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Non-invasive spinal cord electrical
stimulation forarmand hand functionin
chronictetraplegia: asafety and efficacy trial
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Cervical spinal cord injury (SCI) leads to permanent impairment of arm and
hand functions. Here we conducted a prospective, single-arm, multicenter,
open-label, non-significant risk trial that evaluated the safety and efficacy of
ARC™ Therapy to improve arm and hand functions in people with chronic
SCI. ARC™ Therapy involves the delivery of externally applied electrical
stimulation over the cervical spinal cord during structured rehabilitation.
The primary endpoints were safety and efficacy as measured by whether
the majority of participants exhibited significantimprovementin both
strength and functional performance in response to ARC™ Therapy
compared to the end of an equivalent period of rehabilitation alone. Sixty
participants completed the protocol. No serious adverse events related to
ARC™ Therapy were reported, and the primary effectiveness endpoint was
met. Seventy-two percent of participants demonstrated improvements
greater than the minimally important difference criteria for both strength
and functional domains. Secondary endpoint analysis revealed significant
improvements in fingertip pinch force, hand prehension and strength,
upper extremity motor and sensory abilities and self-reported increasesin
quality of life. These results demonstrate the safety and efficacy of ARC™
Therapy toimprove hand and arm functions in people living with cervical
SCI. ClinicalTrials.gov identifier: NCT04697472.

Spinal cord injury (SCI) disrupts the bidirectional communication
between the regions of the brain and spinal cord that produce and
regulate essential neurological functions' . When the SCloccursin the
cervical segments, the consequence is often irreversible impairment
of arm and hand functions.

Preclinical studies demonstrated that electrical stimulation
of the spinal cord restores impaired neurological functions when

the stimulation is applied over the spinal segments that contain the
neurons involved in the control of these functions”". Case studies
leveraged this principle in humans with SCI, reporting immediate
improvements in a range of neurological functions in response to
electrical stimulation of the spinal cord, including standing and walk-
ing®'%2* muscle spasms®?*, hemodynamic regulation'>'*?, lower
urinary tract control®>° and the function of the arms and hands® ¢,
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Fig.1| Overview and efficacy of ARC™ Therapy. a, ARC™ Therapy consists

of delivering externally applied electrical stimulation to the cervical spinal

cord during structured rehabilitation. The stimulating electrodes are located
above and below the injury. b, The primary effectiveness endpoint tested the
hypothesis that the majority of the participants would demonstrate significant
improvements in selected strength and functional performance domains from
the end of the rehabilitation-alone period to the end of the ARC™ Therapy period.

Moreover, the long-term application of electrical stimulation to the
spinal cord during rehabilitation led to neurological improvements
that persisted in the absence of stimulation®?******_Similar improve-
ments have been observed in people with stroke®. Evidence suggests
that these neurological improvements are due to the growth of resid-
ual white matter tracts onto specific neuronal populations that are
engaged by afferent pathways recruited by electrical stimulation and
that reorganize in response to rehabilitation”®'%*",

Stimulation of the spinal cord can be achieved using non-invasive
methodology whereby electrical currentis delivered to the spinal cord
through surface electrodes, so asto modulate neuronal subpopulations
within the targeted spinal segments through the recruitment of affer-
ent fibers where they enter in the spinal cord®****. The ARC™ device
has been engineered for the delivery of such stimulation and is under
investigation for the improvement of arm and hand functions after
chroniccervical SCI (Fig.1a). We conducted a pivotal trial (Up-LIFT) to
assess the safety of ARC™ Therapy to modulate the activity of the cervi-
cal spinal cord and the effectiveness of ARC™ Therapy toimprove arm
and hand functions compared to rehabilitation alone. Here we report
the results of this prospective, single-arm, multicenter, open-label,
non-significant risk trial (Fig. 1b).

Results

Patient disposition

From14January to 24 December 2021, a total of 65 participants under-
went screening and were enrolled in the Up-LIFT trial (Fig. 2). By the
end of June 2022, 60 participants had completed the entire protocol
and assessments. One participant withdrew from the study before any
study procedures; two withdrew during the rehabilitation-alone period
for personal reasons unrelated to the study; and two withdrew during
the ARC™ Therapy period, one due to protocol non-adherence and one
for personal reasons. The clinical database was locked for analysis in
July 2022. The 60 participants who completed the protocol had each
undergone at least 24 sessions during each of the rehabilitation-alone
(mean, 25 sessions) and ARC™ Therapy (mean, 25 sessions) periods.
During ARC™ Therapy sessions, stimulation was delivered at 30 Hz
with a10-kHz carrier frequency overlay, which consisted of 10 pulses
with a10-kHz frequency and 100-ps pulse width (Fig. 1a and Extended
Data Fig.1). The 60 participants were included in the final primary
effectiveness endpoint analysis. The demographic and baseline clinical
characteristics of the 60 participants are reported in Table 1. Demo-
graphic representation within the clinical trial population was in line
with the general population of people living with cervical SCI**. The
Up-LIFT trial was fully enrolled within1 year, and follow-up assessments
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Fig.2|Screening and treatment exposure during the Up-LIFT trial. The
Up-LIFT trial was a prospective, single-arm, multicenter, non-significant risk
trial designed to evaluate the safety and efficacy of ARC™ Therapy to improve
arm and hand functions in people with chronic cervical SCI. Participants were
screened and enrolled after abaseline assessment. They then underwent a
period of rehabilitation alone followed by ARC™ Therapy for the same period of
time. Participants were considered to have completed the trial after finishing all
sessions of rehabilitation alone, ARC™ Therapy and all study assessments.

were completed according to the trial design, despite constraints on
clinic and hospital services related to the coronavirus disease 2019
(COVID-19) pandemic.

Primary outcomes

Ofthe 60 participantsincludedinthe primary effectiveness endpoint
analysis, 43 (72%) met or exceeded the minimally important differ-
ence (MID) criteria for at least one outcome of the strength domain
(International Standards for Neurological Classification of Spinal
Cord Injury-Upper Extremity Measurement Scale (ISNCSCI-UEMS),
Graded Redefined Assessment of Strength, Sensibility and Prehen-
sion (GRASSP)-Strength, grasp force or pinch force) and at least one
outcome of the functional performance domain (Capabilities of
Upper Extremity Test (CUE-T) score or GRASSP-Prehension Perfor-
mance), while 54 participants (90%) met the MID criteria for at least
one strength or functional outcome (Fig. 1b, Table 2 and Extended
Data Figs.2-4).

