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CHAPTER 3

ABSTRACT

Background: Assessment of muscle atrophy and fatty degeneration in brachial
plexus injury (BPI) could yield valuable insight into pathophysiology and could be
used to predict clinical outcome. The objective of this study was to quantify and
relate fat percentage and cross-sectional area (CSA) of the biceps to range of
motion and muscle force of traumatic brachial plexus injury (BPI) patients.

Methods: T1- weighted TSE sequence and three-point Dixon images of the affected
and non-affected biceps brachii were acquired on a 3 Tesla magnetic resonance
scanner to determine the Goutallier score, fat percentage, total and contractile
CSA of 20 adult BPI patients. Regions of interest were drawn by two independent
investigators to determine the inter-observer reliability. Paired Students’ t-test and
multivariate analysis were used to relate fat percentage, total and contractile CSA
to active flexion and biceps muscle force.

Results: The mean fat percentage 12 + 5.1% of affected biceps was higher than
6 = 1.0% of the non-affected biceps (p < 0.001). The mean contractile CSA 8.1 =
5.1 cm? of the affected biceps was lower than 19.4 + 4.9 cm? of the non-affected
biceps (p < 0.001). The inter-observer reliability was excellent (ICC 0.82 to 0.96).
The Goutallier score was strongly associated with fat percentage (Spearman’s rho
0.87, p < 0.001), however it gave an overestimation in those classified with a high
grade Goutallier. The contractile CSA contributed most to the reduction in active
flexion and muscle force.

Conclusion: Quantitative measurement of fat percentage, total and contractile CSA
using three-point Dixon sequences provides an excellent reliability and relates with
active flexion and muscle force in BPI.
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INTRODUCTION

Brachial plexus injury (BPI) results in severe nerve damage affecting the upper
extremity. Despite partial natural recovery, nerve and/or secondary surgery, both
traumatic BPI patients and neonatal brachial plexus palsy patients do not regain
normal upper extremity function and are impaired in muscle force and range
of motion of the shoulder, elbow, wrist and/or hand 7. Long-term denervation
results in muscle degeneration including muscle atrophy, fatty degeneration and
interstitial fibrosis in the muscle. Quantitative tools which assess the decrease in the
amount of muscle tissue could improve insight in the extent of muscle degeneration
and could facilitate a better treatment strategy. The current literature on muscle
degeneration in the upper extremity of BPI focuses on total muscle cross sectional
area (CSA) and on a qualitative assessment of muscle fatty degeneration using
the Goutallier score on T1 weighted Turbo Spin Echo (TSE) magnetic resonance
(MR) images as well as at computed tomography (CT) scans 7. The current
literature has limitations as the inter-observer reliability of the Goutallier score is
moderate even in experienced hands " '>. Furthermore, a qualitative assessment
of fatty degeneration is less sensitive in detecting small differences compared
to a quantitative assessment '8 Finally, an overall qualitative muscle score
(i.,e. Goutallier score) and assessments of total muscle CSA measure both fatty
degeneration as well as contractile muscle tissue, whereas only the latter is the
true functional part of the muscle *7%3.

The three-point Dixon sequence can be applied to quantify intramuscular fat
(i.e. indirect contractile muscle tissue). This sequence uses a chemical shift based
approach which relies on the difference in resonance frequency between water
and fat. Previously, the Dixon sequence has been used extensively to measure
intramuscular fat in different conditions, including rotator cuff tears 2, lean and
obese children 2!, diabetes ?>%* and the muscular dystrophies 182430 However,
the extent of muscle fatty degeneration as an indirect measure and the amount of
contractile tissue in BPl is currently unknown.

