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Abstract
During the perinatal period in mammals when active sleep predominates, skeletal
muscles twitch throughout the body. We have hypothesized that myoclonic twitches
provide unique insight into the functional status of the human infant's nervous system. However, assessments of the rate and patterning of twitching have largely been
restricted to infant rodents. Thus, here we analyze twitching in human infants over
the first seven postnatal months. Using videography and behavioral measures of
twitching during bouts of daytime sleep, we find at all ages that twitching across
the body occurs predominantly in bursts at intervals of 10 s or less. We also find
that twitching is expressed differentially across the body and with age. For example,
twitching of the face and head is most prevalent shortly after birth and decreases
over the first several months. In addition, twitching of the hands and feet occurs
at a consistently higher rate than does twitching elsewhere in the body. Finally, the
patterning of twitching becomes more structured with age, with twitches of the left
and right hands and feet exhibiting the strongest coupling. Altogether, these findings
support the notion that twitches can provide a unique source of information about
typical and atypical sensorimotor development.
KEYWORDS

active sleep, behavior, development, neurodevelopmental disorders, physiological time, rapid
eye movements, rat, REM sleep, sensorimotor development

1 | I NTRO D U C TI O N

In contrast to the impression gleaned from casual observation,
twitches are not random and uncoordinated; rather, as demonstrated

Myoclonic twitches are spontaneous, jerky, discrete, low-amplitude

in infant rats and mice, twitches exhibit spatiotemporal structure that

movements that occur throughout the body during active (or REM)

is fundamentally related to the development of sensorimotor systems

sleep. In turn, active sleep is a prominent behavioral state in mam-

in the brain and spinal cord (Blumberg, Coleman, Gerth, & McMurray,

malian infants (Blumberg & Rattenborg, 2017; Holditch-Davis, Scher,

2013; Blumberg et al., 2015). However, in contrast with spontaneous

Schwartz, & Barr, 2004; Jouvet-Mounier, Astic, & Lacote, 1970;

wake movements (Einspieler & Prechtl, 2005; Jensen, Schneider,

Roffwarg, Muzio, & Dement, 1966; Shimizu & Himwich, 1968). In

Ulrich, Zernicke, & Thelen, 2010; Piek & Carman, 1994; Thelen, 1979),

particular, human newborns sleep 16 hr each day, with half of their

few studies have focused on twitching in human infants as a behavioral

sleep time spent in active sleep and the other half in quiet (or non-

phenomenon to itself (Hadders-Algra, Nakae, Van Eykern, Klip-Van

REM) sleep.

den Nieuwendijk, & Prechtl, 1993; Kohyama, 1996).

Developmental Psychobiology. 2020;00:1–14.
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Studies with infant rats established that twitches are produced

video camera from a frontal view. In addition, in nine sleep sessions

predominantly by motor structures in the brainstem (Blumberg &

(distributed over four infants), Bluetooth accelerometers (Kinesia,

Plumeau, 2016; Del Rio-Bermudez, Sokoloff, & Blumberg, 2015).

Great Lakes NeuroTechnologies) were attached to both wrists and

When a twitch occurs, the resulting sensory feedback (i.e., reaffer-

ankles using Velcro elastic bracelets. However, data collected using

ence) triggers a cascade of activity throughout the sensorimotor

accelerometry were not sufficiently sensitive to detect movements

system, from spinal cord to cortex, and this activity drives neural

in each limb, so they are not discussed further. Caregivers sat in

plasticity to enable precise somatotopic organization (Blumberg

the recording room with their infants or in a nearby waiting room

& Dooley, 2017; Inácio, Nasretdinov, Lebedeva, & Khazipov, 2016;

equipped with a baby video monitor. While infants slept, caregivers

Khazipov et al., 2004; Petersson, Waldenström, Fåhraeus, &

reported demographic information.

Schouenborg, 2003). More broadly, twitches provide opportunities

For 29 sleep sessions, videos were acquired using a Kinect sen-

for infants to embody their growing limbs, that is to assimilate them

sor (30 frames/s; Microsoft); for the remaining 11 sessions, videos

into their nervous system (Blumberg & Dooley, 2017). Although most

were recorded with a digital camera (30 frames/s; Blackfly; FLIR).

of what researchers know about twitch-related reafference derives

Each recording continued for as long as infants slept with only brief

from work in rat pups, similar movement-related activity has been

interposed periods of wake.

detected in the somatosensory cortex of premature human infants
as early as 29–31 weeks postconceptional age (Milh et al., 2007;
Whitehead, Meek, & Fabrizi, 2018). The abundance of twitching and

2.3 | Data coding and reliability

the robustness with which it activates neural circuits provides ample
opportunity for twitches to contribute to the processes by which the

