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gle randomised control trial. Nine studies involved supercharged
end-to-side transfer (SETS), 6 involved end-to-end transfer (ETE),
and only 1 study compared results between SETS and ETE trans-
fers. A total of 269 patients underwent nerve transfers. In the ETE
subgroup, the average time to nerve transfer was 7 months, with
a mean follow-up period of 24.5 months. Post-procedure, 100%
(37/37) patients recovered intrinsic function of BMRC >1, and the
average recovery time was 3.6 months. A total of 85% of patients
recovered intrinsic function of BMRC >3. In the SETS group, the
average time to nerve transfer was 2.5 months. The average follow-
up in this cohort was 13.2 months. About 93% (145/156) recovered
the intrinsic function of BMRC >1, and the average time to recov-
ery was 7 months. About 75% of patients recovered the intrinsic
function of BMRC >3 in their first dorsal interossei.
Conclusion: AIN to ulnar nerve transfer carries low morbidity,
and there is low quality evidence to suggest recovery of intrin-
sic muscle function compared with conventional primary repair
techniques. The supercharged end-to-side transfer (SETS) seems to
be more favourable compared with end-to-side transfer. Outcome
measurements are highly variable amongst studies, making stan-
dardisation difficult. Results of further trials are highly anticipated
in this exciting field of peripheral nerve surgery.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of
British Association of Plastic, Reconstructive and Aesthetic
Surgeons.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction

Ulnar nerve injuries have devastating consequences, which often result in poor functional recov-
ery especially in adults'. The ulnar nerve is critical to hand function because it is responsible for
the majority of hand motor function via the intrinsic muscles and provides sensation to the ulnar
side of the hand. The disruption of the ulnar nerve leads to imbalance between flexors and extensors
causing loss of lateral pinch strength and digital dexterity and results in a claw hand deformity. The
degeneration of the distal motor endplates of the intrinsic muscles of the hand irreversibly before
reinnervation from the regenerating ulnar nerve axons from the repair site because of the consid-
erable gap and distance leads to incomplete functional recovery. This provides a treatment dilemma
to promptly reinnervate distal targets to preserve motor endplate function and potentially improve
functional outcome after these injuries.

Primary repairs, even with nerve grafts, can result in sensory recovery; however, the recovery of
motor intrinsic function is poor?-3, especially in more proximal (high) ulnar nerve injuries. To over-
come this considerable regeneration distance, distal nerve transfers were proposed from the ante-
rior interosseous nerve (AIN) to the motor branch of the ulnar nerve in an end-to-end fashion*.
However, this resulted in end targets being innervated solely by the donor nerve (AIN) and not
the regenerating ulnar nerve. The supercharged end-to-side (SETS) transfer involves the donor nerve
(AIN) being coapted end-to-side through a perineural window onto the motor branch of the ulnar
nerve to establish distal endplate reinnervation within a shorter time frame while the more proxi-
mal repair regenerates, leading to ‘double innervation’. This was first clinically described by Barbour
et al.”

The aim of this study was to review the existing literature and analyse the demographics, indi-
cations, outcomes, and complications of either end-to-end or supercharged end-to-side AIN to ulnar
nerve transfers for ulnar nerve injuries and compression.
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Methods

A systematic review was conducted according to the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA).®

Eligibility

The inclusion criteria for this review included studies that featured (1) end-to-end (ETE) or super
charged end-to-side transfer (SETS) of the anterior interosseous nerve to the motor branch of the ulnar
nerve in cases of ulnar nerve injuries or compressions; (2) studies that included indications, outcomes,
and complications of the intervention; (3) lesions of the ulnar nerve at the level of the proximal
forearm or more proximal; and (4) articles in English language. Single participant case reports were
excluded along with reviews, on-going studies, animal studies, and cadaveric studies.

Outcomes

The primary outcome measures were (1) number of patients with return of hand intrinsic mus-
cle function of British Medical Research Council (BMRC) >1; (2) percentage of patients with return of
hand intrinsic function of BMRC >3; and (3) any complications including donor site morbidity (prona-
tion weakness).

Secondary outcome measures were (1) time to nerve transfer; (2) time to recovery; (3) post-
operative grip strength; (4) post-operative key pinch strength; (5) claw correction; and (6) follow-up
duration.

Because of the two different methods of anterior interosseous nerve transfer (ETE vs SETS), out-
comes were divided into two subgroups. A further subgroup was included since a single study directly
compared outcomes of end-to-side versus SETS AIN transfer in patients with compressive ulnar nerve
neuropathies at the elbow.’

No result (NR) was used when data were not available or could not be extrapolated. Intrinsic mus-
cle function was determined by physical examination in majority of cases according to the BMRC
scale. Methods to measure time-to-recovery were highly variable and included physical examination
or electrophysiological studies. Grip strength was measured post-operatively in comparison with the
ipsilateral hand pre-operatively or post-operative comparison to the contralateral hand. There was a
distinct lack of standardised reporting outcomes amongst studies.

Search Strategy and Selection of Studies

An electronic search was performed on all published articles related to AIN to ulnar nerve trans-
fers on PubMed, MEDLINE, EMBASE, CINAHL, Scopus, and Cochrane databases. Healthcare Databases
Advanced Search (HDAS https://hdas.nice.org.uk/) was used to search PubMed, MEDLINE, Embase, and
CINAHL databases. Scopus and Cochrane databases were searched independently. All databases were
searched from inception to July 2021. The search terms used were ‘ulnar nerve’, ‘ulnar nerve injury’,
‘ulnar motor nerve’, ‘anterior interosseous nerve’, ‘anterior interosseous’, ‘AIN’, ‘nerve transfer’, and
‘end to side’. Terms were combined using the Boolean operators ‘AND’ and ‘OR’ in a 3-component
search.