The first objective of this study was to quantify intramuscular fat, the total
and contractile CSA in BPI patients and to assess the inter-observer reliability
and the variability using three-point Dixon MRI. The second objective was to
correlate the qualitatively assessed intramuscular fat with the Goutallier score
on a T1 weighted TSE sequence with the quantitatively obtained value. The
final objective was to assess whether intramuscular fat, the total and contractile
CSA were associated with elbow range of motion and muscle force in severely
affected BPI patients.
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METHODS

Patients

An observational study was performed including 20 adult BPI patients recruited
from the peripheral nerve injury unit of the Leiden University Medical Center.
Inclusion criteria were an age > 18 years old and a traumatic BPI. To create a
uniform group of patients who are at the end stage of neural regeneration, all
patients had to be minimum two years after trauma and/or nerve surgery for the
biceps muscle. Patients were excluded if they had a fracture of the humeral bone,
bilateral brachial plexus lesion, secondary surgery around the shoulder or elbow,
or contra-indications for MRI. The medical ethical review board of the Leiden
University Medical Center approved the protocol of this study and all patients
signed informed consent. This study was registered in the Netherlands Trial
Register, number NTR2524.

MRI

MR imaging was performed on a 3 Tesla MR machine (Philips Achieva, Philips
Medical Systems, Best, the Netherlands) in supine position, with the arm as much in
the center of the magnet bore as possible and the patient’s arms placed alongside
of the body with the thumbs directed upwards. Both arms were imaged separately.
A 14-cm two-element receive coil was used for signal reception. The receive coil
elements were positioned on the anterior and posterior side in the middle of the
upper arm using the humeral head and olecranon as palpable bony reference. The
scan protocol consisted of axial T1-weighted TSE sequence (16 slices of 7.5 mm
thickness, 0.75 mm gap, repetition time (TR) 600 ms, echo time (TE) 16 ms, field
of view (FOV) 180 x 180 mm, voxel size 0.6x0.6 mm?, TSE factor 5, acquisition time
5:20 minutes) and a 3-point gradient echo Dixon sequence (16 slices of 7.5 mm
thickness, 0.75 mm gap, TR 400 ms, first TE 4.41 ms, echo spacing 0.76 ms, flip
angle 8°, FOV 180x180 mm, (voxel size 0.9x0.9 mm?), acquisition time 6:30 minutes)
of the affected and non-affected upper arm. The T1 and Dixon sequences were
planned using a survey scan, around the distal 2/3 of the humeral bone using
the humeral head and epicondyles of the distal humeral bone as bony landmark.
Representative examples of T1, Dixon fat and Dixon water images of the non-
affected and affected arm are shown in figure 1.

Data analysis

The three-point Dixon images were reconstructed with multipeak correction as
described before, with frequencies fp= [94,-318, -420] Hz and amplitudes A,=[0.08,
0.15, 0.78], to account for the multiple peaks of the fat spectrum ?8. No corrections
were made for partial saturation due to T1, T2 or T2* relaxation. Regions of interest
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(ROls) were drawn manually on every slice by two independent investigators (B.J.D.
and J.F.H.), blinded for patient details using the Medical Image Processing, Analysis
and Visualization software package (http://mipav.cit.nih.gov) on T1-weighted
images in the biceps and triceps brachii of the affected and non-affected arm. Five
consecutive slices with the largest cross sectional area of the biceps and triceps
brachii were used to calculate the mean fat percentage, the total CSA (i.e. the CSA
including muscle tissue and intramuscular fat tissue), and the contractile CSA which
was calculated from the mean fat percentage and the total CSA (contractile CSA =
total CSA (100 - mean fat percentage) / 100). The mean fat percentage per muscle
was computed using the co-registered contours from the T1 weighted images on
the Dixon images and calculated by averaging all pixels assigned to that muscle.
Next, the mean fat percentage was calculated by: signal intensity on fat image
/ (signal intensity on fat image + signal intensity at water image). The Goutallier
grading was scored by two experienced musculoskeletal radiologists (CSPR and
MR) in consensus: O ‘'no fat’, 1 ‘some fatty streaks’, 2 ‘less fat than muscle’, 3 ‘as
much fat as muscle’ and 4 ‘more fat than muscle’. Furthermore, the affected biceps
and triceps brachii were scored for the presence of atrophy compared to the non-
affected biceps and triceps brachii of the contra lateral arm.

