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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 reha-
bilitation management.1-3 A good model for understanding 
the association between the disease severity and the spe-
cific 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 rela-
tively 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 car-
riers, 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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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.
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weakness and gait deviations in a small group of AMN 
men.11 As has been proposed for amyotrophic lateral scle-
rosis and Parkinson disease, using a systematic framework 
to group or stage individuals based on quantitatively assess-
ing key symptoms and their severity is critical to the effec-
tiveness 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 plan-
ning 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 mea-
surement tools within each stage to guide their neuroreha-
bilitative 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 progres-
sion in adults with AMN were collected. Participants met 
the larger study criteria of >18 years old; X-ALD, con-
firmed 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 par-
ticipants 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 thera-
pist 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 disable-
ment model as follows: body functions and structure impair-
ments (similar to Nagi impairment), activity limitation and 
participation restriction (similar to Nagi functional limita-
tions). 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 max-
imus, gluteus medius, and quadriceps femoris muscles, par-
ticipants 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 partici-
pants 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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  Male Female   Male Female   Male Female

  Male     Female
Sample size n = 29     n = 49

  Male     Female
Sample size n = 23     n = 21

  Male     Female
Sample size n = 5     n = 2

Staged

Hip Flexion Strength n = 129
Vibration Score  n = 129
Ankle PROM  n = 128
Ankle Spasticity  n = 129

Walk Velocity  n = 127
Sway Amplitude  n = 127
Timed Up And Go  n = 124
Sit To Stand Time  n = 124
6-Minute Walk  n = 106

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

Hip Flexion   0    0
Vibration    4    0
Ankle PROM   0    0
Ankle Spasticity   0    0

Hip Flexion    0        0
Vibration     8     1
Ankle PROM    0     0 (20)
Ankle Spasticity    0     0

Hip Flexion    4        2
Vibration     5     2
Ankle PROM    0     0
Ankle Spasticity    0     0

Walk Velocity 0  0
Sway Amplitude 0 (28)  0
Timed Up and Go 0  0
Sit To Stand Time 0 (28)  0 (48)
6-Minute Walk 0 (22)  0 (46)

Walk Velocity 0 (21)  0
Sway Amplitude 2 (22)  0
Timed Up and Go 0 (22)  0 (20)
Sit To Stand Time 2 (21)  3 (20)
6-Minute Walk 4 (15)  2 (16)

Walk Velocity 3  0
Sway Amplitude 2  0
Timed Up and Go 0 (3)  0
Sit To Stand Time 5  2
6-Minute Walk 5  2

  Male     Female
Sample size n = 24     n = 22

Controls

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
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Spasticity was quantified using the Modified Ashworth 
Scale (MAS) in the ankle plantar flexors in all partici-
pants.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 fol-
lows: 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 shoulder-
width 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 participa-
tion variables, forward stepwise regression models were 
calculated on the entire cohort (ie, not divided by sex or 

groups). For this regression, we used the following 6 variables: 
strength, vibration sensation, ankle PROM, ankle spastic-
ity, 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 relation-
ship 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 mea-
sures, the cohort is separated by sex in the analysis because 
it has been suggested in the literature that certain differ-
ences 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 

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.
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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 sig-
nificant difference. In instances when the severe group 
dropped out (ie, participants unable to complete the test), 
unpaired (independent) t tests were calculated for compari-
son between the mild and moderate groups (STS and 
6MWD). The P values reported are not adjusted for multi-
ple comparisons because many of the variables are corre-
lated with one another. With respect to the small size of the 
severe group, discussion of statistical significance is lim-
ited. All data analyses were performed with Statistica 
(StatSoft, Inc, Tulsa, Oklahoma).

Results
Regression Models

Strength is the primary factor contributing to the perfor-
mance of the AMN participants in the activity and partici-
pation 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 mea-
sures 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 corre-
late 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 mea-
sures. 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 par-
ticipants 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 com-
plete 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 func-
tions, hip flexion strength by HHD is 1 tool that distin-
guishes across all stages uniquely. In contrast, vibration 
sensation is already dramatically impaired in the mild 

Table 1. Multiple Regression Models of Disability for AMN Cohorta

All Participants

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

R2 0.75 (P < .001) 0.77 (P ≤ .001) 0.67 (P ≤ .001) 0.59 (P < .001) 0.72 (P < .001)
Hip flexion strength 0.51 (P < .001) −0.34 (P < .001) −0.52 (P < .001) −0.40 (P < .001) 0.49 (P < .001)
Vibration −0.24 (P < .01) 0.29 (P = .001) 0.32 (P < .001) 0.34 (P < .001) −0.30 (P < .01)
Ankle PROM −0.002 (P = .98) −0.06 (P = .5) 0.09 (P = .32) −0.27 (P < .01) −0.03 (P = .8)
Ankle Spasticity −0.38 (P < .001) 0.07 (P = .48) 0.24 (P < .01) 0.13 (P = .17) −0.43 (P < .001)
Age −0.31 (P < .001) −0.06 (P = .5) −0.03 (P = .77) 0.12 (P = .23) −0.34 (P = .001)
Sex −0.20 (P = .02) −0.21 (P = .02) −0.13 (P = .16) −0.06 (P = .57) 0.17 (P = .11)

Abbreviations: AMN, adrenomyeloneuropathy; PROM, passive ankle dorsiflexion range of motion.
aEach 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.