The abstracts retrieved from the search were imported on to Covidence (https://www.covidence.
org/), an online systematic review management platform. Two reviewers independently screened the
abstracts for relevance and subsequently reviewed the full texts for eligibility based on the inclusion
criteria detailed above.

Risk of Bias and Quality Assessment
There were no clear sources of bias identified. Quality assessment was performed using several
tools including the Newcastle-Ottawa Scale® for cohort studies and the NIH quality assessment tools®

for case series and controlled intervention studies (Appendix 1).
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341 studies imported for screening 227 duplicates removed
114 studies screened 79 studies irrelevant
35 full-text studies assessed for eligibility 19 studies excluded

4 Technical Tip

3 Poster/Presentation
3 Review

2 Wrong intervention
1 Duplicate

1 Letter/Commentry
1 Prospective Trial

1 Single Participant Case Report
1 Trial Protocol

1 Unable to access

1 Wrong outcomes

0 studies ongoing
0 studies awaiting classification

16 studies included

Figure 1. PRISMA flow diagram showing the study selection process

Data Extraction and Analysis

Data were extracted after full-text review. Where no outcome measures were reported, no result
(NR) was recorded. Data collected included intervention type, patient demographics, pre-operative
examination, post-operative evaluation, complications, and primary/secondary outcome measures. Ex-
tracted data were pooled together as raw totals, means, or weighted averages. Levels of evidence were

assigned to each study according to the Oxford Centre for Evidence-Based Medicine (OCEBM) Levels
of Evidence.!”

Statistical analysis

No formal statistical analysis was performed on the selected studies.

Results

The search performed in July 2021 yielded a total of 341 studies. Thirty-five full-text studies were
assessed for eligibility, and 16 studies met the inclusion criteria (Figure 1). Of the 16 eligible studies
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Table 1

Showing selected studies, year of publication, study design, and assigned OCEBM level of evidence.
Author Year Country Intervention Study Design Level of Evidence'
Arami'? 2020 Israel/Brazil End-to-end Retrospective case series v
Baltzer ° 2016 Canada SETS Retrospective cohort 111
Battiston'* 1999 Italy End-to-end Retrospective case series I\%
Chen '» 2021 Taiwan SETS Retrospective cohort il
Davidge'® 2015 USA SETS Retrospective case series v
Dengler!” 2020 USA SETS Retrospective case series v
Doherty'® 2020 Canada SETS Retrospective case series 1\%
Flores'? 2011 Brazil End-to-end Retrospective case series v
Flores?’ 2015 Brazil End-to-end Retrospective cohort 11
Haase?! 2002 USA End-to-end Retrospective case series v
Head?? 2020 Canada SETS Retrospective case series v
Jarvie?® 2018 Canada SETS Retrospective case series v
Koriem?* 2020 Egypt SETS Randomised trial il
McLeod” 2020 USA SETS or End-to-end Retrospective case series v
Novak* 2002 USA End-to-end Retrospective case series v
Nyman?® 2021 Sweden SETS Retrospective case series v

(Table 1), there were 12 retrospective case series, 3 retrospective cohort studies, and a single ran-
domised control trial. Studies ranged from between 1999 to 2021. There was a single ongoing prospec-
tive trial amongst the excluded studies'!.

Nine studies used supercharged end-to-side transfer as the intervention, 6 used end-to-end trans-
fer, and 1 study compared results between SETS and ETE AIN transfers. A total of 269 patients under-
went nerve transfers amongst the 16 studies.

End-to-end Transfer

A total of 48 patients underwent end-to-end AIN transfer. The average age was 41.5 years, and 71%
of patients were male. About 60% of cases involved nerve transection as the primary injury, and the
commonest location was the proximal forearm in 52% of cases. The mean symptom duration was 6.5
months, with 93% (13/14) and 100% (12/12) of patients affected by weakness and numbness of the
ulnar nerve, respectively.

The average time to nerve transfer was 7 months, with an average follow-up period of 24.5
months. Post-operatively, 100% (37/37) patients recovered the intrinsic function of BMRC >1, and the
average recovery time was 3.6 months. A total of 85% (3 studies) of patients recovered the intrin-
sic function of BMRC >3. The mean BMRC difference between pre-ETE transfer and post-ETE transfer
was 3.1 (Table 7). Individual post-operative grip assessment is shown in Table 3. There were no post-
procedural complications reported.

Supercharge End-to-Side Transfer

A total of 189 patients underwent SETS AIN transfer. The average age was 47.5 years, and 75% of
patients were male. About 55% of SETS AIN transfers involved ulnar nerve compressions followed by
21% for ulnar nerve transections. A total of 61% of transfers involved pathology at the elbow. Mean
symptom duration was 31.7 months. Pre-operative symptoms in reporting studies included weakness
(100%), numbness (96%), pain (53%), and intrinsic atrophy (98%), and 85% had a positive Froment’s
sign.