Clinical parameters

The age, gender, affected side, severity of the lesion according to Narakas and
type of nerve and/or secondary surgery was recorded *'. The passive and active
elbow range of motion (flexion, extension, supination and pronation) was measured
using a hand held goniometer. Muscle force was measured (semi) quantitatively
of both elbow flexion and elbow extension using the medical research council
(MRC) scale and a hand-held dynamometer (MicroFET2, Biometrics, Almere, the
Netherlands) in a standardized arm positions (90° flexion and 90° supination).
Muscle quality was determined by calculating the specific muscle force i.e. muscle
force in Newton per cm? of contractile CSA. The self assessment questionnaires
disability of the arm, shoulder and hand (DASH), the short form-36 (SF-36) and
visual analogue score (VAS) for pain (0-10) were used to assess the quality of life
of the BPI patients.

Statistical analysis

The paired Student's t-test was used to study differences in fat percentage, total
CSA, contractile CSA and specific muscle force between the affected and the
non-affected biceps and triceps brachii. The intraclass correlation coefficient
(ICC) of fat percentage, total and contractile CSA was calculated to determine the
reliability between two independent observers and potential variability between 5
consecutive MRl slices using the 2-way random model with absolute agreement 2.
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T1 image, non-affected arm T1 image, affected arm

Dixon fat image, non-affected arm Dixon fat image, affected arm

Dixon water image, non-affected arm Dixon water image, affected arm

Figure 1: Example of T1, Dixon fat and Dixon water images of the non-affected and affected
arm. Regions of interest are drawn in red for the biceps and green for the triceps brachii.
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For interpretation, the criteria formulated by Cicchetti and Sparrow were used: 0.00
to 0.39, poor; 0.40 to 0.59, fair; 0.60 to 0.74, good; or 0.75 to 1.00, excellent 2.
The Spearman'’s rho correlation coefficient was used to investigate the presence of
correlation between the percentages of fat using Dixon with the Goutallier score
of the T1w images. Univariate linear regression analysis was employed to study
the association between fat percentage, total and contractile CSA with range
of motion and muscle force in Newton. Logistic regression analysis was used to
associate fat percentage, total and contractile CSA to muscle force in MRC 0 to
3 versus MRC 4 and 5. In the multivariate analysis, age and elapsed time since
the trauma were used. For statistical analysis a SPSS software package was used
(version 23.0, IBM Inc., Armonk, New York, USA). All analyses were two tailed and
p-values < 0.05 were considered significant.

RESULTS

Patients

The patient characteristics are summarized in table |. In one patient, the non-
affected arm could not be scanned due to claustrophobia of the patient after
scanning the affected arm. The mean fat percentage was 12 + 5.1 % in the affected
biceps brachii which was significantly higher than 6 = 1.0 % in the non-affected
biceps brachii (p < 0.001) as shown in figure 2. The mean fat percentage was 10
4.3 % in the affected triceps brachii, compared to 6 = 1.6 % of the non-affected
triceps brachii (p = 0.001). The mean total CSA of the affected biceps brachii was
9.0 £ 5.3 cm? which was lower than a mean of 20.7 £ 5.2 cm? of the non-affected
biceps brachii (p = 0.001). The mean contractile CSA was lower in the affected
biceps brachii 8.1 £ 5.1 cm?, compared to a mean of 19.4 + 4.9 cm? in the non-
affected biceps brachii (p < 0.001). The total and contractile CSA were also lower
in the affected triceps brachii compared to the non-affected triceps brachii as
shown in table II.

Reliability

The interobserver reliability was excellent for fat percentage, total CSA and
contractile CSA in both the biceps and the triceps brachii (table Ill). To measure
the homogeneity between the MRl slices, the ICC of 5 consecutive MRI slices was
calculated. The ICC was excellent for fat percentage, total and contractile CSA of
the biceps brachii and the triceps brachii (table IlI).
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Table I: Patient characteristics

N =20
Sex * (male) 17
Age T (years) 37 =111
Body mass indext (kg/m?) 25+3.8
Dominancy before trauma * (right / left / both) 16/3/1
Brachial plexus injury
Age at trauma T (years) 31+10.8
Side * (right / left) 10/10
Narakas type* (C5-Cé / C5-C7 / C5-C8 / C5-T1) 5/1/3/11
Primary treatment
Conservative / neurolysis / nerve transplantation * 4/1/715
Age at neurosurgery T (years) 31+11.3
Type of nerve transplantation *
Anterior division superior trunk 6
Posterior division superior trunk 3
Medial trunk 1
Suprascapular nerve 2
Musculus cuteneus nerve 8
SF36 questionnaire T# 72 £18.1
DASH questionnaire T% 23 +17.6
Employed *# 16
Playing sport / instrument*# 9
VAS for pain t# 3.5+3.06

