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Background A previous randomized controlled trial showed contralateral seventh cervical nerve (CC7) cross transfer
to be safe and effective in restoring the arm function of spastic arm paralysis patients in a specified population. Guid-
ance on indications, safety and expected long-term improvements of the surgery are needed for clinical practice.

Methods This is a retrospective, multicenter, propensity score-matched cohort study. All patients registered between
2013 and 2019 with unilateral spastic arm paralysis over 1 year who were registered at one of five centers in China
and South Korea were included. Patients received CC7 cross transfer or rehabilitation treatment in each center. Pri-
mary outcome was the change in the upper-extremity Fugl−Meyer (UEFM) score from baseline to 2-year follow-up;
larger increase indicated better functional improvements.

Findings The analysis included 425 eligible patients. After propensity score matching, 336 patients who were 1:1
matched into surgery and rehabilitation groups. Compared to previous trial, patient population was expanded on
age (< 12 and > 45 years old), duration of disease (< 5 years) and severity of paralysis (severe disabled patients with
UEFM < 20 points). In matched patients, the overall increases of UEFM score from preoperative evaluation to 2-
year follow-up were 15.14 in the surgery group and 2.35 in the rehabilitation group (difference, 12.79; 95% CI: 12.02
−13.56, p < 0.001). This increase was 16.58 at 3-year and 18.42 at 5-year follow-up compared with the surgery group
baseline. Subgroup analysis revealed substantial increase on UEFM score in each subgroup of age, duration of dis-
ease, severity of paralysis and cause of injury. No severe complication or disabling sequela were reported in the sur-
gery group.
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Interpretation This study showed that CC7 cross transfer can provide effective, safe and stable functional improve-
ments in long-term follow-up, and provided evidences for expanding the indications of the surgery to a wider popula-
tion of patients with hemiplegia.

Copyright � 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Contralateral seventh cervical nerve cross transfer; Hemiplegia; Spastic arm paralysis; Real-world obser-
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Research in context

Evidence before this study

We searched PubMed and Wanfang database for stud-
ies published before the submission and reconfirmed
the results in this revision with the term of contralateral
C7 neve (CC7) cross transfer and hemiplegia or spastic
arm paralysis. Apart from the first case report, first
cohort study and the one randomized controlled clinical
trial (RCT) from our team, four other studies reported 13
patients’ outcomes with follow-up of less than six
months. In the RCT study published in 2018 from our
group, CC7 cross transfer surgery has been proved to
be effective in restoring spastic arm’s motor function in
18 hemiplegic patients aged between 12 to 45 years
old with a duration for more than 5 years. Whether this
surgery could apply to a more inclusive population in a
large-cohort analysis requires more evidences from clin-
ical practice.

Added value of this study

Through a multicenter (Chinese and Korean) cohort
study with five-years follow-up, it showed that among
hemiplegia patients, no matter for what kind of central
cerebral injury (Stroke, Traumatic brain injury or cerebral
palsy), CC7 cross transfer can all provide effective, safe,
and stable motor functional improvements in patients
from childhood to old aged. Meaningful improvements
were obtained for several years (1 to 5 years) after the
original injury. This study provided valuable guidance
for patient selection and prognostic prediction in daily
practice.

Implications of all the available evidence

By connecting the paralyzed arm to the contralesional
hemisphere, CC7 nerve cross transfer represents a
brand-new approach and direction in restoring the
motor function after central cerebral injury and provides
opportunities for insights into the essence of adult brain
plasticity and neural regeneration.
Introduction
Cerebral injuries such as stroke, cerebral palsy or trau-
matic brain injuries, lead to long-term disability in the
chronic stage.1−3 While two-thirds of patients succeed
in walking independently after an injury, less than half
regain basic upper limb functions 6 months or longer
after the injury, typically suffering unilateral spastic
limb paralysis.4−6 Strategies to regain function of the
paralyzed hand predominantly focus on repairing the
injured hemisphere and reducing spasticity of the upper
limb, but substantial improvement is rare.7−9

In 1872, Brown-Sequard announced his conjecture
“one side of the brain is sufficient for the functional
integrity of both sides of the body” in The New England
Journal of Medicine (Boston Medical and Surgical Journal
at that time).10 This conjecture is supported by the evi-
dence that infants and children who receive hemispher-
ectomy for intractable epilepsy can gradually rebuild the
motion and sensation of the contralateral limb,11,12 and
the fact that involvement of the contralesional hemi-
sphere during recovery of hand dexterity movement
after stroke.13,14 These findings indicate that to exploit
the potential of the contralesional hemisphere is a
potential direction to treat unilateral spastic arm paraly-
sis.

