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Abstract
Background. With progressive abnormalities in leg strength, tone, and sensation, adrenomyeloneuropathy (AMN) is a
differential diagnosis for multiple sclerosis and hereditary spastic paraparesis. AMN pathology has been linked to weakness,
making it a relevant model to evaluate the relationship between neurodegeneration and disability. Quantifying symptom
severity in AMN is essential for treatment development in rehabilitative management. Objective. To identify deficits in body
functions, activity, and participation of people with AMN and provide a practical framework for evaluating the severity
of disability. Methods. Cohort analysis of 142 participants with AMN. Measures of body functions (leg strength, vibration
sensation, range of motion, and spasticity), activity (walk velocity, standing balance, Timed Up and Go, and Sit-to-Stand
Time), and participation (6-Minute Walk) are evaluated. Regression analyses identify relationships between the measures.
A staging framework (mild, moderate, and severe) reflects the continuum of disability. Finally, an analysis of variance/
Kruskal-Wallis was used for between-stage and sex differences among the variables. Results. Strength is the strongest
correlate for the 5 measures of activity and participation. Staging based on weakness distinguishes 3 levels of severity along
a continuum of disability. Differences between the sexes are more prevalent earlier in the continuum but show equally
severe deficits in the last stage. Conclusions. In AMN, staging based on degrees of weakness provides a practical means to
characterize the severity of common deficits in body functions as well as activity and participation at each stage, to direct
the evaluation. Such information could help clinicians develop more effective rehabilitative techniques.
Keywords
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Introduction
Identifying and quantifying symptom severity as well as
activity limitations and participation restrictions in persons
with neurodegenerative disorders are essential to their rehabilitation management.1-3 A good model for understanding
the association between the disease severity and the specific symptoms leading to disability would be a disease
that has a well-defined pathology. Adrenomyeloneuropathy
(AMN), a subtype of X-linked adrenoleukodystrophy
(X-ALD), is characterized by noninflammatory dying back
demyelination of the dorsal column and corticospinal
tracts.4-7 The specificity of this pathology means that AMN
provides a well-defined model to evaluate the relationship
between pathology and symptoms. Though X-ALD is relatively rare—approximately 1:17 000—AMN is the most
common neurological manifestation of this genetic disorder,

affecting approximately 65% of at-risk individuals.8
Symptomatically, AMN affects both men and women carriers, resulting in lower extremity abnormalities in strength,
tone, and sensation that progress over 5 to 20 years but does
not limit life span. However, studies evaluating the AMN
phenotype have predominantly focused on men, with little
mention of female characteristics.9,10 A previous study
linked corticospinal tract abnormalities to lower extremity
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weakness and gait deviations in a small group of AMN
men.11 As has been proposed for amyotrophic lateral sclerosis and Parkinson disease, using a systematic framework
to group or stage individuals based on quantitatively assessing key symptoms and their severity is critical to the effectiveness of rehabilitation.2,12 A staging framework provides
a strong basis for applying intervention strategies that
would focus on the level of functioning relative to stage
severity. Therefore, it is hypothesized that the severity of
weakness can serve as an appropriate framework from
which to stage individuals with AMN.
A practical framework for evaluating the functioning of
individuals with AMN is needed so that intervention planning can be best optimized. The aims of this large-scale
observational study are to (1) examine the relationship
among body functions, activity, and participation; (2) use a
staging framework to identify the most meaningful measurement tools within each stage to guide their neurorehabilitative clinical care; and (3) highlight differences in
clinical presentation for women.2,12

Methods
Participants
This study is a cross-sectional analysis of baseline data
obtained from the first 142 participants (60 men and
82 women) enrolled in a parent study: A Phase III Placebo
Controlled, Double Blind Trial to Evaluate the Effect of
Glyceryl Trioleate and Glyceryl Trierucate (Lorenzo’s
Oil) in Adults with X-ALD. As part of the parent study,
measures of body function, activity, or participation that
could be used as secondary markers of disability progression in adults with AMN were collected. Participants met
the larger study criteria of >18 years old; X-ALD, confirmed by using the very-long-chain fatty acid assay and/or
mutation analysis; no brain MRI demyelination; and
Kurtzke Expanded Disability Status Scale (EDSS) score of
1 to 6.5. Because symptoms of AMN are typically noted in
retrospect,10 information regarding the initial onset of
symptoms in the participants was not used. Participants
were interviewed to determine the use of mobility aids. For
descriptive purposes, the locomotor walk/chair score of the
Functional Independence Measure (FIM) was assessed.
With the large number of participants and extensive testing
paradigm of the parent study, some measures could not be
obtained on all individuals because of scheduling conflicts
and time limitations. Figure 1 indicates the number of participants tested for each measure and those participants that
were unable to complete the test for each measure. Two
participants had coexisting medical complications that
would interfere with testing and were excluded.
For comparison, a group of healthy control participants
(24 men and 22 women) who were age and sex matched to

the mean age of the men and women in the study were
tested. All participants gave informed consent as required
by the institutional review board.

