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Abstract: Background: Spinocerebellar ataxias (SCAs) are dominantly inherited, progressive ataxia disorders.
Disease progression could be preceded by weight loss.
Objectives: We aimed to study the course of weight loss in patients who had the most common SCAs (SCA1,
SCA2 SCA3, and SCA6). Additional objectives were to identify subgroups of weight evolution, to determine the
factors influencing these evolutions, and to assess the impact of these evolutions on disease progression.
Methods: In total, 384 patients from the EUROSCA prospective cohort study were analyzed who had SCA1,
SCA2, SCA3, or SCA6 and at least 3 measurements of weight. Age was used as a time scale. Clinical
outcomes were body mass index (BMI) and the Scale for the Assessment and Rating Ataxia (SARA), with
scores ranging from 0 to 40. We used a linear mixed model to analyze the course of BMI and a latent class
mixed model to identify subgroup BMI evolution.
Results: Overall, BMI declined over time (�0.11 � 0.03 kg/m2 per decade; P = 0.0009). Three subgroups of BMI
evolution were identified: “decreasing BMI” (n = 88; 23%), “increasing BMI” (n = 70; 18%) and “stable BMI” (n = 226;
59%). Patients in the decreasing BMI group were more severely affected at baseline with higher SARA scores and a
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higher frequency of non-ataxia signs (especially motor symptoms) compared with those in the other groups.
Weight loss was associated with faster disease progression (5.7 � 0.7 SARA points per decade; P = 0.036).
Conclusions: The current data have substantial implications for the design of future interventional studies in
SCA, as they provide a basis for patient stratification and emphasize the usefulness of BMI as a biomarker for
monitoring disease progression.

Spinocerebellar ataxias (SCAs) are a clinically and genetically

heterogeneous group of autosomal-dominant, inherited, progres-

sive ataxia disorders. Several genetically different SCAs have been

defined, and the most common are SCA1, SCA2, SCA3, and

SCA6.1 These ataxias are caused by translated CAG repeat expan-

sions, which code for elongated polyglutamine tracts within the

different proteins associated with each type. Data from a large

prospective study of these disorders yielded important insights

into their natural history. Progressive ataxia is the leading symp-

tom in these disorders and increases linearly over time, with dif-

ferent rates in each genotype. Progression is faster in SCA1,

intermediate in SCA2 and SCA3, and slower in SCA6. Factors

associated with faster disease progression have been identified in

all SCAs except SCA3. These factors include older age at baseline

and longer repeat expansions in SCA1, younger age at onset in

SCA2, and lower baseline Scale for the Assessment and Rating

Ataxia (SARA) scores in both SCA2 and SCA6.2

The occurrence of gait ataxia is preceded by a preclinical stage,

resulting in dysfunction, degeneration, and metabolic changes in

several nervous system compartments.3,4 Degenerative processes

affecting brain structures other than the cerebellum may explain

extracerebellar signs in SCAs,5 such as dysphagia and weight loss.6,7

A significant decline in body weight directly linked with

increased CAG repeat length has been observed in Huntington’s

disease (HD).8 Moreover, several studies that included data from

patients with SCA9,10 and transgenic mouse models of

SCA11–14 have reported the presence of weight loss in SCAs.

Dysphagia10 and an increased catabolic state15 have been

reported as mechanisms underlying weight loss in SCAs.

The previous studies were either cross-sectional or retrospec-

tive, had case-control designs, and included small patient num-

bers. Here, we explore data from a longitudinal EUROSCA

cohort with a long-term follow-up on body weight and height

in relation to ataxia progression.

The objectives of the current analysis were to: (1) specify the

course of weight loss, (2) identify different subgroups of weight evo-

lution, (3) determine the factors associated with weight loss, and (4)

quantify the association between disease progression and weight loss.

Patients and Methods
Standard Protocol Approvals,
Registration, and Patients
Consent
The ethics committees of the participating centers approved

the study (clinicaltrials.gov identifier NCT02440763). At

enrolment, a written consent form was obtained from all study

participants.

