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Abstract

Background: Our group previously developed an upper extremity repositioning (Sup-ER) protocol for brachial plexus
birth injuries (BPBIs) that may improve supination and external rotation (ER) at 2 years of age. Questions were raised about
the potential for the protocol to cause internal rotation (IR) deficits. The goal of this study was to explore the longer-
term outcomes of the Sup-ER protocol and investigate IR/ER function. Methods: This prospective cross-sectional cohort
study examined 16 children older than 4 years of age with significant enough BPBI to be treated with the Sup-ER protocol.
Total shoulder and elbow function were assessed, including passive and active ranges of motion and strength of IR and
ER. Results: Range of motion (ROM) for most active movements was decreased in the affected compared to unaffected
arm. Notably, IR passive ROM was similar in the affected (78.7°) and unaffected arm (82.8°). External rotation strength of
the affected arm was weaker (42.8 N) compared to the unaffected arm (57.9 N). IR strength had a greater deficit in the
affected (43.2 N) arm compared to the unaffected arm (72.2 N), but both ER and IR showed less deficit than described in
the literature. Conclusions: Despite differences in ranges of motion between the affected and unaffected arms, ROMs
for the affected arm were comparable to the functional limits as reported in the literature. The Sup-ER protocol shows
potential to optimize long-term shoulder rotation function in children with BPBI without compromising IR.
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are solely musculoskeletal in nature. Latissimus dorsi and
teres major tendon transfers which promote the strengthen-
ing of external rotation (ER), may, however, result in inter-
nal rotation (IR) deficits.”'

Growing bones and joints adapt to their load and range.
Persistent muscle imbalance and weakness associated
with BPBI may result in glenohumeral deformity and sub-
luxation.!”!® To optimize normal anatomic growth and

Introduction

Shoulder dystocia may result in injury to the brachial plexus
ranging from reversible neurapraxia to complete nerve root
avulsion. These brachial plexus birth injuries (BPBIs) occur at
a rate of 1.24 per 1000 live births in Canada.! Up to 88% of
BPBIs reportedly result in very good recovery; however, more
severe forms of BPBI will present with persistent functional
deficits.>* Most centers employ a multidisciplinary treatment
approach incorporating: physiotherapy, peripheral nerve sur-
gery, and the use of orthoses.> Consensus regarding the opti-
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mal treatment of BPBI has yet to be achieved,”!> and use of
early positioning and splinting protocols is not universal.

Our center prioritizes early optimization of shoulder
function. Currently accepted therapies include focused pas-
sive stretching and, if indicated, surgery. Early surgeries are
focused on nerve repair and nerve transfers, and where
required, shoulder relocation, whereas secondary surgeries
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promote glenohumeral congruity during nerve recovery,
our group previously developed an upper extremity repo-
sitioning program. In addition to physiotherapy, the pro-
gram introduces early use of an orthosis that stabilizes the
affected arm in forearm supination (Sup) and shoulder ER
(Sup-ER).'"* The protocol algorithm outlines indications
for the adjunctive use of orthoses, brachial plexus explora-
tion and grafting, botulinum toxin injection, nerve trans-
fers, tendon transfers, and osteotomies. Briefly, the key
points of the Sup-ER protocol are summarized below:

e If ER and/or supination Active Movement Scale!®
(AMS) scores are = 2 at 4 to 8 weeks of age— start
Sup-ER orthosis at 6 to 8 weeks, in conjunction with
physiotherapy. The group of patients with these mea-
surements represent our most severe cases and
include those with root avulsions and/or significantly
injured trunks. Only 15% of our clinic population
falls into the category where Sup-ER is recom-
mended.

e Ifat 1-month intervals, the shoulder remains reduced
and AMS scores improve— continue Sup-ER ortho-
sis and physiotherapy until approximately 12 months
of age as tolerated by the patient.

e Brachial plexus exploration and grafting at 3 to 4
months of age where required for global or root avul-
sion injuries.