Measures
All measures were quantified by the study physical therapist or occupational therapist; the EDSS was determined by
a study physician. The therapists all had extensive training
in testing the measures. The measures have been shown to
be reliable in AMN.11 Reliability of the measures between
the study therapists was not formally assessed; however,
the measures were taken by the primary physical therapist
with few exceptions. Because control participants were
only tested for hip flexion strength, reference values are
provided after the description of other measurements for
comparison.
The study is presented using the language of the
International Classification of Functioning, Disability, and
Health framework of the World Health Organization. For
clarification, the main terms used relate to the Nagi disablement model as follows: body functions and structure impairments (similar to Nagi impairment), activity limitation and
participation restriction (similar to Nagi functional limitations). Contextual factor is the term used in the ICF model
for environment and personal factors. Further explanation
can be found in the ICF beginner’s guide.13
Body functions. For strength of the iliopsoas, gluteus maximus, gluteus medius, and quadriceps femoris muscles, participants were evaluated by both hand-held dynamometry
(HHD) and manual muscle testing (MMT). For the HHD,
the average of 2 maximal hip flexion efforts is reported, on
the weakest side, using a Microfet2 handheld dynamometer
(Hoggan Industries, West Jordan, Utah).14 Participants
unable to hold the initial test position were assigned 0 N.
Hip flexion was chosen as the measure of strength because
(1) a previous study showed that hip flexion is a primary
area of weakness that can be reliably obtained in participants with AMN,2,11 (2) Bohannon15 has proposed that 1
muscle group could be representative of limb strength, (3)
hip flexion measures were obtained for all participants, and
(4) spasticity was the least in the iliopsoas muscles. HHD
hip flexion strength measures were obtained from control
participants for comparison.
End-range passive ankle dorsiflexion range of motion
(ankle PROM) was assessed goniometrically with the
patient in a prone position.16 End range in degrees of the
more limited side is reported. The reference value for adult
end-range ankle PROM is approximately 20°.17
Vibration thresholds were determined (in vibration units,
VU) at the great toe using the Vibratron II (Physitemp
Instruments, Inc, Clifton, New Jersey).18 For this test, an A
and a B rod on the Vibratron II were used; the experimenter
had control of the amplitude and sequence of intensities used
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Enrolled

Controls
Male
n = 24

Female
n = 22

Excluded (n = 13)
Missing more than
2 impairment measures (n = 11)
Other diagnoses (n = 2)

Enrollment

Activity and Body Functions
Participation and Structure

Sample size

n = 142

Hip Flexion Strength
Vibration Score
Ankle PROM
Ankle Spasticity

n = 129
n = 129
n = 128
n = 129

Walk Velocity
Sway Amplitude
Timed Up And Go
Sit To Stand Time
6-Minute Walk

n = 127
n = 127
n = 124
n = 124
n = 106

}

Total n = 129
Unequal n due to time limitations
and schedule conflicts

Staged

Mild

Activity and
Participation

Body Functions
and Structure

Sample size

Severe

Moderate
Male
n = 29

Female
n = 49

Sample size

Male
n = 23

Female
n = 21

Sample size

Male
n=5

Female
n=2

Hip Flexion
Vibration
Ankle PROM
Ankle Spasticity

Male
0
4
0
0

Female
0
0
0
0

Hip Flexion
Vibration
Ankle PROM
Ankle Spasticity

Male
0
8
0
0

Female
0
1
0 (20)
0

Hip Flexion
Vibration
Ankle PROM
Ankle Spasticity

Male
4
5
0
0

Female
2
2
0
0

Walk Velocity
Sway Amplitude
Timed Up and Go
Sit To Stand Time
6-Minute Walk

Male
0
0 (28)
0
0 (28)
0 (22)

Female
0
0
0
0 (48)
0 (46)

Walk Velocity
Sway Amplitude
Timed Up and Go
Sit To Stand Time
6-Minute Walk

Male
0 (21)
2 (22)
0 (22)
2 (21)
4 (15)

Female
0
0
0 (20)
3 (20)
2 (16)

Walk Velocity
Sway Amplitude
Timed Up and Go
Sit To Stand Time
6-Minute Walk

Male
3
2
0 (3)
5
5

Female
0
0
0
2
2

Figure 1. Flow chart showing the number of participants enrolled and tested for each measure. The bolded boxes show the total
sample size for each staged group. Staged values below the bolded boxes indicate the number of participants who were unable to
complete each measure as a result of severity of symptoms. Numbers in parentheses indicate the total number of participants tested
for each measure per stage if different from the initially staged sample size. Overall, this figure specifies both those participants who are
unable to complete the test and those participants who were not tested because of time limitations and schedule conflicts. For example,
in the moderate stage, male (n = 23), for the 6-Minute Walk test, 4 men were not tested because of time limitations and schedule conflicts
(top half of flow chart) and 4 men were unable to complete the test, resulting in a total sample size of (n = 15). Abbreviation: PROM,
passive ankle dorsiflexion range of motion.

