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Introduction: Abnormal rapid eye movement (REM) sleep is often symptomatic of chronic
disorders, however polysomnography, the gold standard method to measure REM sleep, is
expensive and often impractical. Attempts to develop cost-effective ambulatory systems to
measure REM sleep have had limited success. As elevated twitching is often observed during
REM sleep in some distal muscles, the aim of this study was to assess the potential for
a finger-mounted device to measure finger twitches, and thereby differentiate periods of
REM and non-REM (NREM) sleep.

Methods: One night of sleep data was collected by polysomnography from each of 18 (3£, 15m)
healthy adults aged 23.2 + 3.3 (mean + SD) years. Finger movement was detected using a piezo-
electric limb sensor taped to the index finger of each participant. Finger twitch densities were
calculated for each stage of sleep.

Results: Finger twitch density was greater in REM than in NREM sleep (p < 0.001). Each
sleep stage had a unique finger twitch density, except for REM and stage N1 sleep which
were similar. Finger twitch density was greater in late REM than in early REM sleep (p =
0.005), and there was a time—state interaction: the difference between finger twitch densities
in REM and NREM sleep was greater in late sleep than in early sleep (p = 0.007).
Conclusion: Finger twitching is more frequent in REM sleep than in NREM sleep and
becomes more distinguishable as sleep progresses. Finger twitches appear to be too infre-
quent to make definitive 30-second epoch determinations of sleep stage. However, an
algorithm informed by measures of finger twitch density has the potential to detect periods
of REM sleep and provide estimates of total REM sleep time and percentage.
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Introduction

Since the discovery of rapid eye movements (REMs)," sleep has been dichotomised as
non-REM (NREM) sleep, which shows the restfulness normally associated with sleep,
or REM sleep, characterised by REMs, skeletal muscle inhibition and cortical activa-
tion similar to wakefulness.> REM sleep is suggested to be important for memory
consolidation® and development,* and abnormal REM sleep patterns are symptomatic
of chronic disorders e.g., depression and narcolepsy.® The gold standard for objective
measurement of REM sleep is polysomnography (PSG) which is expensive and has
practical limitations.”® Several alternative techniques have been investigated to mea-
sure REM sleep,”'? with limited success. In 2017, Fitbit'" introduced the capability to
differentiate light, deep and REM sleep in wrist-worn actigraphy devices, but with
a per-epoch accuracy of 69% compared with PSG,'? the search for an accurate, cost-

effective ambulatory system to measure REM sleep continues.
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The purpose of this study was to assess the potential
for a simple finger-mounted device to measure finger
twitches and thereby differentiate periods of REM and
NREM sleep. Twitches are short-duration, involuntary
muscle contractions, which when observed in the paws,
tails, ears and whiskers of sleeping pets are often attributed
to the acting out of dreams. Researchers have consistently
reported elevated levels of twitching in the distal muscles
of both animals and humans during REM sleep, and parti-
cularly late REM sleep.®'* ! Studies of sleep twitches in
adult humans have focused mainly on facial and chin
muscles: Rivera-Garcia, Ramirez-Salado, Corsi-Cabrera,
Calvo'? reported greater facial muscle contractions during
late REM sleep than early REM sleep, and De Gennaro,
Ferrara, Bertini'® reported the same temporal pattern for
chin muscles. Similar differences in eye, throat, wrist and
ankle fine muscle activity between REM sleep and NREM
sleep were reported by Baldridge, Whitman, Kramer.”* To
detect REM sleep, measurement of finger twitches would
appear to be more practical and less invasive to sleep than
the measurement of twitches in the face or chin. However,
only one study of finger twitching during sleep in adult
humans was identified: Stoyva'® examined finger activity
using electrodes attached to the forearms of deaf and
hearing participants during sleep, and reported that activity
was greater in REM sleep than in NREM sleep, and
greater in later REM sleep episodes than in the first
REM sleep episode. The aim of the present study was,
therefore, to determine whether finger twitching measured
by a more practical and less invasive finger-mounted
device would be greater in REM sleep than in NREM
sleep (REM-NREM effect) and be greater in late REM
sleep than in early REM sleep (time-of-night effect).