We relied on established behavioral criteria to define wake and

sensorimotor system maps and assimilates growing limbs into the

active sleep (Thoman, 1990; Thoman, Davis, & Denenberg, 1987).

developing nervous system (Blumberg & Dooley, 2017; Blumberg,

During wake, infants’ eyes are often open for sustained periods,

Marques, & Iida, 2013).

muscle tone is high, and the limbs exhibit high amplitude and often

Here we describe developmental changes in the rate and pat-

synchronous movements. During active sleep, the eyes are closed

terning of twitching in human infants across the first seven postnatal

(although they can open briefly), muscle tone is low (e.g., the head

months during daytime sleep. We find that twitches are abundant

droops and the arms and legs are relaxed), and rapid eye movements

in early infancy and exhibit spatiotemporal features that are sim-

and myoclonic twitches are evident (Video S1). Similar to infant rats

ilar in several ways to those documented previously in infant rats

(Blumberg, Coleman, et al., 2013), twitch movements in human in-

(Blumberg, Coleman, et al., 2013). In addition, consistent with the

fants differ from wake movements in that they are relatively brief,

notion that twitches provide a behavioral readout of the functional

low in amplitude, and discrete; although rare, twitches can occur

status of the nervous system, we find that rates of twitching are

nearly simultaneously in different body segments.

higher in some body segments (e.g., hands and feet) than in others,

Three coders scored the video data, with at least two of them

and that twitching exhibits distinct age-related patterns of activity

scoring 100% of each session. For each session, we first determined

that highlight organizational features of the human infant's nervous

periods when infants were awake or asleep. Next, coders scored the

system.

data in multiple passes to identify twitches of the face, head, and
limbs. Startles, defined as the simultaneous extension of all limbs,

2 | M E TH O DS
2.1 | Participants

were scored but not analyzed because they are phenomenologically
distinct from twitches and are not closely associated with active
sleep (Karlsson, Mohns, Vianna di Prisco, & Blumberg, 2006; Prechtl,
1974). Throughout the scoring process, coders determined whether
sleep movements were produced secondarily to another movement

Sixteen term infants (10 boys, 6 girls) between 2 weeks and 7 months

(e.g., deep respiration, one limb moving into another one). For vid-

of age participated. Families received $30 for each sleep session.

eos acquired using the Kinect sensor, data were analyzed using the

Infants contributed a total of 40 sleep session recordings; five in-

sleep motion analyzer (SMA; Austrian Institute of Technology); for

fants contributed one session and the remaining 11 infants contrib-

the videos acquired using the Blackfly video camera, data were ana-

uted 2–4 sessions (Figure 1a). All study procedures were approved

lyzed using Spike2 (Cambridge Electronic Design). Regardless of the

by the institutional review board at the University of Iowa.

technology, the same coding procedures were used.
We scored twitches that resulted in movements of the head, face

2.2 | Procedure and data acquisition

(i.e., mouth, cheeks, and brow), arms (i.e., shoulders and elbows),
hands (i.e., wrists and fingers), legs (i.e., hips and knees), and feet
(i.e., ankles and toes). These categories were chosen because, with-

We recorded infants’ sleep during the daytime in the laboratory. In all

out multiple camera views, it can be difficult to distinguish, for ex-

sessions, infants slept in a supine, semi-reclined position (Figure 1b).

ample, shoulder from elbow movements (see Blumberg, Coleman, et

In every session, infants’ movements were recorded using a single

al., 2013); for face twitches, we combined across mouth, cheeks, and

|
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(a)

(b)

3

(c)

(d)

FIGURE 1 (a) Infants’ age at each sleep session by sex. Each row represents one infant. Eleven infants were observed 2–4 times and five were
observed once. (b) Illustration of the experimental setup with infant asleep in car seat as behavior was recorded. This illustration shows a Kinect
sensor in the foreground, although 11 of 40 sessions were recorded using a standard video camera. (c) Scatterplot of median inter-twitch
intervals (ITIs) across all infants at each age and as a function of the total number of twitches detected in the sleep session. Median ITIs are
shown on a log scale to reveal each data point more clearly. (d) Histograms of amount of time spent awake (black) and asleep (red) during the
sleep sessions for each infant at each age; the number of twitches detected during the session is shown at the top of each bar

brow because overall rates of face twitching were relatively low and

began and ended. In addition, we ensured that twitches from other

these twitches tended not to occur in isolation. In most sessions, in-

segments of the body were not the source of the disagreement.

fants wore socks so that twitches of individual toes were obscured.

