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system and manifested large,

spontaneous activity pulses. Maintaining

the brain’s functional architecture may

require regular use, and spontaneous

activity pulses could serve as a

substitute.
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SUMMARY
To induce brain plasticity in humans, we casted the dominant upper extremity for 2 weeks and tracked
changes in functional connectivity using daily 30-min scans of resting-state functional MRI (rs-fMRI). Cast-
ing caused cortical and cerebellar regions controlling the disused extremity to functionally disconnect from
the rest of the somatomotor system, while internal connectivity within the disused sub-circuit was main-
tained. Functional disconnection was evident within 48 h, progressed throughout the cast period, and
reversed after cast removal. During the cast period, large, spontaneous pulses of activity propagated
through the disused somatomotor sub-circuit. The adult brain seems to rely on regular use to maintain
its functional architecture. Disuse-driven spontaneous activity pulses may help preserve functionally
disconnected sub-circuits.
INTRODUCTION

Use-driven plasticity is critical for shaping neural circuits during

development, learning, and recovery from injury (Murphy and

Corbett, 2009; Reynolds et al., 2001; Wiesel and Hubel, 1965).

Yet, the large-scale functional organization of the human brain

is remarkably stable from day to day and largely robust to

changes in behavioral state (Gratton et al., 2018; Laumann

et al., 2015). Resting-state functional magnetic resonance imag-

ing (rs-fMRI) provides a powerful means of examining human

brain organization by recording spontaneous neural activity,

i.e., activity not related to external stimuli or overt behaviors.

Spontaneous activity consumes the vast majority of the brain’s
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metabolic energy (Raichle, 2006) and is synchronized within

functionally related regions, a phenomenon known as functional

connectivity (FC) (Biswal et al., 1995). FC is characteristically

strong between corresponding regions of the left and right hemi-

spheres (homotopic regions) and within large-scale functional

systems with distinct cognitive functions (Power et al., 2011;

Yeo et al., 2011).

It has been hypothesized that FC is modulated through Heb-

bian-like processes, such that FC is strengthened through co-

activation of brain regions (Dosenbach et al., 2008; Guerra-Car-

rillo et al., 2014; Harmelech and Malach, 2013; Lewis et al.,

2009; Shannon et al., 2016). Previous attempts to induce

changes in brain organization using training paradigms have
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Figure 1. Casting Caused Disuse and

Reduced Strength of the Dominant Upper

Extremity

(A) Experimental design for an example participant

(Omar; all participants; Figure S1).

(B) Casts covered the entire dominant upper

extremity. Cast colors are used in subsequent

figures to identify participants: pink (Nico), yellow

(Ashley), and green (Omar).

(C) Daily accelerometry data from both wrists,

plotted as use ratios (R/L use counts). Use count =

seconds each day when RMS acceleration >

0.16 m/s2. Daily use counts for each wrist are

shown in Figure S1.

(D) Grip strength before and after casting (***p <

0.001). Error bars indicate SEM across three

repeated measurements.
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shown only subtle changes in FC (Dr �0.1) (Guerra-Carrillo

et al., 2014; Harmelech and Malach, 2013; Lewis et al., 2009;

Shannon et al., 2016). In addition, prior studies relied on

endpoint measurements and were therefore unable to describe

the time courses of FC alterations. Developmental FC changes

(Dosenbach et al., 2010; Grayson and Fair, 2017; Nielsen et al.,

2019; Smyser et al., 2010) suggest that patterns of coactivation

could be accumulated over years, but little is known about the

effects of behavioral changes on brain organization over shorter

time frames.

To induce FC changes in human participants, we adopted an

approach used in classic animal plasticity studies, which

impose sensory or motor deprivation (e.g., monocular depriva-

tion, deafferentation, limb constraint) in a small number of

intensively studied individuals (Merzenich et al., 1983; Milliken

et al., 2013; Wiesel and Hubel, 1965). We casted the dominant

upper extremity of three adult participants (‘‘Nico,’’ ‘‘Ashley,’’

and ‘‘Omar’’) for 2 weeks and tracked changes in FC over

6–9 weeks using daily 30-min rs-fMRI scans (21–32 h of rs-

fMRI/participant, 152 scans total; Figures 1A and S1). This

highly sampled, longitudinal approach allowed us to measure

disuse-driven plasticity in each individual and replicate results

across all participants.
RESULTS

Casting Caused Disuse and
Reduced Strength of the Dominant
Upper Extremity
Casts constrained movement of the

elbow, wrist, and fingers (Figure 1B). Ac-

celerometers worn continuously on both

wrists documented greatly reduced use

of the casted upper extremity (Figures

1C and S1; use counts; Nico: �41%,

Ashley: �55%, Omar: �46%). Immedi-

ately after cast removal, participants

showed reduced grip strength (Figure 1D;

dynamometry; Nico: �27%, Ashley:

�42%, Omar: �39%) and reduced fine

motor skill (Figure S1; Purdue Pegboard;
Nico:�24%, Ashley:�29%,Omar:�12%). Participants showed

increased use of the un-casted upper extremity (Figure S1;

Nico: +24%, Ashley: +15%, Omar: +23%) and reported subjec-

tive improvement in the use of this extremity during activities of

daily living (Video S1), but they did not consistently show im-

provements in strength or fine motor skill (Figures 1D and S1).

Disused Somatomotor Regions Became Functionally
Uncoupled from the Remainder of the Somatomotor
System
FC was originally discovered by Biswal et al. (1995) between

the right upper-extremity primary somatomotor cortex

(L-SM1ue) and the homotopic region of the opposite hemi-

sphere (R-SM1ue). Prior to casting, all participants showed

strong homotopic FC between L-SM1ue and R-SM1ue
(Figures 2A and 2B). Casting led to a large reduction in FC

between L-SM1ue and R-SM1ue in all participants (Figure 2B;

Nico: Dr = �0.23, Ashley: Dr = �0.86, Omar: Dr = �0.61).