for the rods. For each trial, vibration stimulation was present
for 1 rod, and the participant was required to determine which
of the 2 rods was actually vibrating using a 2-alternative
forced choice procedure.17 Vibration thresholds for the most
impaired toe are reported, and reliability has been reported
for individuals with AMN.11 For participants who could

not sense the maximum amplitude of vibration (19.9 VU),
that value was assigned. Reported reference values taken
from the packet insert are as follows: within normal limits for
36- to 50-year-olds is 2.56 VU and 51- to 65-year-olds is 2.89
VU. Severe dysfunction for 36- to 50-year-olds is 4.64 VU
and 51- to 65-year-olds is 5.25 VU.19

Keller et al
Spasticity was quantified using the Modified Ashworth
Scale (MAS) in the ankle plantar flexors in all participants.20 Whole number intervals of 0 to 5 (eg, 1+ = 2) were
assigned, and the score for the side with higher spasticity
was reported.
Activity. For walking velocity, participants walked across a
9-m walkway at their fastest speed; the results of 3 to 6 trials
were averaged. Marker position data were collected at 100
Hz using a 3-dimensional Optotrak motion measurement
system (Northern Digital, Inc, ON, Canada); custom Matlab
(TheMathWorks, Inc, Natick, Massachusetts) software was
used to calculate joint position and velocity (stride length/
time). Maximal gait velocity reference values were as follows: men, 30- to 49-year-olds =2.46 m/s; women 40- to
49-year-olds =2.12 m/s and 50- to 59-year-olds =2.01 m/s.21
Static standing balance was assessed by measuring the
successful completion and the extent of the postural sway
over two 20-s trials while the participants stood under
4 conditions: (1) eyes open, feet shoulder-width apart;
(2) eyes open, feet together; (3) eyes closed, feet shoulderwidth apart; and (4) eyes closed, feet together. Data were
collected at 1000 Hz using a Kistler 9281 force plate (Kistler
Instrumente AG, Winterthur, Switzerland). Balance deficits
were calculated as the magnitude of postural sway (sway
amplitude) using custom Matlab software (TheMathWorks
Inc, Natick, Massachusetts). Data for sway amplitude in
condition 1 are shown because the majority of participants
were able to do this task independently.
Sit-to-Stand Time (STS) was recorded as the time taken
to rise from a seated position (ie, hips and knees at 90
degrees) to upright with no manual support. The mean of
3 out of 5 median trials was calculated.
The Timed Up and Go (TUG) was the value recorded on
the second trial of the time taken to rise from a 46-cm arm
chair, walk 3 m, turn, walk back to the chair, and sit down
again.22 The TUG reference value was 4.98 ± 0.9 s mean for
men aged 40 to 49 years.23
Participation. To estimate community endurance, the
maximum distance that participants walked over 6 minutes
is recorded (6-Minute Walk Distance [6MWD]).24 A stop
watch was used for all timed tests (ie, STS, TUG, and
6MWD). Reference values for 6MWD were 630 m for
women and 640 m for men aged 40 to 49 years, 50th
percentile.25
Contextual factors. To account for differences in body
size and physiological changes with aging, age, weight, and
sex were recorded for our participants.

Data Analysis
To determine the extent to which specific body functions
and structure explain the variance in activity or participation variables, forward stepwise regression models were
calculated on the entire cohort (ie, not divided by sex or
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Figure 2. Hip flexion strength data plotted for 4 groups, control
participants (far left column) and for the men and women with
AMN, divided by stage. Filled squares indicate mean female values;
filled triangles indicate mean male values.The asterisk (*) indicates
post hoc P < .05. Data are given as mean ± standard error.

groups). For this regression, we used the following 6 variables:
strength, vibration sensation, ankle PROM, ankle spasticity, age, and sex.
The MMT scores were used for staging the severity of
the cohort (Figure 2). A therapist placed participants into 1
of 3 stages based on the severity of weakness, using the
MMT scores for the iliopsoas, gluteus maximus, gluteus
medius, and quadriceps femoris muscles.26 The strongest
group scored at least a 4 in 3 muscles; this was mildly
affected, termed mild stage. Those moderately affected
scored at least a 3 in 3 muscles (ie, moderate stage). Those
severely affected scored less than a 3 in at least 3 muscles
tested (ie, severe stage). The resulting sample size of each
stage by sex after evaluation is indicated in Figure 1. MMT
scores are chosen over HHD for staging because this is the
standard in clinical practice for categorizing strength and is
used across clinical disciplines. In contrast, HHD is chosen
over MMT for statistical analysis because it provides a
quantitative means for evaluating strength and its relationship to the functional measures. The HHD strength data are
assessed in 2 ways: normalized to weight and raw to account
for possible differences in body size.
In addition to the division into 3 stages by strength measures, the cohort is separated by sex in the analysis because
it has been suggested in the literature that certain differences may be present between healthy men and women in
measures of strength, walking velocity, TUG, and 6MWD.14,27
We first discuss each of the stages with the whole cohort
because there are enough similarities in AMN presentation
between the sexes. We then highlight the differences
between the sexes.
After dividing individuals into stages, differences for the
men and women from the early through the late stages were
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Table 1. Multiple Regression Models of Disability for AMN Cohorta
All Participants
2