When these conditions were met, the timing and duration of the

Rapid eye movements were scored in a subset of infants in which

twitches were aligned across the two coders. After this corrective

those movements were detectible.

step, kappa increased to 0.75–0.96 (median: 0.85), which indicates

To assess inter-observer reliability, we determined the time of

>92.4% agreement between the two coders. Finally, the coders to-

occurrence and duration of twitches detected by each coder across

gether made a final pass through the data record and all remaining

all movement categories (face, head, and left and right arms, hands,

discrepancies were resolved by mutual agreement.

legs, and feet). For files analyzed using Spike2, twitch duration was
set at 500 ms (the approximate average duration of a twitch). For
those twitches in which the two coders disagreed, the times of
these events were noted and each coder individually reviewed these
events and recoded them; these recoded events were incorporated

2.4 | Data analysis
2.4.1 | Sleep-wake transitions

into the individual records. To calculate Cohen's kappa, the time series data (comprising values for twitch onset and duration) were first

For each sleep session, the onset times of sleep and wake periods

down-sampled to 15 samples/s. Cohen's kappa was calculated and,

were determined. An arousal from sleep was only considered a tran-

at this stage, ranged from 0.42 to 0.85 (median: 0.69).

sition to wake if it lasted more than 10 s (arousals lasting less than

Next, the data were assessed to determine when the two coders

10 s are hereafter referred to as microarousals). The total number

disagreed about the movement of a particular body segment; cod-

of sleep-wake transitions was divided by the session time to pro-

ers usually disagreed by not more than 1.5 s as to when the twitch

vide a rate of sleep-wake transitions per min. Age-related changes

4
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in sleep-wake transitions were analyzed using bivariate correlation

reasons. First, it treats age as a continuous variable. Second, the use of

in SPSS (IBM). For this analysis, one outlier exceeded the mean +3

random slopes (in conjunction with a continuous age term) allowed us

standard deviations and was removed.

to account for the overall effect of age while dealing with the fact that
not all infants were tested at all ages.

2.4.2 | Inter-twitch intervals

The model included fixed effects for age and body segment. Age
was scored in months and centered. Effectors were deviation coded
into five variables. Each variable scored whether a given effector dif-

The time between two successive twitches within a sleep period was

fered from the average twitch rate across all limbs (once age and dif-

defined as an inter-twitch interval (ITI). ITIs were determined for all

ferences among subjects were accounted for). The legs were used as

twitches within each sleep session. ITIs were not included if they were

a reference level. The dependent measure was twitch rate (twitches/

interrupted by a microarousal or startle. The median ITI was less than

minute within an active sleep bout). Twitch rate was 0-bounded, as

30 s in all but one infant (Figure 1c). Across all 40 sessions, 85%–95%

it is not possible to have a twitch-rate below 0. This tends to lead

of twitches were associated with ITIs less than 30 s. These ITI distri-

to skewed distributions that violate the Gaussian assumptions of re-

butions informed the criteria described below. Log-survivor ITI distri-

gression, ANOVA, and linear mixed models. To address this, we log-

butions were determined and analyzed. To test for differences in the

scaled the twitch rates for each individual limb in each bout. Some

survival distributions across age, the Mantel-Cox logrank test was used.

body segments had a twitch rate of 0 for some bouts, which can lead
to invalid logs. To avoid this, we added one half of the minimum non-

2.4.3 | Active sleep bouts

zero twitch rate (i.e., 0.092) to all rates for all bouts before log scaling.
Potential random effects included age and body segment as potential slopes on subject, which were further nested within bouts.

We defined the onset of a bout of active sleep as the first twitch dur-

Random effects were selected via a variant of the model space selec-

ing a period of behaviorally defined sleep. A minimum bout of active

tion procedure advocated by Seedorff et al. (submitted), and further

sleep was comprised of at least three twitches with ITIs less than 30 s

constrained to avoid high collinearity among the random effects. The

each; the bout continued as long as each subsequent twitch occurred

final model included a random slope of age on subject, and random

within 30 s of the previous one. If an ITI exceeded 30 s, the bout was

slopes of each body segment variable on bout nested within subject.

terminated at the last twitch associated with an ITI that was less than

Covariance terms were dropped. For estimating the significance of

30 s. Termination of a bout was also marked by a transition to wake or

fixed effects, the degrees of freedom for t statistics were estimated

the occurrence of a microarousal or startle. The duration of an active

using the Satterthwaite approximation (Satterthwaite, 1978), as imple-

sleep bout was calculated as the time from the first twitch to the time

mented in the lmerTest package in R (version 3.0-1).

of wake onset or the occurrence of a microarousal or startle; in those

To assess the patterning of twitching, hierarchical cluster analysis

cases where an ITI exceeded 30 s without one of those events occur-

with seriation was performed using PermutMatrix software (Caraux

ring, the duration of the bout was calculated as the time from the first

& Pinloche, 2005). The settings used were Manhattan distance and

twitch to the last twitch plus 30 s.