Materials and Methods

Participants

Participants were 18 (3 females, 15 males) young, healthy
adults aged between 18 and 30 years (M = 23.22 years, SD =
3.26 years). Screening exclusion criteria included smoking,
excessive caffeine consumption, excessive alcohol consump-
tion, physical and mental disorders, irregular sleep patterns
and shiftwork or transmeridian travel in the prior month. The
Central Queensland University Human Research Ethics
Committee approved the study and all participants provided
written informed consent. The study was carried out in
accordance with the principles of the Declaration of Helsinki.

Materials

Data were collected at the Appleton Institute for Behavioural
Science, Central Queensland University, Adelaide. Each par-
ticipant was accommodated within their own bedroom and
bathroom in a sound-attenuated, windowless sleep labora-
tory. Sleep was monitored by standard PSG, using the Grael
PSG/EEG Systems (Compumedics, Melbourne, Australia)
and a montage of Grass'™ gold-cup electrode leads (Astro-
Med, Inc., West Warwick, USA). The montage included two
electroencephalography (EEG) channels (C3-M2, C4-M1),
right and left electrooculography (EOG), and three channels
of chin electromyography (EMG). A standard sleep study
limb movement sensor was used to detect finger movement.
Pilot tests demonstrated that a limb sensor (Compumedics
Part Number: 7012-0009-01) taped to the index finger could
reliably detect small finger movements and could be readily
interfaced to the PSG system.

Design

An observational study design was used. Consistent with the
way REM density is used to identify REM sleep episodes,*' >
finger twitch density (in twitches per minute) was the depen-
dent variable for the present study. The first independent
variable was sleep stage: wakefulness, REM sleep, stage N1,
stage N2 and stage N3. For the purposes of some analyses, the
sleep stages were rationalised to three states: wakefulness,
REM sleep and NREM sleep. The second independent vari-
able was time: each sleep opportunity was divided into thirds
(early sleep, middle sleep and late sleep).

Procedure

PSG electrodes were connected to each participant and
a finger sensor was taped to the participants’ distal index
finger joint, using adhesive electrode tape. Sleep and finger
twitches were measured simultaneously by PSG during
nine-hour sleep opportunities (23:00-08:00). All epochs
of PSG sleep data were scored blind to finger movement
data using Profusion Compumedics software (version 3.0)
by a trained sleep technologist according to the AASM
manual for scoring sleep.”?

Several methods for scoring sleep twitches have been
reported. Stoyva'® identified only discrete bursts of finger
activity (rather than sustained background tonus) above
20V on the EMG and scored each burst by its duration in
seconds, with any fraction of a second counted as one
full second, and ignored all activity associated with awaken-
ings and within 5 s before or after gross body movements.
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Rivera-Garcia, Ramirez-Salado, Corsi-Cabrera, Calvo'?
defined any waveforms exceeding baseline by 500% as facial
muscle contractions, which were categorised as phasic (1—
100ms) or sustained (>100ms). The phasic and sustained
events were summed to calculate the relevant twitch densi-
ties. As the present study used a piezo-electric sensor rather
than EMG to detect movement, a study-specific scoring
system was devised based on some of these principles.
Events were counted if they were noticeably different (at
least 200% greater in amplitude) from the waveform imme-
diately preceding it. All events were marked, irrespective of
duration, as they were to be subsequently categorised by
duration. A period of at least 3 s of stable waveform at
reduced amplitude was needed before a new finger event
was marked. All finger movements were manually scored
by the primary researcher blind to the other PSG channels,
and independently of the sleep technologist who scored the
sleep. Each 30-second epoch was reviewed, and each valid
finger event was marked. All finger events were assigned to
the epoch in which the event commenced. For each partici-
pant, the first ten epochs (5 mins) after lights out were
ignored due to high levels of settling movement, and the
remaining 1070 epochs (8 hrs and 55 mins) were reviewed.

