis and meta-analysis. The study-selection

process is shown in Figure 1.

Description of the Included Studies

1621.2526 comprising clinically diagnosed PD groups and healthy-control

This review included four eligible studies,
comparators. Sample sizes ranged from 36 participants in Cheng et al (2025)'° to 66 participants in Dagay et al (2025).%°
Across the included studies, mean or median ages ranged from 56.83 to 67.4 years, and the proportion of male
participants ranged from 44.4% to 69.2%. Disease duration varied from approximately 1.0 year in recent or early PD
cohorts to 6.3 years in a more established cohort, indicating clinically meaningful variation in disease stage.
Medication exposure and comorbid sleep-disorder handling also varied across studies. Doppler et al (2021)*' allowed regular
evening medication during PSG and included participants with AHI 0-25/h and PLMI 0—80/h. Doppler et al (2022)* excluded
datasets with AHI >30/h or PLMI >100/h and included recent as well as established PD strata. Cheng et al (2025)'° enrolled
early-stage medicated PD patients, excluded insomnia, OSA, and arrhythmia, and reported RBD in 3/18 patients. Dagay et al
(2025)*° studied early PD, excluded antipsychotic use and extensive PLMS (>50), reported RBD in 37% of PD participants, and
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evaluated patients while adhering to their usual dopaminergic treatment schedule. These differences were considered clinically
relevant potential confounders in the interpretation of pooled findings.

All included studies used AASM-based sleep scoring, although the specific versions differed across reports, and three
studies explicitly applied CAP consensus criteria. Because individual studies reported different subsets of CAP para-
meters, the number of contributing studies varied by outcome. Table 1 summarizes study characteristics, medication
status, handling of comorbid sleep disorders, scoring methods, and reported PSG outcomes.

Comeparison Between PD Patients and Controls: The Whole Sample

In the overall pooled sample, PD patients showed significant reductions in CAP rate (Hedges’ g = —0.8434, 95% CI:
—1.1810 to —0.5059), CAP sequence duration (Hedges’ g = —0.9250, 95% CI: —1.2656 to —0.5843), and CAP index
(Hedges’ g = —0.8557, 95% CI: —1.2062 to —0.5051) (Table 2 and Figure 2). CAP rate and CAP sequence duration were
analyzed from Doppler et al (2021),>' Doppler et al (2022),> and Dagay et al (2025),?° whereas CAP index was analyzed
from Doppler et al (2021),%' Cheng et al (2025),'® and Dagay et al (2025).2° The direction of effects was concordant
across contributing studies, and heterogeneity estimates were near zero for all three CAP outcomes.

In the overall sample, no statistically significant differences were generally observed in the macrostructure of sleep, as
indicated by the following parameters: WASO (Hedges’g = 0.4632, 95% CI: —0.3502 to 1.2766), SE (Hedges’g = —0.2694,
95% CI: —0.9227 to 0.3840), N1% (Hedges’ g =—0.2170, 95% CI: —0.6107 to 0.1767), N2% (Hedges’g = 0.2268, 95% CI:
—0.4174 to 0.8711), AHI (Hedges’g = —0.1505, 95% CI: —0.4420 to 0.1409), and REM% (Hedges’g = —0.3743, 95% CI:
—1.4047 to 0.6560). Notably, several of these metrics exhibited moderate to high heterogeneity, exemplified by WASO (I =
82.49%), SE (I? = 78.63%), N2% (I* = 70.36%), and REM% (I* ~ 87.88%) (see Table 2). These findings indicate that, across

Table | Baseline Characteristics and Polysomnographic (PSG) Parameters of the Included Studies