Keller et al 1085

Table 2. Stages of AMNa

Mild Moderate Severe

A. Group characteristics
Sample size M 29 23 5
 F 49 21 2
Age,b mean ± SD M 39 ± 11 41 ± 12 39 ± 15
 F 45 ± 9c 53 ± 12 50 ± 4
Weight, mean ± SD M 80.4 ± 13.0 75.3 ± 13.8 83.9 ± 9.3
 F 65.9 ± 14.3 73.4 ± 16.2 52.2 ± 7.1
EDSS,d median (range) M 3 (1-6)d 6 (2-6.5)e 6.5d

 F 3.0 (1.5-6)d 3.5 (2-6.5) 6.25 (6-6.5)e

FIM mobility score,d median 
(range) 

M 7 (6-7)d 6 (6-7) 6 (2-6)d

F 7 (6-7)d 6 (4-7) 6c

Device use, n (%) M 2 (7%) 18 (78%) 5 (100%)
 F 4 (8%) 11 (52%) 2 (100%)
B. Body functions and structures (ICF model)

Hip flexion strength,d,f N M 234 ± 54d 156 ± 61d 20 ± 43d

 F 167 ± 38d 111 ± 49c 0d

Vibration Score at great toe,d 
VU 

M 10.4 ± 5.1 13.3 ± 5.4 19.9 ± 0e

F 6.0 ± 2.9c 8.4 ± 3.9d 19.9 ± 0d

Ankle PROM,e degrees M 7 ± 7 2 ± 9 -7 ± 22
 F 7 ± 7 2 ± 9 -4 ± 12
Ankle spasticity,b median 

(range)
M 2 (0-3)c 2 (1-4) 4 (3-4)e

 F 1 (0-4) 1 (0-2) 2 (2-2)
C. Activity and participation (ICF model)

Walk velocity, m/s M 1.38 ± 0.36d 0.76 ± 0.38 0.29 ± 0.23e

 F 1.4 ± 0.33d 0.91 ± 0.51 0.34 ± 0.32c

Sway amplitude,b mm M 7.2 ± 3.0 9.9 ± 3.9 10.4 ± 7.3
 F 5.5 ± 2.4d 8.5 ± 3.8d 15.5 ± 4.7c

Timed Up and Go,d s M 8.1 ± 2.4e 14.3 ± 6.2d 44.6 ± 27.6d

 F 8.2 ± 2.3c 12.6 ± 5.7d 37.6 ± 29.6d

Sit-to-Stand Time,d s M 1.52 ± 0.49d 2.25 ± 0.9 Unable
 F 1.54 ± 0.46d 2.22 ± 0.9 Unable
6-Minute Walk,e m M 452 ± 81d 298 ± 100 Unable

 F 433 ± 96e 345 ± 13 Unable

Abbreviations: AMN, adrenomyeloneuropathy; ICF model terminology, International Classification of Functioning, Disability and Health; EDSS, 
Expanded Disability Status Scale; VU, vibration units.
aValues 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.
bAge 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.
cP ≤ .05.
dP ≤ .001.
eP ≤ .01,
fStudy 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 signifi-
cant 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 con-
trast, 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 mea-
sures 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 assess-
ment 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 determin-
ing an appropriate treatment plan in rehabilitation is the 
identification and distribution of body functions, activity, 
and participation measures. Until now, this clinical infor-
mation 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 contribut-
ing 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 

with the activity and participation measures; however, it is 
important to note that the majority of individuals had sig-
nificant sensory loss. Our other body functions (ie, ankle 
PROM and spasticity) show more selective influence in 
activities and participation (eg, walk velocity). As with con-
trol and other disease populations, age-related changes and 
sex differences also influence the performance of the indi-
vidual 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 understand-
ing the relationships of pathology with disability. This sup-
ports 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 dis-
ease.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 rehabilita-
tive 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 affected-
ness 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 corticospi-
nal 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 participa-
tion.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 spastic-
ity. In this stage, individuals with AMN show reduced 
walking velocity and endurance (6MWD); however, dif-
ferences 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 par-
ticipants show both worse body function impairments (ie, 
strength and sensation) and decreased performance in activ-
ity 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 walk-
ing 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 pre-
vious 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 participa-
tion are all severely affected in this group. Strength is sig-
nificantly 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 eval-
uating their functional mobility status (Table 2C.).

Differences Between Women and Men
Among the 3 stages, there are distinct differences in the pre-
sentation 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, 

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, vibra-
tion sensation for women in the moderate stage is signifi-
cantly 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 ques-
tions to be addressed in future longitudinal studies related to 
the reports of later onset and slower progression in women.

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 variabil-
ity 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 pro-
vides 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
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