The average time to nerve transfer was 2.5 months (4 studies). Average follow-up in this cohort
was 13.2 months. A total of 93% (145/156) recovered intrinsic function of BMRC >1, and the average
time to recovery was 7 months (4 studies). About 75% (7 studies) of patients recovered the intrinsic
function of BMRC >3 in their first dorsal interosseous. Eleven patients did not recover any intrinsic
function. The mean difference in BMRC between pre-SETS transfer and post-SETS transfer was 1.9
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Table 2
Showing patient demographics, type of injury, level of injury, and pre-operative symptoms in end-to-end transfer studies. Lesion in continuity (LIC), no result (NR), and pre-operative (p).
Study No of Age M:F Type of Injury Location of Injury Symptom pWeakness  pNumbness pPain pAtrophy pPositive
Trans- Duration Froment's
fers Sign
Arami'? 11 333 10:1 11 transections 5 above elbow, 2 proximal 5 months NR NR NR NR NR
forearm, 3 infraclavicular,
and 1 axilla
Battiston'* 7 321 5:2 4 transection, 1 1 above elbow and 6 4 months 7 7 NR NR NR
iatrogenic, 2 scarring, elbow
and after primary
repair
Flores'® 5 25.2 4:1 2 transection, 3 LIC 1 axilla, 1 infraclavicular, 1 7.4 months 5 5 NR NR NR
elbow, and 2 proximal arm
Flores?® 15 28.2 10:5 5 transection and 10 1 axilla, 3 infraclavicular, 8 7.1 months NR NR NR NR NR
LIC arm, and 3 elbow
Haase?! 2 46.5 2:0 2 transection 1 above elbow and 3.5 weeks 1 NR NR NR NR
1 elbow
Novak* 8 38 5:3 NR 8 proximal elbow 3 months NR NR NR NR NR
Total or 48 41.5 71% M 0 Compression, 13 25 proximal elbow, 11 6.8 93% 100% - - -
weighted (34/48) LIC, and 24 elbow, and 2 proximal months (13/14) (12/12)
mean Transection forearm
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Table 3

Showing post-operative outcome measures and complications in end-to-end transfer studies. Grip (grip strength), compared with the unaffected side (cf UAS), compared with the pre-

operative ipsilateral side (cf pre-op IP), key pinch strength (key), opposition (opp), and not recorded (NR).

Study Follow-up  Time to Intrinsic Time to Grip % cf Grip im- Key % cf Key im- Opp % cf  Claw
(months) nerve Recovery recovery(months) UAS provement UAS provement UAS Correction Complications
transfer BMRC >1 cf pre-op IP cf pre-op IP
Arami'? 19.3 5 months NR NR NR NR NR NR NR 0/11 Nil
Battiston'* 30 4 months 77 2 (initial 70.7% NR 71.4 NR NR NR Nil
reinnervation)
Flores'? 20 7.4 months 5/5 NR NR NR NR NR NR NR Nil
Flores?? 243 7.1 months 15/15 NR NR NR NR NR NR NR Nil
Haase?! 115 3.5 weeks 2/2 9 NR NR NR NR NR NR Nil
Novak* 18 3 months 8/8 NR NR 1595% NR 1527% NR NR Nil
Total or 245 7 months 100% 3.6 70.7% 1595% 71.4% 1527% - 0% -
weighted (37/37) (0/11)
mean
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Table 4
Showing patient demographics, type of injury, level of injury, and pre-operative symptoms in supercharged end-to-side transfer studies. Lesion in continuity (LIC) and pre-operative (p).
Study No of Age M:F Type of Injury Location of Injury Symptom pWeakness pNumbness pPain pAtrophy pPositive
Transfers Duration Froment’s
Sign
Baltzer'? 13 35 NR 7 transection and 1 upper arm, 7 4.4 months 13 NR NR 13 NR
6 lesions in elbow, and 5
continuity proximal forearm
Chen'” 13 38.1 9:4 9 transection and 3 upper arm, 2 71.5 NR NR NR NR NR
4 crush elbow, and 8 months
proximal forearm
Davidge'® 55 50.5 38:17 5 transection, 23 4 cervical spine, 13 33.6 55 52 29 52 45
compression, 20 brachial plexus, 3 months
LIC, 6 motor upper arm, 20
neuropathy, and 1 elbow, 5 proximal
neuritis forearm, 4
multilevel, and 6
diffuse neuropathy
Dengler!” 42 48 33:9 42 compression 42 elbow 31 months 42 NR NR 42 NR
Doherty'® 30 53 21:9 30 compression 30 elbow NR 30 NR NR NR NR
Head?? 17 56.9 11:6 2 transection, 7 3 upper arm, 13 17.6 17 NR NR NR NR
compression, 7 LIC, elbow, and 1 months
and neuritis 1 forearm
Jarvie?? 2 57.5 1:1 2 compression 2 elbow NR 2 NR NR
Koriem?* 15 (11 35 13:2 15 transection 9 above elbow and NR 11 11 NR 11 11
included) 6 proximal forearm
Nyman?® 2 22 2:0 2 transection 2 proximal forearm NR 2 2 NR NR NR
Total or 189 47.5 75% M 104 compression, 19 proximal 31.7 100% 96% 53% 98% 85%
weighted (132/176) 37 LIC, and 40 elbow, 116 elbow, months (172/172) (67/70) (29/55) (120/123) (56/66)
mean transection and 27 proximal

forearm
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(11159%) (Table 7). Individual post-operative grip assessments are shown in Table 6. About 4.2% of
patients developed minor complications listed in Table 5.

SETS vs ETE

A single study’ was unique because it directly compared ETE transfer against SETS transfer through
a retrospective cohort in patients with ulnar nerve compression at the elbow. Results are presented
separately and were not pooled. An ETE transfer was performed if the patient presented with com-
plete intrinsic muscle atrophy. A SETS transfer was performed if the patient presented with some
intrinsic function. Thirty-two nerve transfers were performed including 15 ETE and 17 SETS. The aver-
age patient age was 58.3 years, and 78% were male. Type of injury was compression in all cases at the
elbow. The average symptom duration was 15.6 months. All 32 patients had pre-operative numbness
(Table 8).