Results

The key sleep variables for the twitch measurement period
are presented in Table 1. A total of 19,260 epochs of sleep
were reviewed, in which a total of 3314 finger events were
marked. A simple duration-based classification system for
finger events was applied, resulting in the frequency dis-
tribution presented in Figure 1. For finger events shorter
than 5 s, half-second categories were used; for finger
events with durations between five and 10 s, one-second
categories were used. Finger events with durations longer
than 10 s were allocated to a single category.

The frequency distribution revealed most finger events
were of short duration, with 44% of events less than or equal
to 1 s in duration, and 70% of events less than or equal to 3
s in duration. As sleep disturbances greater than 3 s in dura-
tion are generally scored as arousals, finger events with
duration less than or equal to 3 s were designated as finger
twitches for the present study. This definition meant that
longer events, such as those associated with body move-
ments, were not counted as twitches. Under this definition,
2302 finger events were classified as twitches. Each finger
twitch was matched with its sleep stage for the corresponding
epoch and twitch densities were calculated by dividing the
number of finger twitches in a particular stage by the

Table | Mean (SD) Sleep Variables for the Twitch Measurement
Period

Sleep Variable Mean (SD)
Total Sleep Time (TST) (minutes) 477.9 (50.9)
Sleep Efficiency (SE) (%) 89.3 (9.5)
Sleep Onset Latency (SOL) (minutes) 17.4 (19.3)
Wake After Sleep Onset (WASO) (minutes) 39.7 (39.1)

Note: The sleep variables reflect measures during the 8 hr 55 min (535 min) twitch
measurement period.

corresponding duration in that stage in minutes. The key
descriptive statistics for wakefulness, NREM sleep, REM
sleep and the twitch measurement period are presented in
Table 2. There was considerable inter-individual variability
in the overall twitch densities (range: 0.07 to 0.72 twitches
per minute) and in the twitch densities in wakefulness (range:
0.15 to 2.33 twitches per minute), NREM sleep (range: 0.04
to 0.73 twitches per minute) and REM sleep (range: 0.05 to
0.83 twitches per minute). Overall twitch density was corre-
lated with twitch density in REM sleep (= 0.79, p < 0.001)
and NREM sleep (r = 0.84, p < 0.001), but not with twitch
density during wakefulness (» = 0.32, p = 0.19). Twitch
density in NREM sleep and REM sleep were also correlated
(r=10.66, p =0.003).

Examination of the density frequency distributions indi-
cated most were positively skewed, and Kolmogorov—
Smirnov tests confirmed many were also non-normal. All
twitch densities were therefore scaled and transformed [log
(X + 1)] prior to analysis, consistent with the approach of De
Gennaro, Ferrara, Bertini.'> All descriptive statistics and
effect sizes presented in this section reflect untransformed
densities, whereas the inferential statistics reflect the results
of tests on transformed densities.

REM-NREM Effect

A one-way repeated measures ANOVA was performed on
transformed twitch densities for wakefulness, NREM sleep
and REM sleep. Mauchly’s test indicated the assumption of
sphericity was violated, y*(2) = 6.70, p = 0.035, so degrees of
freedom were corrected using the Greenhouse-Geisser esti-
mates of sphericity (¢ = 0.75). The ANOVA revealed
a significant omnibus effect, F(1.49, 25.33) = 29.15, p <
0.001. A post hoc pairwise comparison showed that REM
sleep twitch density was greater than NREM sleep twitch
density (p < 0.001) and the effect size was medium-large
(d = 0.73), suggesting an overall REM-NREM effect. The
mean densities provided in Table 2 and the one-way
ANOVA results suggested wakefulness twitch density may
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Figure | Frequency distribution of all finger movement events by duration category.

also be greater than REM sleep twitch density, and a post hoc
pairwise comparison revealed wakefulness twitch density was
greater than REM sleep twitch density (p = 0.007); the effect
size was large (d = 0.83). In summary, the mean twitch
densities during wakefulness, NREM sleep and REM sleep
were distinguishable, and the corresponding ratio was
approximately 4:1:2.