In 2018, we reported the results of treating spastic
arm paralysis after chronic brain injury using a new sur-
gical procedure, contralateral seventh cervical nerve
(CC7) cross transfer surgery. In this surgery, the sev-
enth cervical nerve of the intact side is mobilized to the
paralyzed side and coapted with the ipsilesional seventh
cervical nerve; therefore, the paralyzed hand is con-
nected to the contralesional hemisphere. Through a ran-
domized, controlled clinical trial (abbreviated to
CONCENT), we showed that CC7 is safe and effective
for the treatment of spastic arm paralysis,15 consist with
previous reports.16,17 In the CONCENT study, patients
were aged 12−45 years and had a disease duration of at
least 5 years. Although sex and functional state at base-
line were not restricted, patients included were male
and mostly had a baseline score in the upper extremity
of the Fugl−Meyer (UEFM) scale between 20−40
points. Whether this surgery could be effective in a
more inclusive population needs to be explored.

In clinical practice, hemiplegia could be caused by
different etiologies, and the extent of functional loss
varies according to the lesion area. Moreover, the
expected functional improvements need to be
www.thelancet.com Vol xx Month xx, 2021
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approximately anticipated. In this study, we provided
this information based on follow-up data from five cen-
ters and subgroup analysis, which could be used as a
clinical guidance for the usage of CC7 transfer for uni-
lateral spastic arm paralysis.
Methods

Study design and oversight
This was a retrospective cohort study involving patients
with unilateral spastic arm paralysis from four centers
in China and one center in South Korea who underwent
CC7 cross transfer surgery or rehabilitation alone
between August 1, 2013 and January 1, 2019. The loca-
tions of four centers in China are from Shanghai, Yin-
chuan, Nantong and Jiaxing, and the center in Korea is
from Seoul. All centers included rehabilitation and sur-
gical departments that cooperated for the treatment of
spastic arm paralysis. The institutional review board of
the Hua Shan Hospital of Fudan University approved
this study. Hospitals received approval to enroll patients
with individual patient’s consent or waiver authoriza-
tion and exemption from subsequent review by their
own institutional review boards. The study was
approved by the institutional review board of Huashan
Hospital and registered on www.chictr.org.cn (number:
ChiCTR2000033670). This study has been conducted
according to the STROBE guidelines.
Treatments and follow-up
The patients in this study were identified from the elec-
tronic medical records of clinics or inpatient depart-
ments. Patients were eligible for inclusion if they had a
documented history of chronic cerebral injury and uni-
lateral spastic paralysis, manifesting mainly as spasticity
and unilateral upper limb disability for at least 1 year.
Assessments of UEFM scores before surgery and at
least once after the surgery were also required. Exclu-
sion criteria were history of surgeries including ortho-
morphic surgery, selective posterior rhizotomy, or
functional reconstructive surgery of the upper limb;
severe comorbidities or surgical contradictions.

Standard operation protocols were used throughout
patient screening and treatment, and single-blinded
functional evaluation before and after surgery was per-
formed in each center. Treatments included CC7 cross
transfer surgery or regular rehabilitation treatment. In
the surgery group, standard surgical procedures were
performed by experienced surgeons, as described in the
article introducing surgical technique.18 In most
patients, the length of the contralateral C7 nerve was
long enough for direct coaptation with the ipsilateral C7
nerve after cross transfer. In patient who’s contralateral
C7 nerve was not long enough, the sural nerve was used
as graft to bridge the gap between the donor and recipi-
ent nerves. In the rehabilitation group, patients received
www.thelancet.com Vol xx Month xx, 2021
regular rehabilitation for at least 6 months within the
first year after registry. The only between-group differ-
ence in rehabilitation was the use of a special immobi-
lizing cast for four weeks after the surgery. The detailed
procedure and rehabilitation process were described in
the supporting information of supplement.

The data used for analysis were collected from medi-
cal records including outpatient registries, inpatient
medical histories, nurse records, medical orders, and
follow-up materials. Other information, including base-
line characteristics, details of surgery, adverse events
and medication use, and duration and type of rehabilita-
tion, were also collected.
Outcomes
The primary outcome was the change in UEFM score
between baseline and the 2-year follow-up. The UEFM
scale was designed to assess recovery after stroke19,20

and the patients included in this study manifested
mainly hemiplegia or hemiparesis. The UEFM scale
measures 33 items, each scored from 0 to 2, with 0 indi-
cating “cannot perform,” 1 indicating “perform parti-
ally,” and 2 indicating “performs fully” (total score
ranges from 0 to 66, with higher scores indicating bet-
ter function).