The average follow-up period was 12 months; however, exact time-to-recovery was not stated. The
overall post-operative BMRC score was 2.9 amongst both interventions. When interventions took place
before 12 months, the BMRC score was 3.7, whereas the BMRC score was 2.2 amongst interventions
performed at or beyond 12 months. This was statistically significant (p < 0.01). The post-operative
BMRC score in the SETS group was 3.2 versus 2.6 in the ETE group; however, this was not statistically
significant. The subgroup analysis was performed comparing the impact of time-to-transfer on post-
operative intrinsic function. When ETE transfer was performed in <12 months, BMRC = 3.4 versus
BMRC = 1.9 when performed >12months. When SETS was performed in <12 months, BMRC = 4.0
versus BMRC = 2.6 when performed >12 months (Table 9). This subgroup analysis was not tested for
significance. All patients at final follow-up had a positive Froment’s sign, despite the type of transfer
performed. A single patient in the cohort developed complex regional pain syndrome (CRPS).

Risk of Bias and Quality Assessment

Using the NIH Quality Assessment Tool for case series, 11 studies were rated ‘fair’ and 1 ‘good’. The
single RCT was rated ‘fair’ using the NIH Quality Assessment Tool for controlled intervention studies.
Amongst the 3 retrospective cohort studies, scores were 5, 7, and 9 using the Newcastle-Ottawa scale
and only single study matched cohorts'®. None of the authors in any of the articles disclosed any
conflicts of interest; however, 3 articles reported an external funding source's-2>:26, There were no
clear sources of bias identified.

Discussion

Ulnar nerve injuries, especially high-level injuries, carry an extremely poor prognosis in terms of
functional recovery. The role of a supercharged end-to-side transfer is to preserve the distal motor
endplates (‘babysit’) until the native axons can regenerate. Additionally, the donor axons augment
the regenerating axons. Traditionally, end-to-end transfers of the AIN to the motor branch of the ul-
nar nerve were performed for high ulnar nerve injuries*2’. However, the target muscles were only
innervated by the donor nerve and not the native ulnar nerve. The SETS transfer allowed end-side
coaptation through a perineural window of the damaged recipient nerve allowing axons to sprout
and reinnervate distal targets in a shorter time frame as well as double innervation of the motor end
plates while the proximal native nerve regenerates. This concept was proven in animal models*8-30,
Barbour et al.> were the first to report their results using a SETS AIN to ulnar nerve transfer. Koriem
et al. reported that a SETS transfer added only 20-40 minutes of additional operating time compared
with an isolated ulnar nerve repair*. Sukegawa et al. in their anatomical study found that the mean
number of fascicles and axons at the divided end of the pronator quadratus branch of the AIN was 1.2
(1-2) and 506 (372-602), respectively. The mean number of fascicles and axons at the divided end of
the deep branch (motor) of the ulnar nerve was 7.8 (6-11) and 1523 (982-2562), respectively>!. This
disparity favours additional reinnervation from more proximal axons and may also account for cases
of incomplete recovery. The presence of the distal AIN is normally quite reliable in the absence of any
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Table 5
Showing post-operative outcome measures and complications in supercharged end-to-side transfer studies. Grip (grip strength), compared with the unaffected side (cf UAS), compared
with the pre-operative ipsilateral side (cf pre-op IP), key pinch strength (key), opposition (opp), and not recorded (NR).

0T

Study Follow-up Time to Intrinsic Time to Grip % cf Grip im- Key % cf Key im- Opp % cf Claw Complications
(months) nerve recovery recov- UAS provement UAS provement UAS correction
transfer BMRC > 1 ery(months) cf pre-op IP cf pre-op IP
Baltzer'® 13.5 4.4 months  11/13 2.9 months  62% NR 52% NR 45% NR Nil
Chen' 12 2.42 NR NR 82.5% NR 83.7% NR NR NR Nil
months (early)
(early)
Davidge'® 8 NR 36/39 1-12 NR 129% NR 129.3% NR NR Nil
months
Dengler'” 11.2 NR 39/42 (FDI Variable NR 113.95% NR 128.6% NR NR Allergic
and ADM) reaction to
Dermabond,
fungal rash,
haematoma,
and persistent
elbow pain
Doherty'® 18.6 NR 29/30 8.5 months NR NR NR NR NR 24/30 3 minor
complications
Head?? 16.7 NR 15/17 NR NR NR NR NR NR NR Nil
(ADM),
16/17 (FDI)
Jarvie?? 18 NR 2[2 6.5 months NR NR NR NR NR NR Nil
Koriem?* 18 4 weeks 10/11 NR NR NR NR NR NR NR Nil
Nyman?® 24 1.6 months  2/2 12 months 65.5% NR 49% NR NR NR Pronation
weakness that
improved
Total or 132 25 93% 7 months 71.7% 111.8% 67.9% 128.9% 45% 80% 4.2%
weighted months (145/156) (8/189)
mean
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Table 6
Showing intrinsic recovery of BMRC >3 amongst the ETE
and SETS. First dorsal interosseous (FDI) and adductor digiti

minimi (ADM).

Intrinsic Recovery

Study BMRC >3 (%)

End-To-End

Battiston'* 86

Flores'? 100

Flores?® 80

SETS

Davidge'® 70

Dengler'” 79

Doherty'® 73 (FDI & ADM)

Head?? 71 (FDI) & 65
(ADM)

Jarvie?? 100

Koriem?* 91

Nyman?® 100

Table 7
Showing the difference between pre-operative and post-operative first dorsal interosseous BMRC values and the corresponding
significance values.