Study Population
Of 525 patients with SCA who were enrolled between July 1,

2005, and Aug 31, 2006, in the multicenter (17 European cen-

ters) EUROSCA prospective cohort study,16 a subsample of

384 patients who had at least 3 measures of weight over a maxi-

mum of 6 years of follow-up were analyzed Fig. S1. These

patients were diagnosed with progressive, otherwise unexplained

ataxia and had a positive molecular genetic test for SCA1

(n = 80), SCA2 (n = 125), SCA3 (n = 105), or SAC6

(n = 74).

Clinical and Genetics
Evaluations
Demographic data included age, sex, age at onset, and disease

duration. The following variables were measured at baseline:

weight and height; disease stage; symptoms other the ataxia

according to Inventory of Non-ataxia Signs (INAS) scores

(range, 0–16) signs, including the extended INAS score, such as

dysphagia and double vision17; anxiety or depression status mea-

sured by Patient Health Questionnaire-9 (PHQ-9) self-rated

items18; the use of any psychiatric medication among antipsy-

chotics, anxiolytics, hypnotics and sedatives, antidepressants,

psychostimulants, agents used for attention deficit hyperactivity

disorder, and nootropics; and the SARA score. Weight and

SARA score were also measured at subsequent visits at 1, 2,

and 3 years (�3 months). After the initial 3-year observation

period, the study participants entered an extension phase in

which study assessments were done in connection with routine

visits, resulting in irregular intervals between the visits. Body

mass index (BMI) was calculated with the formula (weight/

(height)2). Repeat lengths of the expanded and normal alleles

were determined at the Institute of Medical Genetics and

Applied Genomics of the University of Tubingen (Tubingen,

Germany).

Statistical analysis
Descriptive statistics (frequencies and percentages or means �
standard deviations) were used to describe demographics and clin-

ical characteristics of the participants at baseline. BMI at baseline

was compared between genotypes using an analysis of variance

with Tukey’s Honestly Significant Difference test to account for
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multiple comparisons. To describe changes in BMI over time, the

standard linear mixed (LM) model19 was used with the cubic

function of age as a time scale and without any adjustment for

covariates. The cubic function was the best of the tested models

(linear, quadratic, and cubic models). Correlated, autoregressive,

random intercept, linear and quadratic slope accounted for inter-

patient variability. The age variable was centered at 18 years (the

minimum age in the cohort) and is indicated in 10-year incre-

ments (i.e., ages 18, 28, 38, 48 years, etc.). We tested the effect of

genotype on BMI evolution by interaction between the given

factor and the time variable.

To identify subgroups of participants who exhibited different

trajectories of BMI, a latent class mixed (LCM) model that

accounted for individual and latent group structure variability

through random effects was used. The same fixed and random-

effects that were included in the LM model were used in the

LCM model.19 We selected the best-fitting model with the

optimal number of latent classes using a compromise between

the Bayesian Information Criterion, a mean posterior probabil-

ity >0.70 for each latent class, and a number of patients in each

class >5.20 Distributions of the baseline variables across these

classes were compared a posteriori using a Chi-squared (X2) test

for the categorical variables and an analysis of variance for con-

tinuous variables with the Honestly Significant Difference test

to account for multiple comparisons. To assess whether the rate

of change in the SARA score was directly related to these

classes, a posteriori LM model was used for the SARA score,

and the interaction between class variable and time was tested.

Furthermore, a previous report on long-term disease

progression revealed a substantial dropout rate, mainly for

disease-related reasons during the open extension period, which

followed the initial 3-year period with annual visits. Patients

who had a maximum follow-up of 3 years had a high dropout

rate and faster disease progression.2 In these patients, the drop-

out rate is informative, and standard estimation methods like

LM models and LCM models are biased. Informative dropout

leads to a “missing not at random” (MNAR) assumption that

the observation probability depends on unobserved outcomes.19

To account for an informative dropout process and ensure that

estimates from “missing at random” assumptions are not biased,

a sensitivity analysis under an MNAR assumption was per-

formed using joint models for longitudinal data and the time to

dropout.20 The estimates from the joint model under MNAR

were then compared with those obtained from the LM model

under a missing at random assumption. All data analyses were

performed using R version 3.2.0 (R Foundation for Statistical

Computing Vienna, Austria) and SAS (version 9.4; SAS Insti-

tute, Cary, NC).