e IfER passive range of motion (ROM) is limited and/
or the shoulder shows signs of subluxation as early
as 4 months— Botulinum toxin and cast, or surgical
reduction of the shoulder and cast, followed by Sup-
ER splint over a longer time period is undertaken.
More currently, we may also first use an elbow con-
straint band to try to encourage active external rota-
tion and decrease the elbow forward posture, but
most of the patients in this earlier cohort were not
treated this way.

e [f ROM issues or shoulder joint malposition persist
for several months despite these modalities, the
patients are considered for more invasive interven-
tions including nerve and tendon transfers. Gener-
ally, tendon transfer timing is considered less ideal
before the age of 2 years, but decisions are made on
an individual basis.

Findings of a pilot study demonstrated improved supination
and ER of 12 patients who used the Sup-ER protocol, com-
pared to controls at 2 years of age.® Concerns were recog-
nized about the potential for a reduction of IR in patients
using the protocol. The goal of this study was to measure
shoulder ER and IR ROM and strength in the affected arm
compared to the unaffected side in patients who had used
the protocol.

Methods

This prospective cross-sectional cohort study was approved
by the University of British Columbia Children’s and Wom-
en’s Health Centre of British Columbia Research Ethics
Board (study ID: H18-01006). All parents provided written
informed consent and all children over the age of 7 pro-
vided written informed assent.

Study Participants

Study participants were identified from the British Colum-
bia Children’s Hospital (BCCH) Brachial Plexus Clinic
database, which included all patients that have been evalu-
ated by the Brachial Plexus Clinic team. BPBI patients who
used the Sup-ER protocol and were at least 4 years of age at
the time of the study were invited to participate. Four years
was determined as the minimum appropriate age for com-
pliance with functional scales used in the study visit.
Patients lost to follow-up, no longer living in the province,
or those unable to complete the study assessment due to
lack of cooperation (eg, severe developmental delay) were
excluded.

Study Assessments

Patients who consented to participate had their chart
reviewed and attended a single 1-hour study visit. Past med-
ical history, specific procedures, and details of Sup-ER
orthosis use including complications and documented com-
pliance where available, were obtained from each partici-
pant’s clinical chart. Based on the Sup-ER splint time period
and post-Botox casting duration, the Sup-ER Protocol for
each participant was recorded as shorter than regular
(splint started after 20 weeks of age, or used for 4 or less
months and/or cast < 3 weeks), regular (splint started by
20 weeks of age and used for 5-10 months and/or cast 3-5
weeks), longer than regular (splint started by 20 weeks of
age and used for >10 months and/or cast >5 weeks), or not
Sfollowed (splint started after 12 months of age).

The study visit assessed (in order): ABC Loops, modi-
fied Mallet scale, active and passive ROM for IR and ER,
strength of IR and ER at mid-range, then the passive and
active ranges of motion of supination, pronation, elbow
flexion and elbow extension.??! The IR and ER results are
discussed in this article.

Individual assessments were always first performed on
the unaffected arm. Using a standardized script, each motion
was introduced to the participant by verbal and visual demon-
stration, then if needed, positive reinforcement (by asking the
participant to reach for a prize), and lastly, physical guidance
through a brief (10°-15°) range before asking the patient to
perform it independently. If the participant was unable to
perform the movement following these steps the outcome of
the test was recorded as a failure. All measurements were
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performed by the same physiotherapist (D.B.) and trained
clinical evaluator (L.S.Y.) for all participants.

ROM

Measuring objective rotation at the shoulder is difficult
because of 3-dimensional compensation involving elbow
extension and trunk positioning, and difficulty defining the
point of rotation. To decrease this effect, we created a stable
tabletop base securing the elbow to a rotating disk in an
attempt to isolate testing to true rotational movement and
allow a more objective comparison to the control arm (Sup-
plementary Figures 3 and 4).