Ward's minimum variance method. For seriation, the multiple-fragment heuristic was used. For this analysis, we created sequential 10-s

2.4.4 | Twitch rate and patterning

windows of twitch “events” within each sleep session. Each window
began with the first twitch and ended 10 s later; the windowed event
was composed of all twitches throughout the body. The subsequent

To calculate the rate of twitching for each sleep session, we first

10-s window began with the very next twitch, whenever it occurred.

calculated the sum of the duration of all active sleep bouts. Then, the

Single-twitch bouts were excluded; bouts comprising more than one

total number of twitches across all active sleep bouts was divided

twitch from the same body segment were included. For these anal-

by the duration of active sleep to provide a measure of twitches per

yses, to attain adequate sample sizes and similar numbers of events

minute of active sleep. We also calculated the rates of twitching

per age group, data were pooled as follows: <1 month, 1–2 months,

separately for the face, head, arms, hands, legs, and feet for each

3–4 months, and 5–7 months. Each infant contributed only one ses-

session; data for the right and left sides of the body were combined

sion to each pooled dataset. Two sessions in the <1-month group were

in these measures. For the mixed effects model analyses of twitch

excluded from this analysis because one hand was obscured for a ma-

rate described below, we determined the rate of twitching for each

jority of the session and could not be scored.

bout of active sleep within each session.

Unless otherwise stated, alpha was set at p < .05 for all tests.

Individual twitch rates for each bout of active sleep within each
session were calculated for face, head, arms, hands, legs, and feet.
There was a total of 422 sleep bouts across infants and an average

3 | R E S U LT S

of 26.4 sleep bouts for each infant (range: 1–77). Data were analyzed
using a linear mixed effects approach implemented using the lme4

Across all sessions, the duration of sleep ranged from 5.8 to 66.7 min

package in R (version 1.1-18-1). This approach was ideal for several

and the duration of active sleep ranged from 0.7 to 32.2 min

|
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(Figure 1d). We identified a total of 5,015 twitches, with a range of 7

than 2 s, the distributions bifurcate, with the rate of twitching slowing

to 550 twitches per session (median: 100 twitches).

considerably for infants 3 months and older in relation to the younger

As one validation of our behavioral scoring method, we quantified

infants. The survival distributions were significantly different for these
age groups (Mantel-Cox logrank text, χ2 = 105.67, df = 7, p < .0001).

the rate of sleep-wake transitions within each age group. Consistent
with numerous reports of the organization of sleep and wake bouts

We next analyzed twitch rate for each individual bout of active

across the early postnatal period (e.g., Kleitman & Engelmann, 1953;

sleep within each sleep session. (Although the mixed effects model

Parmelee, 1961), we observed greater bout fragmentation at the earlier

analysis was performed on individual bouts, the twitch-rate data in

ages (Figure 2a). The rate of these transitions decreased significantly

Figure 5 are averaged for each sleep session.) First, the overall rate

and monotonically across age, r2 = 0.44, n = 40, p < .0001 (Figure 2b).

of twitching decreased significantly with age (B = −0.109, SE = 0.04,

Turning now to the expression of twitching, Figure 3 (top) shows

t11.25 = 2.50, p = .029; Figure 5a). Second, individual body segments

a representative segment of data for a 2-week-old infant across sev-

exhibited significantly different twitch rates relative to the average

eral sleep-wake cycles over a 6.7-min period. Each tick mark denotes

twitch rate across all limbs at a given age (Figure 5b). Specifically, the

a scored twitch in the identified body part: rapid eye movements

face (B = −0.554, SE = 0.12, t16.03 = 4.62, p < .0001), head (B = −0.901,

(REMs), face, head, arms, and legs. The clustering of REMs with

SE = 0.06, t2417.4 = −14.76, p < .0001), and arms (B = −0.691, SE = 0.10,

twitches elsewhere in the body is evident. The sleep period within

t13.23 = 6.63, p < .0001) all showed significantly less twitching than aver-

the grey box is expanded below to better reveal the clustering of

age. In contrast, the hands (B = 1.126, SE = 0.13, t10.82 = 8.61, p < .0001)

twitches interposed between periods of quiescence, indicating a rel-

and feet (B = 1.618, SE = 0.17, t11.85 = 9.26, p < .0001) showed signifi-

ative abundance of twitches at short intervals.

cantly more twitching than average. Finally, there were three signifi-

To analyze the temporal structure of twitching, we constructed

cant interactions with age: Whereas the face (B = −0.136, SE = 0.04,

log-survivor plots for ITIs pooled within eight age groups (Figure 4).

t208.5 = 3.65, p < .001) and head (B = −0.069, SE = 0.03, t2417.4 = 2.36,

Linearity on such semi-log plots denotes an exponential distribution,

p = .019) showed net decreases in twitch rate with age, the hands

with the slope of the line proportional to the probability that, as time

showed large net increases (B = 0.315, SE = 0.04, t183.6 = 8.28, p < .0001).

passes after one event (e.g., a twitch), a second event will occur;

To visualize the proportional relations of twitching among

steeper slopes indicate higher event rates than shallower slopes. As

body segments, we created stacked plots for each sleep session

shown in Figure 4, across all ages, the ITIs exhibit overlapping distri-

(Figure 6). These plots show the relative and consistent predomi-

butions with steep slopes at values less than 1–2 s. ITIs at these short

nance of twitching in the hands and feet and the relative preponder-

intervals account for approximately 50% of all twitches. At ITIs greater

ance of head and face twitching at the earliest ages.