Finger twitch density in REM sleep was also compared
to finger twitch density in each NREM sleep stage. The
descriptive statistics for NREM sleep stages N1, N2 and
N3 are presented in Table 3. A one-way repeated measures
ANOVA was performed on transformed twitch densities in
wakefulness, REM sleep, stage N1, stage N2 and stage
N3. Mauchly’s test indicated the assumption of sphericity

Table 2 Mean (SD) Times, Twitches and Twitch Densities During
Wakefulness, NREM Sleep, REM Sleep and the Twitch Measurement
Period

Variable State Overall®

Woakefulness | NREM REM

Sleep® Sleep

Time 57.1 (50.9) 364.3 (347) | 113.6(31.0) | 535.0 (0.0)
(minutes)
Twitches 37 (56) 55 (62) 36 (30) 128 (97)
(number)
Twitch density | 0.62 (0.52) 0.15 (0.16) 0.29 (0.22) 0.24 (0.18)
(twitches/min)

Notes: *NREM sleep reflects measures in stages NI, N2 and N3 sleep collectively.
Overall reflects measures during the 8 hr 55 min (535 min) twitch measurement
period.

was violated, y*(9) = 19.49, p = 0.022, so degrees of
freedom were corrected using the Greenhouse-Geisser
estimates of sphericity (¢ = 0.64). The ANOVA revealed
a significant omnibus effect, F(2.54, 43.23) = 37.67,
p < 0.001. Post hoc pairwise comparisons revealed no
difference between REM sleep twitch density and stage
N1 twitch density (p = 1.00). REM sleep twitch density
was greater than stage N2 twitch density (p = 0.001); the
effect size was medium-large (d = 0.64). REM sleep twitch
density was also greater than stage N3 twitch density
(p < 0.001); the effect size was large (d = 1.15).

Post hoc pairwise comparisons revealed stage N1 twitch
density was greater than stage N2 twitch density (p <0.001);
the effect size was large (d = 0.72). Stage N2 twitch density
was greater than stage N3 twitch density (p < 0.001); the
effect size was medium (d = 0.44). In summary, four of the
five sleep stages had distinguishable twitch densities as illu-
strated in Figure 2. Wakefulness twitch density was greater

Table 3 Mean (SD) Times, Twitches and Twitch Densities During
NREM Sleep Stages NI, N2 and N3

Variable NREM Sleep Stage

NI N2 N3
Time (minutes) 34.6 (12.5) | 207.9 (33.0) | 121.9 (42.0)
Twitches (number) 10 (8) 34 (42) 11 (16)
Twitch density 0.31 (0.24) | 0.16 (0.19) 0.09 (0.12)
(twitches/min)
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Figure 2 Mean twitch densities in wakefulness, NREM sleep stages N1, N2 and N3,
and REM sleep. Error bars represent the 95% confidence intervals of the means.

than REM sleep twitch density and stage N1 twitch density,
which were similar. REM sleep and stage N1 twitch densities
were greater than stage N2 twitch density, which in turn was

greater than stage N3 sleep twitch density.

Time-of-Night Effect

Each sleep opportunity was divided approximately into
thirds: early sleep, middle sleep and late sleep. Early sleep
represents 2h:55m of sleep opportunity, whereas middle and
late sleep represent 3h:00m of sleep opportunity. Each third
was likely to include two sleep cycles and at least one
episode of REM sleep. The mean twitch densities for each
third of sleep for each state are presented in Table 4.