Results
Baseline Characteristics
The 384 patients included in the current study had a total of

1795 visits, with a median of 3 visits (interquartile range, 3–4
visits) for each patient. Baseline characteristics of the patients are

Figure 1 (A) Mean decline in body mass index (BMI) and (B) and BMI group trajectories. (A) The mean observed BMI (in kg/m2; solid
line) with 95% confidence intervals (CIs) is compared with the predicted BMI (dashed line) over time according a linear mixed model
equation: BMI = 25.9–3.1 * age + 1.1 * age2 � 0.11 * age,3 where age was measured in decades starting from age 18 years. (B) Weighted,
subject-specific predictions of BMI trajectories are illustrated according to a latent class mixed model equation: stable BMI (black
line) = 27.3–3.7 * age + 1.2 * age2 � 0.11 * age3; increasing BMI (green line) = 26.2–0.83 * age + 0.94 *age2 � 0.11 * age3, and decreas-
ing BMI (red line) = 24.9–3.6 * age + 0.99 * age2 � 0.11 * age3.
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provided in Table 1. BMI at baseline differed between SCA

types (P < 0.05), with a significantly lower BMI in patients

who had SCA3 compared with all others.

Rate of BMI Change
Based on an LM model, BMI declined cubically over time

(�0.11 � 0.03 kg/m2 per decade; P = 0.0009) (Fig. 1A). The

rate of decline did not differ significantly between the 4 SCA

genotypes (P = 0.4400).

Trajectories of BMI and their
Relationship to Ataxia Severity
and Non-ataxia Signs
To identify different trajectories of BMI, the LCM model

with several latent classes, ranging from 1 to 5, were esti-

mated. The model with the optimal number of classes

selected by the compromise criterion included 3 classes

(Tables S1 and S2). This model identified 3 different BMI

evolutions (Fig. 1B). Class 1 (n = 226; 59%) was character-

ized by stable BMI evolution over time; Class 2 (n = 70;

18%) corresponded to patients who had an increase in BMI

over time; and Class 3, which included 23% of patients

(n = 88), was characterized by a decrease in BMI over time.

According to the posterior classification provided in Table 2,

the 3 classes differed for the most part on the baseline char-

acteristics tested. Pairwise comparisons demonstrated that

patients in the decreasing BMI group, compared with those

in the increasing and stable BMI groups, were more severely

affected at baseline and had higher SARA scores (16 � 8

points), were more often permanently dependent on a wheel-

chair (19%), were younger at the time of disease onset

(28 1� 9 years), had double vision (50%), and had more

CAG repeats in the SCA1 (51 � 6 CAG repeats) and SCA2

(43 � 3 repeat units) cohorts. These patients had also a

TABLE 1 Population characteristics at baseline

Characteristic Frequency/No. (%) or Mean � SD

SCA1, n = 80 SCA2, n = 125 SCA3, n = 105 SCA6, n = 74

Men 51 (64) 59 (47) 55 (52) 40 (54)
Age, y 46 � 12 46 � 14 49 � 12 64 � 11
Age at onset, y 38 � 11 35 � 13 38 � 11 54 � 10
Disease duration, y 8 � 5 11 � 6 11 � 6 10 � 6
CAG* 47 � 5 39 � 3 67 � 4 22 � 1
Diabetes 3 (4) 5 (4) 2 (2) 5 (7)
Cancer 0 (0) 0 (0) 2 (4) 2 (6)
Gastrointestinal diseases 7 (9) 7 (6) 8 (8) 10 (10)
BMI, kg/m2 24.9 � 4 25.1 � 4 23.2 � 4 25.4 � 4

Underweight 13 (17) 13 (11) 13 (14) 13 (14)
Normal weight 34 (46) 62 (51) 57 (62) 34 (44)
Overweight 18 (24) 34 (28) 16 (17) 18 (32)
Obese 10 (13) 12 (10) 6 (7) 10 (11)
SARA score 12.9 (7) 14.9 (7) 13.5 (7) 14.6 (6)