First Author Country PD n (% Male) HC n (% Male) PD Age HC Age PD Disease Duration
(Year)
Doppler Germany/ 27 (66.7%) 13 (69.2%) 65.5 9.0 674 + 6.6 6.3 +42
(2021)*' Denmark
Doppler Germany/ 24 (66.7%) 22 (63.6%) 65.0 + 84 66.9 £ 7.0 1.0+ 1.0
(2022)* Denmark/
Sweden
Cheng China 18 (44.4%) 18 (50.0%) Median 62 Median 60 25+05
(2025)" (Nanchang) (range 58-69) (range 55-67)
Dagay (2025)* | Israel (Tel 30 (66.7%) 36 (61.1%) 62.80 + 7.69 56.83 + 741 1.10 £ 1.09
Aviv)
First Author H&Y Medication/ Key Clinical Features PSG scoring Macrostructure Microstructure
(Year) Stage LEDD Outcomes Outcomes
Doppler 22+04 Mostly on; | Included only AHI 0-25/h and AASM v2.5 Sleep efficiency, CAP rate, CAP sequence
(202I)2' drug-naive; 9 PLMI 0-80/h; no known sleep- N1%, N2%, N3%, duration, CAP index, CAP
levodopa-naive; related breathing disorders. AHI, REM% A- phase duration,CAP
LEDD NR B-phase duration
Doppler 1.9 £ 06 On; LEDD Recent-PD subgroup used in AASM v2.6; CAP | WASO, sleep CAP rate,CAP Sequence
(2022)* 2182 + 356.0 meta-analysis; datasets with AHI consensus (2001) | efficiency, AHI duration,CAP A- phase
>30/h or PLMI >100/h excluded. duration, CAP B-phase
duration
Cheng Median 2 On; LEDD AHI <10/h; insomnia, OSA, and AASM; CAP TST, WASO, sleep CAP index
(2025)'¢ (range 1-3) | 454.7 £ 54.9 arrhythmia excluded; RBD 3/18. consensus efficiency, N 1%,
N2%, N3%, AHI,
REM%
Dagay (2025)%* | NR On; LEDD Early PD; RBD 37%; antipsychotic | AASM v2.2; TST, WASO, sleep CAP rate, CAP sequence
1724 + 173.0 use and extensive PLMS (>50) SINBAR montage | efficiency, N1%, duration, CAP index
excluded. N2%, AHI, REM%

Notes: Data are presented as mean * SD or median (range), unless otherwise indicated.

Abbreviations: AASM, American Academy of Sleep Medicine; AHI, apnea-hypopnea index; CAP, cyclic alternating pattern; H&Y, Hoehn and Yahr; LEDD, levodopa
equivalent daily dose; NR, not reported; OSA, obstructive sleep apnea; PD, Parkinson’s disease; PLMI, periodic limb movement index; PLMS, periodic limb movements during
sleep; PSG, polysomnography; RBD, rapid eye movement sleep behavior disorder; REM, rapid eye movement; SINBAR, Sleep Innsbruck Barcelona.
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Table 2 Meta-Analytic Comparison of Sleep Macro- and Microstructure Between Patients with Parkinson’s Disease and
Healthy Controls

Outcome k | PD/HC, n | PD Mean | HC Mean Hedges’ g (95% CI) p Q 12
WASO(min) 3| 72176 784 66.8 0.4632 (—0.3502 to 1.2766) 0.264 | 9.684 | 82.49%
Sleep efficiency (%) 4 | 99/89 8l1.5 832 —0.2694 (—0.9227 to 0.3840) 0419 11.988 | 78.63%
NI (%) 3 | 75/67 9.16 10.7 —0.217 (—0.6107 to 0.1767) 0.280 2516 | 24.10%
N2 (%) 3 | 75/67 46.7 44.8 0.2268 (—0.4174 to 0.8711) 0.490 6.589 | 70.36%
AHI (events/h) 4 | 99/89 732 8.66 —0.1505 (—0.4420 to 0.1409) 0.311 2.168 | 0.00%
REM sleep (%) 3 | 75/67 15 16.6 —0.3743 (—1.4047 to 0.6560) 0.476 14.947 | 87.88%
CAP rate (%) 3 | 81771 36.3 46.9 —0.8434 (—1.1810 to —0.5059) | <0.001 | 0.022 | 0.00%
CAP sequence duration (s) | 3 | 81/71 197 249 —0.9250 (—1.2656 to —0.5843) | <0.001 | 1.288 | 0.00%
CAP Index (cycles/h) 3 | 75/67 48.2 628 —0.8557 (—1.2062 to —0.5051) | <0.001 | 0.642 | 0.00%