Study Pre-operative Post-operative BMRC Difference p-value
BMRC BMRC (% difference)

End-To-End

Battiston'* 0 3.9 3.9 -

Flores'® 0 3.6 3.6 -

Mcleod” 0 2.6 2.6 -

Mean 0 3.1 3.1 -

SETS

Davidge'® 13 3.0 1.7 (1130%) <0.0001

Doherty'® 1.0 33 2.3 (1230%) <0.00001

Head?? 1.1 32 2.1 (1190%) <0.002

Mcleod” 2.0 3.2 1.2 (160%) -

Mean 13 3.2 1.9 (1159%) -

previous trauma. Dy et al. report a case in which the pronator quadratus muscle was absent preclud-
ing the use of its nerve as a donor>2. Such variations should be considered in the decision-making
algorithm.

For homogeneity, end-to-end and end-to-side transfers were analysed independently. In the end-
to-end group, post-procedure, 100% of patients (37/37) recovered the intrinsic function of BMRC >1,
and the average recovery time was 3.6 months. About 85% (3 studies) of patients recovered the in-
trinsic function of BMRC >3. In the end-to-side group, 93% (145/156) recovered the intrinsic function
of BMRC >1, and the average time to recovery was 7 months (4 studies). About 75% of patients recov-
ered the intrinsic function of BMRC >3 in their first dorsal interossei. Eleven patients did not recover
any intrinsic function. In both groups, there was a high success rate of intrinsic recovery within 12
months with very low morbidity, showing that the AIN to ulnar nerve transfer is a reliable procedure
at restoring intrinsic function. Despite improvement in intrinsic function, over an average follow-up
period of 19 months, Arami et al. reported no improvement in claw deformity in any of their 11 pa-
tients undergoing end-to-end transfers for high ulnar nerve injuries'2.

In both the SETS and ETE groups, pre-operative mean BMRC was 1.3 and O, respectively. Post-
intervention BMRC was 3.2 and 3.1 in the SETS and ETE groups, respectively, once again showing the
success of nerve transfers in helping intrinsic recovery.

The study by McLeod et al.” was unique because it directly compared the results of ETE and SETS
in patients with ulnar nerve compression at the elbow. The overall post-operative BMRC score was
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Table 8
Showing patient demographics, type of injury, level of injury, and pre-operative symptoms. Pre-operative (p).
Study No of Age M:F Type of Location of ~ Symptom pWeakness pNumbness  pPain pAtrophy pPositive
Transfers Injury Injury Duration Froment’s
Sign
McLeod” 32 58.3 25:7 32 com- 32 elbow 15.6 15 32 NR 32 15
15 ETE pression months
17 SETS
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Table 9

Showing follow-up period and post-operative outcomes amongst the two cohorts. ETE transfer is performed if patients presented with complete intrinsic muscle atrophy. SETS transfer
was performed if patients presented with some intrinsic function. * denotes statistical significance, p < 0.01. Complex regional pain syndrome (CRPS) and no result (NR).

Study Follow-up Time to nerve Intrinsic recovery from Time to ETE intrinsic SETS intrinsic
(months) transfer symptom onset to recovery(months) recovery from recovery from Complications
surgery symptom onset symptom onset
to surgery to surgery

McLeod” 12 15.6 months Overall BMRC = 2.9 NR <12 months <12 months 1 CRPS
<12 months BMRC = 3.4 BMRC = 4.0
BMRC = 3.7 >12months >12 months
>12 months BMRC = 1.9 BMRC = 2.6
BMRC = 2.2*
SETS BMRC = 3.2
ETE BMRC = 2.6
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2.9 amongst both interventions. When interventions took place in under <12 months, the BMRC score
was 3.7, whereas the BMRC score was 2.2 amongst interventions performed above >12 months. This
result was statistically significant. The post-operative BMRC score in the SETS group was 3.2 versus
2.6 in the ETE group; however, this was not statistically significant. In all cases, BMRC was higher in
patients who had interventions performed within 12 months of symptom onset elucidating to the fact
that time is a critical factor in motor recovery.

Barbour et al.”> proposed SETS for Sunderland grade Il and IIl injuries and ETE transfer for grade
IV and V injuries. However, it seems that the SETS transfer has gained more popularity recently be-
cause of the advantage of allowing for reinnervation from the proximal repair site. In patients with
concomitant or previous AIN injury or peripheral neuropathy, SETS transfer is not beneficial'®. Electro-
diagnostic studies show that absent compound muscle action potentials (CMAP) are a major predictor
of poor intrinsic muscle recovery. This signifies the inability of a muscle with severe and prolonged
denervation to be reinnervated regardless of axonal regeneration'. Power et al.>*> describe their clin-
ical indications for a SETS transfer for cubital tunnel syndrome, which remains controversial because
of its efficacy and timing. The key considerations are the degree of ulnar axonal loss, the quality of re-
cipient intrinsic muscles, and the availability of a normal functioning AIN. Patients with cubital tunnel
syndrome who would benefit from a SETS procedure have reduced compound muscle action potential
amplitude (indicating axonal loss) and the presence of fibrillation potentials or positive sharp waves
on electromyography (indicating that the muscles remain receptive to reinnervation)*>.

More recently, Felder et al.>* described their technique to restore sensation to the vulnerable ulnar
border of the hand using allograft or autograft to perform side-side sensory nerve grafting from the
median nerve to the ulnar nerve in the palm in conjunction with a SETS AIN transfer. Of the 24
patients who had adequate follow-up to be included, 21 patients (87%) had a return of protective
sensation within 1 year. In nerve autograft patients, sensation was found to be referred to the median
nerve distribution, and recovery was significantly improved compared with other cohorts. Cross palm
sensory nerve grafting may be a useful adjunct to address sensory recovery in severe ulnar nerve
neuropathy.

