I ORIGINAL CONTRIBUTION

Penetrance of the Fragile X—Associated
Tremor/Ataxia Syndrome in a
Premutation Carrier Population

Sébastien Jacquemont, MD
Randi J. Hagerman, MD
Maureen A. Leehey, MD
Deborah A. Hall, MD
Richard A. Levine, PhD
James A. Brunberg, MD

Lin Zhang, MD, PhD
Tristan Jardini

Louise W. Gane, MS

Susan W. Harris

Kristin Herman, MD

James Grigsby, PhD

Claudia M. Greco, MD
Elizabeth Berry-Kravis, MD, PhD
Flora Tassone, PhD

Paul J. Hagerman, MD, PhD

REMUTATION EXPANSIONS (55-
200 CGG repeats) of the frag-
ile X mental retardation 1
(FMR1) gene are frequent in
the general population, with esti-
mated prevalences of 1 per 259 fe-
males and 1 per 813 males."”* The CGG-
repeat element is located in the 5’
untranslated region of the FMRI gene’
and is prone to expansion when passed
from mothers to their children. A CGG-
repeat expansion in excess of 200 re-
peats (full mutation) generally results
in partial or complete silencing of the
gene, with subsequent deficiency or ab-
sence of FMRI protein (FMRP); ab-
sence or deficiency of the latter is re-
sponsible for fragile X syndrome.*”
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Context Premutation expansions (55-200 CGG repeats) of the fragile X mental retar-
dation 1 (FMR1) gene are frequent in the general population, with estimated preva-
lences of 1 per 259 females and 1 per 813 males. Several articles have recently described
the presence of late-onset neurological symptoms in male carriers of premutation (FMRT)
alleles. The main clinical features described in this newly identified syndrome are cerebel-
lar ataxia and intention tremor. Additional documented symptoms include short-term
memory loss, executive functional deficits, cognitive decline, parkinsonism, peripheral neu-
ropathy, lower-limb proximal muscle weakness, and autonomic dysfunction.

Objective To study the penetrance of the fragile X-associated tremor/ataxia syn-
drome (FXTAS) among premutation carriers.

Design, Setting, and Participants Family-based study of 192 individuals (pre-
mutation carriers and controls) whose families belong to the Northern or Southern Cali-
fornia Fragile X Associations. Data were collected (March 2002-April 2003) through a
survey and a standardized neurological examination, which was videotaped and sub-
sequently scored in a blinded fashion.

Main Outcome Measures Penetrance of intention tremor and ataxia among adult
carriers (aged =50 years) of premutation expansions of the FMR7 gene.

Results Data from the survey of 192 individuals demonstrated an age-related pen-
etrance of the combination of reported intention tremor and gait ataxia in male carriers
(17%,38%, 47%, and 75% [lower-bound estimates] for participants aged 50-59, 60-
69, 70-79, and =80 years, respectively). The male carrier group had an age-adjusted 13-
fold increased risk (95% confidence interval, 3.9-25.4; P=.003) of combined intention
tremor and gait ataxia when compared with male controls. The clinical examination data
from 93 individuals demonstrated that male carriers experienced more difficulties on each
of 3 standardized neurological rating scales compared with controls (P<.05). Female car-
rier scores were also higher than those of female controls (P<<.05) on 2 of the 3 neuro-
logical rating scales, but no participant was identified with probable or definite FXTAS.

Conclusions The study demonstrates that older male carriers of premutation alleles of
the FMR1 gene are at high risk of developing FXTAS. Since male premutation carriers are
relatively common in the general population, older men with ataxia and intention tremor
should be screened for the FMRT mutation, especially if these signs are accompanied by
parkinsonism, autonomic dysfunction, or cognitive decline, regardless of family history.
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Carriers of the premutation typically
have a normal IQ, although emotional
problems such as anxiety are com-
mon.®™ Approximately 20% of women
who carry premutation expansions of the
FMRI gene experience premature ovar-
ian failure, a clinical finding that is
unique to premutation alleles.'*"?

We recently reported a distinctive
form of clinical involvement in some
older male carriers of the fragile X pre-
mutation.'*!” These carriers, aged in
their 50s and older, develop progres-
sive intention tremor and ataxia. These
movement disorders are often accom-
panied by progressive cognitive and be-
havioral difficulties, including memory
loss, anxiety, deficits of executive func-
tion, reclusive or irritable behavior, and
dementia. More variable features in-
clude parkinsonism, peripheral neu-
ropathy, lower-limb proximal muscle
weakness, and autonomic dysfunc-
tion (urinary/bowel incontinence and
impotence). This disorder has been des-
ignated fragile X—associated tremor/
ataxia syndrome (FXTAS).!

Magnetic resonance imaging in pa-
tients with FXTAS reveals approxi-
mately symmetric increases in T2-
weighted signal intensity in the middle
cerebellar peduncles (MCPs) and adja-
cent cerebellar white matter.!” This un-
usual radiological finding, visible in the
majority of published cases of premu-
tation carriers with the tremor/ataxia dis-
order, is not observed in controls. The
MCP finding thus potentially serves as
a major diagnostic feature of FXTAS.*°

The most striking neuropathologi-
cal feature associated with FXTAS, pre-
sent in all 8 brains examined to date from
patients who died with this disorder, is
the presence of eosinophilic, intra-
nuclear inclusions in both neurons and
astrocytes.'®! These inclusions are
found throughout the cortex and brain
stem, with the greatest densities of in-
clusions located in the hippocampus and
frontal cortical regions. No inclusions
have been detected in the Purkinje cells
of the cerebellum, although there is evi-
dent Purkinje cell dropout and cerebel-
lar axonal degeneration.'®!* The inclu-
sions are polyglutamine-negative,
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distinguishing FXTAS from CAG-
repeat ataxias. Moreover, no tau or
a-synuclein proteins have been found
within the inclusions. Intranuclear in-
clusions that are morphologically simi-
lar to the inclusions observed in the
FXTAS cases'® have also been gener-
ated in a transgenic mouse model with
expanded CGG repeats in the premu-
tation range (approximately 100 CGG
repeats in the Fmrl gene).?