Secondary outcomes

Secondary effectiveness endpoints included the superiority of
responder rates after ARC™ Therapy compared to rehabilitation alone
aswellas the changesin single outcomesbetween enrollmentand the
end of the rehabilitation-alone period versus between enrollment and
the end of the ARCE* Therapy period.
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Table 1| Characteristics of the participants at baseline®

Characteristic Safety population !Vlodified
intention-to-treat
population

(n=64) (n=60)

Age (years) 46.5%15.5 47.2+15.5

Age at time of injury (years) 40.6+16.1 411+16.2

Sex, n (%)

Female 1(17.2) 10 (16.7)
Male 53(82.8) 50 (83.3)
Race, n (%)°
Asian 3(4.7) 3(5.0)
Asian-White 1(1.6) 101.7)
Black or African American 1(1.6) 101.7)
Other 2(30) 1(1.7)
White 57(89.1) 54(90.0)

Ethnicity, n (%)

Hispanic or Latino 4(6.3) 3(5.0)
Non-Hispanic or Latino 60 (93.8) 57 (95.0)

AlS, n (%)

B 10 (15.6) 9(15.0)
C 30 (46.9) 28 (46.7)
D 24 (37.5) 23(38.3)

Cause of injury, n (%)

Fall 16 (25.0) 15 (25.0)
Other 3(4.7) 2(3.3)
Recreation 14 (21.9) 14 (23.3)
Sport 17 (26.6) 17 (28.3)
Vehicular 14 (21.9) 12 (20.0)

Time since injury (years) 5.9+7.3 6.1+7.5

Chronicity, n (%)

1-5years 44 (68.8) 41(68.3)
5-10years 12(18.8) 11(18.3)
>10years 8(12.5) 8(13.3)

Neurological level, n (%)

C2 9(14.) 9(15.0)
c3 4(6.3) 3(5.0)
C4 18(28.1) 16 (26.7)
C5 13(20.3) 13(21.7)
C6 13 (20.3) 13(21.7)
c7 6(9.4) 6(10.0)
Cc8 1(1.6) 6]

2 Plus-minus values are means +s.d. The modified intention-to-treat population included all
participants who underwent at least 24 sessions (minimum 12 sessions per month) during the
rehabilitation-alone period and at least 24 sessions during the ARCE Therapy period. ® Race
was reported by the participants.

Structured rehabilitation is a methodology that can mediate
improvementinarmand hand functions for people with chronictetra-
plegia**~*¢. These improvements, however, are generally confined to
functional domains, and bona fide changes in the underlying neuro-
logical status are not expected. Accordingly, we found that 63% of the
participants met the MID responder criteriaforimprovementsinarm
and hand functionsinresponseto the 2-month period of rehabilitation

Table 2 | Effectiveness endpoints (modified
intention-to-treat population)?

Endpoints Value Pvalue
Primary endpoint®

Strength responder, n (%) 52 (86.7)

Function responder, n (%) 45 (75.0)

Responder, n (%) 43 (71.7) <0.001

Secondary responder analysis endpoint®

ARCH™ non-responder, n (%)

Rehabilitation responder 4(6.7)

Rehabilitation non-responder 6 (10.0)

ARC responder, n (%)

Rehabilitation responder 34 (56.7)

Rehabilitation non-responder 16 (26.7) 0.012
Change from end of P value
rehabilitation alone to
end of ARC®™ Therapy

Secondary hierarchical endpoint®

Pinch force 4.8+16.1 0.002*

GRASSP-Prehension Performance 1.6+2.9 <0.001

GRASSP-Strength 2.8+5.4 <0.001*

UEMS 2.2+3.2 <0.001*

TSS 9.6+15.1 <0.001

EQ-5D-5L 174141 0.028*

SCIM Ill total score 0.5+4.2 0.101*

WHOQOL-Physical Domain 1.6+8.0 -

WHOQOL-Psychological Domain -0.4+9.4 -

WHOQOL-Social Relationships 1.5+10.3 -

WHOQOL-Environment -0.4+7.5 =

2 Plus-minus values are means +s.d. The modified intention-to-treat population included all
participants who underwent at least 24 sessions (minimum 12 sessions per month) during the
rehabilitation-alone period and at least 24 sessions during the ARC™ Therapy period.

® The primary effectiveness endpoint tested the hypothesis that more than 50% of
participants would meet responder criteria for both strength and function. This hypothesis
was evaluated using a one-sided exact binomial test. ¢ Superiority of ARC™ Therapy
compared to rehabilitation alone was tested by comparing the proportion of participants
who converted into responders from enrollment to the end of the rehabilitation-alone period
with the proportion of participants who converted from enrollment to the end of the ARC™
Therapy period. This secondary endpoint was tested using McNemar’s test. ¢ Changes in
individual outcomes were assessed from enrollment to the end of ARC™ Therapy compared
to changes from enrollment to the end of rehabilitation alone using a one-sided paired t-test
or a paired Wilcoxon rank-sum test if data were not normal. The order of the secondary
endpoints according to the hierarchical analysis plan is also provided in the Supplementary
Information. The hierarchy failed at the seventh endpoint (Spinal Cord Independence
Measure, Version Il (SCIM Ill) total score). Dashes indicate P values that are not provided due
to failure of the hierarchical testing of results. * indicates a parametric test.

alone. This response rate was inferior to the response rate after the
ARC™ Therapy period (P=0.012, McNemar’s test). As anticipated,
most of the gain occurred during the first month of rehabilitation
alone and primarily involved expected improvements in functional
domains. Indeed, participants did not show significantimprovements
in standard neurological assessments, including upper limb motor
and sensory scores, in response to rehabilitation alone (Fig. 3 and
Extended Data Table 1). Moreover, analysis of all the individual out-
comes between the first and second month of rehabilitation alone
revealed an absence of significant improvement, indicating that a
number of participants showed initial improvements but reached a
rapid plateau that occurred before the onset of ARC™ Therapy (Fig. 3
and Extended Data Fig. 5). These improvements were in stark contrast
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Fig. 3| Effect of ARC™ Therapy on force, sensory and functional performance.
Improvements in outcomes of strength and functional performance domains
during the rehabilitation-alone period and during the ARC™ Therapy period.
These results suggest that alonger period of ARC™ Therapy may promote

additional benefits. Red color indicates the period of ARC™ Therapy. Statistics
represent one-way repeated-measures ANOVA with Tukey’s HSD post hoc testing.
*P<0.05,*P<0.01and ***P < 0.001. NS, not significant.

to those observed after ARC® Therapy, wherein significant improve-
ments in functional domains and neurological status, including both
upper limb motor and sensory scores, were observed throughout the
period with ARC®™ Therapy (Fig. 3, Table 2, Extended DataFigs.5and 6,
Extended Data Table 2 and Supplementary Datal).

Table 2 and Fig. 3 report the improvements across individual
outcomes that were measured monthly for each of the hierarchical
secondary effectiveness endpoints and additional strength, function
andsensory outcomes obtained for all the participants who completed
the Up-LIFT trial. These comparisons revealed significant improve-
ments over the course of ARCH Therapy in pinch force (mean differ-
ence =4.8 N; 90% confidence interval (Cl) =1.25-8.44 N; P=0.002),
GRASSP-Prehension Performance score (mean difference =1.6; 90%
Cl=0.9-2.2;P<0.001), GRASSP-Strength score (mean difference =2.8;
90%Cl=1.6-3.9; P< 0.001) and ISNCSCI-UEMS (mean difference = 2.2;
90% Cl=1.5-2.8; P<0.001). In addition to strength and functional

performance domains, asignificantincrease in ISNCSCl total sensory
score (TSS) (mean difference =9.6; 90% Cl = 6.3-12.8; P< 0.001) was
detected in response to ARC™ Therapy compared to rehabilitation
alone. Additionally, exploratory statistical comparisons quantify-
ing the magnitude of improvements obtained after rehabilitation
alone compared to those obtained after an equivalent period of ARC™
Therapy revealed the superiority of ARC™ Therapy (Fig. 3 and Extended
DataFig. 6).