(a)
Wake

2 weeks

Sleep
Wake

5 months

Sleep
5 min

Sleep-wake transitions per minute

(b)

0.4

0.3

0.2

0.1

r2 = 0.44
0

0

1

2

3

4

5

6

7

8

Age (months)

F I G U R E 2 Consolidation of wake and sleep bouts with age. (a) Wake and sleep bout durations for one representative infant at 2 weeks
and 5 months of age. Note the age-related reduction in the number of state transitions. (b) Scatterplot showing a monotonic reduction in the
rate of sleep-wake transitions across age
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Sleep

W

Sleep

W

Sleep

W

Sleep

REMs
Face
Head
Arms
Hands
Legs
Feet

R
L
R
L
R
L
R
L

30 s
REMs
Face
Head
Arms
Hands
Legs
Feet

R
L
R
L
R
L
R
L

3s
F I G U R E 3 Top: Spatiotemporal distribution of twitching over a 6.7-min period comprising several sleep and wake (W) bouts for a
representative infant at 2 weeks of age. The sleep period highlighted in gray is expanded below. L, left; R, right; REMs, rapid eye movements

To determine whether twitching across body segments exhibits

twitches at this age are not strongly associated with any other twitches.

organized structure and whether that structure changes with age,

By 3–4 months of age, the clusters for the left and right hands and feet

we performed hierarchical cluster analysis with seriation (Caraux &

are even more distinct from the clusters for twitching elsewhere in the

Pinloche, 2005) on sequential 10-s windows of twitching. This anal-

body. This trend continues such that, at 5–7 months, the clusters for

ysis reveals structure in twitching among the body segments (den-

the left and right hands and feet account for nearly all of the structure

drograms at the top of Figure 7). In addition, structure among the

in the data. Also, for the first time at these older ages, the hands and

events (i.e., rows) is revealed using seriation, in which the events are

feet are clustered together under a higher order structure.

reordered to maximally reveal their structure. (Although seriation
yields a second dendrogram along the rows, only the dendrograms
along the columns in Figure 7 are shown to make it easier to directly

4 | D I S CU S S I O N

compare the patterning of twitching across age.)
The cluster analyses in Figure 7 reveal aspects of organizational

A large literature describes how sleep is expressed and how it develops

structure that change with age. At all ages, twitches often occurred

in premature and full-term human infants (e.g., Coons & Guilleminault,

repeatedly within the same body segment, as evidenced by the vari-

1982; Curzi-Dascalova, Peirano, & Morel-Kahn, 1988; Grieve et al.,

able intensity of the red bars in the figure. At <1 month of age, several

2008; Jenni, Borbély, & Achermann, 2004; Kleitman & Engelmann,

clusters are apparent that indicate strong linkages for twitching of the

1953; Parmelee, Wenner, Akiyama, Schultz, & Stern, 1967; Prechtl,

left and right limb segments. Already at this age, the two most distinct

1974; Roffwarg et al., 1966; Thoman & Whitney, 1989; Vanhatalo &

clusters are for the (a) left and right hands and (b) left and right feet.

Kaila, 2006). Two broad traditions characterize this literature—one that

At 1–2 months of age, the same two clusters of hands and feet are still

focuses on the cortical electroencephalogram (EEG) and its state-de-

the strongest, as the organization of twitches elsewhere in the body

pendent differentiation, and another that focuses on behavior. Within

exhibits even less structure than at the earlier age. In addition, facial

both traditions, myoclonic twitching is viewed primarily as a defining

|
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F I G U R E 4 Log-survivor plots of inter-twitch intervals pooled across sleep sessions within the following age groups: <1 month (8 sessions;
1,420 ITIs), 1 month (5 sessions; 923 ITIs), 2 months (6 sessions; 599 ITIs), 3 months (6 sessions; 530 ITIs), 4 months (6 sessions; 617 ITIs),
5 months (4 sessions; 518 ITIs), 6 months (3 sessions; 354 ITIs), and 7 months (2 sessions; 183 ITIs)