R
Hip flexion strength
Vibration
Ankle PROM
Ankle Spasticity
Age
Sex

Velocity

Sway Amplitude

Timed Up and Go

Sit to Stand

6-Minute Walk

0.75 (P < .001)
0.51 (P < .001)
−0.24 (P < .01)
−0.002 (P = .98)
−0.38 (P < .001)
−0.31 (P < .001)
−0.20 (P = .02)

0.77 (P ≤ .001)
−0.34 (P < .001)
0.29 (P = .001)
−0.06 (P = .5)
0.07 (P = .48)
−0.06 (P = .5)
−0.21 (P = .02)

0.67 (P ≤ .001)
−0.52 (P < .001)
0.32 (P < .001)
0.09 (P = .32)
0.24 (P < .01)
−0.03 (P = .77)
−0.13 (P = .16)

0.59 (P < .001)
−0.40 (P < .001)
0.34 (P < .001)
−0.27 (P < .01)
0.13 (P = .17)
0.12 (P = .23)
−0.06 (P = .57)

0.72 (P < .001)
0.49 (P < .001)
−0.30 (P < .01)
−0.03 (P = .8)
−0.43 (P < .001)
−0.34 (P = .001)
0.17 (P = .11)

Abbreviations: AMN, adrenomyeloneuropathy; PROM, passive ankle dorsiflexion range of motion.
a
Each participant contributes only the weaker hip strength, the great toe with the worse sensation, and the ankle with the worse range of motion
and greater spasticity. All listed variables are included in the multiple regression analysis. Sway amplitude is for the eyes open and feet apart standing
condition.

each determined using 1-way analysis of variance (ANOVA;
HHD, vibration sensation, ankle PROM, walk velocity,
static standing, and TUG) and the Kruskall-Wallis ANOVA
rank sum test (spasticity). For variables with P < .05, post
hoc analyses were performed using unequal N honest significant difference. In instances when the severe group
dropped out (ie, participants unable to complete the test),
unpaired (independent) t tests were calculated for comparison between the mild and moderate groups (STS and
6MWD). The P values reported are not adjusted for multiple comparisons because many of the variables are correlated with one another. With respect to the small size of the
severe group, discussion of statistical significance is limited. All data analyses were performed with Statistica
(StatSoft, Inc, Tulsa, Oklahoma).

Results
Regression Models
Strength is the primary factor contributing to the performance of the AMN participants in the activity and participation measures compared with the impact of the other
body functions (eg, vibration sensation, ankle PROM,
and spasticity) and contextual factors (ie, age and sex). To
specify the unique contribution of each variable to the measures of activity and participation, we show R2 and partial
correlation coefficients from the regression analysis (Table 1).
The analysis indicates that strength is the strongest correlate for the 4 measures of activity and participation (partial
correlation coefficients ranged from 0.34 to 0.52, P < .001).
Vibration sensation is also a significant correlate but to a
lesser degree compared with the partial correlation values
for strength. In contrast, ankle spasticity is a strong and
significant correlate for the 2 tests that involve walking (ie,
walk velocity and TUG) but not for balance or STS measures. Ankle range of motion contributes significantly only
in STS. The influence of age and sex are also significant
with select variables in the model. With strength as the

strongest factor, the model explained at least 59% of the
variance (for STS) and up to 77% of the variance for sway
amplitude (R2 ranged from 0.59 to 0.77, P < .001 for all).

Mild, Moderate, and Severe Stages
The division into stages based on MMT is verified in the
mild, moderate, and severe stages by HHD hip flexion
strength measures (P < .001; Table 2, Figure 2). Strength
declines from the mild to the severe stages (Table 2, section B).
Note that all the participants in the severe stage (ie, 5 men
and 2 women) were so weak they were unable to complete
the test (Figure 1). To assess the impact of weight on the
staging groups, across the cohort when strength measures
are normalized, the significant differences across groups
does not change (raw strength and weight are shown in
Table 2). In the mild stage, vibration thresholds for 69 participants out of the 78 participants show severe vibratory
dysfunction compared with referenced control values.
Mean ankle PROM for all stages fell below the established
reference value of 20°.17 Ankle PROM is significantly (P < .01)
smaller and more abnormal as the stage severity increases
(ie, mild to severe) in the cohort. Spasticity is increasingly
impaired from mild to severe stages. Measures of activity
and participation demonstrate mild, moderate, and severe
abnormalities in a pattern similar to that for body functions
(P < .01; Table 2, section C). Note that all individuals in the
severe stage are so impaired that they are unable to complete the 6MWD and STS; in contrast, 2 of the 7 individuals
were successful in completing the TUG (Figure 1).