Notes: Negative Hedges’ g values indicate lower values in the PD group than in the HC group.
Abbreviations: AHI, apnea-hypopnea index; CAP, cyclic alternating pattern; Cl, confidence interval; HC, healthy controls; NI, NREM stage | sleep; N2, NREM
stage 2 sleep; PD, Parkinson’s disease; REM, rapid eye movement; WASO, wake after sleep onset.

a small number of studies, conventional macrostructural parameters did not show consistent pooled differences and were
characterized by substantial between-study variability. Given the limited evidence base, potential contributors (eg., sample
characteristics, medication burden/LEDD, and comorbid RBD) could not be formally tested.

Across CAP outcomes, the pooled effects were negative and moderate-to-large in magnitude, with minimal statistical
heterogeneity. Because the evidence base was small, these estimates are reported as group-level differences rather than
evidence of superior sensitivity, reliability, or specificity.

Sensitivity Analysis

Leave-one-out analyses showed that the primary CAP findings were directionally stable For CAP rate, omission of
any single study produced pooled estimates ranging from —0.821 to —0.857; for CAP sequence duration, estimates
ranged from —0.835 to —1.088; and for CAP index, estimates ranged from —0.741 to —0.935. Accordingly, no
single study reversed the direction or statistical significance of the pooled CAP effects. Because the independence
of Doppler et al (2021)*" and Doppler et al (2022)*° could not be confirmed from published reports, overlap-
focused sensitivity analyses were also examined: exclusion of either Doppler comparison from CAP rate and CAP
sequence-duration analyses left the pooled effects negative and statistically significant, although the resulting k=2
estimates remain exploratory. Full leave-one-out results are reported in Supplementary Table S2.

Macrostructural findings were less stable Removal of Cheng et al (2025)"° produced the largest change in several analyses,
shifting the pooled estimate for WASO from 0.463 to 0.072, sleep efficiency from —0.269 to 0.022, and N2% from 0.227 to
—0.102. These changes, together with high heterogeneity for WASO, sleep efficiency, N2%, and REM sleep, indicate that
macrostructural results were more sensitive to individual-study characteristics and should be interpreted cautiously.

Publication Bias
Publication-bias analyses were conducted only as exploratory diagnostics because each synthesis included 3—4 studies.
Funnel plots, Egger’s regression, Begg’s test, and fail-safe N values are therefore reported descriptively and should not be

A. CAP Rate (%) B. CAP Sequence Duration (s) C. CAP Index (cycles/h)

Doppler (2021) —_— -0.83[-152,-0.14) Doppler (2021) —_— 1.23[-1.95,-052) Doppler (2021) —_—, 064 [-1.32, 0.04]
Doppler (2022) —_— 0.81[-142,-0.21) Doppler (2022) —_— -0.98[-1.60,-0.37) Cheng (2025) _— -0.85[-1.63,-0.16]

Dagay (2025) —- -087-1.38,-036) Dagay (2025) —_—— 0.74[1.24,-024) Dagay (2025) R -0.99[-1.50,-0.47)

RE Model — -0.84[1.18,-051) RE Model —— 0.92[-1.27,-0.58) RE Model —— 0.86[-1.21,-0.51)

Figure 2 Forest plots of CAP-related microarchitectural outcomes in Parkinson’s disease versus healthy controls (Hedges’ g): (A) CAP rate (%); (B) CAP sequence duration (s);
(C) CAP index (cycles/h).
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interpreted as evidence for or against publication bias. For the CAP outcomes, formal tests were non-significant, but the
very small k precludes reliable inference.

For macrostructural outcomes, formal tests likewise lacked adequate power. Egger’s test for WASO approached statistical
significance (p = 0.063), but given the sparse evidence base, this observation is hypothesis-generating only. Overall, the
available data do not permit a dependable assessment of reporting bias for either macrostructural or CAP-related outcomes.