Improvements in strength, functional performance and sensory
scores were associated with self-reported improvements in EuroQol
five-dimensional five-level (EQ-5D-5L) scores (mean difference =1.7;
90% Cl=-1.3to 4.8; P< 0.028; Table 2) in response to ARC™ Ther-
apy compared to rehabilitation alone. Improvements in independ-
ence, as measured with the SCIM Ill, failed to meet significance in
the hierarchical statistical analysis. Due to the hierarchical statistical
plan, changes in quality of life measured with the Abbreviated World
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Table 3 | Overview of adverse events (safety population)®

Event Before Rehabilitation ARC* Any
rehabilitation alone Therapy time

Any adverse event 3(4.7) 44 (68.8) 34(531) 50(78.1)

Any serious adverse 1(1.6) 1(1.6) 1(1.6) 3(4.7)

event

Adverse event related - - 17(26.6) 17(26.6)

to device

Serious adverse event - - 0(0.0) 0(0.0)

related to device

Adverse event related 0 (0.0) 8(12.5) 13 18(28.1)

to study procedures (20.3)

Adverse event leading 0 (0.0) 0(0.0) 0(0.0) 0(0.0)

to discontinuation

Total number of 5 105 128 238

adverse events

 Data shown are the number of participants (percent). The safety population included
participants (n=64) exposed to any study procedure.

Health Organization Quality of Life (WHOQOL-BREF) questionnaire
were not tested, yet 52 (87%) of participants reported improvements
inatleast one WHOQOL-BREF subscore or the EQ-5D-5L questionnaire
(Table 2 and Extended Data Table 3).

Safety

No serious adverse events were reported that were related to either
ARC™ Therapy or study procedures in any of the 64 participants who
were exposed to any procedures of the Up-LIFT trial (Table 3). A total
of 238 adverse events occurred throughout the duration of the study
(Table 3, Extended Data Table 3 and Supplementary Data 2). These
adverse events were reported in 50 of the 64 individuals who were
exposed to any aspect of the Up-LIFT trial procedures. Three of these
238 adverse events were considered serious due to hospitalization
associated with the event yet were unrelated to ARCE Therapy or study
procedures. They included constipation, urinary tract infections and
bladder stone. Forty-four non-serious adverse events were related to
ARC™Therapy and were reported in17 of the 64 participants (Table 3).
One ofthese 44 events was a severe adverse event, which was reported
inone participant and was related to the occurrence of severe muscle
spasms during one rehabilitation session within the ARC™ Therapy
period, but it was unrelated to ARC™ Therapy because the stimula-
tion was not turned on when these spasms occurred. There were no
unexpected adverse events.

Exploratory outcomes

Extended Data Tables1,2and 4 report the changes in single outcomes
for each of the pre-specified exploratory endpoints for all the partici-
pants who completed the Up-LIFT trial, as outlined in the statistical
plan. Among numerous significantimprovements in exploratory out-
comes, we observed asignificant decreaseinthe frequency of muscle
spasms, as measured with the Penn Spasm Frequency Scale (PSFS)
(meandifference =-0.2;90% Cl=-0.4t00.1; P=0.009),improvement
in sleep quality (Medical Outcomes Study (MOS) Sleep Scale) (mean
difference = —4.33; 90% Cl = -8.0 to —0.7; P= 0.025) and shortness of
breath (Sleep Problems Index I (meandifference = -2.3;90% Cl=—-4.5to
0.2; P=0.04)) and areduction in pain (Numerical Rating Scale (NRS)
of pain, mean difference = -0.2;90% Cl =-0.6t0 0.1; P= 0.04).Indeed,
51 participants (85%) reported improvementsin at least one MOS Sleep
Scale subscore.

Post hoc analyses
We conducted a post hoc analysis based on logistic regression odds
ratios to assess the minimal value at enrollment for each strength,

functional performance and sensory scores associated with the like-
lihood of responding to ARC™ Therapy (Extended Data Fig. 7). This
analysis revealed cutoffs for ISNCSCI-UEMS (cutoff = 25), pinch force
(cutoff =25N), grasp force (cutoff =100 N), CUE-T (cutoff = 40), ISNC-
SClsensory score (cutoff =120), ISNCSClupper extremity sensory score
(cutoff =40) and GRASSP-Sensibility score (cutoff = 15). We also found
that participantsimproved moreinthe box and block test following the
period of ARCE* compared to rehabilitation alone (P < 0.001).

Discussion

ARC™Therapy was found to be safe and effective in 72% of participants
to mediate improvements of strength and function in the hands and
arms that were associated with meaningful quality of life improve-
ments for people living with chronic cervical SCI. These results met
our pre-specified criteria, because we hypothesized that the percent-
age of participants responding to ARC*™ Therapy would exceed 50%.

We found that ARC® Therapy not only mediated significant
improvements in outcomes related to upper extremity strength
and functional performance domains but also improved the recov-
ery of sensory function, as measured with the ISNCSCI TSS and the
GRASSP-Sensibility score. Participants also reported a decrease in
the frequency and severity of muscle spasms, improved sleep quality
and reduced pain. These improvements translated into significant
increases in overall well-being, measured with the EQ-5D-5L, as well
asoutcomes assessing level ofindependence during activities of daily
living, such as improved self-care components relying on arm and
hand functions.

ARC¥ Therapy mediated improvements in upper limb functions
that exceeded those achieved with rehabilitation alone. Although
participantsin the Up-LIFT trial demonstrated some improvement in
measures of arm and hand functions after a period of rehabilitation
alone, their neurological status improved only when delivering ARC™
Therapy. Indeed, all the clinical quantifications of upper extremity
motor and sensory scores improved only after ARC®™ Therapy. Based
onthe design of the trial, however, one cannot exclude the possibility
that the period of rehabilitation aloneimproved the potential for par-
ticipants to respond subsequently to ARC™ Therapy. Future preclinical
and clinical studies will have to uncover the mechanisms that govern
the relationship between the neurological status of the participant
and the responses to ARC™ Therapy or rehabilitation alone as well
as their interactions. Finally, we also identified the minimal values of
strength, functional and sensory domains at enrollment that can guide
rehabilitation and neurological specialistsin the selection of patients
who would optimally benefit from ARC™ Therapy.

The safety profile of ARC™ Therapy was thoroughly established in
the Up-LIFTtrial. Theincidence and nature of adverse events reported
in the trial were consistent with published reports on people living
with chronic cervical SCI**, The absence of any device-related serious
adverse events establishes that ARC™ Therapy meets the pre-specified
primary and secondary safety endpoints.