*The values are given as the number of patients. T Values are given as mean with standard
deviation #data was obtained from 19 patients, data was obtained from 18 patients. SF3é:
Short-Form 36. DASH: Disability of the arm, shoulder and hand. VAS: Visual analogue scale with

range from 0 'no pain” to 10 ‘maximum pain”.
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Figure 2: Fat percentage of the affected en non-affected biceps and triceps
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Table II: Results of fat percentage, total and contractile CSA in the affected and non-
affected biceps and triceps brachii

Affected Non-affected Mean difference
arm arm (95 % ClI) p - value
Fat (%)
Biceps brachii 12 +5.1 6+1.0 -5(-3to-7) < 0.001
Triceps brachii 10+4.3 6+1.6 -3(-2to -5) 0.001
Total CSA * (cm?)
Biceps brachii 9.0+5.3 20.7 £5.2 -11.5(-15.0to -7.9) < 0.001
Triceps brachii 10.3 + 6.6) 20.2+4.8 -9.5(-12.7 to -6.4) < 0.001
Contractile CSA # (cm?)
Biceps brachii 8.1 5.1 19.4 £4.9 -11.1 (-14.5 to0 -7.7) < 0.001
Triceps brachii 9.4 +6.3 18.9+45 9.1(-12.1t0 -6.2) < 0.001

*The CSA including muscle tissue and intramuscular fat tissue, #contractile CSA = total CSA (100
- mean fat percentage) / 100, Cl: confidence interval, CSA: cross sectional area.

Table IlI: Intraclass correlation coefficients of 2 independent observers and 5 consecutive
MRI slices

2 independent observers 5 consecutive MRI slices
ICC 95 % Cl p-value ICC 95 % Cl p-value
Muscle fat (%)
Biceps brachii 0.88 0.73-0.94 < 0.001 0.94 0.91-0.96 < 0.001
Triceps brachii 0.82 0.65-0.89 < 0.001 0.92 0.87 -0.95 < 0.001
Total CSA * (cm?)
Biceps brachii 0.95 0.43-0.99 < 0.001 0.99 0.98 -0.99 < 0.001
Triceps brachii 0.96 0.56-0.99 < 0.001 0.95 0.92-0.97 < 0.001
Contractile CSA # (cm?)
Biceps brachii 0.88 0.36 -0.96 < 0.001 0.99 0.99 -1.00 < 0.001
Triceps brachii 0.89 0.45-0.96 < 0.001 0.95 0.92-0.97 < 0.001

*The CSA including muscle tissue and intramuscular fat tissue, #contractile CSA = total CSA
(100 - mean fat percentage) / 100. MRI: magnetic resonance imaging, ICC: interclass correlation
coefficient, Cl: confidence interval, CSA: cross sectional area.
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Figure 3: Association of quantitative fat percentage on Dixon with qualitative Goutallier score
on T1 of the affected and non-affected biceps and triceps
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Figure 4: Association of total cross sectional area with atrophy of the affected and non-affected
biceps and triceps
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Qualitative versus quantitative fat scores

The quantitative fat percentage was strongly associated with the qualitative Goutallier
score with a Spearman’s rho correlation coefficient of 0.87 for the biceps (p < 0.001)
and 0.78 for the triceps (p < 0.001), as depicted in figure 3. However, the Goutallier
score overestimates the fat percentage as patients graded with score 3 or 4 (i.e. fat
percentage of 50% or higher) had a three-point Dixon fat percentage range from
9 to 19%. The qualitative score of atrophy was compared to the quantitative score
of total CSA, as shown in figure 4. In the patients where the mean total CSA of the
biceps brachii was visually scored as ‘not atrophic’, there was indeed no significant
difference between the affected and the non-affected arm (mean difference -1.6 cm?,
95% Cl 4,8 to 1.6, p = 0.23). Also the mean total CSA of the triceps brachii which were
scored as ‘not atrophic’, was not significantly different between the affected and the
non-affected arm (mean difference -2.9 cm?, 95% Cl -7.7 to 2.0, p = 0.18). The mean
total CSA of biceps brachii which were scored ‘atrophic’ was significantly smaller in
the affected compared to the non-affected biceps (mean difference -15.0 cm?, 95%
Cl-17.7 t0 -12.3, p < 0.001). The same results were observed for the triceps brachii
(mean difference -11.9 cm?, 95% Cl -15.1 to -8.7, p < 0.001).