Evaluation Tools
The measures that significantly distinguish between stages
(Table 2, bolded values) provide guidance in selecting
appropriate tests for evaluating function. For body functions, hip flexion strength by HHD is 1 tool that distinguishes across all stages uniquely. In contrast, vibration
sensation is already dramatically impaired in the mild
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Table 2. Stages of AMNa

A. Group characteristics
Sample size
Age,b mean ± SD
Weight, mean ± SD
EDSS,d median (range)
FIM mobility score,d median
(range)
Device use, n (%)

M
F
M
F
M
F
M
F
M
F
M
F

B. Body functions and structures (ICF model)
M
Hip flexion strength,d,f N
F
Vibration Score at great toe,d
M
VU
F
Ankle PROM,e degrees
M
F
M
Ankle spasticity,b median
(range)
F
C. Activity and participation (ICF model)
Walk velocity, m/s
M
F
Sway amplitude,b mm
M
F
Timed Up and Go,d s
M
F
Sit-to-Stand Time,d s
M
F
M
6-Minute Walk,e m
F

Mild

Moderate

29
49
39 ± 11
45 ± 9c
80.4 ± 13.0
65.9 ± 14.3
3 (1-6)d
3.0 (1.5-6)d
7 (6-7)d
7 (6-7)d
2 (7%)
4 (8%)

23
21
41 ± 12
53 ± 12
75.3 ± 13.8
73.4 ± 16.2
6 (2-6.5)e
3.5 (2-6.5)
6 (6-7)
6 (4-7)
18 (78%)
11 (52%)

5
2
39 ± 15
50 ± 4
83.9 ± 9.3
52.2 ± 7.1
6.5d
6.25 (6-6.5)e
6 (2-6)d
6c
5 (100%)
2 (100%)

234 ± 54d
167 ± 38d
10.4 ± 5.1
6.0 ± 2.9c
7±7
7±7
2 (0-3)c

156 ± 61d
111 ± 49c
13.3 ± 5.4
8.4 ± 3.9d
2±9
2±9
2 (1-4)

20 ± 43d
0d
19.9 ± 0e
19.9 ± 0d
-7 ± 22
-4 ± 12
4 (3-4)e

1 (0-2)

2 (2-2)

1 (0-4)
1.38 ± 0.36d
1.4 ± 0.33d
7.2 ± 3.0
5.5 ± 2.4d
8.1 ± 2.4e
8.2 ± 2.3c
1.52 ± 0.49d
1.54 ± 0.46d
452 ± 81d
433 ± 96e

0.76 ± 0.38
0.91 ± 0.51
9.9 ± 3.9
8.5 ± 3.8d
14.3 ± 6.2d
12.6 ± 5.7d
2.25 ± 0.9
2.22 ± 0.9
298 ± 100
345 ± 13

Severe

0.29 ± 0.23e
0.34 ± 0.32c
10.4 ± 7.3
15.5 ± 4.7c
44.6 ± 27.6d
37.6 ± 29.6d
Unable
Unable
Unable
Unable

Abbreviations: AMN, adrenomyeloneuropathy; ICF model terminology, International Classification of Functioning, Disability and Health; EDSS,
Expanded Disability Status Scale; VU, vibration units.
a
Values are means ± standard deviations unless otherwise noted. Bold faced entries indicate significant differences between groups, where mild is mild
to moderate, moderate is moderate to severe and severe is severe to mild.
b
Age significant for women only, P = .01; Ankle spasticity ANOVA was significant only for the men with P < .001; sway amplitude was significant for
men, P = .03, and for women, P < .001.
c
P ≤ .05.
d
P ≤ .001.
e
P ≤ .01,
f
Study control values for hip flexion strength are as follows: men, 304 ± 52 N; women, 195 ± 44 N.

stage; therefore, this tool is less effective at distinguishing
among the stages. For activity, TUG distinguishes significant differences in performance across all stages (Table 2,
section C). Walk velocity, STS, and 6MWD distinguish
significant differences between the mild and moderate stages.
As impairments in body functions increased, activity and
participation declined; the participants of the severe stage
could not successfully complete either 6MWD or STS.

Differences in Men and Women
The women were older than the men (women, 47 ± 11
years; men, 40 ± 12 years) and showed a significant 10-year
average age increase from the mild to moderate stages (P <
.05). Nearly twice as many men (44%) used a device for
mobility compared with the women (24%; Table 2).
Strength for women was not significantly lower than that of
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controls until the moderate stage (P < .05; Figure 2). The
magnitude of vibratory sensory impairment in women in
the mild stage was less than that of men; this difference in
sex dissipates in the severe stage. For spasticity, less than
half (41%) of women had muscle tone greater than 1 on the
MAS, with no differences noted between stages. In contrast, 72% of men scored a 2 or greater on the MAS, and
showed significantly higher spasticity scores across stages
(ie, mild to severe stages; P < .001). Overall, measurement
tools of vibration sensation and static standing balance
showed significant differences in scores among the 3 stages
for women (bolded values Table 2, sections B and C),
which is not seen in men.