A 3 (time) x 3 (state) repeated measures factorial ANOVA
was performed on transformed twitch densities. Mauchly’s
test indicated the assumption of sphericity was not violated
for the main effect of time (*(2) = 2.05, p = 0.359), but was
violated for the main effect of state (4*(2) = 7.60, p = 0.022)
and the interaction (y*(9) = 26.47, p = 0.002). Degrees of
freedom were therefore corrected using Greenhouse-Geisser
estimates of sphericity for the main effect of state (€ = 0.72)

and the interaction (g = 0.67). The main effect of time was not
significant, F(2,34) = 0.76, p = 0.475, indicating twitch den-
sities collapsed across all states were not different between
each third of sleep. The main effect of state was significant,
F(1.45,24.62) = 10.18, p = 0.002, confirming twitch densities
collapsed across time were different for wakefulness, NREM
sleep and REM sleep. A post hoc pairwise comparison
revealed REM sleep twitch density in late sleep was greater
than REM sleep twitch density in early sleep (p = 0.005); the
effect size was medium (d = 0.55), providing support for the
time-of-night effect. Pairwise comparisons revealed no differ-
ence between wakefulness twitch density in early sleep and
wakefulness twitch density in late sleep (p = 0.329), or
between NREM sleep twitch density in early sleep and
NREM sleep twitch density in late sleep (p = 1.000).

REM sleep twitch density was compared between early
and middle sleep, and middle and late sleep. Pairwise
comparisons showed no difference between REM sleep
twitch density in early sleep and REM sleep twitch density
in middle sleep (p = 0.051), and no difference between
REM sleep twitch density in middle sleep and REM sleep
twitch density in late sleep (p = 0.071). Although the
early-middle sleep and middle-late sleep pairwise compar-
isons were not significant, a linear trend analysis con-
firmed a significant linear increase in REM sleep twitch
density from early to middle to late sleep, F(1,17) = 14.18,
p = 0.002; the effect size was large, n° = 0.46. This
indicates that as the night progressed, REM sleep twitch
density increased proportionately. There was no corre-
sponding linear trend for wakefulness twitch density,
F(1,17) = 2.85, p = 0.110, or for NREM sleep twitch
density F(1,17) = 0.11, p = 0.740.

The ANOVA also revealed a significant interaction,
F(2.67,45.65) = 5.62, p = 0.001, and simple contrasts were
performed to examine interactions of interest. The difference
between REM sleep twitch density and NREM sleep twitch

Table 4 Mean (SD) Times, Twitch Densities (Twitches/Minute) as Function of Time and State

Time (Sleep Third) Variable State
Wakefulness NREM Sleep REM Sleep
Early Sleep Time (minutes) 30.8 (32.3) 131.9 (29.3) 122 (11.7)
Twitch density (twitches/min) 0.66 (0.56) 0.15 (0.12) 0.20 (0.26)
Middle Sleep Time (minutes) 9.5 (13.0) 126.1 (15.5) 44.4 (13.3)
Twitch density(twitches/min) 0.70 (0.66) 0.12 (0.15) 0.24 (0.23)
Late Sleep Time (minutes) 16.8 (18.0) 106.3 (18.0) 57.0 (17.3)
Twitch density (twitches/min) 0.62 (0.94) 0.20 (0.25) 0.34 (0.25)
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density was greater in late sleep than in early sleep, F(1,17) =
9.30, p = 0.007; the effect size for this interaction was large
(m* = 0.35), suggesting time moderated the difference
between REM sleep twitch density and NREM sleep twitch
density. The difference between REM sleep twitch density
and NREM sleep twitch density was greater in middle sleep
than in early sleep, F(1,17) = 12.28, p = 0.003; the effect size
for this interaction was large (n® = 0.42). The difference
between REM sleep twitch density and NREM sleep twitch
density was not different between middle sleep and late
sleep, F(1,17) = 0.003, p = 0.959. These results suggest that
the increase in difference between REM sleep twitch density
and NREM sleep twitch density from early sleep to late sleep
occurred mainly from early sleep to middle sleep, and that
the twitch density difference was maintained from middle
sleep to late sleep, as illustrated in Figure 3.