Secondary outcomes included changes from baseline
to the 2-year follow-up for Modified Ashworth Scale
scores (MAS) and active range of motion. The MAS
scores measures spasticity at the elbow, forearm, wrist,
thumb and digits two through five on a scale from zero
to five, with higher values indicating more spasticity.
The active range of motion for the elbow and wrist and
for forearm rotation was measured as the range through
which a joint could be actively moved and was compared
between the range at baseline and at the 2-year follow-
up.

Two participant-reported questionnaires were used
in this study. The first was the participant-reported qual-
ity of life questionnaire, which consisted of six items
including total satisfaction with the treatment, change
of self-caring ability, reduction in family burden of car-
ing, increase in efficiency and ability of daily activities,
relief of pain or discomfort, and relief of anxiety or
depression. Each question was analyzed independently
and scores were rated from one to five, with higher
scores indicating better satisfaction. The second ques-
tionnaire was designed for the rehabilitation group to
explore the reason why they choose conventional reha-
bilitation over the CC7 cross transfer surgery (Figure S2
in the supplement).

Safety outcomes include all adverse events related to
surgery or rehabilitation, and changes in sensory and
muscle strength of the arm and hand related to transec-
tion of bilaterally C7 nerve root over a period of 6
months. Initial adverse events refer to any incidences
related to the surgery within 1 month, and persistent
3
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adverse events referred to any discomfort emerging
after the surgery and that existed for more than 6
months after the surgery.
Propensity score matching
To reduce selection bias for the type of treatment and
confounding factors in comparisons of the functional
outcomes of the two groups, propensity score matching
was used to create well-balanced groups.21 The follow-
ing characteristics were included as covariates: age, sex,
education level, body-mass index, smoking history,
comorbidity including diabetes mellitus and hyperten-
sion, duration of disease, functional assessments at
baseline, cause of injury, paralyzed side, and which cen-
ter the patient was treated. The propensity score was cal-
culated in 425 patients with a multivariate logistic
regression model, and patients were 1:1 matched by cali-
per restriction to the nearest neighbor without replace-
ment. To ensure close matches, we used calipers of
width equal to 0.2 of the pooled standard deviation of
the logit of the propensity score, which will eliminate
approximately 99% of the bias due to the measured
confounders.22 Standardized mean difference (SMD)
was used to examine the balance of covariate distribu-
tion between treatment groups in the propensity score
matched sample.
Statistical analysis
Descriptive statistics were used to report the characteris-
tics of the patients at baseline. For continuous variables,
Student’s t-tests or Wilcoxon rank-sum tests were used
for between-group comparisons. For discrete variables,
chi-square or Fisher’s exact tests were used for between-
group comparisons. After propensity matching, inter-
group comparisons of the continuous outcomes of
changes from baseline to the 2-year follow-up were per-
formed by means of analysis of covariance to adjust
baseline measures.21 Two-tailed P values of 0.05 were
considered to indicate statistical significance.

Post-hoc subgroup analyses were related to the main
characters of the study population in previous study,
“CONCENT”. Subgroups were determined by whether
they were in accord with CONCENT population (CON-
CENT-eligible) or different from it (CONCENT-ineligi-
ble). Four main factors were involved, including age,
sex, duration of paralysis, and UEFM score at baseline.
The subgroups of population comprised CONCENT-eli-
gible (patients who meet all the criteria in CONCENT)
and CONCENT-ineligible (patients who did not). Then,
each factor was evaluated separately. For age, the CON-
CENT-eligible subgroup was 12 to 45 years old and the
CONCENT-ineligible subgroups were below 12 years
and above 45 years. The severity of paralysis was deter-
mined by the UEFM score at baseline and was CON-
CENT-eligible (20-40 points), and two CONCENT-
ineligible subgroups (<20 points, and > 40 points).
Similar subgroup settings were used on sex (male and
female) and duration (below 5 years, and 5 years or lon-
ger).

Further analyses were performed on regular factors,
including education level, cause of injury, and side of
paralysis. For cause of injury, patients were divided into
five subgroups, hemorrhagic stroke, ischemic stroke,
cerebral palsy, traumatic brain injury and encephalitis.
To evaluate the influence of adulthood on the outcomes,
subgroups of age were also divided into groups includ-
ing age below 18 years, 18−45 years, and age over 45
years. The main software used in this study is R (ver-
sion: 3.6.2. http://www.r-project.org/). To do the pro-
pensity-score matching, we used the Matchlt package
(version 4.2.0).
Role of the funding source
The sponsor of the study had no role in the data collec-
tion, data analysis, data interpretation, or writing of the
report. The corresponding author had full access to all
the data in the study and had final responsibility for the
decision to submit for publication.
Results

Study population
We identified 655 eligible patients with spastic arm
paralysis resulting from chronic cerebral injury of dif-
ferent etiologies. Of these, 226 underwent CC7 cross
transfer surgery, and 346 received conventional rehabil-
itation treatment. Among them, 425 completed 2-year
follow-ups and were included in analyses and propen-
sity-score matching (see patient flow diagram, Figure 1).