Discussion
Effective rehabilitation evaluation for participants with
neurodegenerative disorders is challenging. One primary
issue is that symptoms change with time, affecting the
activity and participation of each person uniquely. Another
problem is that there are a wide variety of assessment measures to choose from, many of which are ordinal in nature
and, consequently, are broad and not adequately defined for
detection of subtle deficits. A third problem is that assessment measures are typically sensitive within a particular
window of impairment. To address these issues, this study
uses a body function (ie, strength) to stage individuals as a
guide for evaluating individuals with AMN.
Rehabilitation is the primary treatment option identified
for people with AMN.10,28 The clinical basis for determining an appropriate treatment plan in rehabilitation is the
identification and distribution of body functions, activity,
and participation measures. Until now, this clinical information has been severely lacking for men with AMN and
barely recognized in women. The data presented here
encompass a large cohort, including women, and use a
variety of measures for evaluating individuals with this
relatively rare disorder. The cohort represents a wide range
of performance abnormalities in body functions, activity,
and participation measures.

Relationship Between Body
Functions, Activity, and Participation
The regression model that incorporates body functions,
activity, and participation measures of the cohort is used to
reveal key aspects of the clinical presentation of individuals
with AMN. Strength is the primary body function contributing to the performance of the participants in all the activity
and participation measures (Table 1). This result confirms
and expands on the previously reported findings presented
by Zackowski et al11 to a larger population and includes
women. Similarly, vibration sensation is strongly correlated
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with the activity and participation measures; however, it is
important to note that the majority of individuals had significant sensory loss. Our other body functions (ie, ankle
PROM and spasticity) show more selective influence in
activities and participation (eg, walk velocity). As with control and other disease populations, age-related changes and
sex differences also influence the performance of the individual with AMN. The regression model highlights key
aspects of the clinical presentation of AMN where strength
is related to disability. Similarly, previous findings have
shown that weakness is related to tract-specific pathological
changes.11 Therefore, AMN is a good model for understanding the relationships of pathology with disability. This supports the hypothesis that strength loss, because of its link to
pathology and disability, is useful for staging.

Staging by Primary Body Function: Strength
Staging into 3 groups of affectedness (mild, moderate, and
severe) based on a primary symptom has been proposed as
an optimal means for managing a neurodegenerative disease.12 Strength was selected as the measure for staging for
a number of reasons. Of the body functions and contextual
factors in the regression model, strength is the strongest
correlate. The division into 3 unique stages is not affected
by strength that is normalized to weight or maintained raw.
Strength training is typically the focus of many rehabilitative treatment programs. One limitation to our strategy of
using MMT for the strength measure is that it is a rating
scale. Nevertheless, MMT provides a well-accepted and
understood method for categorizing strength: in particular,
gravity eliminated, against gravity, and resisted. The more
quantitative continuous scales of HHD, vibration sensation,
walk velocity, or sway amplitude, could have been used;
however, the criteria for division into 3 degrees of affectedness are not clearly defined. Using sensation to stage would
have heavily weighted the cohort on the severe end, which
would not be representative of the range seen in strength,
walk velocity, or TUG. Strength was chosen over more
functional measures such as TUG or walking velocity
because data from a previous study showed that corticospinal tract integrity is associated with strength loss in AMN.2
Finally, given the strong correlation between strength and
walk velocity in this study, the staging results are similar if
either measure is used. The staging provides a framework
that can be used as a guide to evaluate the functional status
of an individual with AMN.