Disease stage
1 56 (70.9) 79 (69.3) 49 (48.0) 34 (47.9)
2 19 (24.1) 24 (21.1) 37 (36.3) 33 (46.5)
3 4 (5.1) 11 (9.6) 16 (15.7) 4 (5.6)

Anxiety or depression, yes 37 (46.3) 59 (47.2) 49 (46.7) 35 (47.3)
Any psychotropic use, yes 15 (18.8) 18 (14.4) 20 (19.1) 7 (9.5)
INAS score, no. of signs 4.4 � 2 4.1 � 2 4.8 � 2 2.0 � 1
Hyperreflexia, yes 56 (70.0) 18 (14.5) 39 (37.9) 15 (20.3)
Areflexia, yes 13 (16.2) 78 (62.9) 59 (56.2) 16 (21.6)
Extensor plantor, yes 34 (46.6) 38 (33.3) 41 (39.4) 2 (2.8)
Spasticity, yes 49 (61.3) 13 (10.7) 43 (41.3) 9 (12.5)
Paresie, yes 15 (18.8) 18 (14.5) 23 (22.1) 5 (6.8)
Muscle atrophy, yes 17 (21.2) 25 (20.3) 38 (36.9) 9 (12.3)
Fasciculations, yes 28 (34.5) 51 (41.1) 33 (31.4) 1 (1.4)
Myoclonus, yes 1 (1.2) 18 (14.5) 4 (3.8) 0 (0.0)
Rigidity, yes 1 (1.2) 7 (5.6) 11 (10.7) 6 (8.1)
Chorea/dyskinesia, yes 3 (3.8) 11 (8.9) 7 (6.7) 2 (2.7)
Dystonia, yes 5 (6.2) 18 (14.4) 20 (19.0) 3 (4.1)
Resting tremor, yes 6 (7.5) 17 (13.8) 4 (3.8) 1 (1.4)
Sensory symptoms, yes 45 (60.0) 88 (72.1) 65 (66.3) 36 (50.0)
Urinary dysfunction, yes 25 (31.2) 50 (40.3) 49 (47.1) 26 (35.1)
Cognitive impairment, yes 12 (15.0) 32 (25.8) 19 (18.8) 7 (9.5)
Brainstem oculomotor signs, yes 29 (36.2) 44 (35.5) 51 (49.5) 11 (14.9)
Dysphagia, yes 42 (53.2) 62 (54.4) 59 (57.8) 39 (54.9)
Double vision, yes 13 (16.2) 26 (20.8) 58 (55.2) 36 (48.6)

SD, standard deviation; SCA, spinocerebellar ataxia; BMI, body mass index; SARA, Scale for the Assessment and Rating Ataxia; INAS, Inventory
of Non-ataxia Signs.
*Values indicate the length of the expanded allele (repeat units).
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greater frequency of number of non-ataxia signs (INAS score,

5 � 2 signs), especially pyramidal and peripheral motor symp-

toms: spasticity (44%), hyperreflexia (47%), extensor plantar

(41%), muscle atrophy (39%), fasciculation (43%), and brain-

stem oculomotor signs (59%). Paresis, rigidity, resting tremor,

sensory symptoms, urinary dysfunction, cognitive impairment,

dysphagia, anxiety or depression, the use of any psychiatric

medication, cancer, and gastrointestinal and endocrine diseases

like diabetes all were similar between groups. Moreover, we

failed to identify any factors that were associated with a BMI

increase. Although we did not find a correlation with dys-

phagia, the decreasing BMI group included 64% of patients

who had dysphagia, whereas the increasing and stable BMI

groups included 54% and 48% of patients, respectively.