Among the unmatched groups, patients in the sur-
gery group were quantitatively younger comparing to
the rehabilitation group (median [range]: 36.5 [5−69] vs
43.0 [4−76]), a longer duration of paralysis and similar
baseline UEFM score. After propensity score matching,
336 patients were 1:1 matched, comprising well-bal-
anced CC7 cross transfer (n = 168) and rehabilitation
alone groups (n = 168), as shown in the flow chart
(Figure 1). The median age of the matched patients was
38 (range: 4−69) years old, and the median duration of
paralysis was 4.0 (range: 1−38) years. Male patients
comprise 83.9% of the whole population. There were
no significant differences between the matched groups
in the matching variables of basic characteristics and
disease related characteristics. Baseline characteristics
and coexisting conditions before and after propensity-
score matching are shown in Table 1.
Outcomes
The mean change in UEFM scores between baseline
and the 2-year follow-up was significantly higher in the
surgery group compared with that in the rehabilitation
www.thelancet.com Vol xx Month xx, 2021
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Figure 1. Patient flow diagram. a Patients for whom valid data
were missing or for whom there was incomplete UEFM scale
follow-up. b Patients for whom data was available at the 2-year
follow-up were matched for propensity-score and subsequently
analyzed.
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group (mean change: 15.14 and 2.35, respectively; mean
difference: 12.79; 95% CI: 12.02−13.56) (Table 2).

In secondary outcomes, changes in Modified Ash-
worth Scale scores between baseline and the 2-year fol-
low-up showed significant improvement in the surgery
group at all joints (difference: elbow, �0.76; forearm
rotation, �0.78; wrist, �0.93; thumb, �1.14; fingers 2
−5, �0.88). Differences between the surgery and reha-
bilitation groups in changes to the active range of
motion between baseline and the 2-year follow-up were
35.11 (95% CI: 32.77−37.45) at the elbow, 41.14 (95% CI:
38.76−43.53) for forearm rotation, and 41.05 (95% CI:
38.61−43.39) at the wrist (Table 2).
Post-hoc subgroup analysis
In the subgroup analysis, a more pronounced difference
in UEFM score changes was seen in the CONCENT-eli-
gible patients comparing to CONCENT-ineligible
patients (16.35 vs 12.44) between the surgery and reha-
bilitation group. With regard to the four factors related
to the criteria set in CONCENT, no statistically signifi-
cant differences were seen in subgroup analyses on the
www.thelancet.com Vol xx Month xx, 2021
factors of age, sex and duration of disease (Figure 2). In
subgroups of severity at baseline, the CONCENT-eligi-
ble subgroup (20−40 points) acquired statistically
larger improvement comparing to CONCENT-ineligible
subgroups (below 20 points; over 40 points). However,
the mean difference did not exceed the minimal clinical
important difference (MCID) for the upper extremity of
5.25 points in chronic stroke.23

In the surgery group, 39 patients needed nerve graft
because of inadequate length of the contralateral C7
nerve. The average length of grafted nerve was 1.81
(range, 1−3) centimeters. No significant differences in
the change of UEFM scores were seen between the
patients who needed nerve graft and those who received
direct coaptation. With regard to post-operative rehabili-
tation, patients who received rehabilitation for 6
months or longer after surgery acquired larger increase
in UEFM score from baseline to 2-year follow-up (mean
16.66, 95%CI: 15.95−17.38), compared with patients
who did not (mean 9.95, 95%CI: 9.03-10.86. Figure
S1).
Longitudinal data
The changes of UEFM score in patients of the surgery
group and each subgroup were shown in Figure 3. At
each follow-up time point, the number of patients par-
ticipated were 168 (baseline), 131 (month 3), 126 (month
6), 165(year 1), 168(year 2), 64(year 3, 62 for the range
of motion test), and 26 (year 5). In the surgery group,
the UEFM score increased significantly within 2 years
and became stable between 2 and 5 years after surgery.
The change in UEFM score from baseline to the 3-year
follow-up was 16.58 (95% CI: 15.33−17.82), and to the 5-
year follow-up was 18.42 (95% CI: 16.49−20.35). The
largest increase was seen from 6 to 12 months (8.96,
95% CI: 8.07−9.85), followed by from 12 to 24 months
after surgery (3.81, 95% CI: 3.27−4.34). In the rehabili-
tation subgroup, patients who received rehabilitation
after surgery acquired the largest UEFM score increase
from month 6 to month 12 (9.89, 95% CI: 8.85
−10.92), compared with patients who did not receive
rehabilitation (5.63, 95% CI: 4.61−6.65, Table S3).