Shoulder IR and ER movements were performed elbow
down (vs. shoulder abducted to 90°) to represent more com-
mon functional movements (eg, buttoning a blouse) requir-
ing no assumptions of normal abduction function.”? All
measurements were taken with the participant standing in
the cut-out of the tabletop. The trunk was stabilized by an
assistant to minimize compensatory movements. The elbow
was flexed to 90°, and the shoulder abducted just enough
that the thenar eminence would align with the participant’s
umbilicus at maximum available IR with elbow flexed. The
elbow was secured into position on the rotating disk with
the support of a Velcro sensitive neoprene arm cuff. A goni-
ometer was used to measure ROM with the vertex at the
center of the disk and the zero line representing forearm
pointing forward (Supplementary Figures 3 and 4). Com-
pensatory movements were minimized by evaluators.

Strength

Upper extremity strength was evaluated 1 minute after the
ER/IR ROM assessment. While maintaining the elbow in
the cuff, a “neutral rotation point” was defined for that
patient as the midpoint between the previously determined
IR and ER maximal range. Strength was measured at this
position using a make test with a hand-held dynamometer
(Commander™ Muscle Tester) and reported in Newtons.
The dynamometer pad was placed 4 cm proximal to the the-
nar eminence for IR, and 4 cm proximal to the ulnar styloid
for ER. The participants were given an opportunity to per-
form a sub-maximal effort test to familiarize them with the
movement and scripted instructions as previously described.
The participants were given 3 trials to perform the test with
maximal effort, with 5 seconds of rest between each repeti-
tion. The greatest value measured was used for analyses.

Statistical Analysis

The data were analyzed descriptively. The Wilcoxon signed-
rank test was used to assess the differences in the population
means between the strength and ROM of the participants’
affected and unaffected sides. The level of significance was
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Table |. Patient Characteristics.
Characteristic No. (%)
N 16
Age, mean (SD) 6.4 (2.2)
Sex
F 13 (81.2)
M 3(18.8)
Affected side
L 7 (43.8)
R 9 (56.2)
Handedness
L 5@31.2)
R I'1(68.8)
Procedures
Brachial plexus exploration and grafting 5@31.2)
Botulinum toxin injection 7 (43.8)
Nerve transfers 5@31.2)
Tendon transfers 6 (37.5)
Osteotomies I (6.2)

F = female; M = male; L = left; R = right.
*Unless otherwise indicated.

set at P < .05. The R statistical language (version 3.5.1)
with ggplot2 graphics package (version 3.0.0), and MAT-
LAB® (MATLAB version 9.3.0 [R2017b]. Natick, Massa-
chusetts: The MathWorks Inc.) were used for statistical
analysis and figure production.

Results

This study invited 32 children (4-11 years old) treated with
the Sup-ER protocol to join the study. Seventeen children
participated, yielding a 53% recruitment rate. One child
with autism later withdrew due to severe cooperation issues
during the assessment. The final cohort included 16 partici-
pants, 13 females, and 3 males. The mean age of the par-
ticipants was 7.0 years of age (range: 4.5-11.6 years). Past
medical history revealed that 12 of the 16 participants had
undergone at least one additional procedure in addition to
physiotherapy and the Sup-ER protocol (Table 1).

The greatest statistically significant difference between the
affected and unaffected side ROM was in ER, both active (P
<.001) and passive (P = .003). The median active ER ROM
was 27.5° (range: -5°-55°) in the affected arm and 65.0°
(range: 50°-85°) in the unaffected arm. The median passive
ER ROM was 46.0° (range: 22°-83°) in the affected arm and
67.0° (range: 53°-85°) in the unaffected arm (Figures 1-2 and
Supplementary Figure 1).