The major limitation of this review was the lack of standardised outcome measures across the
studies, with validated scores making comparisons between studies difficult. Some of the outcome
measures are highly subjective thus potentially introducing bias. The majority of studies are retro-
spective case series, with varying indications for nerve transfers including transections and compres-
sion neuropathies. Concomitant procedures such as nerve releases were not accounted for which may
influence outcomes independently, and surgical techniques also varied across studies such as the use
of autologous nerve grafts. Post-operative rehabilitation protocols also differed.

There is a significant lack of high-quality randomised control trials in this exciting field of periph-
eral nerve surgery. A group in Boston is currently performing a randomised control trial comparing
cubital tunnel release with supercharged end-to-side anterior interosseous nerve transfer to a cubital
tunnel release alone in patients with severe cubital tunnel syndrome. The primary outcome measure
is key pinch strength. Secondary outcomes include two validated patient-reported outcome measures
and forearm pronation strength®>. Results of this study trial are highly anticipated.

Conclusion

AIN to ulnar nerve transfers carry low morbidity, and there is low-quality evidence (level IV)
to suggest superior recovery of intrinsic muscle function compared with conventional primary re-
pair techniques/nerve releases in Sunderland classification Il to V ulnar nerve injuries. The super-
charged end-to-side transfer (SETS) seems to be more favourable compared with end-to-side trans-
fer because of the potential reinnervation from the proximal ulnar nerve. Outcome measures are
highly variable across studies making standardisation difficult. Future research should aim to stan-
dardise outcomes using validated patient-reported outcome measures and electrodiagnostic tests. Re-
sults of future trials and case series in this exciting field of peripheral nerve surgery are highly
anticipated.

208



M. Thakkar, A. Rose, W. King et al. JPRAS Open 32 (2022) 195-210

No ethical approval required

No funding to declare.
No conflict of interest to declare.

Supplementary materials

Supplementary material associated with this article can be found, in the online version, at doi:10.

1016/j.jpra.2022.02.007.

References

1

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Lan CY, Tien HY, Te Lin Y, Hsu CC, Lin CH, Chen SH. Prognosis of Traumatic Ulnar Nerve Injuries: A Systematic Review. Ann
Plast Surg. 2019 Jan 1;82(1S Suppl 1):S45-S52. [Internet]. [cited 2022 Jan 17] Available from: https://pubmed.ncbi.nlm.nih.
g0v/30516565/.

. Kim DH, Han K, Tiel RL, Murovic JA, Kline DG. Surgical outcomes of 654 ulnar nerve lesions. | Neurosurg. 2003

May 1;98(5):993-1004. [Internet]. [cited 2021 Aug 7] Available from: https://thejns.org/view/journals/j-neurosurg/98/5/
article-p993.xml.

. Ruijs ACJ, Jaquet JB, Kalmijn S, Giele H, Hovius SER. Median and ulnar nerve injuries: A meta-analysis of predictors of motor

and sensory recovery after modern microsurgical nerve repair. Plast Reconstr Surg. 2005 Aug;116(2):484-494. [Internet].
[cited 2021 Aug 7] Available from: https://journals.lww.com/plasreconsurg/Fulltext/2005/08000/Median_and_Ulnar_Nerve_
Injuries__A_Meta_Analysis.23.aspx.

. Novak CB, Mackinnon SE. Distal anterior interosseous nerve transfer to the deep motor branch of the ulnar nerve for re-

construction of high ulnar nerve injuries. | Reconstr Microsurg. 2002;18(6):459-463. [Internet]. [cited 2021 Jul 24] Available
from: https://pubmed.ncbi.nlm.nih.gov/12177812/.

. Barbour J, Yee A, Kahn LC, Mackinnon SE. Supercharged end-to-side anterior interosseous to ulnar motor nerve transfer for

intrinsic musculature reinnervation. ] Hand Surg Am. 2012 Oct;37(10):2150-2159. [Internet]. [cited 2021 Aug 7] Available
from: https://pubmed.ncbi.nlm.nih.gov/23021177/.

. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The

PRISMA Statement. PLoS Med. 2009 Jul 21;6(7):e1000097. [Internet]. [cited 2020 Apr 19] Available from: https://dx.plos.
org/10.1371/journal.pmed.1000097.

. McLeod GJ, Peters BR, Quaife T, Clark TA, Giuffre JL. Anterior Interosseous-to-Ulnar Motor Nerve Transfers: A Single Center’s

Experience in Restoring Intrinsic Hand Function. Hand (N Y). 2020. [Internet]. [cited 2021 Jul 24]; Available from: https:
//pubmed.ncbi.nlm.nih.gov/32696669/.

. Wells G, Shea B, O’Connell D, Peterson ], Welch V. The Newcastle-Ottawa Scale (NOS) for assessing the quality of non-

randomised studies in meta-analyses. 2000 [cited 2021 Jul 25]; Available from: http://www3.med.unipmn.it/dispense_ebm/
2009-2010/Corso Perfezionamento EBM_Faggiano/NOS_oxford.pdf.

. Study Quality Assessment Tools | NHLBI, NIH [Internet]. [cited 2021 Jul 25]. Available from: https://www.nhlbi.nih.gov/

health-topics/study-quality-assessment-tools.

OCEBM Levels of Evidence — Centre for Evidence-Based Medicine (CEBM), University of Oxford [Internet]. [cited 2021 Jul
25]. Available from: https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence.

Randomized Trial of Supercharged End-to-Side Anterior Interosseous Nerve Transfer for Severe Cubital Tunnel Syndrome
- Full Text View - ClinicalTrials.gov [Internet]. [cited 2021 Jul 28]. Available from: https://clinicaltrials.gov/ct2/show/
NCT04647058.