Relation to clinical outcome

The association of fat percentage, total and contractile CSA of the affected and
non-affected biceps and triceps brachii with muscle force in MRC is shown in
figure 5. Clinical results of passive and active range of motion and muscle force are
shown in table IV. The specific muscle force was lower in the affected biceps brachii
(mean 10 = 5.4 N/cm?) compared to the non-affected biceps (mean 16 + 4.8 N/cm?)
(p = 0.002), while this failed to reach significance in the triceps brachii (mean 12 =
4.9 N/em?in the affected versus 14 + 3.6 N/cm?in the unaffected arm (p = 0.078).
Univariate and multivariate regression analyses are described in tables V to VII.
Multivariate regression analysis showed that contractile CSA of the biceps brachii
was most significantly related to several clinical outcome parameters including
elbow flexion (7.1°, 95% Cl 2.8 to 11.5, p = 0.003), supination (5.5°, 95% CI 0.6 to
10.4, p = 0.030), muscle force in MRC (odds ratio 2.6, 95% Cl 1.1 to 6.1) and muscle
force in Newton (13.0N, 95% CI 8.9 to 17.1).
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Figure 5: Association of fat percentage (A), total CSA (B) and contractile CSA (C) with muscle
force of the affected and the non-affected biceps and triceps
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Table V: Linear regression for active range of motion

Regression coefficient 95% ClI p - value

Active flexion univariate models for the affected biceps brachii

Fat percentage -6.0 -10.8 to -1.2 0.017

Total CSA * 7.0 2.8t011.2 0.003

Contractile CSA # 7.3 2.9t0 11.7 0.003
Active flexion multivariate models for the affected biceps brachii

Fat percentage -5.9 -10.9t0 -0.8 0.025

Total CSA * 6.8 2.6 10 11.0 0.004

Contractile CSA # 7.1 2.8t0 115 0.003
Active extension univariate models for the affected triceps brachii

Fat percentage -0.9 -1.8 t0 0.05 0.061

Total CSA * 0.6 -0.03t0 1.2 0.062

Contractile CSA # 0.6 -0.02t0 1.2 0.058
Active extension multivariate models for the affected triceps brachii

Fat percentage -1.0 -1.8t0 0.1 0.029

Total CSA * -0.4 -0.2t0 1.0 0.159

Contractile CSA # 0.5 -0.2to 1.1 0.150
Active supination univariate models for the affected biceps brachii

Fat percentage -3.2 -8.0to 1.7 0.186

Total CSA * 4.8 0.51t0 9.1 0.031

Contractile CSA # 5.0 05t0 9.4 0.032
Active supination multivariate models for the affected biceps brachii

Fat percentage -3.8 -9.2to 1.7 0.164

Total CSA * 5.2 0.6t0 9.9 0.030

Contractile CSA # 5.5 0.6to 10.4 0.030

*The CSA including muscle tissue and intramuscular fat tissue, #contractile CSA = total CSA
(100 - mean fat percentage) / 100. Univariate linear regression models evaluated the associate
fat percentage, total CSA or contractile CSA of the affected biceps or triceps brachii to active
range of motion. The multivariate models were used to correct for age and time after trauma. Cl:

confidence interval, CSA: cross sectional area.
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Table VI: Logistic regression for muscle force in MRC

Odds ratio 95% ClI p - value

Univariate models for the affected biceps brachii

Fat percentage -0.17 -0.31 t0 -0.04 0.012

Total CSA * 0.16 0.02 to 0.29 0.024

Contractile CSA # 0.17 0.03t0 0.32 0.021
Multivariate models for the affected biceps brachii