PSG Findings Which Cannot Be Meta-Analyzed

212526 reported CAP-related temporal parameters that could not be meta-analyzed because of heteroge-

Three studies
neous metrics or reporting formats. Their descriptive findings are summarized in Table 3. Non-CAP microstructural

findings from the included studies are summarized in Supplementary Table S3. None of the four eligible studies reported

extractable sleep-spindle characteristics. Quantitative EEG spectral findings were reported by Cheng et al (2025),'® who
observed lower absolute delta power during N3 non-CAP segments together with higher absolute alpha and beta power
under selected N3 CAP/non-CAP conditions. Because sleep-spindle and spectral-power measures were sparsely reported
and not compatible across studies, these outcomes were summarized descriptively rather than pooled.

Certainty of Evidence

Using the GRADE framework, certainty was rated as very low for CAP rate, CAP sequence duration, and CAP index.
Although the direction of effect was consistent and statistical heterogeneity was low, confidence in the estimates was
downgraded because all evidence came from small observational studies, the number of studies per outcome was very
limited, medication and comorbidity confounding could not be excluded, and possible sample overlap between Doppler et al
(2021)*! and Doppler et al (2022)*° remained unresolved. The structured evidence profile is presented in Table 4.

Table 3 Summary of CAP-Related Polysomnographic Findings Not Included in the Meta-Analysis

Study CAP Outcomes Sample Size Main Findings
Doppler | A-/B-phase duration; A index; Al | 27 PD; I3 HC PD showed similar A- and B-phase durations but shorter mean CAP sequences (p<0.001),
(202|)2I index; A2+A3 index a lower A-phase index (p=0.042), and a significant reduction in the combined A2+A3 index.
Doppler A-phase duration; B-phase 24 recent PD; 22 HC | A- and B-phase durations did not differ between groups, whereas CAP cycles per sequence
(2022)* duration; cycles per sequence were lower in PD (p=0.001).
Cheng Phase A/B duration; A1/A2/A3 18 PD; 18 HC During N3, PD showed shorter total CAP time and reduced total Phase A and B durations;
2025)'¢ and BI/B2/B3 average duration average A2 and A3 durations were longer in PD, whereas B|-B3 averages did not differ

8 3 8 8

significantly.

Notes: Findings are summarized descriptively because the outcomes were not suitable for quantitative pooling.
Abbreviations: CAP, cyclic alternating pattern; N3, NREM stage 3 sleep; PD, Parkinson’s disease; PSG, polysomnography.

Table 4 GRADE Evidence Profile for the Primary CAP Outcomes

Outcome Studies Effect Estimate | Risk of | Inconsistency | Indirectness | Imprecision Publication Certainty
(PD/HC) Bias Bias
CAP rate 3 (81/71) Hedges’ g —0.843 Serious Not serious Not serious Serious Undetected; not | Very low
(=1.181 to —0.506) assessable with
k<10
CAP 3 (81/71) Hedges’ g —0.925 Serious Not serious Not serious Serious Undetected; not | Very low
sequence (—1.266 to —0.584) assessable with
duration k<10
CAP index | 3 (75/67) Hedges’ g —0.856 Serious Not serious Not serious Serious Undetected; not | Very low
(=1.206 to —0.505) assessable with
k<I0

Notes: GRADE rationale: certainty started at low because all studies were observational and was downgraded for serious risk of bias and serious imprecision related to
small sample size, residual confounding, and unresolved possible sample overlap.

Abbreviations: CAP, cyclic alternating pattern; Cl, confidence interval; GRADE, Grading of Recommendations Assessment, Development and Evaluation; HC, healthy
controls; PD, Parkinson’s disease.
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Discussion

Principal Findings

This review focused on CAP-related PSG findings in PD and identified consistent reductions in three pooled CAP
measures: CAP rate, CAP sequence duration, and CAP index. These outcomes quantify related but non-identical features
of NREM sleep organization. CAP rate reflects the proportion of NREM sleep occupied by CAP activity, CAP index
captures the frequency of CAP cycles per hour, and CAP sequence duration reflects the temporal persistence of CAP
organization. The concordant direction of these three estimates suggests that the observed group difference is not limited
to a single CAP parameter, but more likely reflects a broader attenuation of NREM dynamics mediated by CAP. By
contrast, conventional macrostructural outcomes did not show stable pooled differences in the same CAP-reporting
cohorts, and several macrostructural estimates were characterized by high heterogeneity. These findings support the
relevance of CAP analysis as a complementary PSG approach in PD sleep research, while remaining insufficient for
diagnostic or prognostic application.