The design and planning of this clinical trial was conducted with
several considerations and potential limitations. Current standard of
care for every patient with tetraplegia consists of a period of rehabili-
tation that is initiated after discharge from neurointensive care and
typically lasts for afew months. Although the delivery of rehabilitation
issupported by decades of research studies and clinical practice, the
impactofrehabilitation onneurological status is expected to be limited
and, in general, confined to functional improvements as opposed to
improvement of the underlying neurological status*’. Because of this
limited effect, rehabilitation is generally not prescribed to patients
once they have reached the chronic phase of tetraplegia®. Further-
more, neurological recovery in patients with tetraplegiais known tobe
asvariable asthe morphology and location of spinal cord damage, even
among those with similar neurological classifications®’. Consequently,
the limited impact of rehabilitation alone on neurological recovery,
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coupled with the inherent variation in function of people with tetra-
plegia, did not supportastandard randomized controlled trial design.

In the context of trials involving neuromodulation therapies,
where the patients can physically feel the stimulation, consultations
with the study investigators exposed four compelling reasons for an
open-label design. First, the feasibility of blinding becomes challeng-
ing, if not impossible, when the treatment requires the participants
to perceive the electrical fields produced by the neuromodulation
therapies® . This robust perception elicited by treatments such as
ARC® Therapy is in stark contrast to neuromodulation treatments
for which there is no explicit sensation, wherein sham stimulation is
generally standard practice in clinical trial design®*°. ARC®™ Therapy
involves electrical fields that are perceived by patients, leading to
immediate improvementsin manual dexterity that support enhanced
participation in rehabilitation®?*, If the stimulation is turned off,
patients instantly notice the absence of stimulation and the lack of
facilitated movement. On the other hand, because the amplitude of
stimulation is the primary parameter that determines the facilitation
of movement, there are few alternative parameters of stimulation
that could be manipulated to elicit a perception of the stimulation by
the patient without facilitating movement to some extent. Second,
ethical considerations were raised about the role of sham stimulation,
because subjecting participants to potential risks and discomfort
without any expected benefit was deemed not appropriate for the
population of people with tetraplegia for whom there are no available
treatments. Therefore, it was not realistic or appropriate to design a
relevant sham stimulation. Third, the sequential trial design enabled
strong participant engagement, compliance and low attrition. Indi-
viduals with tetraplegia typically experience difficulties participating
in trials with repeated sessions at rehabilitation centers. Fourth, this
design provided the opportunity to gather valuable data on the par-
ticipants’ subjective experiences, including sensation of stimulation
and any side effects.

We also considered a randomized cross-over design, where the
order of rehabilitation alone and rehabilitation augmented by ARCH
Therapy wasrandomized for each participant. In this design, however,
any data collected after rehabilitation augmented by ARC™ Therapy are
likely to be affected by the lasting benefits of this treatment. Indeed,
sustained neurological improvements have been reported to last for
atleast 3-6 months after ARC™ Therapy®******° even after cessation
ofthe treatment.

The additional limitations of the Up-LIFT trial primarily concern
the time at which ARC™ Therapy was initiated and the duration over
which ARC™ Therapy was delivered to the participants. Indeed, for-
mal monthly assessments of all 60 participants revealed that, after
2 months of ARC™ Therapy, the participants had not reached a plateau
in their functional recovery. This absence of plateau suggests that
extending the duration of ARC™ Therapy beyond the arbitrary 2 months
pre-specified inthe Up-LIFT trialmay not only mediate furtherimprove-
ments in strength, functional performance and sensation in people
responding to ARC™ Therapy but may also enable participants who did
not respond to ARC™ Therapy to meet the pre-established responder
criteria if provided with sufficient exposure to the therapy. Second,
all the recruited participants had experienced an SCI at least 1 year
but up to 34 years before their enrollment in the Up-LIFT trial. Pre-
clinical studies have shown that awindow of opportunity for enhanced
reorganization of residual neuronal pathways opens shortly after an
SCl and that this reorganization augments neurological recovery.
This window closes approximately 1year after injury in humans®’.
Therefore, ARC™ Therapy may not only accelerate the recovery of arm
and hand functions but may also augment the extent of neurological
improvements when delivered in the early phase after SCI. Although
these possibilities were not explored in the Up-LIFT trial, post-market
analyses and post-market clinical studies will enable the opportunity
to address these hypotheses. Finally, future investigations involving

both preclinical models and follow-up clinical studies must explore the
mechanisms responsible for the immediate and long-term improve-
mentofarmand hand functions in response to ARC™ Therapy and how
the stimulationinteracts with structured rehabilitation. These studies
will support the optimization of ARC™ Therapy and will guide the
design of trials exploring the application of ARC™* Therapy toimprove
additional neurological functions in people living with SCI.

The Up-LIFT trial demonstrates the safety and efficacy of ARC™
Therapy for the improvement of hand and arm functions in people
living with chronic cervical SCI. If approved by regulatory authorities,
ARC™ Therapy will serve as anew treatment with established safety and
efficacy to improve the neurological recovery of hand and arm func-
tions. Based on the impact of spinal cord stimulation on the recovery
of movement after stroke®® and Parkinson’s disease®, we anticipate
that ARC™ Therapy could also play a role in augmenting the recovery
of people suffering from a range of neurological disorders.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-024-02940-9.
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Methods

Trial oversight

We conductedthistrial according to the principles of the Declaration of
Helsinkiand Good Clinical Practice guidelines. The trial was conducted
at 14 sites located in the United States, Canada, United Kingdom and
The Netherlands. The trial and recruitment materials were approved
by institutional review boards or ethics committees at each trial site as
well as central approval from the Advarra institutional review board.
Anindependent Data Safety Monitoring Board regularly reviewed the
ongoing trial and could advise the sponsor to stop the trial for safety.
The trial was sponsored by ONWARD Medical, which managed the
trial through contract research organizations, provided the ARC™
devices and provided field support for study investigators. Statistical
analysis was performed by anindependent statistician. All participants
provided written informed consent.

Participants

The trial included adult participants aged 22-75 years who had sus-
tained a traumatic, non-progressive cervical (C2-C8) SCI more than
12 months before their enrollment. Only participants with American
SpinalInjury Association (ASIA) Impairment Scale (AIS) classification®
B, Cor Dwho presented witha GRASSP-Prehension Performance®* score
greater than or equal to 10 or a GRASSP-Strength®* score greater than
or equal to 30 were considered for enrollment. The participants who
were prescribed anti-spasticity medications had to reduce their total
baclofen dose to less than 30 mg per day before enrollment if needed
and remain on stable medications throughout the study. All partici-
pants were capable of providing written informed consent.