Discussion

The results of this study provide evidence that the REM-
NREM and time-of-night effects for finger twitching can be
measured using a finger-mounted device. The mean finger
twitch densities during wakefulness, NREM sleep and REM
sleep were 0.62, 0.15 and 0.29 twitches per minute. The mean
finger twitch densities during wakefulness, NREM sleep and
REM sleep were distinguishable from each other, but could
not be readily compared with previous research, due to the
different muscle groups studied, the range of methods used to
measure twitching, and the variety of twitch scoring defini-
tions. However, the 2:1 ratio of finger twitch density in REM
sleep to finger twitch density in NREM sleep is consistent
with the 2.3:1 ratio reported by Stoyva.'® Finger twitching in
four of the five stages of sleep was distinguishable, but again
there are limited reference studies. Stoyva'® did not report
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Figure 3 Mean twitch densities in REM sleep and NREM sleep in early, middle and
late sleep. Error bars represent the 95% confidence intervals of the means.

these comparisons, but Rivera-Garcia, Ramirez-Salado,
Corsi-Cabrera, Calvo'® reported a similar hierarchy for facial
muscle twitches.

As the night progressed, finger twitch density in REM
sleep increased relative to finger twitch density in NREM
sleep. The time-of-night effect for REM sleep finger twitch-
ing found in the present study is consistent with the temporal
patterns reported in other REM sleep muscle twitching and
eye movement studies. De Gennaro, Ferrara, Bertini'®
reported a time-of-night effect for eye movements and chin
muscle twitches, and Stoyva'® reported the effect for finger
activity. No time-of-night effect was found for finger twitch-
ing in either wakefulness or NREM sleep in the present
study. Stoyva'® noted there was no overall difference in the
rate of finger activity in NREM sleep between early and late
sleep, but that this varied between individuals. No reference
to a time-of-night effect for twitching in periods of wakeful-
ness during sleep was identified in any previous research.
Analysis of the time—state interactions showed the REM-
NREM effect was greater in late sleep than in early sleep.
Most of the increase in the REM-NREM effect occurred
from early to middle sleep, and this increase was then main-
tained through to late sleep.

From a theoretical perspective, evidence suggests rapid
eye movements in REM sleep are stimulated by ponto-
geniculo-occipital (PGO) spikes of electrical potential
from within the pons and nearby areas of the midbrain.® It
appears that during REM sleep, the fingers exhibit elevated
bursts of activity similar to eye movements, although the
activities may not necessarily be equal in number or syn-
chronised. As finger twitches may be stimulated by the
same PGO spikes associated with eye movements during
REM sleep, further investigation could be undertaken to
assess the temporal relationships between finger twitches
and eye movements. Further research is also recommended
to determine whether the finger twitching effects found in
this sample of young, healthy adults will be found in other
samples from the general population, and in samples in
which abnormalities of REM sleep are a clinical symptom.

A key challenge to the measurement of sleep by finger
twitches will be the inter-individual variability found in the
present study. Although the effects were large on average
across the sample, they varied considerably between parti-
cipants. A sleep detection algorithm informed by finger
twitch measures would need to be personalised, as across
the general population there is a wide range of healthy
individual sleep architectures.’” Further research assessing
relationships between finger twitching and key sleep
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parameters is therefore recommended to facilitate the devel-
opment of an algorithm that will cater for the observed
levels of inter-individual variability. A second challenge
for algorithm developers will be discrimination of N1 and
REM sleep, which had similar twitch densities; an algo-
rithm would require sufficient sophistication to monitor
surrounding sleep epochs to decide whether a particular
epoch should be designated as N1 or REM sleep. The finger
twitch data collected in the present study could be used as
a training sample to develop algorithm parameters, then
applied to a second independently collected validation sam-
ple to see how effectively it measures REM sleep.

There have been many attempts to develop inexpensive
and portable sleep measurement systems, but only wrist-
based actigraphy has achieved large-scale commercialisa-
tion. This study demonstrates that a simple finger-mounted
device can detect differences in finger twitching between
REM and NREM sleep, and it follows that an algorithm
informed by finger twitch density has the potential to use
the REM-NREM and time-of-night effects to estimate
periods of REM sleep. Sleep is complex, and accurate
temporal measurements are needed for clinical diagnoses
and research purposes. Whether technology that incorpo-
rates finger twitch detection can improve sleep diagnostics
sufficiently to be of clinical utility remains to be
investigated.
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