The changes of MAS score which reflects the spastic-
ity of each joint were shown in Figure S4 and table S3.
The spasticity was significantly lower at month 3 com-
paring to baseline, and regained at month 6. Since the
follow-up at year 1, the spasticity of the five joints were
gradually decreased at each time-point.
Safety
No severe complication or disabling sequela adverse
events were reported in the surgery and control group.
Among the adverse events, pain on the shoulder, back
or limb was most common discomfort (in 98 patients,
58%) within 1 month after the surgery, while most of
them disappeared within 6 months (the pain sustained
5



Propensity Score Matching, No (%)

Before After

Characteristics Surgery Rehabilitation P value SMD Surgery Rehabilitation P value SMD

Demographic Characteristics

No. of patients 168 257 168 168

Age

Mean (SD) 35.8 (14.8) 39.6(14.5) 0.010 0.255 35.8 (14.8) 38.1 (14.6) 0.16 0.155

Median(range) 36.5 (5.0,69.0) 43.0(4.0,76.0) 36.5 (5.0,69.0) 39.5 (4.0,65.0)

Sex

Female 26 (15.5) 43 (16.7) 0.84 0.034 26 (15.5) 28 (16.7) 0.88 0.032

Male 142 (84.5) 214 (83.3) 142 (84.5) 140 (83.3)

Education

Junior high or below 44 (26.2) 101 (39.3) 0.0073 0.282 44 (26.2) 47 (28.0) 0.81 0.040

High school and above 124 (73.8) 156 (60.7) 124 (73.8) 121 (72.0)

BMI—-mean (SD) 23.4 (2.5) 23.7 (3.5) 0.25 0.118 23.4 (2.5) 23.7 (3.4) 0.33 0.105

Comorbidities

Diabetes Mellitus 35 (20.8) 60 (23.3) 0.63 0.061 35 (20.8) 34 (20.2) 1.0 0.015

Hypertension 69 (41.1) 114 (44.4) 0.57 0.066 69 (41.1) 77 (45.8) 0.44 0.096

Smoking habit 37 (22.0) 66 (25.7) 0.46 0.086 37 (22.0) 37 (22.0) 1.00 <0.001

Disease Characteristics

Paralyzed side

Left 94 (56.0) 132 (51.4) 0.41 0.092 94 (56.0) 89 (53.0) 0.66 0.060

Right 74 (44.0) 125 (48.6) 74 (44.0) 79 (47.0)

Cause of injury

Stroke <.0001 0.490 0.057 0.335

Hemorrhagic 63 (37.5) 136 (52.9) 63(37.5) 82(48.8)

Ischemic 39 (23.2) 72 (28.0) 39(23.2) 40(23.8)

Cerebral palsy 27 (16.1) 24 (9.3) 27(16.1) 23(13.7)

Traumatic brain injury 32 (19.0) 24 (9.3) 32(19.0) 22(13.1)

Encephalitis 7 (4.2) 1 (0.4) 7(4.2) 1(0.6)

Duration of disease

Mean (SD) 7.1 (7.1) 6.4 (6.6) 0.31 0.099 7.1 (7.1) 6.9 (7.4) 0.80 0.028

Median(range) 5.0 (1.0,38.0) 4.0 (1.0,33.0) 5.0 (1.0,38.0) 4.0(1.0,33.0)

Baseline UEFM a score

Mean (SD) 24.8 (12.6) 24.5 (12.2) 0.81 0.024 24.8(12.6) 24.5 (12.8) 0.81 0.026

Median(range) 24.0 (4.0,59.0) 23.0 (3.0,60.0) 24.0(4.0,59.0) 23.0 (3.0,60.0)

Baseline MAS b score— Mean(SD)

Elbow 2.12 (0.79) 2.13 (0.77) 0.90 0.012 2.12 (0.79) 2.17 (0.80) 0.58 0.060

Forearm rotation 2.30 (0.76) 2.39 (0.80) 0.28 0.109 2.30 (0.76) 2.38 (0.81) 0.37 0.098

Wrist 2.42 (0.84) 2.40 (0.91) 0.89 0.014 2.42 (0.84) 2.46 (0.93) 0.62 0.054

Thumb 2.49 (0.88) 2.33 (0.94) 0.066 0.184 2.49 (0.88) 2.45 (0.93) 0.63 0.053

Fingers 2−5 2.19 (0.92) 2.33 (0.98) 0.14 0.148 2.19 (0.92) 2.25 (1.02) 0.57 0.061