Inclusion criteria specifically included:

1. Atleast 22 years of age and no older than 75 years at the time of
enrollment

2. Non-progressive cervical SCI from C2-C8 inclusive

AlS classification B, Cor D

4. Indicated for upper extremity training procedures by the

participant’s treating physician, occupational therapist or

physical therapist

GRASSP-Prehension score =10 or GRASSP-Strength score >30

Minimum 12 months after injury

7. If prescribed anti-spasticity or pain medications, must be at
stable dose for at least 4 weeks before commencing study
procedures

8. Capable of providing informed consent

w

o w

Exclusion criteria specifically included:

1. Hasuncontrolled cardiopulmonary disease or cardiac symp-
toms as determined by the investigator

2. Hasany unstable or significant medical condition that is likely
to interfere with study procedures or likely to confound study
endpoint evaluations, such as severe neuropathic pain, depres-
sion, mood disorders or other cognitive disorders

3. Hasbeendiagnosed with autonomic dysreflexia that is severe,
unstable and uncontrolled

4. Requires ventilator support

Has an autoimmune etiology of spinal cord dysfunction/injury

6. History of additional neurologic disease, such as stroke, multi-
ple sclerosis and traumatic brain injury

w

Trial design

The Up-LIFT trial was designed by the sponsor (ONWARD Medical) and
the investigators as a prospective, single-arm, sequential treatment,
multicenter, open-label, non-significant risk trial to evaluate the safety
and efficacy of ARC™ Therapy to improve the recovery of armand hand
functionsin people with chronic cervical SCI. This design enabled par-
ticipants toserve as their own controls, which is the most appropriate

designto control for the large variation among participants in baseline
impairment, potential for responsiveness and optimal stimulation
dose. As an added benefit, this design enabled a comparison of the
influence of ARC™ augmented rehabilitation to rehabilitation alone
within the same participants. There was no concurrent control group.
Thistrial design has along history of application in pivotal multicenter
trials involving neuromodulation therapies®*° and was established
after extensive interactions with the FDA that involved careful consid-
eration of alternative designs, including randomized control designs
and cross-over designs. The full pre-registered clinical protocol is
provided in the Supplementary Information.

The results of this prospective, single-arm, sequential treatment,
multicenter, open-label, non-significantrisk trial represent the collec-
tive efforts from 14 neurorehabilitation centers in North America and
Europe thatareled by clinicians and researchers with extensive experi-
ence in rehabilitation medicine for people with SCI. All sites received
training onall protocols, which were standardized across the centers.

All participants enrolled in the clinical trial underwent an inten-
sive, standardized in-clinic rehabilitation program** over a period of
2 months (Fig. 2). After this period, participants continued the same
rehabilitation program with the addition of ARC™ Therapy for two
additional months. ARC™ Therapy was applied during the entire session
ofrehabilitationto facilitate movement. Throughout the study, partici-
pants completed aminimum of 12 and amaximum of 20 in-clinic reha-
bilitation sessions per month. All performance metrics were assessed
atenrollment and every month until completion of the study (Fig. 2).
Allassessments were performed inthe absence of stimulation and are
detailed in the protocol available online.

ARC™ Therapy was delivered with aresearch version of the ARC™
device, termed the LIFT device. The device includes two surface elec-
trodes that were positioned inbetweenthe vertebral processes located
generally one vertebral segment rostral and one vertebral segment
caudaltothesite ofinjury. Two large return electrodes were positioned
over theiliac crests or clavicles. Stimulation was delivered at 30 Hz with
al0-kHz carrier frequency overlay, which consisted of 10 pulses with a
10-kHz frequency and 100-ps pulse width® (Fig. 1a and Extended Data
Fig.1). The amplitude of stimulation was configured based on motor
thresholds, absence ofinduced movements and patient comfort (Sup-
plementary Information). This principle resulted in a broad distribu-
tion of stimulation amplitudes that was expected based on the diversity
ofbody habitus of the participants enrolled in the study (Extended Data
Fig.1). All stimulation parameters and electrode locations are reported
in Extended Data Fig. 1.

Endpoints

The primary effectiveness endpoint tested the hypothesis that most
of the participants would demonstrate significant improvements in
both strength and functional performance domains from the end
of the rehabilitation-alone period to the end of the ARC* Therapy
period. Participants were considered responders if they met MID
criteria determined with Cohen’s effect size method®® for at least
one outcome in each of the strength and functional performance
domains. Outcomes related to the strength domain included the
ISNCSCI-UEMS® (MID =2-pointimprovement), the GRASSP-Strength
score® (MID = 4-pointimprovement), pinch force (MID = greater than
orequalto2.4-Nimprovement) and grasp force (MID = greater than or
equalto 6-Nimprovement). Outcomes related to the functional domain
included the GRASSP-Prehension Performance score® (MID = 2-point
improvement) and the CUE-T®® (MID = 4-pointimprovement). The pri-
mary safety endpoint for the Up-LIFT trial was the incidence of serious
adverse events related to the use of ARC™ Therapy.

Secondary effectiveness endpoints included the superiority of
responder rates after completion of ARC™ Therapy compared to dur-
ing the rehabilitation-alone period as well as changes in single out-
comes between enrollment and the end of the rehabilitation-alone
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period compared to between enrollment and the end of the ARC®
Therapy period. These secondary effectiveness endpoints were hier-
archically ordered a priori in the following sequence: pinch force,
GRASSP-Prehension Performance score®*, GRASSP-Strength score®*,
ISNCSCI-UEMS®’, ISNCSCI TSS¥, EQ-5D-5L score®, SCIM 11I"° and
WHOQOL-BREF score”’. The secondary safety endpoint was the inci-
dence of all adverse events and serious adverse events in the trial.

Exploratory endpointsincluded additional outcomes that meas-
ured changes in the quality of life and the long-term consequences of
SCI. These outcomesincluded the NRS for pain, the International Spinal
Cord Injury Pain Data Set (ISCIPDS)’?, the MOS Sleep Scale”, asubset of
scores withinthe SCIMIII”’, the GRASSP-Sensibility score®*, the PSFS™,
subset scores within the EQ-5D-5L%° and the WHOQOL-BREF”}, the
International Standards to document remaining Autonomic Function
after Spinal Cord Injury (ISAFSCI)”, the Patient Health Questionnaire-9
(PHQ-9) and the Global Impression of Change (Clinician and Patient)”.
The functional profile of responders versus non-responders was also
explored.

Statistical analyses

A statistical plan was discussed and agreed upon with the FDA. The
pre-registered statistical plan is provided in the Supplementary
Information. A sample of 65 participants was calculated assuming a
minimum power of 80%, a two-sided type I error of 10%, a responder
rate of 67%, a performance goal of 50% and a 25% drop-out rate. All
effectiveness endpoints were assessed within pre-specified modified
intention-to-treat populations, wherein only participants who under-
went at least 24 sessions (average of 12 sessions per month) during the
rehabilitation-alone period and at least 24 sessions during the ARC™
Therapy period were included in the analysis. This minimum number of
exposuresto bothinterventions was required to perform comparisons
between the outcomes of the rehabilitation-alone and ARC¥ Therapy
periods. All participants exposed to a study procedure were included
inthe safety analysis population.