feature of active sleep (Blumberg, 2010), with one exception in which

scientists have sought to identify the functions of active sleep and

the features of twitches themselves were a primary focus (Kohyama,

the mediating mechanisms involved (Blumberg, 2015, 2020; Del Rio-

1996). In addition, several recent studies addressed the neural corre-

Bermudez & Blumberg, 2018; Frank, Issa, & Stryker, 2001; Marks,

lates and behavioral significance of head and limb twitching in the early

Shaffery, Oksenberg, Speciale, & Roffwarg, 1995; Mirmiran, 1995;

postnatal period (Denisova, 2019; Denisova & Zhao, 2017; Whitehead

Tarullo, Balsam, & Fifer, 2010). We posited that twitches exhibit fea-

et al., 2018; Whitehead, Slobodina, Meek, & Fabrizi, 2019).

tures that, in contrast to wake movements, make them well-suited to

The current study is the first to assess the rate and patterning

contribute to certain aspects of sensorimotor development (Blumberg,

of twitching across the body in human infants. We were motivated

Marques, et al., 2013). In addition, whereas sensory feedback (reaffer-

by the notion that twitching, as a distinct class of behavior, can pro-

ence) from twitches reliably triggers brain activity in rat pups, reaffer-

vide unique insights into the typical and atypical development of the

ence from even the most vigorous wake-related movements typically

sensorimotor system (Blumberg, 2015; 2020). Building on insights

does not (Tiriac, Del Rio-Bermudez, & Blumberg, 2014). Subsequent

gleaned from rat pups using similar methods (Blumberg, Coleman,

work identified a specific gating mechanism in the medulla that se-

et al., 2013), we identified several features of the spatiotemporal or-

lectively blocks wake-related reafference (Dooley & Blumberg, 2018;

ganization of twitching over the first seven postnatal months. The

Tiriac & Blumberg, 2016). It will be important to determine whether

most striking findings relate to developmental changes in the tempo-

human infants possess similar mechanisms for differentially processing

ral organization of twitching (Figure 4) and the relative distribution

twitch- and wake-related reafference.

of twitching across the body (Figures 5‒7).

4.1 | Functional aspects of twitching

4.2 | Developmental changes in the rate and
patterning of twitching

High levels of active sleep in early development inspired, over 50 years

The log-survivor plots in Figure 4 indicate a sharp developmental

ago, the hypothesis that active sleep is critical to brain develop-

transition in the temporal structure of twitching after 2 months of

ment (Roffwarg et al., 1966). In the intervening years, developmental

age, suggesting a qualitative shift in the mechanisms that produce

8
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F I G U R E 5 (a) Scatterplot of age-related changes in mean rates of twitching per minute of active sleep across all body segments. (b)
Scatterplots of age-related changes in twitching across the six body segments. Data from left and right limbs were pooled. For clarity in
these plots, five outliers were removed (one each for face, head, and legs; two for hands). Note different scales on y-axes. See text for
statistical analyses
twitching. This transition may be directly or indirectly associated

increased rates of twitching in the hands might reflect the increased

with developmental increases in sleep consolidation (see Figure 2),

need to develop and maintain fine neural control of fingers. That

changes in the microstructure of sleep, and/or the developmental

feet exhibit similar rates of twitching as hands may relate to such

emergence of circadian modulation of sleep processes (Jenni et al.,

extreme forms of developmental plasticity whereby infants born

2004; Jenni, Deboer, & Achermann, 2006; Kleitman & Engelmann,

without arms develop hand-like motor skills with their feet and as-

1953).

sociated somatotopic “toe maps” (Blumberg, 2009; Dempsey-Jones,

Although twitching across the body might have increased and

Wesselink, Friedman, & Makin, 2019).

decreased in unison, it did not. Instead, twitching in different seg-

We also found that, within a 10-s window, twitches tended to

ments of the body—even within a limb—exhibited segment-specific

recur within the same body segment (e.g., multiple twitches of the

patterns. Specifically, rates of twitching in the head and face declined

right hand) or co-occur in contralateral body segments (e.g., twitches

over the first few postnatal months; the decrease in head twitches

of the right and left hand; see Figure 7). In previous studies using

appears to coincide with the increased ability of infants to control

infant rats and mice, we saw similar biases toward repeated twitch-

head movements (Lee & Galloway, 2012; Prechtl, 2001). Moreover,

ing within a limb segment and strong coupling across the right and

whereas rates of twitching of the arms and legs remained relatively

left sides of the body, both of which suggest the contribution of spi-

low across age, rates of twitching of the hands and feet occurred

nal circuitry to bouts of twitches (Blumberg, Coleman, et al., 2013;

at much higher rates. In part, higher rates of twitching in the distal

Blumberg et al., 2015).