Neurophysiological Interpretation of CAP Reduction

CAP represents the temporal alternation between transient activating events and background NREM EEG activity. In this
framework, a lower CAP rate or CAP index should not be interpreted simply as more stable sleep. In disorders dominated
by respiratory events, pain, or insomnia-related hyperarousal, increased CAP activity may reflect repeated reactive
arousals. In PD, however, reduced CAP may indicate impaired generation or propagation of physiological NREM phasic
activity. This interpretation is biologically plausible because the cyclic organization of CAP depends not only on intrinsic
cortical slow oscillations and thalamocortical synchronization, but also on precisely timed excitatory drive from
ascending arousal-modulatory systems. Among these, the noradrenergic locus coeruleus plays a privileged role: its
phasic firing facilitates the transition from slow oscillatory states to activated network states and gates thalamocortical
sensory processing, thereby directly shaping the temporal architecture of CAP sequences. A loss of this phasic
noradrenergic facilitation could therefore impair the brain’s ability to initiate and sustain organized CAP dynamics.
Among the included studies, Doppler et al (2021)*' provided the most direct mechanistic evidence for this pathway by
showing that lower CAP metrics were associated with reduced norepinephrine transporter density in brainstem and
thalamocortical regions. This finding links CAP abnormalities to noradrenergic arousal-system dysfunction, but it
remains a single-study observation and cannot establish a disease-wide mechanism.

Relationship to Macrostructural PSG Findings

The apparent contrast between reduced CAP measures and non-significant macrostructural differences should be
interpreted in relation to the level of sleep analysis. Macrostructural variables summarize the amount and distribution
of sleep stages across the night, whereas CAP measures describe dynamic fluctuations within NREM sleep. Therefore,
CAP abnormalities may coexist with relatively preserved stage percentages, particularly in small cohorts or in early-to-
moderate disease. This distinction helps reconcile the present findings with the larger meta-analysis by Zhang et al,’
which reported reduced total sleep time, sleep efficiency, slow-wave sleep, and REM sleep, together with increased
WASO and N1 sleep across a broader PD literature. The present review was restricted to CAP-reporting studies
published after 2020 and included far fewer comparisons; therefore, its macrostructural findings should be interpreted
as specific to this limited evidence base, not as evidence against macrostructural sleep impairment in PD.

Clinical and Methodological Sources of Uncertainty

Several features of the included studies limit interpretation of a single pooled CAP estimate. First, most PD participants
were receiving dopaminergic treatment, and reported LEDD values varied substantially. Medication timing also differed
across studies; for example, Doppler et al (2021)*' allowed regular evening medication during PSG, whereas Dagay et al
(2025)*° instructed participants to follow their usual dopaminergic schedule. Because dopaminergic therapy and other
centrally acting medications can affect sleep continuity, arousal, REM sleep, and movement-related events, the observed
CAP reductions may reflect both disease-related and treatment-related influences. Second, comorbid sleep disorders were
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handled differently. RBD, OSA, insomnia, and periodic limb movements can all modify NREM instability and CAP
expression, but exclusion thresholds and reporting were not uniform across studies. Third, disease stage varied from
recently diagnosed or early PD to more established PD. This is clinically relevant because PD may follow heterogeneous
prodromal and clinical trajectories, including phenotypes with different relative involvement of brainstem, autonomic,
limbic, and motor circuits.”” ?° Stage-stratified findings in Doppler et al (2022)* also suggest that CAP sequence
duration may change across prodromal, recent, and established PD phases. Finally, complete sample independence
between Doppler et al (2021)*" and Doppler et al (2022)*° could not be verified from the published reports. Sensitivity
analyses did not change the direction of the CAP findings, but the residual overlap concern contributes to the assignment
of a very low certainty rating.