The primary effectiveness endpoint was evaluated using a
one-sided exact binomial test to address the hypothesis that the pro-
portion of responders exceeded 50%. Secondary effectiveness end-
points assessed the superiority of improvements after ARC™* Therapy
when compared torehabilitation alone. The superiority of responder
rates in response to ARC™ Therapy compared to rehabilitation alone
was assessed using McNemar’s test. Identified secondary effective-
ness outcomes were then assessed in hierarchical descending order,
whereby downstream hypotheses were considered non-significant
as soon as an endpoint was not met. Each secondary effectiveness
outcome was tested with a paired one-sided t-test or a Wilcoxon
signed-rank test, as appropriate, with a type I error rate of 5%. Across
eachsecondary effectiveness outcome within the hierarchy, the change
from enrollment to rehabilitation alone was compared to the change
fromenrollment to completion of ARC™ Therapy. Descriptive statistics
onadditional outcomesin the primary and secondary endpoints were
also conducted.

Exploratory endpoints were tested with a paired one-sided ¢-test
or aWilcoxonsigned-rank test, as appropriate, with atype l error rate
of 5%. Additional post hoc analysesincluded the identification of initial
baseline characteristics that best predicted responder status as well as
time-course effects for each of the primary and secondary outcome
measures, tested with arepeated-measures ANOVA and post hoc testing
using Tukey’s honest significant difference (HSD) method and a mixed
model analysis of box and block scores, comparing rehabilitation alone
to ARC™ Therapy. The former analysis included sequential logistic
regression models, whereby participants were binarized into two
groups: above or below a single numerical threshold’®”°. Odds ratios
were then calculated, which reflected the odds of being a responder
based on sequential thresholds for each outcome measure tested in
the primary and secondary endpoints. The sequential models were

halted when the odds ratio crossed 1, indicating a threshold above
which participants demonstrated a positive likelihood of responding to
ARC™ Therapy. The latter analysis was completed as aone-way ANOVA
with Tukey’s HSD post hoc testing for each outcome measure. Analyses
were performed with SAS software, version 9.4 (SAS Institute). Details
are provided in the Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Extended Data Fig. 1| Location and stimulation parameters across study participants and sessions. a, Location of the two cathodes with respect to spinal

segments. b, Profile of electrical stimulation waveforms. ¢, Percent of sessions with monophasic versus biphasic stimulation models. d, Range of amplitudes delivered
during ARC™ Therapy.
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Extended Data Fig. 2| Responder status for each outcome of the strength or equal to 2.4N improvement), Grasp force (MID = greater than or equal to 6N
and functional domains. Participants were considered responders for each improvement), the GRASSP Strength score®* (GRASSP-Strength; MID = 4-point
outcome (top panel) if they met the minimally important difference (MID), improvement), and the International Standards for Neurological Classification
which was calculated as the change in score between the beginning of the ARC™ of Spinal Cord Injury Upper Extremity Motor Score® (ISNCSCI-UEMS; MID =
Therapy period and the end of the ARC® Therapy period. The beginning of 2-pointimprovement). To be classified as a ‘Function Responder’ or ‘Strength
the ARC™ Therapy period coincides with the end of the rehabilitation alone Responder’ participants must have met the MID criteria for at least one outcome
period. Outcomes related to the functional domain included the Capabilities ineach domain. To be considered an ‘Overall Responder’, participants must have
of Upper Extremity Test®® (CUE-T; MID = 4-pointimprovement) and the GRASSP been classified as both a ‘Function Responder’ and a ‘Strength Responder’. Color
Prehension Performance score® (MID =2-point improvement). Outcomes indicates responder status for each row.
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American Spinal Injury Association Impairment Scale (AIS) at enrollment.
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response to intense rehabilitation well before the end of the rehabilitation
alone period. a, During each training session, the participant completed

the box and block test. These systematic quantifications allowed to monitor
improvements in this task over the rehabilitation alone period. During the

first three weeks of the rehabilitation alone period, we detected a significant
increasein the scoresin the box and block test, normalized to the baseline score
atenrollment for each participant. No statistically significant improvement of
scores was detected during the following 5 weeks of the rehabilitation alone
period. Statistics refers to arepeated measures one-way ANOVA with post

hoc testing using the Tukey HSD method. *indicates p < 0.05. ** indicates
p<0.01.**indicates p <0.001. n.s.indicates non-significant. Bar graphindicates
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Supplementary Data 3. b, A rolling linear regression coefficient was calculated
from the score of each box and block test for each participant using a mixed
modellinear regression. The dotted line coincides with a coefficient of one,
above whichimprovements remain linear. Dot represents the coefficient of the
linear model at each timepoint, and the whiskers represent the standard error of
the mean on this model. The linear relationship between training sessions and
improvements of scores in the box and block test vanished after three weeks

(12 sessions) of rehabilitation alone, wherein the coefficient approached 0.
Together these findings reveal the occurrence of a plateau in the improvement
of arm and hand functions after three weeks of rehabilitation alone. Since
participants performed the box and block test during each session, the initial
improvement observed may be partially attributed to increased familiarity with
the test through repeated practice.
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Extended Data Fig. 7 | Identification of initial baseline characteristics that
best predicted responder status. This analysis included sequential logistic
regression models whereby participants were binarized into two groups: above
or below asingle numerical threshold’®”°. Odds ratios were then calculated,
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points. The sequential models were halted when the odds ratio crossed 1 (black
traces), indicating a threshold above which participants demonstrated positive
odds of responding to ARC™ Therapy. This analysis revealed cutoffs for ISNCSCI-
UEMS (cutoff =25), Grasp force (cutoff=100N), Pinch force (cutoff=25N), CUE-T

whichreflected the odds of being a responder based on sequential thresholds for (cutoff=40), ISNCSCI Sensory Score (cutoff=120), ISNCSCI Upper Extremity

each outcome measure included in the primary and secondary effectiveness end

Sensory Score (cutoff =40), and GRASSP-Sensibility score (cutoff=15).

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-024-02940-9

Extended Data Table 1| Patient-reported surveys related to quality of life, activities of daily living and impressions of change
(modified intention-to-treat population)

Rehabilitation Alone ARCEX Therapy ARCEX Difference
A Baseline A Baseline A month 4- month 2

Mean + SD p-value  Mean+SD  p-value Mean + SD p-value

SCIM Il Self-Care Subscore 03+22 0.253 06+24 0.056 03+1.1 0.007
(0-20)

SCIM Il Upper Extremity Items 02+1.6 0.292 04+1.6 0.029 0.3+0.9 0.03
(0-13)

Patient Global Impression of 40+1.1 34112 -0.6+1.1 < 0.001
Change (PGIC)

Clinician Global Impression of 42+0.7 3711 -0.6+£0.9 <0.001
Change (CGIC)