We also found significantly decreased FC between the

disused upper-extremity region of the cerebellum (R-Cblmue)

and its homotopic counterpart (L-Cblmue; Figure S2;

Nico: Dr = �0.16, Ashley: Dr = �0.07, Omar: Dr = �0.33).

Decreased homotopic FC was somatotopically specific to the
Neuron 107, 580–589, August 5, 2020 581
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Figure 2. Disused Somatomotor Cortex Became Functionally Uncoupled from the Opposite Hemisphere

(A) Seed maps showing functional connectivity (FC) of each voxel with the left primary somatomotor cortex (L-SM1ue) during scans acquired before, during, and

after casting (Pre, Cast, Post) in an example participant (Ashley). The L-SM1ue region of interest (ROI) was defined using task functional MRI.

(B) Daily time course of FC between L-SM1ue and R-SM1ue for each participant. Dr values are based on a time-varying exponential decay model (black lines,

dr=dt =aðrN � rÞ; Nico: p = 0.002, Ashley: p < 0.001, Omar: p < 0.001).

(C and D) Daily time course of FC in lower extremity (C) and face (D) regions of the left and right somatomotor cortex.
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disused upper-extremity somatomotor cortex and cerebellum

(L-SM1ue:R-SM1ue, R-Cblmue:L-Cblmue) and did not occur in

lower-extremity (L-SM1le:R-SM1le, R-Cblmle:L-Cblmle) or face

regions (L-SM1face:R-SM1face, R-Cblmface:L-Cblmface; Figures

2C, 2D, and S2). In all participants, FC decreases became sig-

nificant within 48 h of casting (Nico: cast day 2 Dr = �0.22, p <

0.001; Ashley: cast day 1 Dr = �0.23, p < 0.001; Omar: cast day

1 Dr = �0.83, p < 0.001). While disused regions in the somato-

motor cortex and cerebellum (L-SM1ue and R-Cblmue) were

functionally disconnected from the opposite hemisphere, these
582 Neuron 107, 580–589, August 5, 2020
same regions became more connected to each other (Figure

S2). The net effect was that disused brain regions dissociated

from the remainder of the somatomotor system (Figure 3). All

effects returned to baseline within days after cast removal

(Figures 2, 3, and S2).

Spontaneous Activity Pulses Emerged in the Disused
Somatomotor Cortex during Casting
To further characterize the changes in spontaneous activity

caused by casting, we closely examined rs-fMRI signals in
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Figure 3. Disused Somatomotor Cortex Dissociated from the Remainder of the Somatomotor System

(A) Regions of interest (ROIs) in the lower-extremity (green), upper-extremity (cyan/blue), and face (orange) subdivisions of the somatomotor system for each

participant. ROIs were selected using a functional connectivity gradient-based approach (Gordon et al., 2017).

(B) Spring-embedded graph representation of the somatomotor system before, during, and after casting. The disused region (L-SM1ue) separated from the

remainder of the somatomotor cortex during the cast period but remained internally connected.

(C) Modularity quantifies the degree of dissociation between L-SM1ue and the rest of the somatomotor cortex. All participants showed increased modularity

during the cast period. *p < 0.05; ***p < 0.001.
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L-SM1ue and R-SM1ue. During the cast period, all participants

showed significantly increased amplitude of low-frequency

fluctuations (ALFF) in L-SM1ue (Figure 4A; Nico: +22%,

Ashley: +81%, Omar: +36%), and one participant showed

increased ALFF in R-SM1ue (Figure 4B; Ashley: +26%).

Increased ALFF was specific to the upper-extremity somatomo-

tor cortex and did not occur in adjacent regions (L-SM1le and

L-SM1face; Figures 4C and 4D). Unexpectedly, inspection of

the rs-fMRI time series revealed large, spontaneous pulses of

activity during the cast period (Figures 5A and S3). We termed

these events ‘‘disuse pulses.’’ The shape of disuse pulses (Fig-

ures 5B and S3) resembled the canonical hemodynamic

response to a brief stimulus (Lindquist et al., 2009). Disuse

pulses had a large amplitude (up to 1.5% signal change) and

were easily distinguished from ongoing spontaneous fluctua-

tions in L-SM1ue (<0.5% signal change; Figures 5A and S3).

Pulses were essentially absent prior to casting (Nico: 1.1

pulses/scan; Ashley: 0.2; Omar: 1.0), occurred frequently during
the cast period (Nico: 4.2; Ashley: 11.4; Omar: 12.3), and were

infrequent after cast removal (Nico: 0.9; Ashley: 0.8; Omar: 1.9;

Figure 5C).

Disuse Pulses Propagated through the Disused
Somatomotor Sub-circuit
Disuse pulses were not only present in L-SM1ue but

propagated throughout the disused upper-extremity sub-circuit,

i.e., L-SM1ue, L-SMAue, and R-Cblmue (Figures 6A and S4).

A consistent pattern of pulse propagation was observed in

all participants. Pulses sequentially occurred in L-SMAue,

L-SM1ue, and then R-Cblmue, with mean time delays of �200

and �600 ms, respectively (Figures 6B, 6C, and S4). This

sequence of temporal lags is similar to that found in ongoing

spontaneous activity (Marek et al., 2018; Mitra et al., 2014; Raut

et al., 2020). Monitoring of upper-extremity movements in one

participant (Omar), using a highly sensitive pressure bladder

placed inside the cast, showed that most pulses occurred in the
Neuron 107, 580–589, August 5, 2020 583



A

B

C

D

Figure 4. Disused Somatomotor Cortex (L-SM1ue) Showed Increased Amplitude of Low-Frequency Fluctuations (ALFF)

(A) Top: ALFF in resting-state functional MRI (rs-fMRI) signals recorded from L-SM1ue on each day of the experiment. All participants showed significantly

increased L-SM1ue ALFF during the cast period, relative to the pre period. **p < 0.01; ***p < 0.001. Bottom: amplitude spectra of L-SM1ue rs-fMRI signals.