Trajectories of BMI and Disease
Progression
The association between the BMI groups and disease progres-

sion, as determined with the SARA score, was analyzed

(Fig. 2). Disease progression was significantly faster for the

decreasing BMI group (SARA score, 5.7 � 0.73 points every

decade), intermediate for the stable BMI group (SARA score,

4.2 � 0.47 points every decade), and slower for the group

TABLE 2 Description of the 3 posterior latent classes according to the patient’s baseline characteristics

Characteristic No. (%) or Mean � SD* P value†

Decreasing BMI, n = 88 Increasing BMI, n = 70 Stable BMI, n = 226

Genotype <0.0001‡

SCA1 19 (21.6) 20 (28.6) 41 (18.1)
SCA2 30 (34.1) 27 (38.6) 68 (30.1)
SCA3 38 (43.2) 12 (17.1) 55 (24.3)
SCA6 1 (1.1) 11 (15.7) 62 (27.4)

Women 47 (53.4) 41 (58.6) 91 (40.3) 0.0095‡

Age, y 38.4 � 11.8a 50.1 � 12.0b 55.8 � 12.1c < 0.0001‡

Age at onset, y 27.7 � 9.2a 40.6 � 11.5b 45.5 � 11.5c < 0.0001‡

Disease duration, y 10.7 � 6.3 9.5 � 5.8 10.2 � 5.3 0.4470
SARA score 15.9 � 7.5a 12.8 � 7.4b 13.6 � 6.6b 0.0108‡

Disease stage 0.0241‡

1 47 (55.3) 40 (59.7) 131 (61.2)
2 22 (25.9) 22 (32.8) 69 (32.2)
3 16 (18.8) 5 (7.5) 14 (6.5)

Diabetes 0 (0.0) 5 (7.5) 10 (4.8) 0.0569
Cancer 1 (4.0) 0 (0.) 3 (3.8) 0.6202
Gastrointestinal diseases 7 (8.2) 9 (13.4) 16 (7.6) 0.3361
CAG§

SCA1 51.3 � 6.3a 45.4 � 3.8b 45.7 � 3.7b <0.0001‡

SCA2 42.5 � 3.4a 39.2 � 2.9b 37.7 � 2.4b < 0.0001‡

SCA3 70.9 � 3.1a 68.6 � 3.8a,b 67.1 � 4.2b < 0.0001‡

SCA6 22.0 22.3 � 0.5 22.5 � 1.2 0.4904
Anxiety or depression, yes 44 (50.0) 36 (51.4) 100 (44.2) 0.4597
Any psychotropic use, yes 14 (15.9) 14 (20.0) 32 (14.2) 0.4991
INAS score 5.2 � 2.3a 3.8 � 2.2b 3.5 � 2.1b < 0.0001‡

Hyperreflexia, yes 41 (47.1) 19 (27.1) 69 (30.4) 0.0087‡

Areflexia, yes 35 (39.8) 29 (41.4) 102 (45.3) 0.6300
Extensor plantar, yes 34 (41.0) 26 (38.8) 55 (25.9) 0.0175‡

Spasticity, yes 38 (43.7) 17 (24.6) 59 (26.6) 0.0071‡

Paresis, yes 19 (21.6) 12 (17.1) 30 (13.5) 0.2030
Muscle atrophy, yes 34 (39.1) 12 (17.1) 43 (19.4) <0.0001‡

Fasciculations, yes 37 (42.5) 24 (34.3) 52 (23.1) 0.0022‡

Myoclonus, yes 10 (11.4) 4 (5.7) 9 (4.0) 0.0488‡

Rigidity, yes 7 (8.0) 3 (4.3) 15 (6.7) 0.6342
Chorea/dyskinesia, yes 11 (12.5) 2 (2.9) 10 (4.4) 0.0124‡

Dystonia, yes 20 (22.7) 4 (5.7) 22 (9.7) 0.0013‡

Resting tremor, yes 11 (12.8) 5 (7.1) 12 (5.4) 0.0806
Sensory symptoms, yes 50 (61.7) 49 (72.1) 135 (61.9) 0.2881
Urinary dysfunction, yes 29 (33.3) 33 (47.1) 88 (39.1) 0.2115
Cognitive impairment, yes 18 (20.7) 14 (20.0) 38 (17.0) 0.6937
Brainstem oculomotor signs, yes 51 (58.6) 19 (27.1) 65 (29.0) < 0.0001‡

Dysphagia, yes 54 (63.5) 32 (47.8) 116 (54.2) 0.1374
Double vision, yes 44 (50.0) 18 (25.7) 71 (31.4) 0.0018‡

SD, standard deviation; SCA, spinocerebellar ataxia; BMI, body mass index; SARA, Scale for the Assessment and Rating Ataxia; INAS, Inventory
of Non-ataxia Signs.
*Means with the same letter did not differ significantly from each other according to a Tukey’s Honestly Significant Difference multiple
comparison test (P > 0.05).
†The chi-square test was used to analyze qualitative covariates, and an analysis of variance was used for quantitative covariates.
‡P < 0.05 (statistically significant).
§Values indicate the length of the expanded allele (repeat units).
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increasing BMI group (SARA score 3.3 � 0.78 points every

decade).

