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Sleep disturbance is the most prevalent non-motor
symptom in Parkinson’s disease (PD), affecting
over 90% of individuals [1], and associating with
increased fall frequency, impulsive behavior, and
cognitive dysfunction [2, 3]. While sleep disturbance
typically worsens as the disease progresses [3], some
conditions, such as REM sleep behavior disorder
(RBD), may present decades before a clinical diag-
nosis [2]. Therefore, better understanding of sleep
disturbances in PD may improve symptom manage-
ment, as well as facilitate disease detection in the
prodromal stage when disease modifying treatments
may be most effective [2].
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Polysomnography (PSG) is the gold-standard
sleep assessment; however, the associated equipment
may cause a significant departure from the usual
night’s sleep. In addition, PD is characterized by
fluctuations and variability so assessment of a single
night may fail to capture the spectrum of sleep alter-
ations [4], potentially leading to missed opportunities
for intervention and an incomplete understanding of
sleep disturbance in PD. Digital devices afford con-
tinuous home monitoring and the large-scale data
may generate new signatures of health and disease
[5]. Despite potential advantages, progress has been
hampered by methodological variability and insuf-
ficient validation [6]. Of the few studies comparing
digital devices to PSG in PD, most have used actig-
raphy and have reported moderate correlations with
wide variability [7]. Therefore, the goal of the present
pilot study was to compare the accuracy of a bal-
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Table 1
Group level comparisons of automated summary metric and epoch-by-epoch analyses of the

ballistic sleep monitor relative to polysomnography

Summary Metrics
PSG Device p, Effect size Bias (Lower,

Mean ± SD Mean ± SD (95% CI) Upper LOAs)

Total sleep time, min 231 ± 102 343 ± 51 p = 0.001∗, 2.36 112 (3, 220)
(0.64, 4.07)

Sleep efficiency, % 58 ± 25 86 ± 3 p = 0.031∗, 1.34 23 (–2, 49)
(0.56, 2.11)

Light sleep duration, min 337 ± 140 196 ± 27 p < 0.001∗, –3.67 –150 (–265, –34)
(–6.73, –0.62)

Deep sleep duration, min 3 ± 8 61 ± 17 p < 0.001∗, 4.95 59 (19, 98)
(0.27, 9.64)

REM sleep duration, min 44 ± 52 86 ± 21 p = 0.021∗, 0.98 39 (–34, 111)
(0.12, 1.83)

Mean heart rate 62 ± 10 60 ± 8 p = 0.057, 0.04 0.7 (–5, 7)
(–0.11, 0.19)

EBE Analysis
PSG Stage Sensitivity Specificity Accuracy Kappa

(95% CI) (95% CI) (95% CI) value
Wake 15 (12, 18) 96 (94, 98) 67 (60, 75) 0.64
Light sleep 57 (52, 62) 53 (47, 57) 55 (50, 59) 0.12
Deep sleep 28 (–11, 51) 83 (80, 86) 82 (80, 85) 0.76
REM sleep 31 (25, 38) 78 (76, 80) 75 (72, 78) 0.61

∗p < 0.05. Differences between PSG and sleep monitor device were assessed with paired samples t-test or Wilcox
test. Bias (95% CIs) and upper and lower LOAs were analyzed using Bland-Altman plots. EBE analysis cells indicate
the percentage of epochs that the device correctly or incorrectly classified relative to PSG. PSG, polysomnography;
SD, standard deviation; 95% CI, 95% confidence interval; LOA, limits of agreement; min, minutes; REM, rapid
eye movement.

listic sleep monitor relative to PSG among adults
with early-stage PD using standardized analytic pro-
cedures [8].