Patient Health Questionnaire-9 -05+26 0.144 -0.8+3.2 0.019 -04+29 0.164

Plus—minus values are means + SD. The modified intention-to-treat population included all participants who underwent at least 24
sessions (minimum 12 sessions per month) during the rehabilitation alone period and at least 24 sessions during the ARC= Therapy
period (minimum 12 sessions per month). One-sided paired t-tests or Wilcoxon signed ranks tests were performed for each
comparison, as appropriate (Rehabilitation alone: baseline to month 2; ARC= Therapy: baseline to month 4; and ARC= difference:
month 2 to month 4).
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Extended Data Table 2 | Additional domains within primary and secondary endpoints (modified intention-to-treat
population)

Rehabilitation Alone ARCEX Therapy ARCEX Difference
A Baseline A Baseline A month 4- month 2

Mean + SD p-value Mean + SD  p-value Mean = SD p-value

Pinch Force* 2.6+16.7 0.351 7.3+19.6 0.008 4.8+16.1 0.002
Grasp Force* 10.5 £ 28.3 0.003 242+350 <0.001 1371274 < 0.001
GRASSP Strength* 3.6+6.6 < 0.001 6.4+77 <0.001 2854 < 0.001
Upper Extremity Motor Score* 02+29 0.292 23+38 <0.001 22+32 <0.001
(UEMS)

GRASSP Prehension 1.3+3.7 0.004 29+3.8 <0.001 1.6+29 < 0.001
Performance™

CUE-T* 5.8+6.5 < 0.001 11.1+£7.1 <0.001 5353 < 0.001
Total Sensory Score (TSS)f -1.8+19.9 0.757 7.8+21.0 0.003 9.6+15.1 < 0.001
Upper Extremity Sensory Score -0.2+5.9 0.620 26+6.8 0.002 29148 < 0.001
GRASSP Prehension Ability 1.8+2.8 <0.001 26+26 <0.001 08+23 0.003
GRASSP Sensibility 0.0+1.8 0.313 0923 0.002 0924 0.003

Plus—minus values are means + SD. The modified intention-to-treat population included all participants who underwent at least 24
sessions (minimum 12 sessions per month) during the rehabilitation alone period and at least 24 sessions during the ARC= Therapy
period (minimum 12 sessions per month). One-sided paired t-tests or Wilcoxon signed ranks tests were performed for each
comparison, as appropriate (Rehabilitation alone: baseline to month 2; ARC= Therapy: baseline to month 4; and ARC= difference:
month 2 to month 4). * included in primary efficacy outcome. Tincluded in secondary efficacy outcomes.
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Extended Data Table 3 | Detailed listing of adverse events (safety population)’

Prior to Rehabilitation ~ARCEX Therapy Anytime
Events rehabilitation alone
(MedDRA 23.0 SOC Preferred Term)
Eye disorders 0 1 0 1
Eye pain 0 1 0 1
Gastrointestinal disorders 0 1 8 19
Haemorrhoids 0 0 1 1
Inguinal hernia 0 1 0 1
Vomiting 0 1 0 1
Dyspepsia 0 2 0 2
Abdominal pain upper 0 1 2 3
Nausea 0 2 1 3
Toothache 0 1 2 3
Constipation 0 3 2 5
General disorders administration 0 3 10 13
site conditions
Asthenia 0 0 1 1
Inflammation 0 0 1 1
Malaise 0 0 1 1
Medical device site reaction 0 0 1 1
Peripheral swelling 0 0 1 1
Pyrexia 0 0 1 1
Pain 0 0 2 2
Fatigue 0 3 2 5
Hepatobiliary disorders 0 1 0 1
Cholelithiasis 0 1 0 1
Immune system disorders 0 0 1 1
Drug hypersensitivity 0 0 1 1
Infections and Infestations 3 22 18 43
Infection 0 0 1 1
Lower respiratory tract 0 1 0 1
infection
Onchomycosis 0 1 0 1
Respiratory tract infection 0 1 0 1
Tooth infection 0 0 1 1
COVID-19 0 2 6 8
Cystitis 0 3 1 4
Urinary tract infection 3 14 9 26
Ear and labyrinth disorders 0 0 1 1
Ear infection, ear pain 0 0 1 1
Injury, poisoning and procedural 2 18 13 33
complications
Exposure to SARS-Co-V-2 0 0 1 1
Scratch 0 1 0 1
Spinal column injury 0 0 1 1
Thermal burn 0 1 0 1
Tooth injury 0 1 0 1
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Extended Data Table 3 (continued) | Detailed listing of adverse events (safety population)’

Wound 0 0 1 1
Limb injury 0 2 0 2
Buttock injury 0 1 2 3
Contusion 0 2 1 3
Autonomic dysreflexia 0 0 4 4
Skin abrasion 0 3 1 4
Skin laceration 1 3 0 4
Fall 1 4 2 7
Investigations 0 2 2 4
Blood pressure decreased 0 1 0 1
Blood pressure increased 0 0 1 1
Heart rate increased 0 1 0 1
Respiratory rate increased 0 0 1 1
Metabolism and nutrient disorders 0 0 3 3
Decreased appetite 0 0 1 1
Dehydration 0 0 1 1
Gout 0 0 1 1
Musculoskeletal and connective 0 21 23 44
tissue disorders
Arthralgia 0 1 0 1
Joint stiffness 0 0 1 1
Musculoskeletal chest pain 0 1 0 1
Musculoskeletal stiffness 0 1 2 3
Myalgia; musculoskeletal 0 0 1 1
stiffness
Back pain 0 3 1 4
Neck pain 0 1 4 5
Myalgia 0 2 4 6
Pain in extremity 0 3 3 6
Muscle spasms 0 3 4 7
Muscle spasms; pain 0 2 0 2
Musculoskeletal pain 0 4 3 7
Nervous system disorders 0 5 13 18
Burning sensation 0 0 1 1
Poor quality sleep 0 0 1 1
Sensory loss 0 1 0 1
Sensory overload 0 0 1 1
Neuralgia 0 1 1 2
Paraesthesia 0 0 2 2
Headache 0 1 2 3
Dizziness 0 2 5 7
Psychiatric disorders 0 2 1 3
Attention deficit hyperactivity 0 0 1 1
disorder
Depressed mood 0 1 0 1
Emotional distress 0 1 0 1
Renal and urinary disorders 0 3 12 15
Bladder pain 0 0 1 1
Incontinence 0 2 0 2
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Extended Data Table 3 (continued) | Detailed listing of adverse events (safety population)’

Nephrolithiasis 0 0 2 2
Urinary incontinence 0 0 2 2
Urinary tract disorder 0 0 2 2
Bladder spasm 0 1 5 6
Respiratory, thoracic and 0 1 1 2
mediastinal disorders
Cough 0 1 1 2
Skin and subcutaneous tissue 0 8 10 18
disorders
Eczema 0 1 0 1
Nail cuticle fissure 0 1 0 1
Scab 0 0 1 1
Skin hyperpigmentation 0 1 0 1
Skin irritation 0 0 1 1
Decubitus ulcer 0 1 1 2
Blister 0 3 0 3
Erythema 0 1 3 4
Hyperhidrosis 0 0 4 4
Surgical and medical procedures 0 1 2 3
Wedge resection toenail 0 1 0 1
Cataract operation 0 0 2 2
Vascular disorders 0 6 10 16
Deep vein thrombosis 0 0 1 1
Pallor 0 0 1 1
Hypotension 0 2 1 3
Orthostatic hypotension 0 2 1 3
Hypertension 0 2 6 8
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Extended Data Table 4 | Spinal cord injury sequelae (modified intention-to-treat population)