The penetrance of FXTAS among
fragile X premutation carriers is un-
known, although the frequency of pre-
mutation alleles within the general
population suggests that this disorder
could represent a significant and cur-
rently unidentified contribution to the
adult tremor and ataxia patient popu-
lations. For example, a recent screen of
adult ataxia patients in the United King-
dom found that approximately 5% were
previously undiagnosed premutation
carriers.”! Therefore, controlled stud-
ies are necessary to assess the relation-
ships among the motor, cognitive, and
autonomic symptoms and the premu-
tation. To this end, we have con-
ducted a community-based survey and
a standardized neurological evalua-
tion on members of families affected by
fragile X syndrome in California.

METHODS

All aspects of this study were re-
viewed and approved by the institu-
tional review board of the University of
California, Davis.

Determination of FMR1
Carrier Status

All parents or grandparents of each frag-
ile X syndrome proband whose ge-
netic status was not previously known
through prior genetic testing or pedi-
gree analysis underwent FMRI geno-
typing to document their carrier sta-
tus. Since CGG repeat number was not
a covariate in the current investiga-
tion, participants underwent genotyp-
ing only when their FMRI status (pre-
mutation carrier or normal) was not
known. Genotype analysis was used to
establish carrier status in 50 of 99 car-
riers (CGG repeats were available for

42 patients; in 8 cases, individuals were
tested in other laboratories and exact
repeat numbers were not available). The
status of all remaining carriers (49/
99) was established by pedigree analy-
sis, which documented obligate car-
rier status in individual pedigrees
through additional genotyped chil-
dren with fragile X syndrome. Ge-
nomic DNA was isolated from periph-
eral blood leukocytes using standard
procedures (Puregene kit, Gentra Inc,
Minneapolis, Minn). Southern blot and
polymerase chain reaction (PCR) analy-
ses were performed on each sample, per
Taylor et al,>* with the exception that
for some of the samples the analysis was
performed using a digoxygenin-
labeled probe (dig-11ddUTP, Roche Di-
agnostics, Indianapolis, Ind). For
Southern blot analysis, the enzymes
EcoRI and Nrul were used for DNA di-
gestion, and StB12.3 was used for the
FMR1-specific probe.” The number of
CGG repeats was determined by PCR
analysis using primers 1 and 3.%*

Ascertainment

This study is based on the ascertain-
ment of all fragile X families in Cali-
fornia who are members of either the
Northern or the Southern California
Fragile X Associations. All member
families became affiliated with the as-
sociations through a child who was di-
agnosed as having fragile X syndrome
(proband); that is, no family was iden-
tified through a premutation carrier
with neurological problems. All pre-
mutation carriers who were members
of families residing in California and
who were at least 50 years of age quali-
fied for this study. The control groups
for both male and female carriers were
composed predominantly of the
spouses of the carriers (85% of male
controls were spouses; 82% of female
controls were spouses). The remain-
ing controls were siblings of the carri-
ers who either tested negative for pre-
mutation alleles or who were obligate
controls (eg, since men cannot inherit
an X chromosome from their father,
sons of carrier men are obligate
controls). Genetic screening was lim-
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Table 1. Individuals Satisfying Initial Inclusion Criterion (Aged =50 Years) Within Families
Identified Through the Southern and Northern California Fragile X Associations

Age Range, y
I 1
50-59 60-69 70-79 =80 Total
Quialifying family members
Participants
Male premutation carrier 7 12 17 4 40
Male control 22 17 15 5 59
Female premutation carrier 26 13 13 7 59
Female control 4 16 11 3 34
Total 192
Unreachable carriers and spouses
Male premutation carrier 5 1 0 0 6
Female premutation carrier 4 2 5 4 15
Spouse 21
Total 42
Nonqualifying family members (absence of
genetic information)
Men 28
Women 36
Total 64

ited to parents and grandparents of the
proband for whom status was initially
unknown. Uncles, aunts, grand-
uncles, and grandaunts older than 50
years were not included for the initial
estimates of penetrance if their ge-
netic status was unknown. Ninety per-
cent of both male and female carriers
were parents or grandparents of the
fragile X probands. The remaining car-
riers were uncles, aunts, granduncles,
or grandaunts of the proband.

Survey

One hundred twenty-three families be-
longing to either the Northern or the
Southern California Fragile X Associa-
tion were asked to participate in the
study via a letter from their respective
association. Upon receiving each fami-
ly’s permission through the associa-
tions, we contacted the families by tele-
phone. A total of 23 families were
excluded. Four families refused to par-
ticipate without providing a reason; in
18 families the child with fragile X syn-
drome, or a parent, was adopted; and
in 1 family the individual had lost con-
tact with all members of the family aged
50 years or older. We were unable to
contact an additional 11 families (in-
correct telephone information).