Fat percentage 0.7 0.55 t0 0.99 0.045

Total CSA * 2.4 1.1t0 5.6 0.034

Contractile CSA # 2.6 1.1t0 6.1 0.029
Univariate models for the affected triceps brachii

Fat percentage -0.36 -0.60 t0 -0.12 0.004

Total CSA * 0.30 0.09 to 0.50 0.005

Contractile CSA # 0.33 0.10 to 0.55 0.005

*The CSA including muscle tissue and intramuscular fat tissue, #contractile CSA = total CSA
(100 - mean fat percentage) / 100. Univariate logistic regression models evaluated the contribution
of fat percentage, total CSA or contractile CSA of the affected biceps or triceps brachii to the
muscle force in MRC 0 to 3 versus MRC 4 and 5. The multivariate models were used to correct
for age and time after trauma. Multivariate models of the affected triceps brachii are not shown
because of invalid model due zero frequencies. MRC: medical research council, Cl: confidence
interval, CSA: cross sectional area.

Table VII: Linear regression for muscle force in Newton

Outcome variable Regression coefficient 95% ClI p - value

Univariate models for the affected biceps brachii*

Fat percentage -10.3 -15.8to -4.9 0.001

Total CSA * 12.3 8.5t0 16.1 < 0.001

Contractile CSA # 13.0 9.2t0 16.8 < 0.001
Multivariate models for the affected biceps brachii*

Fat percentage -10.3 -16.4t04.2 0.003

Total CSA * 12.2 8.1t0 16.3 < 0.001

Contractile CSA # 13.0 8.9t0 17.1 < 0.001
Univariate models for the affected triceps brachii*

Fat percentage -15.0 -23.2to0 -6.7 0.001

Total CSA * 1.1 6.41t0 15.7 < 0.001

Contractile CSA # 1.7 6.9to 16.4 < 0.001
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Table VII: Linear regression for muscle force in Newton (continued)

Outcome variable Regression coefficient 95% ClI p - value

Multivariate models for the affected triceps brachii*

Fat percentage -15.4 -24.4t0-6.4 0.002

Total CSA * 12.6 8.3t0 16.9 < 0.001

Contractile CSA # 13.2 8.8t0 17.6 < 0.001
Univariate models for the non-affected biceps brachii

Fat percentage -13.4 -41.0t0 14.3 0.323

Total CSA * 7.4 3.6t011.2 0.001

Contractile CSA # 7.8 3.8t0 11.8 0.001
Multivariate models for the non-affected biceps brachii

Fat percentage -11.9 -40.9 to 17.1 0.396

Total CSA * 7.5 3.5t0 11.5 0.001

Contractile CSA # 7.9 3.6to 12.1 0.001
Univariate models for the non-affected triceps brachii

Fat percentage -1.2 -21.91t0 19.4 0.902

Total CSA * 6.0 -1.0t0 13.0 0.086

Contractile CSA # 6.4 -1.0t0 13.8 0.087
Multivariate models for the non-affected triceps brachii

Fat percentage -11.6 -32.2t0 8.9 0.245

Total CSA * 4.1 -3.6t0 11.7 0.270

Contractile CSA # 4.4 -3.4t012.3 0.247

*The CSA including muscle tissue and intramuscular fat tissue, #contractile CSA = total CSA
(100 - mean fat percentage) / 100. Univariate linear regression models evaluated the contribution
of fat percentage, total CSA or contractile CSA of the affected or non-affected biceps or triceps
brachii to the muscle force in Newton. *Only n=12 patients were included in these regression
models because these patients were able to give muscle force against resistance, i.e. Muscle
Research Council (MRC) 4 or 5. The multivariate models were used to correct for age and time
after trauma. Cl: confidence interval, CSA: cross sectional area.