Arami A, Bertelli JA. Effectiveness of Distal Nerve Transfers for Claw Correction With Proximal Ulnar Nerve Lesions. | Hand
Surg Am. 2021 Jun 1;46(6):478-484.

Baltzer H, Woo A, Oh C, Moran SL. Comparison of Ulnar Intrinsic Function following Supercharge End-to-Side Anterior
Interosseous-to-Ulnar Motor Nerve Transfer: A Matched Cohort Study of Proximal Ulnar Nerve Injury Patients. Plast Reconstr
Surg. 2016 Dec 1;138(6):1264-1272.

Battiston B, Lanzetta M. Reconstruction of high ulnar nerve lesions by distal double median to ulnar nerve transfer. ] Hand
Surg Am. 1999;24(6):1185-1191. [Internet]. [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/10584939/.
Chen SH, Mao SH, Lan CY, Huang RW, Lee CH, Hsu CC, et al. End-to-Side Anterior Interosseous Nerve Transfer: A Valuable
Alternative for Traumatic High Ulnar Nerve Palsy. Ann Plast Surg. 2021 Feb 1;86(2S Suppl 1):5S102-S107. [Internet]. [cited
2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/33438959/.

Davidge KM, Yee A, Moore AM, Mackinnon SE. The Supercharge End-to-Side Anterior Interosseous-to-Ulnar Motor Nerve
Transfer for Restoring Intrinsic Function: Clinical Experience. Plast Reconstr Surg. 2015 Sep 8;136(3):344e-352e. [Internet].
[cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/26313839/.

Dengler ], Dolen U, Patterson JMM, Davidge KM, Kahn LC, Yee A, et al. Supercharge End-to-Side Anterior Interosseous-to-
Ulnar Motor Nerve Transfer Restores Intrinsic Function in Cubital Tunnel Syndrome. Plast Reconstr Surg. 2020;146(4):808-
818. [Internet]. [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/32590517/.

Docherty CD, Miller TA, Larocerie-Salgado ], Byers BA, Ross DC. Reverse End-to-Side Anterior Interosseous Nerve-to-Ulnar
Motor Transfer for Severe Ulnar Neuropathy. Plast Reconstr Surg. 2020;146(3):306E-313E. [Internet]. [cited 2021 Jul 24]
Available from: https://pubmed.ncbi.nlm.nih.gov/32842108/.

Flores LP. Distal anterior interosseous nerve transfer to the deep ulnar nerve and end-to-side suture of the superficial
ulnar nerve to the third common palmar digital nerve for treatment of high ulnar nerve injuries: experience in five
cases. Arq Neuropsiquiatr. 2011;69(3):519-524. [Internet]. [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.
20v/21755133/.

209


https://doi.org/10.1016/j.jpra.2022.02.007
https://pubmed.ncbi.nlm.nih.gov/30516565/
https://thejns.org/view/journals/j-neurosurg/98/5/article-p993.xml
https://journals.lww.com/plasreconsurg/Fulltext/2005/08000/Median_and_Ulnar_Nerve_Injuries__A_Meta_Analysis.23.aspx
https://pubmed.ncbi.nlm.nih.gov/12177812/
https://pubmed.ncbi.nlm.nih.gov/23021177/
https://dx.plos.org/10.1371/journal.pmed.1000097
https://pubmed.ncbi.nlm.nih.gov/32696669/
http://www3.med.unipmn.it/dispense_ebm/2009-2010/CorsoPerfezionamentoEBM_Faggiano/NOS_oxford.pdf
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.cebm.ox.ac.uk/resources/levels-of-evidence/ocebm-levels-of-evidence
https://clinicaltrials.gov/ct2/show/NCT04647058
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0012
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0012
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0012
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0013
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0013
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0013
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0013
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0013
https://pubmed.ncbi.nlm.nih.gov/10584939/
https://pubmed.ncbi.nlm.nih.gov/33438959/
https://pubmed.ncbi.nlm.nih.gov/26313839/
https://pubmed.ncbi.nlm.nih.gov/32590517/
https://pubmed.ncbi.nlm.nih.gov/32842108/
https://pubmed.ncbi.nlm.nih.gov/21755133/

20.

21

—_

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

—_

32.

33.

34.

35.

Thakkar, A. Rose, W. King et al. JPRAS Open 32 (2022) 195-210

Flores LP. Comparative Study of Nerve Grafting versus Distal Nerve Transfer for Treatment of Proximal Injuries of the Ulnar
Nerve. J Reconstr Microsurg. 2015 Jul 13;31(9):647-653.

Haase SC, Chung KC. Anterior interosseous nerve transfer to the motor branch of the ulnar nerve for high ulnar nerve
injuries. Ann Plast Surg. 2002;49(3):285-290.

Head LK, Zhang ZZ, Hicks K, Wolff G, Boyd KU. Evaluation of Intrinsic Hand Musculature Reinnervation following Super-
charge End-to-Side Anterior Interosseous-to-Ulnar Motor Nerve Transfer. Plast Reconstr Surg. 2020;146(1):128-132. [Inter-
net). [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/32590654/.

Jarvie G, Hupin-Debeurme M, Glaris Z, Daneshvar P. Supercharge End-to-Side Anterior Interosseous Nerve to Ulnar Motor
Nerve Transfer for Severe Ulnar Neuropathy: Two Cases Suggesting Recovery Secondary to Nerve Transfer. J Orthop case
reports. 2018;8(5):25-28. [Internet]. [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/30740369/.