In the remaining 89 families, 298 in-
dividuals aged 50 years or older were
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identified on the premutation side (pre-
dominantly the mother’s side) of the
family. Sixty-four individuals (28 men
and 36 women) did not qualify for par-
ticipation in the study because they
were granduncles or grandaunts whose
genetic status was unknown. Of the 234
individuals who did qualify for the
study, we were unable to contact 21
known carriers (6 men and 15 wom-
en) and their 21 spouses (controls). The
6 male carriers were included in a more
conservative penetrance calculation.
Thus, 192 (82%) participated in the
study (40 male carriers, 59 male spouse
controls, 59 female carriers, and 34 fe-
male spouse controls) (TABLE 1).

All qualifying participants self-
reported symptoms on a survey com-
pleted by telephone or in person. For
the purpose of the survey, symptoms
were scored as present if noticed by the
respondent or spouse, with clarifica-
tion of the questions or characteriza-
tion of the symptoms provided by the
interviewing physician as necessary.
The participant provided the final an-
swers. Patients signed informed con-
sent approved by the institutional re-
view board before participating. Those
contacted by telephone were read the
consent form and gave oral consent.

The survey comprised 54 questions
exploring 6 domains: (1) tremor: ques-

tions were asked regarding the pres-
ence, characteristics, and time of on-
set of tremors; (2) gait and lower
extremities: questions were asked re-
lated to the onset of balance prob-
lems, recent falls, walking distance, and
use of a cane, walker, or wheelchair.
Sensory issues were also explored with
questions about lower extremity numb-
ness, loss of sensation, and pain; (3)
cognitive: questions were asked of the
participant or his/her spouse regard-
ing short-term memory loss and epi-
sodes of confusion and disorientation;
(4) emotional: questions explored anxi-
ety, depression, mood instability, and
medications used for those symp-
toms; (5) other medical issues: ques-
tions explored any other medical prob-
lem and treatment (in particular, heart
problems, stroke, autonomic symp-
toms, hearing loss, diabetes, and all
medications taken by the participant);
and (6) family history: questions ad-
dressed the presence of a family his-
tory positive for neurological disor-
ders, including Parkinson disease,
Alzheimer disease, other dementias, and
multiple sclerosis.

Responses for cognitive or emo-
tional impairment were not used fur-
ther for this study.

Finally, participants completed the
Tremor Disability Rating Scale (TDRS),
designed and validated by Louis et al.”
This rating scale has 31 questions ex-
ploring fine motor tasks. The final
(summed) score, converted to a per-
centage, is the extent of impairment re-
lated to the loss of fine motor skills.
Zero percent represents absence of im-
pairment and 100% reflects inability to
perform any fine motor tasks associ-
ated with daily living.

Clinical Assessment

To document the findings of the sur-
vey, all participants who were geo-
graphically available for clinical assess-
ment (n=93; 24 male carriers, 25 male
controls, 26 female carriers, and 18 fe-
male controls) underwent a detailed
neurological examination that in-
cluded pertinent items of 3 standard-
ized scales: the Clinical Rating Scale for
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Tremors (CRST),?® the motor section
of the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS),*” and the Interna-
tional Cooperative Ataxia Rating Scale
(ICARS).?® Whereas the CRST and
ICARS are unvalidated, the UPDRS has
undergone extensive clinometric analy-
sis. The neurological examination was
videotaped and subsequently rated by
aneurologist blinded to the patient’s di-
agnosis and DNA study results. The cli-
nician administering the video proto-
col was not blinded in all cases.
However, this individual did not ap-
pear on the videotape. The duration of
each task was standardized, and the ad-
ministering clinician did not insist on
alonger task interval than what is speci-
fied by the protocol. The neurologist
rating the videotapes did not use the
soundtrack except for the 3 tasks re-
quiring vocalizations.

All patients available for clinical test-
ing underwent the video protocol,
which included only half (93/192) of
the survey participants. Among the 93
individuals participating in the video-
tape protocol, 36% had reported 1 or
more neurological symptoms on the
survey, similar to the 30% figure for all
192 survey participants. Moreover, 58%
of the male carriers available for the vid-
eotaping had self-reported 1 or more
neurological symptoms on the survey,
identical to the 58% figure for all 40
male carriers participating in the study.
Therefore, there does not appear to be
a substantial bias in the population par-
ticipating in the video protocol.

Throughout this article, we use
FXTAS to denote probable or definite
FXTAS, as defined by Jacquemont et
al.'® Probable FXTAS requires the pres-
ence of both tremor and gait ataxia,
whereas definite FXTAS requires a posi-
tive MCP finding on magnetic reso-
nance imaging as well as at least 1 ma-
jor clinical finding (tremor or gait
ataxia).

Statistical Methods

Only 16 items on the 54-question sur-
vey were subjected to further analysis.
This reduction was obtained by (1) re-
moving all questions related to cogni-

©2004 American Medical Association. All rights reserved.

FRAGILE X-ASSOCIATED TREMOR/ATAXIA SYNDROME

tion and emotional difficulties, as the
evaluation of these symptoms re-
quires the use of appropriate psycho-
metric instruments, which were not a
part of the current study; and (2) re-
moving all questions that required more
than a closed yes/no answer. Logistic
regression analyses were performed on
the results of the remaining 16 ques-
tions, comparing male carriers with
male controls and female carriers with
female controls. Results are presented
as odds ratios (ORs) and 95% confi-
dence intervals (Cls), with P values
gauging the significance of the OR for
each question. For each item, the analy-
ses are adjusted for age, ie, age is in-
cluded as a covariate in the regression
model. All analyses were 2-tailed.