parts of infants’ limbs could reflect the fact that there are more mov-

Finally, the present data indicate that the vast majority of

able parts in the hands and feet than arms and legs. Alternatively,

twitches occur in bursts (with ITIs less than 10 s) and that these
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bursts often occur in conjunction with rapid eye movements, sug-

facial twitches occur contemporaneously with twitches elsewhere in

gestive of active sleep. But many twitches also occur at much longer

the body suggests that all these movements belong together within

ITIs, with the proportion of such twitches increasing after 2 months

the broader category of phasic activity during active sleep. Thus,

of age (see Figure 4); these less-clustered movements may be less

although facial twitches may reflect a sensorimotor system that is

closely associated with active sleep. By combining precise assess-

developing the capacity to make emotional expressions, categorizing

ments of twitching with electrographic measures of sleep, we expect

these infant movements in terms of emotional expression may not

that the relation between twitching and the sleep substate will be

be ideal for understanding them.

clarified.

4.3 | Twitching in the craniofacial system

4.4 | Comparative aspects: Physiological
time and the quantity of input

Twitching during active sleep is a characteristic of all skeletal mus-

Although behavioral states can be defined similarly in human infants

cle. This includes REMs, which are produced by twitches of the ex-

and rat pups, the two species exhibit pronounced differences in the

traocular muscles (Chase & Morales, 1983; Seelke, Karlsson, Gall,

temporal structure of their sleep and wake activities. For example,

& Blumberg, 2005). Although we did not quantify REMs for all in-

whereas a 2-week-old human infant might transition from wake to

fants in this study, we often observed them occurring during periods

sleep once every 4 min (see Figure 2b), 2- to 8-day-old rats transi-

of twitching elsewhere in the face and body (see Figure 3), which

tion from wake to sleep several times per minute (Blumberg, Seelke,

is consistent with early observations of active sleep in human in-

Lowen, & Karlsson, 2005).

fants (Aserinsky & Kleitman, 1955). REMs are often interpreted

Differences in the temporal scale of behavior are even more strik-

as evidence of people “scanning” their dreams (Leclair-Visonneau,

ing when twitching in human infants (Video S1) is compared with

Oudiette, Gaymard, Leu-Semenescu, & Arnulf, 2010), similar to

twitching in newborn rats (Blumberg, Coleman, et al., 2013). Figure 8a

how limb twitches have been interpreted as by-products of dreams

compares 53 s of twitching in a 2-week-old human infant with 3.5 s of

((Blumberg & Plumeau, 2016).

twitching in an 8-day-old rat (from Blumberg, Coleman, et al., 2013).

Twitches of the face—the mouth, cheeks, and brows—were

At these different time scales, twitching occurs at roughly the same

most prevalent at earlier ages. Occasionally, facial twitches occur

rate. To provide a more quantitative comparison, in Figure 8b we have

bilaterally to give the impression of a smile or a frown (Dondi et al.,

replotted the log-survivor analysis of ITIs for infants at <1 month and

2007; Emde & Koenig, 1969; Emde, McCartney, & Harmon, 1971;

at 6 months of age (from Figure 4) along with a similar plot of ITI data

Messinger et al., 2002); similarly, some unilateral twitches can give

for 8-day-old rats from a previous study (Blumberg, Coleman, et al.,

the impression of a smirk. However, the fact that various kinds of

2013). Note how the ITI distributions for the rat and the human infant

FIGURE 6
combined

Proportion of twitches across six body segments for each sleep session ordered by infant age. Data for right and left limbs are
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F I G U R E 7 Hierarchical cluster analyses, with seriation, of twitching pooled across four age groups. These analyses were performed
on 10-s windowed “events” composed of bouts of twitches during sleep. Each 10-s event is represented as a row in the cluster diagram,
with red corresponding to the presence of a twitch and black to its absence. The intensity of each red bar is proportional to the number of
twitches in the associated body segment that occurred within that row (i.e., the same body segment could twitch multiple times within a
10-s window). Seriation of the rows reorders them such that events with similar patterns are placed closer together. Each infant contributed
only once to the data within each pooled dataset. The number of rows for each age group is indicated
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F I G U R E 8 (a) Top: Spatiotemporal patterning of twitching in an 8-day-old rat pup. Data for right (R) and left (L) limbs are shown. Bottom:
Same as in (a) but for twitches across more areas of the body in a 2-week-old human infant. Note the different time scales: The duration of
the entire segment for the rat is 3.5 s and that for the human is 53 s. (b) Log-survivor plots of inter-twitch intervals (ITIs) for rats at 8-days of
age (5,139 twitches) and humans at <1 month and 6 months of age (replotted from Figure 4). Note that the x-axis values differ by two orders
of magnitude for the two species. The distribution patterns for the rats and humans at <1month are nearly identical over 80%–90% of ITIs.
Rat data are from Blumberg, Coleman, et al., 2013
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at 2 weeks of age almost perfectly overlap for over 80% of the inter-
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4.6 | Broader implications and future directions

vals before they begin to diverge.
In addition to the lower absolute rate of twitching in human