Rehabilitation Alone ARCEX Therapy ARCEX Difference
A Baseline A Baseline A month 4- month 2

Mean + SD p-value  Mean+SD  p-value Mean + SD p-value

Spasticity

Penn Spasm Frequency Scale -0.1+0.8 0.21 -0.3+0.9 0.009 -0.2+0.7 0.011
(Frequency)

Penn Spasm Frequency Scale -0.1+0.5 0.15 -02+0.7 0.04 -0.1+0.6 0.11
(Severity)

Pain

NRS Pain within last 24 hours -01+1.5 0.353 -0.3+1.6 0.073 -02+1.6 0.04
ISCIPDS - Sleep Interference -04+26 0.104 -09+26 0.002 -0.6+23 0.06

within last week
Sleep — MOS Scale

Shortness of Breath/Headache -1.0+125 0.311 -5.3+18.7 0.017 -43+16.9 0.03
Snoring -6.8 £20.6 0.002 -10.5+24.7 <0.001 -3.7+£20.1 0.09
Sleep Disturbance -1.3+155 0.264 -3.3+164 0.034 -21+134 0.12
Sleep Problems Index | -0.3+9.9 0.398 -2.7+124 0.051 -2.3+101 0.04
Sleep Problems Index Il -09+99 0.135 -2.8+12.7 0.047 -1.9+96 0.07

Plus—minus values are means + SD. The modified intention-to-treat population included all participants who underwent at least 24
sessions (minimum 12 sessions per month) during the rehabilitation alone period and at least 24 sessions during the ARC= Therapy
period (minimum 12 sessions per month). One-sided paired t-tests or Wilcoxon signed ranks tests were performed for each
comparison, as appropriate (Rehabilitation alone: baseline to month 2; ARC= Therapy: baseline to month 4; and ARC= difference:
month 2 to month 4). Decreases in these outcomes represent improvements.
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Sample size

Data exclusions

Replication
Randomization

Blinding

A statistical plan was discussed and agreed upon with the FDA. The pre-registered statistical plan is provided in Supplementary Information. A
sample of 65 participants was calculated assuming a minimum power of 80%, a two-sided type | error of 10%, a responder rate of 67%, a
performance goal of 50%, and a 25% drop out rate. All effectiveness end points were assessed within prespecified modified-intent-to-treat
populations, wherein only participants that underwent at least 24 sessions (average of 12 sessions per month) during the rehabilitation alone
period and at least 24 sessions during the ARCEX Therapy period were included in the analysis. This minimum number of exposures to both
interventions was required to perform comparisons between the outcomes of the rehabilitation alone and ARCEX Therapy periods. All
participants exposed to a study procedure were included in the safety analysis population.

From January 14 to December 24, 2021, a total of 65 participants underwent screening, and were enrolled in the Up-LIFT trial (Fig. 2). Sixty
participants had completed the entire protocol and assessments by the end of June, 2022. One participant withdrew from the study prior to
any study procedures, two withdrew during the rehabilitation alone period for personal reasons unrelated to the study, and two withdrew
during the ARCEX Therapy period, one due to protocol non-adherence and one for personal reasons.

The nature of this safety and efficacy trial did not require replication.

No randomization was performed.

All statistical analysis was performed by an independent blinded statistician.
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT04697472
Study protocol Supplementary Appendix.

Data collection From January 14 to December 24, 2021, a total of 65 participants underwent screening, and were enrolled in the Up-LIFT trial (Fig. 2).
Sixty participants had completed the entire protocol and assessments by the end of June, 2022. One participant withdrew from the
study prior to any study procedures, two withdrew during the rehabilitation alone period for personal reasons unrelated to the study,
and two withdrew during the ARCEX Therapy period, one due to protocol non-adherence and one for personal reasons. All clinical
sites are listed in the study protocol.

Outcomes The primary effectiveness end point tested the hypothesis that the majority of the participants would demonstrate significant
improvements in both strength and functional performance domains from the end of the rehabilitation alone period to the end of
the ARCEX Therapy period. Participants were considered responders if they met minimally important difference (MID) criteria
determined with Cohen’s effect size method 66 for at least one outcome in each of the strength and functional performance
domains. Outcomes related to the strength domain included the International Standards for Neurological Classification of Spinal Cord
Injury Upper Extremity Motor Score 67 (ISNCSCI-UEMS; MID = 2-point improvement), the GRASSP Strength score 64 (GRASSP-
Strength; MID = 4-point improvement), Pinch force (MID = greater than or equal to 2.4N improvement), and Grasp force (MID =
greater than or equal to 6N improvement). Outcomes related to the functional domain included the GRASSP Prehension
Performance score 64 (MID = 2-point improvement) and the Capabilities of Upper Extremity Test 68 (CUE-T; MID = 4-point
improvement). The primary safety end point for the Up-LIFT trial was the incidence of serious adverse events (SAEs) related to the
use of ARCEX Therapy.

Secondary effectiveness end points included the superiority of responder rates following completion of ARCEX Therapy compared to
during the rehabilitation alone period, as well as changes in single outcomes between enrollment and the end of the rehabilitation
alone period compared to between enrollment and the end of the ARCEX Therapy period. These secondary effectiveness end points
were hierarchically ordered a priori in the following sequence: Pinch force, GRASSP-Prehension Performance score 64, GRASSP-
Strength score 64, ISNCSCI-UEMS 67, ISNCSCI Total sensory score 67, the EuroQol five-dimensional five-level (EQ-5D-5L) score 69,
Spinal Cord Independence Measure (SCIM Ill) 70, and the Abbreviated World Health Organization Quality of Life questionnaire
(WHOQOL-Bref) score 71. The secondary safety end point was the incidence of all adverse events (AEs) and SAEs in the trial.
Exploratory end points included additional outcomes that measured changes in the quality of life and the long-term consequences of
SCI. These outcomes included the Numerical Rating Scale (NRS) for pain, the International Spinal Cord Injury Pain Data Set (ISCIPDS)
72, the Medical Outcomes Study (MOS) Sleep Scale 73, a subset of scores within the Spinal Cord Independence Measure (SCIM 1l1)
70, the GRASSP Sensibility Score 64, the Penn Spasm Frequency Scale (PSFS) 74, subset scores within the EuroQol 5 Dimension 5
Level Questionnaire (EQ-5D-5L) 69 and the WHOQOL-BREF 71, the International Standards to document remaining Autonomic
Function after Spinal Cord Injury (ISAFSCI) 75, the Patient Health Questionnaire (PHQ-9) 76, and the Global Impression of Change
(Clinician and Patient) 77. The functional profile of responders versus non-responders was also explored.
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Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
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