We tested for interaction, collinear-
ity, and overfitting in the logistic regres-
sion and found no violations of regres-
sion model assumptions due to collinear
variables. The Holm method*** and the
Benjamini false discovery rate proce-
dure’ were applied to control for fami-
lywise (multiple outcomes) error rates
for the 16 analyses. Since there were
only 2 pairs of siblings in the group of
40 male carriers, any correlation of out-
comes between these 2 pairs of family
members would not bias the conclu-
sions of our regression analyses. The
summed TDRS score was analyzed
separately. A nonparametric Mann-
Whitney test, stratified by age group,
was performed to compare the scores
obtained by the carriers and controls for
each sex.

The clinical rating scale scores were
analyzed in 2 ways. First, the results
were analyzed according to the total
scores of each of the 3 neurological
scales. Regression analyses were per-
formed on the summary scores, com-
paring the square root—transformed
mean score of male carriers with male
controls and female carriers with fe-
male controls. The square root trans-
formation was used to ensure that the
assumptions of homoscedastic and
Gaussian errors in the regression model
are not violated. For these 3 analyses,
adjustment for multiple outcomes was
unnecessary. Second, the results were

analyzed by 12 different subscores for
the 3 neurological scales. Three CRST
subscores (postural, action, and rest
tremor) were computed?® for the 3
tremor types identified within this scale.
Four ICARS subscores were com-
puted for the 4 domains described
within this scale.?® Six UPDRS sub-
scores were also computed for the 6
clinically distinct disability domains
previously identified by factor analy-
sis within the UPDRS motor examina-
tion.>>* However, 1 of the subscores (ri-
gidity) was removed because data on
this subgroup could not be obtained in
a blinded fashion. Comparisons be-
tween the carrier and control groups for
each sex were made by the nonpara-
metric Wilcoxon rank sum test. The
Holm method* and the Benjamini false
discovery rate procedure’ were ap-
plied to control for familywise error
rates on the basis of the 12 analyses and
the tandem walk task, as described by
Singer et al.**

Statistical analyses were performed
using S-Plus software, version 6.1 (In-
sightful Corp, Seattle, Wash). P<.05
was considered statistically signifi-
cant throughout all analyses.

RESULTS
Questionnaire

Among men, in the premutation car-
rier group (n=40), the prevalence of re-
ported gait instability, tremor, and both
symptoms combined increased with age
from 50 years to 80 years or older. The
penetrance of these symptoms in car-
riers and controls is displayed in
FIGURE 1. To produce more conserva-
tive estimates for these penetrance data,
we also included the additional 6 male
carriers (Table 1) who were unable to
participate, stipulating that these cases
were all asymptomatic for the lower-
bound estimates. The resulting esti-
mates are 17%, 38%, 47%, and 75% of
male carriers with self-reported fre-
quencies of combined tremor and gait
ataxia within the 50 to 59, 60 to 69, 70
to 79, and 80 years or older age ranges,
respectively. The frequency of these re-
ported symptoms was significantly in-
creased in the premutation group rela-

(Reprinted) JAMA, January 28, 2004—Vol 291, No. 4 463



FRAGILE X-ASSOCIATED TREMOR/ATAXIA SYNDROME

|
Figure 1. Percentage of Men With
Self-Reported Symptoms of Gait
Disturbance, Intention Tremor, or Combined
Ataxia and Tremor
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The percentages in the 50-59 year and 60-69 year age
ranges are lower-bound estimates based on the con-
servative assumption that the 6 male premutation car-
riers who were unreachable (5 and 1, respectively, for
the 2 age ranges; Table 1) were clinically uninvolved.

tive to the control group. For tremor,
the age-adjusted OR was 6.8 (95% CI,
2.3-20.5; P=.001). For gait instability,
the OR was 5.1 (95% CI, 1.9-14;

464 JAMA, January 28, 2004—Vol 291, No. 4 (Reprinted)

P=.001). For both symptoms com-
bined, the OR was 21.2 (95% CI, 4.3-
103; P=.003) (TABLE 2). Only 2 male
controls reported combined tremor and
gait ataxia (3%).

The severity of gait difficulty was also
greater in the male carrier group.
Thirty-five percent of male carriers re-
ported episodes of unexplained fall-
ing as opposed to 3% in the male con-
trol group (OR, 12.9; 95% CI, 2.6-
62.4; P=.001) (Table 2). Twenty
percent of the male carriers reported us-
ing a cane, with a mean onset at 71 years
of age, as opposed to 5% in the male
control group (at 53, 54, and 80 years).
Five male carriers (13%) required a
wheelchair at a mean age of 77 years
as opposed to 1 male control at 53 years.
After multiplicity adjustment using 2
different methods at the .05 level, 23!
4 items remained significant: inten-
tion tremor, gait instability, falling more
than once in the past month without
an obvious reason, and the combina-
tion of tremor and gait instability.

Among women, the survey did not
reveal any significant difference be-
tween carriers and controls, either be-
fore or after multiplicity adjustment. All
frequencies, ORs, and 95% ClIs for the
survey are reported in Table 2.