DISCUSSION

The three-point Dixon MRI quantifies intramuscular fat, total and contractile CSA
with an excellent inter-observer reliability in BPI patients. The fat percentage, total
and contractile CSA was shown to be homogenous among consecutive MRl slices.
The fat percentage of both the biceps and the triceps brachii showed a strong
association with the Goutallier score, but the Goutallier score overestimated the
fat percentage compared to the Dixon technique. Contractile CSA of the affected
biceps brachii contributed most to the reduction in active elbow flexion, active
supination and muscle force.
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Long-term denervation results in muscle degeneration including muscle
atrophy and fatty degeneration. Previous studies in brachial plexus injury used
only qualitative methods to score muscular fatty degeneration *°. Contrary, with
quantitative measurement methods comparisons between but also within patient
groups during follow-up are more objective. Quantitative MRI has previously
been used in patients with rotator cuff tears, in aging and Duchene muscular
dystrophy. The values of control patients in literature are comparable with our
observation of fat percentage of 6 + 1.0 % in the non-affected biceps brachii %34,
As hypothetically expected, but never been proved in a clinical setting, contractile
CSA was also associated with muscle force of the non-affected biceps brachii
indicating a consistent measurement method. Using both quantitative MRI and
quantitative muscle force, we calculated the specific muscle force. This excluded
the non-functional fat inside the muscle compartment. The specific muscle force
was significantly lower in the affected compared to the non-affected biceps brachii,
indicating a lower muscle quality in the affected muscle. In BPI, the limited capacity
of muscle fibers to contract could be due to the partial denervation, but also
muscle stiffness or disorganization of the muscle fibers could influence the capacity
of the muscle fibers to generate force 3% 3.

The quantitative three-point Dixon method showed a good correlation with
the qualitative T1 measurements of fat using the Goutallier score. As previously
described, the Goutallier score gave an overestimation of the intramuscular fat ™.
Other quantitative techniques used to assess fatty degeneration in BPI include
ultrasound and computed tomography. However these techniques result in a value
for muscle attenuation without the possibility to distinguish between muscle and fat
tissue '*%. This is the first study using a quantitative assessment of contractile CSA
in BPI patients. Five consecutive MRl slices showed a homogeneous distribution of
intramuscular fat, total and contractile CSA. It is not known whether this distribution
is also homogeneous along the total length of the muscles as the proximal and
distal end of the muscles were not included in the MRI scans in this study.

Strength of this study is the use of the non-affected arm as a control and the
association of quantitative MRI data with clinical parameters as range of motion
and muscle force. A limitation of this study is a lack of histology; however literature
shows an excellent correlation of fat fraction obtained by MRI and histology 2.

Measurements of fat percentage, total and contractile CSA may give more
insight into the pathophysiology of contractures and muscle weakness in traumatic
BPI as well as neonatal BPI. It could be used to predict which patients are more
likely to progress to a worse outcome due to bony deformities and assist at the
timing of surgery. Dixon MRI may also improve treatment of BPI by determining

which patients favor which type of surgery including contracture releases, tendon
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transfers and osteotomies. Measurement of contractile CSA may be used to assess
the muscle imbalance around the shoulder in neonatal brachial plexus palsy which
causes glenohumeral deformities # % 2. Knowledge on this muscle imbalance could
assist at decision making on the timing and what kind of operation to perform to
prevent glenohumeral deformities. Furthermore, quantitative assessment of fat
percentage, total and contractile CSA might be useful in longitudinal follow-up
and for research purposes . The contractile CSA of the affected biceps brachii
contributed most to the reduction in active flexion, active supination and muscle
force. The fat percentage also contributed to clinical outcome, although this
contribution was less strong compared to atrophy. As contractile CSA contributed
most to clinical outcome, we favor measurement of both the fat percentage and
the total CSA to be able to calculate the contractile CSA. Contractile CSA may be
the best parameter to quantify muscle atrophy and fatty degeneration, however
this will need to be confirmed in future research.

CONCLUSIONS

This study showed that the intramuscular fat, the total and contractile CSA of the
biceps and triceps brachii can be assessed in BPI with an excellent reliability. The
quantitative scoring of the three-point Dixon sequences was significantly correlated
with the qualitative Goutallier score on T1 weighted TSE sequences, however the
Goutallier score gave an overestimation. The contractile CSA of the affected biceps
contributed most to the reduction in active flexion, active supination and muscle
force. Assessment of contractile CSA will yield valuable insight in pathophysiology
and predict the outcome of conservative and surgical procedures.
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