(B) ALFF in R-SM1ue. Only participant (Ashley) showed significantly increased R-SM1ue ALFF during the cast period. *p < 0.05.

(C) ALFF in lower-extremity somatomotor cortex (L-SM1le; negative control). No participants showed significant changes during the cast period.

(D) ALFF in face somatomotor cortex (L-SM1face; negative control). No participants showed significant changes during the cast period.
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absence of movements (Figure S5). To verify that spontaneous

activity changes observed during the cast period were due to

disuse during daily life rather than the presence of casts during

scanning, we conducted a control experiment in which partici-

pants wore removable casts only during 30-min scans. We found

only minimal changes in FC and almost no pulse-like events, indi-

cating that the large decreases in FC and numerous disuse pulses

observed during the cast periodwere not driven bywearing a cast

during scans (Figure S6).
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DISCUSSION

Disuse Drives Large Decreases in Functional
Connectivity
The magnitude of FC changes induced by casting (Dr = �0.23,

�0.86,�0.61) is noteworthy because FC is typically highly stable

from day to day (Gratton et al., 2018; Laumann et al., 2015). By

the end of the 2-week cast period, FC in all participants was as

low as has been observed after motor stroke (Carter et al.,
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Figure 5. Disuse Pulses in Somatomotor Cortex

(A) Resting-state functional MRI (rs-fMRI) signals from left and right primary somatomotor cortex (L-SM1ue and R-SM1ue) before, during, and after casting in an

example participant (Ashley; all participants Figure S3). During the cast period, large pulses occur in L-SM1ue (see inset at top right). Data for first 5 min of scan 21

are unavailable (gray bar).

(B) Recordings of 144 disuse pulses detected in an example participant (Ashley).

(C) Number of pulses detected during each day of the experiment. All participants showed significantlymore pulses per session during the cast period than during

the pre period. (Nico: p = 0.002; Ashley: p < 0.001; Omar: p < 0.001).
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2012) or limb amputation (Makin et al., 2013). Animal studies that

pharmacogenetically manipulated specific brain regions were

able to drive large changes in FC (Dr > 0.3) (Grayson et al.,

2016; Rosenthal et al., 2020). Yet, prior human studies of exper-

imentally induced plasticity found much smaller effects (Dr�0.1)

(Guerra-Carrillo et al., 2014; Lewis et al., 2009; Shannon et al.,

2016). Key differences between the current experiment and pre-

vious studies are: (1) use of a sustained behavioral intervention,

(2) inducing disuse as opposed to training a skill, (3) measuring

daily time courses (Wenger et al., 2017) rather than comparing

only pre/post, (4) overcoming sampling variable with longer

(30-min) scans (Gordon et al., 2017; Laumann et al., 2015), and

(5) conducting analyses at the level of individual participants,

enabling 3-fold replication of all major findings.

Functional Connectivity Can Change Rapidly over a
Span of Days
The observed loss of homotopic FC during disuse, corroborated

by animal models of visual deprivation and deafferentation (Kraft
et al., 2017; Pawela et al., 2010), supports the hypothesis that FC

can be strengthened by coactivation of brain regions (Guerra-

Carrillo et al., 2014; Harmelech and Malach, 2013; Lewis et al.,

2009; Shannon et al., 2016). The interval over which the effects

of coactivation are accumulated was previously unknown

(Guerra-Carrillo et al., 2014; Harmelech andMalach, 2013; Lewis

et al., 2009). Some have suggested that patterns of coactivation

are accumulated over many years (Shannon et al., 2016). How-

ever, the current results demonstrate that FC can be significantly

altered within 12–48 h when a sufficiently strong behavioral

constraint is imposed, suggesting that FC is determined, at least

in part, by a person’s recent behaviors and experiences. The

close relationship between FC and recent behavior raises the

fascinating possibility that group differences in FC found in

certain neuropsychiatric conditions, e.g., stroke (Carter et al.,

2012; Siegel et al., 2018), Parkinson’s disease (Gratton et al.,

2019), Tourette syndrome (Nielsen et al., 2020), and limb ampu-

tation (Makin et al., 2013), may in part reflect disease-specific dif-

ferences in day-to-day behavior.
Neuron 107, 580–589, August 5, 2020 585
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Figure 6. Disuse Pulses Propagate through

the Disused Somatomotor Sub-circuit

(A) Whole-brain analysis of variance (ANOVA) of

disuse pulses in an example participant (Ashley; all

participants are shown in Figure S4). In addition to

L-SM1ue, pulses also occur in the left supple-

mentary motor area (L-SMAue) and right cere-

bellum (R-Cblmue).

(B) Example pulse in L-SMAue, L-SM1ue and

R-Cblmue. Note the temporal offset of peaks in

each region.

(C) Time delays (relative to L-SM1ue) of all pulses in

each region for an example participant (Ashley; all

participant Figure S4). Blue lines indicate median

delay ± SEM in each region. Pulses occurred first

in L-SMAue, then L-SM1ue, and finally in R-Cblmue.