Tremor Disability Rating Scale

In men, the mean score obtained on the
TDRS (reflecting the mean degree of im-
pairment in fine motor tasks associ-
ated with daily living) by the carrier
group was 7% among men aged 50 to
59 years and 41% among those aged 80
years or older. In the male control
group, the degree of impairment was
steady at between 1% and 2% through-
outall age ranges. We performed a non-
parametric Mann-Whitney test to com-
pare carriers and controls. The age
groups of 50 to 59 years and 80 years
or older showed significantly higher
TDRS scores among the male carriers
than among the controls (P=.01 and
P<.01, respectively). The severity of im-
pairment was greater in the male car-
rier group across all age ranges. A lo-
gistic regression analysis was performed
comparing impaired premutation car-

riers with impaired controls after ad-
justing for age. Impairment was con-
sidered as a 2-level factor (normal or
mild, score =10; severe, score >10).
Carriers and controls differed signifi-
cantly after adjusting for age (OR, 6.45;
95% CI, 1.26-33; P=.02).

The scores on the TDRS for women
did not differ significantly between the
premutation and control groups.

The TDRS has been validated with a
control population (aged =65 years)
and the mean score was 1.6%,>” which
reflects a quasi absence of impair-
ment. This score is not significantly dif-
ferent from our control population
(mean scores, 2% for the male control
group and 0.3% for the female control
group).

Standardized and Videotaped
Clinical Protocol

The distribution of the scores for all 3
neurological scales is represented in
FIGURE 2. Male premutation carriers
showed significant impairment on the
3 scales that measured tremor (CRST),
cerebellar dysfunction (ICARS), and
parkinsonism (UPDRS). Regression
analysis indicated that the average score
on a CRST item (ranging from 0 to 3)
was significantly higher in the male car-
rier group relative to the male control
group (the relationship was defined
through an estimated regression coef-
ficient of 0.18; 95% CI, 0.02-0.35;
P=.04). Significant differences were also
observed on the ICARS (coeffi-
cient=0.2; 95% CI, 0.05-0.37; P=.01)
and UPDRS scales (coefficient=0.2;
95% CI, 0.06-0.37; P=.01). In all 3
scales, age was a significant covariate
(P<.01 for the CRST, P=.01 for the
ICARS, and P<.01 for the UPDRS).
We investigated a total of 12 sub-
scores within the 3 neurological scales,
as well as an additional tandem walk-
ing task described by Singer et al,** to
identify tasks that were the most sen-
sitive to the neurological phenotype of
the male carriers (TABLE 3). The sub-
scores were compared between the car-
rier and control groups using the Wil-
coxon rank sum test. We examined the
3 components of tremor on the CRST*:
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]
Table 2. Results of Age-Adjusted Logistic Regression Analyses of 16 Self-Reported Survey Items*

Men Women
lFrequency, No. (%) I IFrequency, No. (%)
Carriers  Controls P Carriers  Controls P
Symptoms (n =40) (n=159) OR (95% CI) Value (n=59) (n=234) OR (95% CI) Value

Intention tremors 19 (48) 6 (10) 6.8 (2.3-20.5) 001t 5(8) 1) 3.5(0.3-32.0) .26
Gait difficulties

Gait instability 22 (55) 10 (17) 5.1 (1.9-14.0) .001+ 1(19) 6(18) 1.1 (0.3-3.7) .81

Fallst 14 (35) 23 12.9 (2.6-62.4) .001t 8 (14) 1) 5.1(0.5-43.8) 13

Cane use 8 (20) 35 3.5(0.9-14.9) .08 4(7) 2(6) 1.0(0.1-7.0 .98

Wheelchair use 5(13) 12 6.0 (0.6-56.3) 1 12 0

Tremor and gait combined 18 (45) 2(3) 21.2 (4.3-103.3) .003t 3(5) 0
Other medical problems

Heart problems 8 (20) 4(7) 3.1(0.8-11.4) .09 6 (10) 4(12) 0.91 (0.2-3.6) .89

Hypertension requiring treatment 9 (23) 19 (32) 0.3 (0.1-1.0) .06 9 (82) 18 (563) 0.5(0.2-1.2) 13

Stroke 4(10) 12 5.4 (0.5-52.1) 14 23 0

Impotence 11 (28) 8 (14) 1.9 (0.6-5.5) 22 NA NA

Incontinence 10 (25) 5 (8) 2.9(0.9-9.8) .07 8(14) 7 (21) 0.7 (0.2-2.2) 54

Loss of sensation in lower extremities 9 (23) 9(15) 1.3 (0.4-3.7) .63 7(12) 5(15) 0.9 (0.2-3.1) .87

Seizures 0 1(2) 0 0

Hearing loss 13 (33) 19 (32) 0.7 (0.3-1.8) .54 4.(7) 9 (26) 0.1 (0.05-0.77) .02

Diabetes requiring treatment 8 (20) 5(8) 2.3 (0.6-8.0) A7 3(5) 3(9) 0.53 (0.1-2.9) A7
Family history of neurological disorder 9(23) 7(12) 2.4 (0.7-7.5) 12 21 (36) 7 (21) 2.1(0.7-5.7) 14

Abbreviations: Cl, confidence interval; NA, not applicable; OR, age-adjusted odds ratio of symptom frequencies in carriers vs controls.

*Age was included as a covariate in the logistic regression model. Data are based solely on individuals who participated in the survey (Table 1). ltems with too few scores (most or
all controls) to yield meaningful P values do not show ORs, Cls, or P values.