Baseline Range of motion—degree c

Elbow 77.95 (30.79) 70.80 (30.76) 0.021 0.232 77.95(30.79) 72.77 (33.06) 0.14 0.16

Forearm rotation 39.26 (27.25) 31.74 (21.81) 0.0021 0.305 39.26(27.25) 34.23 (22.12) 0.064 0.20

Wrist 54.76 (23.96) 47.45 (30.12) 0.0091 0.269 54.76(23.96) 50.82 (31.33) 0.20 0.14

Center

Huashan 132 (78.6) 194 (75.5) 0.54 0.073 132(78.6) 129(76.8) 0.79 0.043

Other 36 (21.4) 63 (24.5) 36(21.4) 39(23.2)

Table 1: Patients’ baseline characteristics before and after propensity-score matching.
All the characteristics listed here were involved as covariates for matching. BMI: body mass index. SMD: standardized mean difference.

a UEFM: The Upper-Extremity Fugl-Meyer scale, a measure of motor impairment; scores range from 0 to 66, with higher scores indicating better function.
b MAS: The Modified Ashworth Scale is a measure of spasticity (muscle tone) in the paralyzed arm; Scores range from 0 to 5 at each of five joints, with

higher scores indicating more severe spasticity.
c Range of motion measures the range through which a joint can be actively moved.
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Figure 2. Forest plot presenting differences in changes of UEFM score for each subgroup between matched cohorts of surgery and
rehabilitation groups.

Subgroup analyses show that the patients who acquired a larger increase were in the subgroup of patients with a UEFM score of
20−40 points at baseline compared with subgroups with UEFM scores below 20 or over 40, while subgroups for different sex, edu-
cation, and paralyzed side had similar functional improvements. Italic bold text represents subgroups concordant with the CON-
CENT criteria. Areas between dotted lines indicate the confidence intervals of the differences in the UEFM score changes between
the surgery and rehabilitation groups in the CONCENT study. a: Age subgroup divided according to CONCENT-eligible or CONCENT-
ineligible. b. Age subgroup divided according to adulthood.
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Figure 3. Longitudinal data of change of UEFM score in the surgery group.
The overall trend is shown as a dotted-dashed line in each panel. Subgroups are shown as different lines including subgroups of

(A) rehabilitation after surgery, (B) age according to CONCENT criteria, (C) cause of injury and (D) severity of disease. Rehabilitation
after surgery was judged according to whether the patients received regular rehabilitation for at least 6 months after surgery. Sever-
ity of disease was determined by the UEFM score at baseline. The numbers of patients in each subgroup who participated in the fol-
low-up are listed in Table S3 in the supplement.
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for more than six months in 1 patient and disappeared
at 1-year follow-up). 194 events of numbness and
increase of tactile threshold on the intact hand were
reported within 1 month, and all absent at month 6.
244 events of changes in muscle strength on the intact
side was report, while 190 were reported on the affected
side within 1 month, decrease in muscle strength on the
intact side still presented in 8 patients at month 6, but
was absent at the 1-year follow-up (see Table S5; Table
S4 and Figure S3 in supplement).
Sensitivity analysis
In the Chinese population, the difference in mean
UEFM score changes from baseline to the 2-year follow-
up between surgery and rehabilitation groups was 13.19
(95% CI: 12.48−13.89). We also applied a propensity
score weighting model and acquired a difference of
12.59 (95% CI: 11.89−13.29) in all 425 eligible patients.
In addition to the propensity-score weighting model, we
also applied a multivariate model to verify the results,
and acquired mean UEFM score differences of 12.61
(95% CI: 11.86−13.35) from baseline to the 2-year fol-
low-up between surgery and rehabilitation groups
(Table S6).
Discussion
In this study, patients were mostly CONCENT-ineligible
and represented a large percentage of the hemiplegia
population. Overall, patients acquired substantial func-
tional improvements and decreases in spasticity of the
www.thelancet.com Vol xx Month xx, 2021



Mean (SD) Effect size (Cohen’s d) Mean (95% CI) P value

Surgery Rehabilitation Adjusted Mean difference

Number of patients 168 168

Primary outcome

Change in UEFM score from baseline to 2-year follow-up

Total 15.14 (4.78) 2.35 (1.79) 3.55(3.20»3.89) 12.79 (12.02, 13.56) < 0.0001

CONCENT-eligible a 18.00 (4.86) 2.08 (1.26) 4.23(2.90»5.53) 16.35 (13.79, 18.91) < 0.0001