Pulse times were determined by parabolic inter-

polation of cross-correlations with the mean pulse

time series. **p < 0.01. ***p < 0.001.
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Disused Sub-circuits Maintain Internal Connectivity
In addition to disconnecting from the opposite hemisphere, dis-

used regions (L-SM1ue and R-Cblmue) became more strongly

connected to each other. Increased FC among disused regions

has also been observed in mice during binocular deprivation

(Kraft et al., 2017). Disuse-driven increases in FC were not pre-

dicted by the Hebbian FC hypothesis. A straightforward Hebbian

account would have predicted that disused regions should

disconnect from all other regions. Rather, FC among disused re-

gions (L-SM1ue and R-Cblmue) seems to have increased due to

synchronized pulses of activity during the cast period.

Spontaneous Activity Shapes Neural Circuits during
Development
The presence of spontaneous pulses in the disused somatomo-

tor sub-circuit may reflect processes that help maintain the

functional organization of the adult brain. Simultaneously,

pulses may also have contributed to reductions in FC between

the disused sub-circuit and the remainder of the somatomotor

system. Spontaneous activity serves several known roles in

shaping neural circuits (Buzsáki, 2019). Hippocampal sharp-

wave ripples and thalamic sleep spindles are thought to facili-

tate transfer of newly formed memories to the cortex (Buzsáki,

2015; Klinzing et al., 2019). Moreover, large-amplitude tran-

sients at low frequencies, similar to the disuse pulses described

here, are a hallmark feature of developing brains and help to

shape brain-wide circuits in utero (Tolonen et al., 2007). In

the developing visual system, spontaneous waves of activity

originate in the retina and propagate through the entire visual
586 Neuron 107, 580–589, August 5, 2020
system, helping to link circuits across

several cortical and subcortical regions

(Ackman et al., 2012; Katz and Shatz,

1996). Similar activity-dependent refine-

ment of the somatomotor system is trig-

gered by spontaneous activation of spi-

nal motor neurons (Khazipov et al.,

2004). The finding of disuse pulses in

our participants suggests that adult
brain circuits may retain a latent potential to self-organize

through spontaneous activity. Spontaneous activity transients

seen in development show a characteristic pattern of electrical

activity, known as delta-brushes (Khazipov et al., 2004; Tolonen

et al., 2007). Future experiments utilizing electroencephalog-

raphy (EEG) in humans or microelectrode recording in animals

will allow closer comparison of disuse pulses to spontaneous

activity transients.

Focal Disinhibition May Allow for the Emergence of
Spontaneous Activity Pulses
The disuse pulses observed in our participants were larger (up to

1.5% signal change) than the spontaneous activity fluctuations

typically observed in the adult brain and may have resulted

fromdisinhibition of disused circuits. During postnatal critical pe-

riods, inhibitory interneurons begin to suppress spontaneous ac-

tivity, shifting the primary driver of activity-dependent plasticity

from internal to external sources (Toyoizumi et al., 2013).

Perhaps as a result of increased inhibitory tone, spontaneous ac-

tivity in the adult brain does not typically include transients and is

instead characterized by ongoing, stationary fluctuations (Lau-

mann et al., 2017). Disused circuits exhibit characteristic

changes in local physiology: principal cells begin responding to

previously silent inputs (Merzenich et al., 1983; Wiesel and Hu-

bel, 1965), inhibitory interneurons become less active (Gainey

et al., 2018), and the synapses between inhibitory interneurons

and principal cells are weakened (Wellman et al., 2002).

Disuse-driven disinhibition may permit the reemergence of

spontaneous pulses of activity in the adult brain. Indeed,
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pharmacogenetic suppression of inhibitory interneurons in the

somatosensory cortex of adult mice produces spontaneous

bursts of activity that propagate to functionally connected re-

gions (Rosenthal et al., 2020). Focal disinhibition is also thought

to occur after stroke (Liepert et al., 2000), another condition in

which circuits are disused (van der Pas et al., 2011). An important

question is whether disuse pulses arise during stroke recovery

and how they impact clinical outcomes.

The Human Brain—Plastic Yet Stable
In the absence of regular use, our participants showed rapid loss

of homotopic somatomotor FC. Thus, the human brain retains a

surprising capacity for use-driven plasticity into adulthood.

Simultaneously, large pulses of spontaneous activity began

propagating through the disused somatomotor sub-circuit, help-

ing to maintain its internal functional connectivity. Since somato-

motor connectivity and motor performance returned to baseline

quickly after cast removal, disuse pulsesmay have protected the

integrity of the disused sub-circuit. Functional disconnection of

disused sub-circuits, stabilized by spontaneous activity pulses,

may allow the brain to reorganize itself rapidly without compro-

mising its overall stability. Disuse pulses, analogous to waves

of spontaneous activity seen during development, may allow

the adult brain to bridge the seeming chasm between plasticity

and stability.
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Newbold (newbold@wustl.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The neuroimaging data generated during this study are available on OpenNeuro: ds002766 (https://openneuro.org:443/datasets/

ds002766). All code needed to reproduce our analyses is available on Gitlab (https://gitlab.com/DosenbachGreene/cast-induced-

plasticity).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants
Participants were three healthy, adult volunteers. All denied recent injuries of the dominant upper extremity and any contraindications

to MRI (e.g., metallic implants, claustrophobia). Because of the large amount of data collected, we were able to analyze each partic-

ipant individually, allowing us to test all hypotheses in triplicate. The first participant was a 35-year-old male who was a participant in

the Midnight Scan Club experiment (MSC02) (Gordon et al., 2017; Greene et al., 2020; Marek et al., 2018; Sylvester et al., 2020) and

the senior investigator of this study (N.U.F.D., ‘Nico’). The second participant was a 25-year-old female, also drawn from theMidnight

Scan Club cohort (MSC06) and was a member of the research team (A.N.N., ‘Ashley’). The third participant was a 27-year-old male

(‘Omar’). All participants were right handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) (Nico: +100, right-

handed; Ashley: +91, right-handed; Omar: +60, right-handed). The Washington University School of Medicine Institutional Review

Board approved the study protocol and provided experimental oversight. Participants provided informed consent for all aspects

of the study and were paid for their participation. Participants also consented to be identified in publications, presentations and me-

dia releases by inclusion of their photographs and names.