Tltems were statistically significant at the .05 level after multiplicity correction on the basis of 16 separate outcome measures, using both the Holm method?® and the Benjamini false

discovery rate.®'

FFell more than once in the past month without an obvious reason.

rest, postural, and kinetic tremors
(Table 3). In contrast with the total
CRST score, male carriers did not show
significant impairment in any of the 3
subscores.

Similarly, we analyzed the 4 catego-
ries of the original ICARS rating tool**:
postural/gait/stance, limb movement,
speech, and oculomotor movements
(Table 3). Male carriers were signifi-
cantly more impaired relative to male
controls in all subgroups except ocu-
lomotor movements.

Based on previously published fac-
tor analysis data on the UPDRS **% we
examined 5 stable factors: right brady-
kinesia, left bradykinesia, midline bra-
dykinesia/balance, rest tremor, and pos-
tural tremor. Only 1 subscore, midline/
gait/balance, was significantly different
between male carriers and controls.
Right bradykinesia was nearly signifi-
cant (P=.06). The tandem walking task
described by Singer et al,** not part of
any of the 3 scales, was analysed as a
13th subscore. It showed significant im-
pairment in the male carrier group com-
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Figure 2. Distribution of CRST, ICARS, and UPDRS Total Scores, by Sex and Carrier Status
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CRST indicates Clinical Rating Scale for Tremors (score range, 0-120); ICARS, International Cooperative Ataxia
Rating Scale (score range, 0-100); and UPDRS, Unified Parkinson's Disease Rating Scale (score range, 0-108).
The horizontal line in the middle of each box indicates the median, while the top and bottom borders of the
box mark the 75th and 25th percentiles, respectively. The whiskers above and below the box mark the 90th
and 10th percentiles. The points beyond the whiskers are outliers beyond the 90th or 10th percentiles.

pared with controls (Table 3). How-
ever, after multiple-outcomes correction
using the methods of both Holm* and
Benjamini et al*!, only 1 item (tandem
walking) remained significant at the .05
level.

The distribution of the scores among
women for all 3 neurological scales is
represented in Figure 2. Only 3 women,
aged 69, 81, and 84 years, showed very
mild intention tremor and/or gait ataxia.
However, the regression analysis indi-
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]
Table 3. Summary of CRST, ICARS, and UPDRS Components by Carrier Status Among Men*

Median (Range)

Carriers Controls P Valuet
CRST
Action/intention 11 (0-49) 8 (0-16) .06
Postural tremor 2 (0-14) 1(0-5) 24
Rest tremor 0 (0-15) 0 (0-1) .09
ICARS
Limb ataxia 8 (0-25) 4 (0-12) .02
Postural/gait/stance 5(1-32) 3 (0-8) .02
Oculomotor 1(0-3) 2 (0-3) .30
Speech 2 (0-6) 1(0-4 .04
UPDRS
Midline/gait/balance 4 (0-32) 2 (0-8) .01
Bradykinesia
Right 4 (0-10) 2 (0-7) .06
Left 4 (0-12) 3 (0-6) .20
Postural tremor 2 (0-8) 2 (0-4) .10
Rest tremor 0(0-9) 0 (0-1) .30
Tandem walking®* 1(0-4) 0(0-2) .003%

Abbreviations: CRST, Clinical Rating Scale for Tremor; ICARS, International Cooperative Ataxia Rating Scale; UPDRS,

Unified Parkinson’s Disease Rating Scale.

*Summary data and analyses for women are not shown because of absence of significant differences between car-

riers and controls on all subscores.

TAnalyzed by Wilcoxon rank sum test. This nonparametric analysis did not allow for age correction. The comparison of
the age distribution using the x? (parametric) and Kolmogorov-Smirnov (nonparametric) tests indicated no significant
difference between the 2 groups (P values of .55 and .99, respectively).

FThis item remained statistically significant at the .05 level after multiplicity correction on the basis of 13 different analy-
ses, using both the Holm method?® and the Benjamini false discovery rate.®!

cated that the average scores for 1 item
from the UPDRS and ICARS (ranging
from 0 to 3) were higher in the female
carrier group and significantly differ-
ent from the female control group (co-
efficient=0.19; 95% CI, 0.04-0.34;
P=.02 for the UPDRS; coefficient=0.71;
95% CI, 0.1-1.28; P=.02 for the ICARS).
Age was a significant covariate for both
scales (P<<.01). The CRST did not show
significant differences between the 2
groups (coefficient=0.12; 95% CI,
-0.003t0 0.24; P=.07), and female car-
riers did not show significant impair-
ment in any of the 12 subscores or on
the tandem walking task.

To evaluate the reliability of the self-
reported symptoms on the survey, we
performed a Wilcoxon rank sum test
comparing the scores obtained on the
survey with scores of the neurological
evaluation. Participants who reported
tremor scored higher (median, 14; in-
terquartile range [IQR], 11-24) on the
CRST than those who reported no
tremor (median, 7; IQR, 3-12; P<<.01).
The participants who reported gait in-
stability scored higher (median, 20;
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IQR, 11-35) on the ICARS than those
who reported no gait instability (me-
dian, 11; IQR, 6-15; P<<.01). Partici-
pants who reported combined tremor
and gait instability scored higher (me-
dian, 37; IQR, 24-66) on the com-
bined CRST and ICARS than those who
reported no tremor and no gait insta-
bility (median, 18; IQR, 9-27; P<.01).