The affected arm had a median passive IR ROM of 80.0°
(range: 65°-89°) vs. 84.5° (range: 65°-92°) in the unaffected
arm, which was not statistically significant (P = .055). The
median active IR ROM was 71.5° (range 30°-89°) in the
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Figure 2. Active external rotation of the affected arm.

affected arm and 83.5° (range: 65°-92°) in the unaffected arm,
which was statistically different (P = .004). Six participants
could not touch their belly when the affected elbow was stabi-
lized in the standardized position on the Velcro disk. Factors
or treatments that could possibly impact passive or active IR
function were also plotted (Figures 3-4 and Supplementary

Figure 2). It should be noted that 3 of the unaffected arm max-
imum IR active range measurements were equal to or less
than the median affected range, demonstrating the degree of
constraint of the measurement device.

Mean strength in IR was 43.2 N (£15.1 N) in the affected
arm and 72.2 N (£22.8 N) in the unaffected arm, a difference
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which was statistically significant (P < .001). Mean strength
in ER was 42.8 N (£20.9 N) in the affected, and 57.9 N
(%£19.0 N) in the unaffected arm (P = .007) (Table 2).

Median strength in IR was 35.2 N in the affected arm
and 70.4 N in the unaffected arm. Median strength in ER
was 39.6 N in the affected, and 58.3 N in the unaffected arm
(Table 2).

Discussion

By study criteria, our population included only our most
severe BPBI patients; we anticipated and found that affected
arms had reduced ROM and strength compared to unaf-
fected arms. Normative literature published by Gates et al,*
suggests there is an ability for young adults to undertake
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Table 2. Internal and external rotation strength outcomes.

Unaffected arm mean

Affected arm mean

Mean relative strength of

strength (N) (SD) strength (N) (SD) affected arm (%) (95% ClI) P-value
Internal Rotation 72.2 (22.8) 432 (15.1) 62.0 (54.4-69.6) <.001
External Rotation 57.9 (19.0) 42.8 (20.9) 73.8 (59.0-88.6) 007
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Figure 5. Active total internal rotation and external rotation ROM.

activities of daily living at a normal level with ER of 55°,
and IR of 79°. That study measured rotation in free space
with motion capture, and without specifically constraining
compensatory rotation of the trunk.

In affected arms in our group, the median active ER
(28°) and IR (72°) were below these thresholds, although
the amount of disparity may be exaggerated by our more
strictly constrained measurement of rotation. Even in
healthy arms in our study, the median active ER was 65°
and IR was 84° where we would have previously expected
these would approach 90° in this age group. Therefore, our
ER/IR ranges may not be completely comparable to pub-
lished literature. As we aimed to measure pure rotation with
comparisons to self, if anything, our measurements may
underreport any improvements.

In the most comparable BPBI article we identified, Hul-
leberg et al** describe median active IR of 85° in operated
patients and 90° in un-operated patients between 10 and 20
years of age, which was greater than our findings of 57°
and 78°.

However, the median active ER in our treatment popula-
tion was 28°, objectively more than the -20° and 0° found in
Hulleberg’s patients, and again, device constraint may be
underestimating the disparity of this comparison. No patient
in their study population achieved active ER > 15°, whereas
in our group, 13/16 achieved 17° or greater, with the maxi-
mum active ER recorded being 55°.

Additionally, the median active total IR to ER range of
patients in our study was greater than that of Hulleberg,
(Figure 5). Our constrained IR mean and median values
measured only slightly less but our ER improvement was
notably better, in both operated and nonoperated patients.

When we looked for more granular details related to active
IR, we could not identify any pattern of treatment that was
common to the patients who could not touch their belly, or
was different to those who could. Three of them had under-
gone tendon transfers (identical to the number of tendon trans-
fers in the group who could touch their belly), 3 had brachial
plexus exploration (nearly identical to the group who could
touch their belly), 2 had shorter than regular Sup-ER protocol,
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2 had longer than regular protocol, and 1 did not start the pro-
tocol before 1 year of age. All 6 patients had different overall
treatment combinations. However, of the 7 patients who fol-
lowed the regular Sup-ER protocol, only one could not touch
their belly, and that patient also had tendon transfers. Although
the majority of participants who could touch their belly had
followed a regular Sup-ER protocol (6 out of 10), and the
majority of the participants who could not touch their belly
had not followed a regular Sup-ER protocol (5 of 6), it would
require a much larger data set to assign any statistical or con-
clusive significance to any of the individual factors or to the
Sup-ER program itself.