Participants were recruited from Department of
Neurology at the University of Texas Health San
Antonio. Inclusion criteria included 1) Age 18–88
years; 2) Clinical diagnosis of idiopathic early-stage
PD (Hoehen & Yahr Stage 1-2); 3) A study part-
ner capable of providing collateral sleep information;
4) In-home broadband internet and a smart phone.
Exclusion criteria included 1) Active/current insom-
nia; 2) Use of a CPAP or BiPAP; 3) Untreated sleep
apnea (self-report or STOP-BANG score >2 [9]); 4)
Untreated restless legs syndrome; 5) Body mass index
≥40 kg/m2; 6) Current sedative-hypnotic medication
use; 7) Current alcoholism or drug abuse; 8) Diag-
nosed dementia or Montreal Cognitive Assessment
score <19 [10]. Twenty participants enrolled in the
study. Concurrent data from the ballistic sleep mon-
itor was unavailable on 12 participants due to issues
with data downloads and the manual resetting of
devices. The study was conducted in adherence with
The Code of Ethics of the World Medical Association
and the protocol was approved by the local insti-
tutional review board. Participants provided written
informed consent prior to enrollment.

The first visit consisted of history and physical
examination, cognitive assessments, and question-
naires. RBD symptoms were assessed with the Mayo
Sleep Questionnaire [11]. An in-clinic overnight
PSG was conducted and sleep stages were scored
using the Academy of Sleep Medicine Manual for
Scoring of Sleep Studies and Associated Events
v2.6 by a registered sleep technologist [12]. Dur-
ing the PSG, a ballistic sleep monitor (Emfit QS,
Emfit Corp., Kuopio, Finland) was placed under the
mattress at thoracic level [13, 14]. An electromechan-
ical film sensor detects pressure changes associated
with respiration and heart rate, which are used to
derive sleep stage estimation using algorithms pre-
viously validated against simultaneously collected
electrocardiogram and respiratory inductive plethys-
mography [15].

Demographic and clinical characteristics were
assessed using descriptive statistics. Sleep analyses
were conducted using standardized guidelines and
open-source R code by Menghini et al. [8]. Sleep
staging and summary metrics derived from the bal-
listic sleep monitor and PSG were compared using
paired sample’s t-tests or Wilcoxon signed rank tests.
Light sleep was derived as the sum of N1 and N2.
Biases of the device relative to PSG were assessed
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using Bland-Altman plots with 95% confidence inter-
vals (CI). Epoch-by-epoch (EBE) analyses of thirty
second periods were performed following temporal
synchronization of the device with the PSG. Group-
level accuracy, sensitivity, and specificity for sleep
staging with 95% CIs were calculated. Statistical
analyses were performed using R v4.2.2 and all tests
were two-sided with statistical significance set at
p < 0.05.

Eight participants (mean age 66 ± 8 years, 25%
female) were included in the study. The average PD
diagnosis duration was 2.7 ± 2.9 years. Five partici-
pants endorsed RBD (62.5%) and seven (87.5%) were
prescribed levodopa. During the PSG, two partici-
pants did not achieve REM sleep and five did not
achieve Stage 3 sleep. Relative to PSG, the device’s
algorithm overestimated total sleep time (TST), sleep
efficiency (SE), and deep and REM sleep duration,
while underestimating light sleep duration (Table 1).
Similarly, stratified analyses indicated the device
overestimated TST, SE, and deep sleep in both RBD
and non-RBD groups (all p < 0.05). EBE analyses
indicated relatively high specificity, while sensitiv-
ity was consistently poor. The accuracy of the sleep
stage discrimination ranged from 55 to 82 with the
lowest levels observed for light sleep duration and
the highest for deep sleep duration. Our findings are
similar to a prior validation study using this device
in a convenience sample of adults undergoing PSG,
which reported accuracies ranging from 55 to 78
[13].

In summary, our pilot study provides novel data
demonstrating the accuracy of a ballistic sleep
monitor relative to PSG among individuals with
early-stage PD. The sensitivity and accuracy of the
device were poor with overestimation of TST, SE,
and deep and REM sleep duration, as well as underes-
timation of light sleep duration. Primary limitations
of the study included the small sample and sizable
data loss, which may contribute to bias. Future studies
with larger samples and well-matched control groups
are necessary to confirm the findings. Overall, the
results highlight the importance of validating digital
devices against gold-standard PSG within individu-
als with PD prior to implementation within clinical
settings.
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