Koriem E, EI-Mahy MM, Atiyya AN, Diab RA. Comparison Between Supercharged Ulnar Nerve Repair by Anterior In-
terosseous Nerve Transfer and Isolated Ulnar Nerve Repair in Proximal Ulnar Nerve Injuries. ] Hand Surg Am. 2020 Feb
1;45(2):104-110. [Internet]. [cited 2021 Jul 24] Available from: https://pubmed.ncbi.nlm.nih.gov/31866151/.

Nyman E, Nyman T, Rubensson C, Thordstein M. Neuroplasticity following Nerve Transfer of the Anterior Interosseous Nerve
for Proximal Ulnar Nerve Injuries. Plast Reconstr Surg Glob Open. 2021 Jul 13;9(7):e3684 [Internet].[cited 2021 Jul 24]Avail-
able from: /pmc/articles/PMC8277281/.

Chen SH, Mao SH, Lan CY, Huang RW, Lee CH, Hsu CC, et al. End-to-Side Anterior Interosseous Nerve Transfer: A Valuable
Alternative for Traumatic High Ulnar Nerve Palsy. Ann Plast Surg. 2021 Feb 1;86(2S Suppl 1):S102-S107.

Wang Y, Zhu S. Transfer of a branch of the anterior interosseus nerve to the motor branch of the median nerve and ulnar
nerve. Chin Med ] (Engl). 1997 Mar;110(3):216-219.

[saacs JE, Cheatham S, Gagnon EB, Razavi A, McDowell CL. Reverse End-to-Side Neurotization in a Regenerating Nerve. J Re-
constr Microsurg. 2008 Sep 19;24(07):489-496. [Internet]. [cited 2021 Aug 15] Available from: http://www.thieme-connect.
de/products/ejournals/html/10.1055/s-0028-1088230.

Kale SS, Glaus SW, Yee A, Nicoson MC, Hunter DA, Mackinnon SE, et al. Reverse end-to-side nerve transfer: from animal
model to clinical use. ] Hand Surg Am. 2011;36(10). [Internet]. [cited 2021 Aug 15] Available from: https://pubmed.ncbi.nlm.
nih.gov/21872405/.

Farber SJ, Glaus SW, Moore AM, Hunter DA, Mackinnon SE, Johnson P]. Supercharge nerve transfer to enhance motor
recovery: a laboratory study. ] Hand Surg Am. 2013 Mar;38(3):466-477. [Internet]. [cited 2021 Aug 15] Available from:
https://pubmed.ncbi.nlm.nih.gov/23391355/.

Sukegawa K, Kuniyoshi K, Suzuki T, Ogawa Y, Okamoto S, Shibayama M, et al. An anatomical study of transfer of the anterior
interosseous nerve for the treatment of proximal ulnar nerve injuries. Bone jJoint J. 2014;96-B(6):789-794. [Internet]. [cited
2021 Aug 12] Available from: https://pubmed.ncbi.nlm.nih.gov/24891580/.

Dy (], Brogan DM, Colorado BS. Absence of the Pronator Quadratus Muscle Precluding Distal Nerve Transfer. ] Hand Surg
Am. 2018. [Internet]. [cited 2021 Aug 15]; Available from: https://doi.org/10.1016/j.jhsa.2018.08.002.

Power HA, Kahn LC, Patterson MM, Yee A, Moore AM, Mackinnon SE. Refining Indications for the Supercharge End-
to-Side Anterior Interosseous to Ulnar Motor Nerve Transfer in Cubital Tunnel Syndrome. Plast Reconstr Surg. 2020 Jan
1;145(1):106e-116e. [Internet]. [cited 2021 Aug 16] Available from: https://pubmed.ncbi.nlm.nih.gov/31881618.

Felder JM, Hill EJR, Power HA, Hasak J, Mackinnon SE. Cross-Palm Nerve Grafts to Enhance Sensory Recovery in Severe Ulnar
Neuropathy. Hand (N Y). 2020 Jul 1;15(4):526 [Internet].[cited 2022 Jan 17]Available from: /pmc/articles/PMC7370395/.
NCT04647058. Randomized Trial of Supercharged End-to-Side Anterior Interosseous Nerve Transfer for Severe Cubital
Tunnel Syndrome. https://clinicaltrials.gov/show/NCT04647058 [Internet]. 2020; Available from: www.cochranelibrary.com/
central/doi/10.1002/central/CN-02205979/full.

210


http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0020
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0020
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0021
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0021
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0021
https://pubmed.ncbi.nlm.nih.gov/32590654/
https://pubmed.ncbi.nlm.nih.gov/30740369/
https://pubmed.ncbi.nlm.nih.gov/31866151/
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0025
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0025
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0025
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0025
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0025
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0026
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0027
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0027
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0027
http://www.thieme-connect.de/products/ejournals/html/10.1055/s-0028-1088230
https://pubmed.ncbi.nlm.nih.gov/21872405/
https://pubmed.ncbi.nlm.nih.gov/23391355/
https://pubmed.ncbi.nlm.nih.gov/24891580/
https://doi.org/10.1016/j.jhsa.2018.08.002
https://pubmed.ncbi.nlm.nih.gov/31881618/
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
http://refhub.elsevier.com/S2352-5878(22)00021-3/sbref0034
https://www.cochranelibrary.com/central/doi/10.1002/central/CN-02205979/full

	Anterior Interosseous Nerve to Ulnar Nerve Transfer: A Systematic Review
	Introduction
	Methods
	Eligibility
	Outcomes
	Search Strategy and Selection of Studies
	Risk of Bias and Quality Assessment
	Data Extraction and Analysis
	Statistical analysis

	Results
	End-to-end Transfer
	Supercharge End-to-Side Transfer
	SETS vs ETE
	Risk of Bias and Quality Assessment

	Discussion
	Conclusion
	No ethical approval required
	Supplementary materials
	References