IR Strength

We have previously documented decreased strength of IR in
the majority of our recovered patients, even in the presence
of IR contractures.? This is consistent with the literature.?*2
Our current study found reduced strength outcomes com-
parable to those previously reported in the literature 2
Median IR in affected arms was 38% weaker than unaffected
arms (Table 2), better than Brochard et al, who found a 49%
median decrease, and comparable to the Hulleberg study
which showed 39% median strength reduction in operated
patients and 17% reduction in nonoperated patients.*2¢
Even when participants maintained the IR ROM required
to touch their abdomen, their overall strength was dimin-
ished. This is very important to note when considering sec-
ondary shoulder rebalancing procedures. Prior to shoulder
tendon transfers, formal measurement of IR strength is rec-
ommended to avoid potentially unbalanced outcomes.

ER Strength

Our ER strength deficits are dramatically less than those
reported in the literature. In our study cohort, the median ER
strength in the affected arm was 20% weaker than the unaf-
fected, compared to Brochard’s 73% weakness, and 45%
and 73% weakness in Hulleberg’s nonoperated and operated
patients with permanent lesions.?*?® We cannot rule out that
the greater strength deficit found by Brochard et al*® and
Hulleberg et al** may be due to deconditioning or age-related
factors, as the average age of the children from the afore-
mentioned studies was 11.2 years and 14, respectively,
whereas the mean age in our study cohort was 6.4 years.

Study limitations

One of the limitations of our study is its small sample size,
which makes it difficult to assign statistical significance.
This cross-sectional cohort study recruited study partici-
pants by invitation, which increases the likelihood of a self-
selection sampling bias. Therefore, our sample may not be
representative of the entire population. By study design, we
cannot include patients who did not consent to participate,

but we scanned the nonparticipant global scores in our data-
base, and found no major outliers, or reason to suspect that
“worse” patients were hidden in that group. In fact, none of
them had undergone surgery, and one third of them had not
a single AMS score below 6 on their most recent evaluation.

The Sup-ER protocol notably continued to evolve and
develop during the time period the study participants were
treated. Individualized application of the protocol and het-
erogeneity of the already limited population may also serve
as confounding factors in our study.

Accurate measurement of IR and ER in children can be
challenging. We designed a measurement table in an attempt
to assess IR and ER ROM and strength in an objective and
standardized manner (Supplementary Figures 3 and 4). Of
note, even unaffected side measurements were less than
usual expectations, thus this technique may underrepresent
our study’s positive findings. Additionally, while this mea-
surement technique has not been validated, inconsistency in
techniques described in current literature makes compari-
sons difficult.

Conclusion

In this study, participants treated with the Sup-ER protocol
were shown to have affected-arm reduction in rotational
ROM and rotational strength compared to their unaffected
arm, as expected for the severity of their injury. Compared
to the literature, participants who used the Sup-ER protocol
were shown to have much improved ER strength and ROM.
Even with measurements potentially reduced by the con-
straints of our tool, total IR to ER range was greater than
values reported in the literature, where less standardized
measurement techniques may have been used. A subset of
participants could not touch their belly in our ROM assess-
ment. This subset population was disparate. No causative
treatment variation or pattern could be identified, including
use of the Sup-ER protocol. In study participants, IR
strength of the affected side was diminished compared to
the unaffected side, as expected, but comparable to or
greater than the IR strength in children with BPBIs reported
in the literature. The best outcomes in total shoulder rotation
range were achieved in participants who undertook the “nor-
mal” regular Sup-ER protocol length of treatment.

This pilot study supports the efficacy of the Sup-ER pro-
tocol without compromising shoulder IR ROM or strength.
The need for consistent documentation of both shoulder and
elbow ROM and strength is emphasized to guide therapeu-
tic initiatives and support research endeavors.
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