Non-Poolable Microstructural Findings

The broader sleep-microstructure search identified limited non-CAP evidence within the final eligible studies. Sleep-
spindle outcomes were not reported in extractable form, and quantitative EEG spectral-power data were available only
from Cheng et al (2025).'° That study reported reduced N3 delta power and increased alpha/beta activity under selected
CAP and non-CAP conditions, suggesting possible alterations in deep-sleep EEG composition. However, these findings
could not be compared quantitatively across studies. Similarly, several CAP-related temporal and subtype outcomes,
including A/B-phase durations, total CAP time, and cycles per sequence, were not suitable for meta-analysis because
definitions, units, and reporting formats differed. These descriptive results are directionally consistent with reduced CAP
organization, but they should be treated as supportive context rather than confirmatory evidence.

Implications for Future Research

The main implication of this review is methodological rather than diagnostic. CAP measures may be useful research
endpoints for characterizing NREM microarchitecture in PD, but future studies need more standardized designs before
clinical interpretation can be strengthened. Priority should be given to larger longitudinal cohorts, prespecified CAP
scoring procedures, explicit reporting of CAP rate, CAP index, sequence duration, A-phase subtype indices, and raw
group-level summary statistics. Future studies should also report medication state, LEDD, RBD status, respiratory
indices, PLMI, insomnia status, cognitive status, and disease duration in sufficient detail for subgroup analysis. Drug-
naive cohorts, medication-state comparisons, or carefully justified washout designs would be particularly informative
when ethically feasible. Finally, if CAP is to be evaluated as a candidate biomarker in PD, studies should include
longitudinal outcomes and formal diagnostic or prognostic performance analyses rather than relying solely on cross-
sectional group differences.

Strengths and Limitations

This review has several strengths, including a registered protocol, duplicate screening and extraction, formal risk-of-bias
assessment, GRADE evaluation, and outcome-specific sensitivity analyses. It also updates the PSG literature after the
2020 macrostructure-focused review and separates quantitative CAP findings from descriptive non-CAP microstructural
results. The limitations are substantial. Only four studies met the eligibility criteria, each pooled CAP outcome included
three comparisons, and all included studies were observational. Residual confounding by medication exposure, comorbid
sleep disorders, age imbalance, and disease stage could not be excluded. Publication bias could not be assessed reliably,
and possible sample overlap between two Doppler cohorts remained unresolved. These limitations restrict general-
izability and preclude causal, temporal, or biomarker-level conclusions.

Conclusion

Within the currently limited CAP-reporting PSG literature, patients with idiopathic PD showed moderate-to-large
reductions in CAP rate, CAP sequence duration, and CAP index, while traditional macrostructural outcomes did not
show stable pooled differences. These CAP measures may serve as complementary research endpoints worth standardiz-
ing in future PD PSG protocols, particularly when interpreted alongside macrostructure and clinically relevant con-
founders, but they should presently be framed as research measures rather than diagnostic tools.
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The primary CAP findings were directionally stable in leave-one-out analyses, but the certainty of evidence was rated very
low because the evidence base was small, observational, and vulnerable to residual confounding and unresolved sample-overlap
concerns. Publication bias could not be reliably assessed with only 3—4 contributing studies per outcome.

Therefore, it would be premature to regard CAP abnormalities as a stable electrophysiological trait across PD
phenotypes or disease stages, or as a validated biomarker for early identification or monitoring. Future studies should
use larger longitudinal cohorts, standardized CAP scoring, explicit reporting of RBD/OSA/PLMS status, and rigorous
control of medication exposure, ideally including drug-naive or well-defined medication-state designs.

Key limitations of this review include the very small number of eligible studies, heterogeneity in disease stage and
comorbid sleep-disorder handling, age imbalance in Dagay et al (2025),?® predominantly medicated PD cohorts, and the
unresolved possibility of sample overlap between Doppler et al (2021)*' and Doppler et al (2022).>° The exclusively
cross-sectional designs further preclude causal or temporal inference. These factors restrict generalizability, precluded
adequately powered subgroup analyses or meta-regression, and reinforce the need for larger longitudinal studies with
standardized CAP scoring and clearer cohort reporting.
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