METHOD DETAILS

Experimental intervention
Constraint of the dominant upper extremity was achieved by fitting each participant with a fiberglass cast that extended from just

below the shoulder to past the fingertips. Casts contained an inner layer of Delta-Dry water-resistant padding (BSN Medical,

Luxembourg) that provided a comfortable layer of cushioning permitting airflow; thus, participants could bathe without developing

skin irritation. Extra padding was applied around the ulnar styloid process, olecranon and antecubital fossa. A strong outer shell was

constructed fromDelta-Lite Plus fiberglass casting tape. Tapewas applied with the elbow bent at a natural angle (approximately 95�),
the wrist slightly extended, the fingers slightly flexed, and the thumb extended. Casts were constructed by anOccupational Therapist

(C.R.H.) specially trained in therapy involving casting. All participants were fit with a temporary cast several days before the two-week

casting period to practice achieving a comfortable position; practice casts were removed after about 10 minutes. In one participant
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(Omar), the cast was remade after one day to correct uncomfortable finger position. All casts were removed using a specialized, oscil-

lating blade saw that cuts fiberglass without harming the underlying skin.

In order to test for any effects of wearing casts during scans, we cut the casts from the original experiment in half along their long

axes, applied felt to the inside surfaces and all cut edges, and added Velcro fasteners to create casts that could be easily applied and

removed at the start and end of scanning. Participants wore removable casts during half of the rs-fMRI sessions acquired during a

control experiment but did not wear these casts during daily activities.

Activity monitoring
Behavior during normal daily life was assessed using accelerometers worn on each wrist. All participants wore a wGT3X-BT accel-

erometer (Actigraph, Pensacola) on each wrist throughout the day and night for the full duration of the experiment. The only times

participants removed their accelerometers were during daily MRI scans. The accelerometers recorded acceleration along three

orthogonal dimensions with a sampling rate of 30Hz.

Strength testing
Grip strength was measured with a Jamar Smart Hand Digital Dynamometer (Patterson Medical, Warrenville). Participants were in-

structed to form a closed fist around a handle on the dynamometer, keeping the arm at the side with the elbow bent at 90�, and
squeeze as tightly as possible. Maximal force was recorded in pounds. This was repeated for each hand in triplicate at each mea-

surement time point (Figure 1D).

Fine motor testing
Finemotor function of each upper extremity was assessed using the Purdue pegboard task (Tiffin and Asher, 1948). Participants were

instructed to use one hand to pick up small (�1 inch) metal pegs one at a time from a bin and insert them into a row of small holes on a

pegboard. Participants were given 30 s to insert asmany pegs as possible. The task was then repeated with the other hand. This task

was repeated in triplicate at each assessment (Figure S1C).

MRI acquisition
Participants were scanned every day of the experiment, for 42-64 consecutive days, except for rare days when the scanner or the

participant was unavailable (Figure S1). Imaging was performed at a consistent hour of the day (Table S1) to minimize diurnal effects

in functional connectivity (Shannon et al., 2013). Sequence details are listed in Table S1. Every session included a 30-minute resting-

state blood oxygen level-dependent (BOLD) fMRI scan, during which participants were instructed to hold still and look at a white fix-

ation crosshair presented on a black background. During one scan (Ashley, scan 21), the fixation crosshair was not presented until

5 minutes into the scan, so these 5 minutes of data were excluded from further processing. Head motion was tracked in real time

using Framewise Integrated Real-timeMRI Monitoring software (FIRMM) (Dosenbach et al., 2017). An eye-tracking camera (EyeLink,

Ottawa) was used to monitor participants for drowsiness. Some sessions prior to casting (Figure S1) included motor tasks, during

which participants were instructed to move their left hand, right hand, left foot, right foot, or tongue in a block design cued by visual

stimuli (Barch et al., 2013). Two 4-minute runs of this task were completed during each task session.

Hand movement monitoring
Hand movements during rs-fMRI scans were tracked using a highly sensitive pneumatic bladder (Siemens, Munich), originally de-

signed for tracking respiratory movements. This bladder was inserted into the end of the cast, along the palmar surface of the fingers

during rs-fMRI scans (see Figure S5 for a photo showing the bladder position). Instructing the participant to make very small hand

movements during a test run confirmed that the bladder was extremely sensitive to movements at the finger joints, wrist, elbow

and shoulder. Additionally, although the bladder was inserted inside the cast, we were still able to detect respiration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of accelerometry data
Data from wrist-based accelerometers were transferred off of the devices during MRI scans and down sampled to 1Hz. All analyses

were based on a root mean square (RMS) of the three acceleration directions. Use counts were calculated as the number of seconds

per day when the RMS acceleration exceeded a noise threshold of 10 accelerometer units (Hoyt et al., 2019) (1 accelerometer unit =

0.016 m/s2). Periods of sleep were detected as blocks of 15 minutes or more with a use count below 100. ‘‘% TimeMoving’’ reported

in Figure S1Bwas calculated as the daily use count normalized by the total number of waking seconds recorded each day. Use ratios

reported in Figure 1C were calculated as the ratio of use counts for the left and right upper extremities.