CONCENT-ineligible b 14.82 (4.67) 2.37 (1.82) 3.52(3.17»3.88) 12.44 (11.65, 13.24) < 0.0001

Secondary outcomes

Changes in MAS score from baseline to 2-year follow-up c

Elbow

Total -0.88 (0.58) -0.13 (0.55) -0.88(-1.11»-0.66) -0.76 (- 0.87, -0.64) < 0.0001

CONCENT-eligible -0.94 (0.66) -0.08 (0.28) -1.89(-2.76»-1.01) -0.92 (-1.33, -0.51) 0.00016

CONCENT-ineligible -0.87 (0.57) -0.14 (0.57) -0.82(-1.06»-0.59) -0.74 (-0.87, -0.61) < 0.0001

Forearm rotation

Total -0.97 (0.73) -0.20 (0.53) -0.91(-1.14»-0.69) -0.78 (-0.91, -0.64) < 0.0001

CONCENT-eligible -1.12 (0.78) -0.23 (0.44) -1.21(-1.99»-0.41) -0.90 (-1.37, -0.43) 0.00078

CONCENT-ineligible -0.95 (0.72) -0.20 (0.54) -0.88(-1.12»-0.65) -0.76 (-0.90, -0.62) < 0.0001

Wrist

Total -1.10 (0.72) -0.18 (0.63) -1.03(-1.25»-0.80) -0.93 (-1.07, -0.79) < 0.0001

CONCENT-eligible -1.53 (0.80) -0.15 (0.38) -1.47(-2.28»-0.64) -1.11 (-1.55, -0.67) < 0.0001

CONCENT-ineligible -1.05 (0.70) -0.19 (0.65) -1(-1.24»-0.76) -0.89 (- 1.03, -0.74) <0.0001

Thumb

Total -1.37 (0.62) -0.23 (0.51) -1.17(-1.40»-0.94) -1.14 (-1.25, -1.02) <0.0001

CONCENT-eligible -1.59 (0.62) -0.62 (0.77) -0.12(-0.84»0.61) -0.68 (-1.23, -0.14) 0.021

CONCENT-ineligible -1.34 (0.62) -0.19 (0.47) -1.28(-1.52»-1.03) -1.16 (-1.27, -1.04) < 0.0001

Fingers 2−5

Total -1.04 (0.75) -0.17 (0.59) -0.96(-1.19»-0.74) -0.88 (-1.02, -0.75) < 0.0001

CONCENT-eligible -1.12 (0.49) -0.31 (0.85) -1.37(-2.17»-0.56) -0.84 (-1.20, -0.48) < 0.0001

CONCENT-ineligible -1.03 (0.77) -0.16 (0.56) -0.94(-1.17»-0.70) -0.88 (-1.03, -0.74) <0.0001

Changes in ROM from baseline to 2-year follow-up d

Elbow

Total 30.54 (14.88) -4.03 (6.14) 1.05(0.82»1.28) 35.11 (32.77, 37.45) < 0.0001

CONCENT-eligible 35.00 (15.31) -3.08 (6.30) 1.73(0.87»2.57) 39.16 (30.80, 47.52) < 0.0001

CONCENT-ineligible 30.03 (14.79) -4.11 (6.14) 1.01(0.77»1.24) 34.66 (32.23, 37.08) < 0.0001

Forearm rotation

Total 38.21 (15.94) -2.26 (3.59) 1.70(1.45»1.95) 41.14 (38.76, 43.53) < 0.0001

CONCENT-eligible 39.12 (15.64) -1.54 (3.15) 2.21(1.27»3.12) 40.49 (32.01, 48.97) < 0.0001

CONCENT-ineligible 38.11 (16.02) -2.32 (3.63) 1.67(1.41»1.93) 41.17 (38.68, 43.67) <0.0001

Wrist

Total 38.54 (16.13) -2.08 (3.97) 1.45(1.21»1.69) 41.05 (38.61, 43.49) < 0.0001

CONCENT-eligible 45.00 (15.61) -2.31 (4.39) 1.60(0.75»2.42) 44.88 (36.45, 53.31) < 0.0001

CONCENT-ineligible 37.81 (16.08) -2.06 (3.95) 1.44(1.19»1.69) 40.40 (37.85, 42.95) < 0.0001