Stages of AMN
This study identifies a continuum of decline in capacity
and performance by stages: mild, moderate, and severe.
Compared with reference values, in the mild stage, AMN
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participants show greater abnormalities in body functions
(ie, strength and sensation) than in activity and participation.12 Table 2 suggests that the mild stage occurs in the
40s, with body function impairments of lower-extremity
weakness, impaired vibration sensation, and mild spasticity. In this stage, individuals with AMN show reduced
walking velocity and endurance (6MWD); however, differences from referenced data are not as evident by the
TUG.14,29,30 HHD, walk velocity, TUG, STS time, and 6
MWD distinguish the mild stage presentation from the
moderate stage presentation, making each an appropriate
quantitative clinical measure for evaluating a person with
AMN in the mild stage.
Compared with the mild stage, the moderate-stage participants show both worse body function impairments (ie,
strength and sensation) and decreased performance in activity and participation. The EDSS and FIM mobility scores
indicate that more than half of the participants in this stage
use an assistive device for ambulation (Table 2, section A).
Additionally, FIM mobility scores show that speed of walking has decreased, and safety concerns are present (Table 2).
Participants with AMN in the moderate stage show increased
activity limitations and participation restriction in TUG,
STS, and 6MWD. The data show that the tests that best
reflect functioning for participants who have strength
equivalent to the mild to moderate stages are the TUG, the
STS, and 6MWD. In contrast, because there are fewer
options for participants whose strength is at the lower end
of the moderate stage, their status would be evaluated best
using only HHD and the TUG (Table 2, sections B and C).
In the severe stage, body functions as well as activity and
participation show greater deficits than in either of the previous stages, affecting performance profoundly. The size of
the severe group was limited, with only 7 individuals (5
men and 2 women). Body functions, activity, and participation are all severely affected in this group. Strength is significantly worse compared with the moderate stage, and
vibration sensation is severely abnormal (all participants
reached the limit of measurability). Regarding balance, 5 of
the 7 participants could stand independently with their feet
apart and their eyes open; none could maintain their balance
with their eyes closed (data not shown). The severe stage
demonstrates the significant disability that individuals can
reach, and because they have a normal life span, they must
adapt to achieve an optimal quality of life. For individuals
whose strength is equivalent to that of the severe groups, the
TUG measure is the primary quantitative measure for evaluating their functional mobility status (Table 2C.).

the differences in clinical signs for men and women are more
pronounced. There is an age difference of 10 years, which is
consistent with reports of later onset of symptoms in women
with AMN.31 Vibration sensation for the men remains
severely impaired between these stages. In contrast, vibration sensation for women in the moderate stage is significantly worse compared with the mild stage. These differences
are notably fewer in the severe stage for age, body function,
activity, and participation measures. This indicates a new
finding that women may be as severely affected as men.
These differences among the stages raise interesting questions to be addressed in future longitudinal studies related to
the reports of later onset and slower progression in women.

Differences Between Women and Men

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Among the 3 stages, there are distinct differences in the presentation between women and men. In the mild stage,
women are less affected in strength and vibration and have
little to no spasticity. Between the mild and moderate stages,

Limitations
The participants in the severe group represent those people
who have severe body function impairments but are still
able to walk a minimal distance. Though this is a small
group, it is representative of the progression of AMN and
provides valuable information to the clinician. Because this
disease is often recognized long after symptom onset, the
participants in the study were diagnosed at variable times in
their disease progression. Although the range and degree of
functional deficits are quantified here, the data are only
cross-sectional. Another consideration is that we did not
formally determine reliability between the 2 testers, but 1
tester completed at least 95% of the measures. Despite
extensive 1-on-1 training, this could contribute to variability in the measures. Longitudinal studies must be pursued
to investigate the sensitivity of these measures. The extent
that disease progression parallels biological expression of the
disease and functional decline would be an important next
step to evaluate in future studies.

Conclusion
The study shows that staging based on severity of weakness
can characterize common deficits in body functions as well
as activity and participation at each of 3 stages of AMN and
can be used to direct evaluations. This staging strategy provides a practical framework for evaluating the severity of
disability in individuals with AMN and could help clinicians
develop more effective rehabilitative techniques. Because of
the similarities in symptoms to other diseases such as MS
and hereditary spastic paraparesis, the framework presented
may apply to other neurodegenerative disorders as well.32,33,34
Declaration of Conflicting Interests

Funding
The authors received no financial support for the research, authorship, and/or publication of this article.

1088		
References
1. Cohen BA. Identification, causation, alleviation, and prevention of complications (ICAP): an approach to symptom
and disability management in multiple sclerosis. Neurology.
2008;71:S14-S20.
2. Maetzler W, Liepelt I, Berg D. Progression of Parkinson’s disease in the clinical phase: potential markers. Lancet Neurol.
2009;8:1158-1171.
3. Daumer M, Neuhaus A, Herbert J, Ebers G. Prognosis of the
individual course of disease: the elements of time, heterogeneity and precision. J Neurol Sci. 2009;287:S50-S55.
4. Powers JM, DeCiero D, Cox C, et al. The dorsal root ganglia in adrenomyeloneuropathy: neuronal atrophy and abnormal mitochondria. J Neuropathol Exp Neurol. 2001;60:
493-501.
5. Powers JM, DeCiero DP, Ito M, Moser AB, Moser HW.
Adrenomyeloneuropathy: a neuropathologic review featuring
its noninflammatory myelopathy. J Neuropathol Exp Neurol.
2000;59:89-102.
6. Powers JM, Moser HW, Moser AB, Ma CK, Elias SB, Norum RA.
Pathologic findings in adrenoleukodystrophy heterozygotes.
Arch Pathol Lab Med. 1987;111:151-153.
7. Powers JM, Liu Y, Moser AB, Moser HW. The inflammatory myelinopathy of adreno-leukodystrophy: cells, effector
molecules, and pathogenetic implications. J Neuropathol Exp
Neurol. 1992;51:630-643.
8. Raymond GV, Eichler F, Fatemi A, Naidu S. Leukodystrophies. London, UK: Mac Keith Press; 2011.
9. Jangouk P, Zackowski KM, Naidu S, Raymond GV. Adrenoleukodystrophy in female heterozygotes: underrecognized and
undertreated. Mol Genet Metab. 2012;105:180-185.
10. Moser HW, Mahmood A, Raymond GV. X-linked adrenoleukodystrophy. Nat Clin Pract Neurol. 2007;3:140-151.
11. Zackowski KM, Dubey P, Raymond GV, Mori S, Moser HW,
Bastian AJ. Sensorimotor function and axonal integrity in
adrenomyeloneuropathy. Arch Neurol. 2006;63:74-80.
12. Bello-Haas VD. A framework for rehabilitation of neurodegenerative diseases: planning care and maximizing quality of
life. Neurol Rep. 2002;26:115-129.
13. Jette AM. Toward a common language of disablement.
J Gerontol A Biol Sci Med Sci. 2009;64:1165-1168.
14. Bohannon RW. Reference values for extremity muscle
strength obtained by hand-held dynamometry from adults
aged 20 to 79 years. Arch Phys Med Rehabil. 1997;78:26-32.
15. Bohannon RW. Is it legitimate to characterize muscle strength
using a limited number of measures? J Strength Cond Res.
2008;22:166-173.
16. Elveru R, Rothstein J, Lamb R. Goniometric reliability in a
clinical setting: subtalar and ankle joint measurements. Phys
Ther. 1988;68:672-677.
17. Joint Motion: Method of Measuring and Recording. Chicago,
IL: American Academy of Orthopaedic Surgeons; 1965.