MR image processing
Structural images (T1- and T2-weighted) were corrected for gain field inhomogeneity using FSL Fast (Zhang et al., 2001), and aligned

to the 711-2B implementation of Talairach atlas space using the 4dfp MRI processing software package (https://readthedocs.org/

projects/4dfp/). The 711-2B template conforms to the 1988 Talairach atlas (Talairach and Tournoux, 1988) according to the method
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of Lancaster et al. (1995). Relative to MNI152, 711-2B space is about 5% smaller and 2� anteriorly rotated about the ear-to-ear axis.

Mean T1- and T2-weighted images (T1w and T2w) were computed by coregistration and averaging multiple acquisitions. The mean

T1w for each participant was run through the FreeSurfer pipeline (version 5.3) (Fischl, 2012) to generate an anatomical segmentation

and 3D surface models of the cerebral cortex.

fMRI processing followed a previously published pipeline (Raut et al., 2019). Briefly, preprocessing included temporal interpolation

to correct for slice time differences, correction of intensity differences between odd and even slices and rigid-body correction for

headmovement. Atlas transformation of the functional data was computed as a composition of transforms: native spacemean func-

tional image/T2w/T1w/atlas representative template. The functional data were resampled in atlas space in one step including

correction for susceptibility inhomogeneity-related distortion (Jenkinson et al., 2012).

Denoising was accomplished by regression of nuisance time series following a CompCor-like strategy (Behzadi et al., 2007; Raut

et al., 2019). Regressors included the 6 rigid parameters derived by retrospective motion correction, the global signal averaged over

the brain, and orthogonalized waveforms extracted from the ventricles, white matter and extra-cranial tissues (excluding the eyes).

Frame censoring (scrubbing) was computed on the basis of both frame-wise displacement (FD) and variance of derivatives (DVARS)

measures (Power et al., 2012) with thresholds set individually for each participant (Table S1). Rigid-body motion parameters were

low-pass filtered (< 0.1 Hz) prior to FD computation to remove respiratory artifacts in head-motion estimates (Fair et al., 2020).

Grayordinate image intensity plots (Power, 2017) were visually checked to confirm artifact reduction. The data then were temporally

bandpass filtered prior to nuisance regression, retaining frequencies between 0.005 Hz and 0.1 Hz. Censored frames were replaced

by linearly interpolated values prior to filtering and re-censored afterward.

Preprocessed functional data (BOLD time series) were extracted from the cerebral cortex and cerebellum using FreeSurfer-based

segmentations and cortical surface models. Cortical data were projected onto a 2D surface (generated by FreeSurfer) using tools

distributed as part of the Human Connectome Workbench software package (Marcus et al., 2011). As previously described (Gordon

et al., 2017), cortical projection involves selecting voxels that fall between two surfacemodels fit to the inner and outer surfaces of the

cortex and interpolating between these voxels to project BOLD data from each cortical hemisphere to a�164,000-vertex 2D surface.

Surface projected data are then downsampled to �32,000-vertices and geodesically smoothed using a 2-dimensional 6-mm full-

width half max (FWHM) smoothing kernel. Cerebellar voxels were kept in volume space and smoothed using a 3-dimensional

4.7mm FWHM kernel.

ROI selection
Most analyses utilized individual-specific task-defined regions of interest (ROIs). Task-defined ROIs were selected using an auto-

mated analysis of task fMRI data, as previously described (Marek et al., 2018). For each movement in the motor task (hand, tongue

or foot movement), we selected ROIs inside of two anatomical regions, which were automatically labeled by FreeSurfer: the primary

somatomotor cortex (pre- and post-central gyri) and the superior half of the cerebellum. To select ROIs within each anatomical re-

gion, we first located the vertex/voxel showing maximal task synchrony (Marek et al., 2018) during the motor task and then grew the

ROI to a preset size (400 vertices in the somatomotor cortex, 40 voxels in the cerebellum) by selecting neighboring vertices/voxels in

descending order of task synchrony. ROIs for an example participant (Omar) are shown in Figure 2.

The graph-theoretic analyses shown in Figure 3 required multiple ROIs per somatomotor region in order to showcase connectivity

both within and between regions. To select ROIs for graph analyses, a set of parcels spanning the entire cerebral cortex was gener-

ated for each participant, and each parcel was assigned to one of 17 canonical functional networks using a graph theory-based com-

munity detection algorithm (Rosvall and Bergstrom, 2008). Parcels and network assignments for our first two participants (Nico and

Ashley) were previously generated and published (Gordon et al., 2017). We used identical methods for our third participant (Omar).

Functional connectivity measurement
Mean BOLD time series were extracted from each ROI by averaging the time series of all vertices within the ROI. Functional connec-

tivity between ROIswas thenmeasured for each session by computing the Pearson correlation betweenmean ROI BOLD time series,

excluding high-motion frames (Table S1). Daily time series of functional connectivity between ROIs are shown in Figure 2. Functional

connectivity seed maps were computed for the left-hemisphere somatomotor cortex (L-SM1ue) ROI for each session by correlating

the mean time series from the ROI with the time series from every voxel. Seed maps are shown in Figure 2.

Exponential decay model
The daily time course of functional connectivity between regions of interest (ROIs) was modeled using the following differential

equation:

dr

dt
= aðrN � rÞ (1)
rN =

�
rc if casted
r0 if not casted

a=

�
a1 during casting
a2 after casting
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where r is the current functional connectivity between two ROIs, r0 is the baseline functional connectivity, rc is the equilibrium func-

tional connectivity in the casted state, a1 describes the rate of change during the cast period and a2 describes the rate of change

during the post period. r0 was set to the mean functional connectivity in the pre period. The other three parameters (rc, a1 and a2)

were fit to the data using a least-squares approach.

Total change in functional connectivity (Dr) reported in Figures 2 and S2, was computed as the difference between the modeled

functional connectivity (r) at the end of the cast periodminus baseline functional connectivity (r0). The significance ofDr was evaluated

via permutation resampling (see Statistical analyses, below).