Table 2: Changes of primary and secondary outcomes in matched cohorts.
a CONCENT-eligible denotes the patients who were eligible according the previous RCT criteria in this study.
b CONCENT-ineligible refers to the patients who were not eligible according the previous RCT criteria in this study.
c MAS refers to the Modified Ashworth Scale, a measure of spasticity (muscle tone) in the paralyzed arm; Scores range from 0 to 5 at each of five joints, with

higher scores indicating more severe spasticity. Negative numbers indicate decrease and positive numbers indicate increase in spasticity from baseline to 2-year

follow-up.
d ROM refers to the Range of motion of the paralyzed arm
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paralyzed arm over a 2-year follow-up period following
CC7 cross transfer compared with patients who received
rehabilitation only. These improvements on the func-
tional of the paralyzed arm were stable in patients who
participated in 5-year follow-up. While temporal discom-
fort and weakness of muscles in the intact arm were
seen, which was mainly caused by neurotomy of the C7
nerve root, no severe complication or disabling sequela
were seen. These results gave confidence to the safety
and effectiveness of applying CC7 cross transfer in real-
world practice.

Subgroup analysis (Figure 2) provided evidence for
applying the CC7 cross transfer surgery to patients with
older age, shorter duration of hemiplegia and severely
disabled patients. In terms of age, functional improve-
ments in patients aged over 45 years old were close to
those of patients aged below 45, and no severe complica-
tions occurred. While the incidence of stroke doubles
for each decade after age 55,24,25 these results provide
confidence for applying this surgery in older patients.
For severity of paralysis, patients with a UEFM score
below 20 points or even below 10 points who were con-
sidered to have a poor potential for recovery26−28

showed substantial improvements in function and
decrease in spasticity. Patients with a better baseline
functional state (UEFM over 40 points) had a modest
functional improvement compared with other sub-
groups, which may be attributed to the “ceiling effect”,
while their self-reported outcomes indicated that they
acquired improvements in a practical way (Table S2). In
terms of duration, patients who were paralyzed for less
than 5 years acquired quantitatively but not statistically
increase on UEFM score compared with patients who
were paralyzed for more than 5 years. This favors the
concept of early intervention that CC7 cross transfer
surgery could be performed as soon as functional recov-
ery reaches a plateau after the onset of disease. Consid-
ering there may be a country-wise difference, we
performed sensitivity analysis by leaving the Korean
population out. The results showed that leaving the
Korean population out or not, the primary outcome is
consistent (Table S6).

Longitudinal follow-up provided useful information
as to whether the functional improvements were caused
by neurotomy of C7 on the paralyzed side or by the rein-
nervation of the transferred C7 from the intact side.
Neurotomy of C7 mostly led to decreased spasticity,
which occurred shortly after surgery. Although stable
decreases in spasticity are commonly seen after dorsal
rhizotomy of the brachial plexus, concerns of spasticity
recurrence remain.29,30 Moreover, neurotomy of a sin-
gle nerve is unlikely to compare to the effect of dorsal
rhizotomy in which three or more roots are transected
to decrease spasticity of the whole arm.31 Generally,
regeneration of the donor C7 nerve would take 1 to 1.5
years to reach the forearm, but the recipient C7 nerve
can give out long branches and innervate muscles at the
level of the shoulder and elbow.32,33 Therefore, the
increased UEFM scores were more likely to be caused
by regeneration of the transferred C7 nerve root from
the intact side, since larger increase were seen at 1-year
follow-up and 2-year follow-up compared with 6-month
follow-up.

The subgroup analysis provided useful information
for the guidance of patient inclusion, anticipatory man-
agement of functional outcomes for different patients,
and confidence for long-term stability of functional
improvements. The inclusion criteria are expanded on
aspects of age, duration of paralysis and severity of
paralysis. The importance of rehabilitation is also
emphasized after the surgery, which could largely affect
the final improvements. These findings are useful since
it represents outcomes from real-world practice in dif-
ferent centers, which provided essential information for
clinical practice in daily work.

The major limitation of the present study was the
retrospective design, which is associated with selection
bias and hidden confounders, even after close matching
of main characteristics; therefore, the results should be
interpreted with caution. Randomized controlled clini-
cal trials recruiting patients receiving CC7 nerve cross
transfer matched with patients receiving sham C7 tran-
section surgery alone are required, but are difficult to
perform because of ethical concerns. Patients of young
age, with severe comorbidities, or low baseline function
are unsuitable to be included in clinical trials, but they
also require improvement to hand function through
surgery. Accordingly, in the absence of randomized
clinical trials, our propensity-score matched analysis of
a robust series with durable follow-up provides evidence
of the safety, effectiveness, and stability of CC7 cross
transfer for hemiplegia after cerebral injury.

In conclusion, CC7 nerve cross transfer surgery can
provide effective, safe and stable functional improve-
ments for unilateral spastic arm paralysis patients aged
4−69 years old, male or female and with chronic cere-
bral injuries sustained at least 1 year previously from
stroke, traumatic brain injury, or cerebral palsy.
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