Neurorehabilitation and Neural Repair 26(9)
18. Arezzo JC, Schaumburg HH, Laudadio C. The Vibratron: A
simple device for quantitative evaluation of tactile/vibratory
sense. Neurology. 1985;35(suppl 1):169.
19. Vibratron II [package insert]. Clifton, NJ: Physitemp Instruments, Inc; 1993.
20. Bohannon RW, Smith MB. Interrater reliability of a Modified
Ashworth Scale of muscle spasticity. Phys Ther. 1987;67:
206-207.
21. Bohannon RW. Comfortable and maximum walking speed of
adults aged 20-79 years: reference values and determinants.
Age Ageing. 1997;26:15-19.
22. Podsiadlo D, Richardson S. The Timed “Up & Go”: a test of
basic functional mobility for frail elderly persons. J Am Geriatr Soc. 1991;39:142-148.
23. Nolan M, Nitz J, Low Choy N, Illing S. Age-related changes
in musculoskeletal function, balance and mobility measures in
men aged 30-80 years. Aging Male. 2010;13:194-201.
24. Falvo M, Earhart G. Six-minute walk distance in persons with
Parkinson disease: a hierarchical regression model. Arch Phys
Med Rehabil. 2009;90:1004-1008.
25. Casanova C, Celli BR, Barria P, et al. The 6-Min Walk Distance in healthy subjects: reference standards from seven
countries. Eur Respir J. 2011;37:150-156.
26. Kendall FP, McCreary EK, Provance PG, Rodgers MM,
Romani WA. Muscles: Testing and Function with Posture and
Pain. Baltimore, MD: Lippincott Williams & Wilkins; 2005.
27. Steffen TM, Hacker TA, Mollinger LA. Age- and genderrelated test performance in community-dwelling elderly people: Six-Minute Walk Test, Berg Balance Scale, Timed Up &
Go Test, and gait speeds. Phys Ther. 2002;82:128-137.
28. Moser HW, Raymond GV, Dubey P. Adrenoleukodystrophy:
new approaches to a neurodegenerative disease. J Am Med
Assoc. 2005;294:3131-3134.
29. Samson MM, Meeuwsen IBAE, Crowe A, Dessens JAG,
Duursma SA, Verhaar HJJ. Relationships between physical performance measures, age, height, and body weight in
healthy adults. Age Ageing. 2000;29:235-242.
30. Troosters T, Gosselink R, Decramer M. Six minute walking distance in healthy elderly subjects. Eur Respir J.
1999;14:270-274.
31. Moser HW, Fatemi A, Zackowski KM, et al. Evaluation of
therapy of X-linked adrenoleukodystrophy. Neurochem Res.
2004;29:1003-1016.
32. Semmler A, Köhler W, Jung HH, Weller M, Linnebank M.
Therapy of X-linked adrenoleukodystrophy. Expert Rev Neurother. 2008;8:1367-1379.
33. Jung HH, Wimplinger I, Jung S, Landau K, Gal A, Heppner FL.
Phenotypes of female adrenoleukodystrophy. Neurology.
2007;68:960-961.
34. Guettsches A-K, Kuechler A, Gal A, Schmitz W,
Tegenthoff M, Vorgerd M. Female carriers of X-chromosomal
adrenoleukodystrophy: a major differential diagnosis in progressive myelopathy. J Neurol. 2010;257:1394-1395.