Graph-theoretic analyses
Graph analyses were based on a set of cortical parcels (see ROI selection, above) that were assigned to the face, lower-extremity and

upper-extremity somatomotor networks (SMN). We excluded any parcels that were located outside of the pre- and post-central gyri.

The resulting set of ROIs for each participant are shown in Figure 3A. Functional connectivitywas computed for all pairs of somatomotor

parcels and then averaged across sessions to produce a weighted graph of the SMN for each experimental period (Pre, Cast, Post).

Thresholded graphs (FC > 0.3) were displayed as spring-embedded plots (Figure 3B), as previously described (Gordon et al., 2017).

Next, we computed modularity (Bullmore and Sporns, 2009; Newman, 2004) for each graph. Modularity (Figure 3C) quantifies

the extent to which different communities in a graph dissociate from one another. We defined two communities for computing modu-

larity: 1) the casted upper extremity parcels (left-hemisphere parcels assigned to the upper-extremity SMN) and 2) the remainder of

the SMN (bilateral lower-extremity and face SMN parcels and right-hemisphere upper-extremity SMN parcels). Thus, modularity

reflects the degree of separation between the casted-extremity representation and the remainder of the SMN. Modularity (Q) is

computed as:

Q =
1

2m

X
ij

�
Aij � kikj

2m

�
dðci; cjÞ (2)

where i and j are nodes in the graph, Aij is the connection strength between nodes i and j, ki and kj the sums of all connection

weights involving node i and node j, respectively, m is the sum of all connection weights in the graph, ci and cj are the com-

munity assignments of node i and node j, respectively, and d is the Kronecker delta function (1 if ci and cj are identical and

zero otherwise). Statistical significance of changes in modularity were evaluated using permutation resampling (see Statistical

analysis, below).

Spectral analyses
rs-fMRI signals from L-SM1ue andR-SM1ue were Fourier transformed to obtain amplitude density spectra. Spectra from all 30-minute

scans in each participant are shown in Figure 4. Amplitude of low-frequency fluctuations (Zang et al., 2007) (ALFF) for L-SM1ue and R-

SM1ue was calculated as the root mean square of amplitude across low frequencies (0.05 – 0.1 Hz). A daily time course of L-SM1ue
andR-SM1ue ALFF for each participant is shown in Figure 4. ALFF during the cast periodwas compared to ALFF during the pre period

using an unpaired t test (see Statistical Analyses, below).

Pulse detection
Example pulses were initially selected by visual inspection of L-SM1ue and R-SM1ue rs-fMRI signals. Based on these examples,

threshold criteria were set to define pulses as large (> 0.4% rs-fMRI signal change in L-SM1ue), unilateral (L-SM1ue minus R-

SM1ue > 0.3% rs-fMRI signal change) peaks in the L-SM1ue rs-fMRI signal. The number of pulses detected during each 30-minute

rs-fMRI scan is shown in Figure 5C. Applying the same detection procedure to control regions in adjacent somatomotor cortex (L-

SM1le and L-SM1face) found very few pulse-like events and no differences between the Pre and Cast periods. To ensure that results

did not depend on specific thresholds, we repeated all analyses using a range of thresholds (L-SM1ue > 0.2% to 1.2% signal change;

(L-SM1ue – R-SM1ue) > 0.0% to 0.4% signal change). All thresholds yielded qualitatively similar results. Once pulses were detected in

L-SM1ue, we used an analysis of variance (Clare et al., 1999) (ANOVA) of whole-brain rs-fMRI signals surrounding each L-SM1ue pulse

(13.2 s before to 17.6 s after each pulse peak) to determine if other brain regions showed consistent patterns of activity during pulses.

Because the ANOVA F-statistic increases with increasing sample sizes, we divided by the square root of n (the number of pulses) to

normalize maps across participants. The resulting maps are shown in Figures 6 and S4.

Pulse timing analyses
The exact timing of each pulse was estimated by temporally aligning each pulse event with the mean L-SM1ue pulse waveform. This

alignment was implemented by parabolic optimization of the cross-correlation between each pulse event in each region of interest (L-

SM1ue, L-SMAue, and R-Cblmue) and the mean pulse waveform. A similar approach was recently shown to provide reliable estimates

of sub-TR time delays between rs-fMRI time series (Raut et al., 2019). Figures 6C and S4 show the relative time delays of pulse wave-

forms extracted from L-SM1ue, L-SMAue, and R-Cblmue. Pulse times between regions were then compared using Wilcoxon signed

rank tests (see Statistical analyses, below).
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Hand movement analyses
Pressure readings were acquired at 400 Hz. Pressure traces were low-pass filtered (< 2 Hz) to remove high-frequency noise and

differentiated to remove occasional shifts in baseline. The amplitude of pressure traces was normalized across recordings by dividing

by themedian deviation from themean. Fully processed traces from the pressure bladder during 30-minute rs-fMRI scans are shown

in Figure S5. Movements were detected by squaring the processed pressure trace, smoothing with a kernel of 1 s, and applying a

threshold of 0.6. Disuse pulses detected in the rs-fMRI signals (see Pulse detection, above) were classified as spontaneous if no

movements were detected within 8 s preceding the pulse peak. The percentage of pulses classified as spontaneous during each

session is shown in Figure S5.