COMMENT

The current investigation provides ini-
tial estimates for the penetrance of self-
reported gait difficulties and intention
tremor among carriers of the fragile X
premutation. The penetrance of this
tremor/ataxia disorder (correspond-
ing to probable FXTAS as diagnosed
clinically)*® is defined as the fraction of
carriers who self-reported intention
tremor and gait instability combined.
The data obtained from the survey, rep-
resenting a total ascertainment of fami-
lies enrolled in the Northern and South-
ern California Fragile X Associations,
yielded a lower-bound estimate of the
age-related penetrance of probable
FXTAS in male carriers that ranged

from 17% (aged 50-59 years) to 75%
(aged =80 years) and averaged 39% for
the male carrier group (aged =50 years)
as a whole. However, the elevated pen-
etrance of the group aged 80 years or
older is based on a small sample size
(n=4) (Table 1). Applying the correc-
tion of Zhang and Yu’® to the age-
adjusted OR (21.2; 95% CI, 4.3-
103.3) for combined tremor and gait
ataxia (Table 2), the relative risk of
combined major clinical symptoms de-
fining the diagnosis of probable FXTAS
is 13.2 times higher (95% CI, 3.9-
25.4; P=.003) in the male carrier group
than in the male control group. How-
ever, the Cls are large because of small
sample size, especially in participants
aged 80 years or older. Larger samples
are required to generate more accu-
rate penetrance data and ORs. The se-
verity of symptoms was variable within
the carrier group, and 25% of the par-
ticipating male carriers experienced sig-
nificant disability related to ambula-
tion (requiring a wheelchair) and/or fine
motor skills (significant writing im-
pairment on the TDRS), as opposed to
3% in the male control group.

The data from the survey reveal that
gait instability was the most common
symptom reported by male carriers, in-
volving 17% (aged 50-59 years) to 100%
(aged =80 years) of that group, in agree-
ment with an earlier report.'® The pen-
etrance and severity of intention tremor
is higher in the male carrier group rela-
tive to controls across all age ranges (OR,
6.8;95% CI, 2.3-20; P<.01). Again, the
Cls are wide, and larger groups will be
needed to produce more accurate ORs.
In the male control group, the mean self-
reported penetrance of intention tremor
is 109%, which is similar to the results of
epidemiological studies of essential
tremor for the same age range.*” In con-
trast, 48% of the male premutation group
self-reported intention tremors (Table 2).
Intention tremor is also a major finding
in the study by Berry-Kravis et al.*® In ad-
dition, as shown by the TDRS, the de-
gree of impairment due to intention
tremor reported in the control group was
lower than that reported by the carrier
group (P=.03).
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The penetrance data in this study are
all derived from the survey. To corre-
late the data obtained by the self-report
method with the degree of clinical in-
volvement, we analyzed the scores ob-
tained on both the survey and the neu-
rological evaluation using nonparametric
regression. Significant correlations were
demonstrated between self-reported
tremor and the CRST score (100% in-
crease in the summary scores of the
CRST; P<.01) and between self-
reported gait instability and the ICARS
score (75% increase in the summary
scores of the ICARS; P<<.01). The high
level of concordance between the sur-
vey and the clinical evaluation estab-
lished that the self-report method in this
study was clinically meaningful. Clini-
cal follow-up of the 24 male carriers who
had participated in the video protocol re-
vealed that 10 of the 11 carriers who had
self-reported the combination of tremor
and gait instability demonstrated these
symptoms on the clinical examination.
One participant was asymptomatic on
the clinical examination but claimed to
have intermittent symptoms. This sug-
gests that a small fraction of partici-
pants overreported symptoms or that an
intermittent and mild presentation pre-
dates the appearance of clinically recog-
nizable symptoms.

The results of the clinical assess-
ment reported here confirm the pre-
liminary findings of a study by Berry-
Kravis et al’® for a smaller group of
individuals (n=37). Those investiga-
tors reported significantly higher scores
in male carriers vs male controls on the
ICARS and CRST. For their study, sig-
nificance was reached on the UPDRS
only when comparing the male carrier
group with the 3 other groups com-
bined (male controls, female carriers,
and female controls), most likely be-
cause of the small sample size. The cur-
rent study, with larger sample sizes,
demonstrates a significant difference be-
tween male premutation carriers and
controls for the UPDRS.

The clinical data also reveal that a lim-
ited number of subscores are sensitive
enough to distinguish carriers from con-
trols (Table 3). The subscores with sig-

©2004 American Medical Association. All rights reserved.

FRAGILE X-ASSOCIATED TREMOR/ATAXIA SYNDROME

nificant P values reflect either cerebel-
lar symptoms (ICARS) or gait difficulties
(midline/gait/balance in the UPDRS and
tandem walking®"). None of the CRST
subscores (postural, intention, or ac-
tion tremor) was significantly different
between groups. In addition, after cor-
rection for multiple outcomes, none of
the individual subtests, other than tan-
dem walking, retained significance at the
.05 level. Larger populations will be nec-
essary to assess significance for each of
the subtests.

The statistical analysis demonstrates
that the overall scores of the UPDRS and
ICARS are significantly higher in fe-
male carriers than controls (P=.02 for
UPDRS and ICARS); however, the mean
scores of the female carrier group did not
differ from those of the male control
group. The subclinical neurological in-
volvement of female carriers of the pre-
mutation thus needs to be evaluated fur-
ther with larger clinical studies. We have
documented the rare occurrence of FX-
TAS symptoms in women outside of
California.?**! However, the occur-
rence of FXTAS in women appears to be
far less common than in men.