This investigation of twitching in human infants, combined with re-

infants, individual twitches exhibit longer durations in humans

cent advances in understanding the spatiotemporal dynamics and

(~500 ms) than in rat pups (~50 ms). Differences in twitch duration

neurophysiological causes and consequences of twitching in infant

help to account for the perception that twitching in human infants

rodents (Blumberg & Dooley, 2017; Del Rio-Bermudez & Blumberg,

more closely resembles that in rat pups when playback speed is in-

2018), leads us to believe that increased attention to sleep and

creased (Video S2).

sleep-related twitching has the potential to open new avenues to

These collective observations are consistent with the concept

understanding typical development. Such attention may also facili-

of physiological time, which captures the notion that small animals

tate improved practices in neonatal intensive care units (NICUs), in

with high metabolic rates live faster lives than large animals with low

which ambient conditions (e.g., lighting, sound) are often not con-

metabolic rates (Lindstedt & Calder, 1981; Schmidt-Nielsen, 1984).

ducive to sleep (Lai & Bearer, 2008). Given that sleep provides a

Accordingly, if twitches provide opportunities for infants to learn

critical context for sensory processing and functional connectivity

about their bodies (Blumberg & Dooley, 2017), and if large-bodied

in early development (Del Rio-Bermudez & Blumberg, 2018; Del

human infants pace their lives more slowly than small-bodied rat

Rio-Bermudez, Kim, Sokoloff, & Blumberg, 2020), minimizing sleep

pups, then we would expect human infants to accumulate twitch-re-

disturbances in the NICU could mitigate the negative effects of

lated experience more slowly than rat pups; after all, humans reach

premature birth on sensory processing (Ryckman, Hilton, Rogers, &

critical developmental milestones much more slowly than rats

Pineda, 2017) and functional connectivity (Rogers, Lean, Wheelock,

(Clancy, Darlington, & Finlay, 2001; Workman, Charvet, Clancy,

& Smyser, 2018).

Darlington, & Finlay, 2013).

The present findings may also open new paths to understand-

We estimated that infant rats produce hundreds of thousands

ing the close links between cognitive and motor development

of twitches each day (Blumberg, Marques, et al., 2013). Given the

(Diamond, 2000; Mittal, Neumann, Saczawa, & Walker, 2008) and

rate of twitching found here (~10/minute for the face, head, and

autism (Dawson et al., 2018; Diamond, 2000; Esposito & Paşca,

limbs) and the number of hours of active sleep per day in newborns

2013; Green et al., 2009; Jansiewicz et al., 2006; Mittal & Walker,

(8), we estimate that human newborns exhibit ~4,800 twitches per

2007; Nebel et al., 2014; Whyatt & Craig, 2013). Indeed, move-

day. Accordingly, twitches could comprise an abundant source of

ments produced spontaneously by awake infants can provide a di-

sensory experience to the developing sensorimotor system, sim-

agnostic tool for the functional assessment of the infant nervous

ilar to the abundant quantity of input that developmental psy-

system (Einspieler & Prechtl, 2005; Ferrari et al., 2002; Hadders-

chologists point to when explaining the emergence of such skills

Algra, 2007; Teitelbaum, Teitelbaum, Nye, Fryman, & Maurer,

as walking (Adolph et al., 2012) and word learning (Hart & Risley,

1998). We propose that measures of twitching can complement

1995).

and broaden such efforts by providing a sensitive tool for assessing sensorimotor development in typical and atypical human

4.5 | Limitations of this study

populations.
Many questions remain: Are there reliable individual differences
in the rate and patterning of twitching and are they associated with

This study had several important limitations. First, although we relied

individual differences in emerging motor skills? Does twitching vary

on twitching to define bouts of active sleep, the presence of twitch-

substantially across the day and night, especially over the first sev-

ing alone may not be sufficient to identify that state. Accordingly,

eral postnatal months as circadian sleep rhythmicity emerges? Is

to better understand the association between twitching and active

premature birth associated with decrements in twitching? Can we

sleep across early human development, future studies should seek

detect cortical or subcortical activity associated with twitching be-

to associate the rate and patterning of twitching with such physi-

yond the early postnatal period? Answering these and other ques-

ological measures as EEG activity and respiration (Isler, Thai, Myers,

tions will be necessary to realize the diagnostic and explanatory

& Fifer, 2016).

potential of myoclonic twitching in early development and across

Second, infants in our study slept in a semi-reclined supine posi-

the life span.

tion. This particular posture could have biased the types of proximal
and distal limb movements that could be detected and perhaps al-
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