Statistical analyses
All statistical tests were performed identically for each participant. Whenever appropriate, we used simple parametric statisti-

cal tests:

d Accelerometry use counts measured during each day of the cast period (Nico: n = 13 days; Ashley: n = 14; Omar: n = 14) were

compared to use counts during the pre period (Nico: n = 7; Ashley: n = 14; Omar: n = 14) using a two-sided, unpaired t test (Nico:

d.f. = 18; Ashley: d.f. = 26; Omar: d.f. = 26). This test was performed separately for each upper extremity (Figure S1).

d Grip strength immediately after cast removal, measured in triplicate for each hand (all participants: n = 3 measurements), was

compared to all strength measurements acquired prior to casting (Nico: n = 3; Ashley: n = 6; Omar: n = 42) using a two-sided,

un-paired t test (Nico: d.f. = 4, Ashley: d.f. = 7, Omar: d.f. = 43). This test was performed separately for each upper extremity

(Figure 1D).

d Performance on the Purdue pegboard task (# pegs inserted in 30 s) immediately after cast removal (all participants: n = 3 trials),

was compared to all trials conducted prior to casting (Nico: n = 3; Ashley: n = 6; Omar: n = 9) using a two-sided, un-paired t test

(Nico: d.f. = 4, Ashley: d.f. = 7, Omar: d.f. = 10). This test was performed separately for each upper extremity (Figure S1).

d To determine how quickly functional connectivity (FC) between the left and right somatomotor cortex (L-SM1ue and R-SM1ue)

became significantly decreased in each participant, FC measured during each session of the cast period was compared to all

sessions of the pre period (Nico: n = 10 sessions; Ashley: n = 12; Omar: n = 14) using two-sided, one-sample t tests (Nico: d.f. =

9; Ashley: d.f. = 11; Omar: d.f. = 13) conducted separately for each Cast session. We reported the time required for FC during a

Cast session to become significantly lower (p < 0.05) than FC during the pre period.

d Amplitude of low frequency fluctuations (ALFF) in L-SM1ue measured during each session of the cast period (Nico: n = 13 ses-

sions; Ashley: n = 13; Omar: n = 14) was compared to ALFF measured during each session of the pre period (Nico: n = 10; Ash-

ley: n = 12; Omar: n = 14) using a two-sided, unpaired t test (Nico: d.f. = 21, Ashley: d.f. = 23, Omar: d.f. = 26). This test was

repeated for R-SM1ue, L-SM1le, and L-SM1face (Figure 4).

d The number of disuse pulses detected in L-SM1ue during each session of the cast period (Nico: n = 13 sessions; Ashley: n = 13;

Omar: n = 14) was compared to the number of pulses detected during each session of the pre period (Nico: n = 10; Ashley: n =

12; Omar: n = 14) using a two-sided, unpaired t test (Nico: d.f. = 21, Ashley: d.f. = 23, Omar: d.f. = 26).

d The relative timing of disuse pulses in L-SMAue and L-SM1ue was compared using a Wilcoxon signed rank test (Nico: d.f. = 64,

Ashley: d.f. = 143, Omar: d.f. = 156). This test was repeated to compare the relative timing of disuse pulses in L-SMAue and R-

Cblmue and the relative timing of disuse pulses in L-SM1ue and R-Cblmue (Figures 6C and S4).

d To evaluate the effects of wearing a removable cast during scanning, FC between L-SM1ue:R-SM1ue and L-Cblmue:R-Cblmue

measured while participants wore removable casts (‘‘On’’ sessions; Nico: n = 6 sessions; Ashley: n = 12; Omar: n = 6) was

compared to sessions acquired without casts (‘‘Off’’ sessions; Nico: n = 6 sessions; Ashley: n = 12; Omar: n = 6) using a

two-sided un-paired t test (Nico: d.f. = 10; Ashley: d.f. = 22; Omar: d.f. = 10). The same test was used to compare the number

of pulse-like events detected during On sessions to the number of events detected in Off sessions (Figure S6).

When parametric statistical tests were not appropriate to test a specific hypothesis, we tested results against a null distribution

generated via permutation resampling. In each case, our null hypothesis was that no changes occurred due to casting and any

observed differences were due to measurement error. We modeled this null hypothesis by permuting the order of MRI sessions

10,000 times, eliminating any temporal relationship between sessions and the casting intervention. Each permuted sample was

treated exactly as the actual data in order to compute a null distribution for the value of interest. The P value reported for each

test represents the two-sided probability that a value in the null distribution has a greater magnitude than the observed value. Per-

mutation resampling was used to generate null distributions for the following values:

d Change in functional connectivity (Dr) during casting, based on the exponential decay model (Figures 2B–2D and S2)

d Change in modularity of the somatomotor network (DQ) during casting (Figure 3)

All analyses were hypothesis driven and tested in a small number of regions of interest (ROIs), defined using independent data (task

activations or baseline FC gradients). Correction for multiple comparisons was not necessary for most analyses. In cases where tests

were applied to multiple ROIs, a Benjamini-Hochberg procedure was applied to correct for multiple comparisons, maintaining false

discovery rates < 0.05. This correction was applied to the following tests:
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d Decreases in homotopic FC, tested in three pairs of ROIs: L-SM1ue:R-SM1ue, R-Cblmue:L-Cblmue, and L-SMAue:R-SMAue (Fig-

ures 2 and S2)

d Delays in pulse timing, tested between three pairs of ROIs: L-SM1ue/R-Cblmue, L-SMAue/L-SM1ue, and L-SMAue/R-

Cblmue (Figures 6C and S4)

Each of the three participants constituted a separate replication of the experiment, rather thanmultiple comparisons, so no correc-

tion was necessary for tests repeated in each participant.

Data visualization
Regions of interest and whole-brain pulse maps were shown on cortical surfaces generated by FreeSurfer (Fischl, 2012) and Human

Connectome Project (HCP) Workbench software packages (Marcus et al., 2011). These images were rendered using HCP Work-

bench (Marcus et al., 2011). All other figures were produced using MATLAB (https://www.mathworks.com/).
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