The skewed sex ratio observed in this
study supports the concept of an X-
linked disorder,'*!*2® although earlier
reports** failed to reach a consensus
regarding the sex ratios of intention
tremor, gait ataxia, and parkinsonism
in the general population. For essen-
tial tremor, several studies have re-
ported contradictory results regarding
sex ratio.””** Most surveys with a per-
sonal (as opposed to medical record—
based) screening for parkinsonism
found no significant sex bias.**

The neurological disorder with the
clinical presentation most closely re-
sembling FXTAS is multiple system at-
rophy (MSA). Both MSA and FXTAS
present with variable features of par-
kinsonism, gait ataxia, and autonomic
dysfunction. Both also share the very
distinctive neuroradiological sign of an
increased T2 signal of the MCPs and ad-
jacent cerebellar white matter. Mul-
tiple system atrophy is a relatively rare
disorder. Prevalence in individuals aged
65 years or older is estimated to be ap-

proximately 4.4 per 100000.” There-
fore, a separate etiology leading to MSA
in more than 1 of these patients would
be extremely unlikely. However, the
molecular underpinnings of FXTAS, re-
lated to the FMRI gene, may be con-
tributing to the population of patients
currently diagnosed as having MSA.”!

The relatively small number of indi-
viduals (n=234) initially qualifying for
this study reflects the distribution of the
FMR]1 premutation alleles in a family:
1 of 4 grandparents is a carrier, and only
1 of 2 siblings of this grandparent is a
carrier. No genetic screening was con-
ducted with siblings of the probands’
parents/grandparents; only grand-
uncles/grandaunts who were identi-
fied as obligate carriers or who had been
previously tested qualified for this study
(this latter situation arises when grand-
uncles/grandaunts also had grandchil-
dren with fragile X syndrome).

There are at least 2 sources of known
or potential ascertainment bias in the
current family-based study. First, all pre-
mutation carriers were identified
through families with at least 1 child
with fragile X syndrome. This mode of
ascertainment would bias the allele dis-
tribution toward larger premutation al-
leles, since there is a steeply increasing
likelihood for allelic expansion into the
full mutation range as the allele size in-
creases from 60 CGG repeats to approxi-
mately 90 repeats; 59 repeats is the
smallest allele known to expand to the
full mutation range within 1 genera-
tion.” Alleles in the gray zone (41-54 re-
peats) are highly unlikely to result in full
mutation alleles in 2 generations (grand-
children of the affected carriers).’>*® The
smallest allele we have observed thus far
for a neurologically affected adult car-
rier within a known fragile X family is
69 CGG repeats,'® and the smallest al-
lele observed with the neuropathologi-
cal changes associated with FXTAS is 70
repeats.'®!° Both of these observations
are close to the expected lower limit of
approximately 59 CGG repeats for as-
certainment within a fragile X syndro-
me-affected family.”* Second, for pre-
mutation alleles much greater than 100
CGG repeats, there is a greater chance

(Reprinted) JAMA, January 28, 2004—Vol 291, No. 4 467



FRAGILE X-ASSOCIATED TREMOR/ATAXIA SYNDROME

of emotional, behavioral, and cognitive
involvement in carriers, which may re-
duce their chances of having offspring
or their willingness/availability for par-
ticipation in screening studies.” We have
not yet investigated the penetrance of
FXTAS as a function of CGG repeat
length. However, this last issue is of great
mechanistic importance and is cur-
rently under study.

Based on the expectation that a mea-
surable fraction of adults seen in adult
neurology clinics with intention tremor
and/or ataxia will be undiagnosed car-
riers, several groups have initiated
screens of selected patients in move-
ment disorders clinics. Macpherson et
al*! recently reported that 3 individu-
als (5%) within a group of 59 ataxia pa-
tients with no family history of fragile
X syndrome possessed gray zone or pre-
mutation alleles (51, 66, and 81 CGG
repeats). Those results provide signifi-
cant evidence of association between the
ataxia phenotype and expanded FMR1
alleles. Further studies of tremor and/or
ataxia populations are thus warranted
for the purpose of better defining the
neurological consequences of ex-
panded FMRI alleles in the absence of
biasing influences of ascertainment
through known fragile X families.

CONCLUSION

The current study demonstrates that
male carriers of the fragile X premuta-
tion are at high risk of developing FX-
TAS, a neurological disorder charac-
terized by gait ataxia, intention tremor,
parkinsonism, and cognitive decline.
The penetrance of this disorder in-
creases with age, suggesting that the
preponderance of male carriers may
eventually develop neurological dys-
function.

With a published prevalence of 1 in
813 (95% CI, 1/527 to 1/1781) for male
carriers of premutation (FMR1) alle-
les in the general population,? the preva-
lence of FXTAS in men aged 50 years
or older may approach approximately
1 in 3000, which would make this re-
cently identified disorder one of the
more common single-gene forms of
tremor and ataxia in the aging popula-
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tion. Patients with late-onset ataxia and
intention tremor (eg, MSA, preva-
lence of approximately 1/20000°°; or
atypical Parkinson disease, approxi-
mately 1/3000%°) should therefore be
screened for premutation expansions of
the FMRI gene.
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