Discussion
In this first long-term follow-up study of body weight changes

in a large cohort of patients with SCA, a decline in BMI over

time was observed. Furthermore, three trajectories of BMI evo-

lution were identified: decreasing, increasing, and stable. There

was a significant association between weight loss and disease

progression, but no significant correlation of BMI change with

the presence of dysphagia was observed.

At baseline, patients with SCA3 had a lower BMI than the

other patients. These results are consistent with findings from

the Brazilian cohort at the Hospital de Clinicas de Porto Alegre

(HCPA), who demonstrated that that BMI was lower in

patients who had SCA3 compared with controls and inversely

was correlated with expanded CAG repeat lengths.9 In addition,

these results are in line with observations in several transgenic

SCA models, in which mice had progressive body weight loss

over the course of the disease.11–14 We observed that BMI

declined over time. Similar results were reported in longitudinal

clinical studies of Huntington’s disease over 3 years, in which

BMI declined with time, and patients with higher CAG repeat

numbers had faster rates of weight loss.8

To our knowledge, this is the first study to allow the identi-

fication of subgroups with respect to the evolution of body

weight among patients with polyglutamine disorders. Unlike

the LM model, which shows an average decrease BMI over

time, our subgroup analysis showed that only 23% of patients

lost weight during follow-up. Three groups were objectified

with decreasing, increasing, and stable BMI over time. The

most interesting finding was that the decreasing BMI group had

faster disease progression, suggesting that weight loss may serve

as a biomarker to monitor disease progression. In addition,

longer CAG expansions were associated with BMI declines in

patients with SCA1, SCA2, and SCA3. This was not replicated

for those with SCA6, because there was only 1 patient in the

decreasing BMI group. These results reinforced the assumption

of a correlation between genetic findings, disease progression,

and weight loss for patients with SCA1, SCA2, and SCA3, but

not for those with SCA6.

Although ataxia is the major symptom of all SCAs, various

non-ataxia signs may accompany ataxia. We observed a greater

frequency of non-ataxia signs (especially motor symptoms) in

patients who had declining BMI over time. On average, each

patient in the group with decreasing BMI had 5 non-ataxia symp-

toms. From our results, muscle atrophy is very likely to contribute

to total weight loss, because 39% of patients who had decreasing

BMI over time had muscle atrophy. This frequency increases to

75% in patients with stage 3 disease. In line with that finding, a

significant correlation was observed between disease stage and

BMI: 45% of patients who were permanently wheelchair depen-

dent had a declining BMI over time. By contrast, no such associa-

tion was reported in the Brazilian cohort study.9

The rates of progression in our study were slower than the

values reported in a previous analysis of the same cohort.2 This

discrepancy is explained by the different time scales used in the

analyses. Here, we analyzed data on an age scale, as recom-

mended for chronic diseases, in which age is the main disease

evolution factor.20 In addition, unlike the previous report, all

SCA groups were pooled for the analysis, because the sample

size for each SCA group separately did not allow the fit of

LCM models with more than 2 subgroups.

The mechanism underlying weight loss in patients with SCA

is not clear. It has been suggested that the occurrence of dys-

phagia may be an important cause of weight loss.10 However,

the available results are contradictory. The current findings

agree with those from the Brazilian study, in which no relation

of BMI with dysphagia was reported.9 In contrast, a systematic

post-mortem study on thick serial tissue sections from 12 dys-

phasic patients with SCA2, SCA3, SCA6, and SCA7 reported

the presence of widespread neurodegeneration of the brainstem

nuclei involved in the ingestive process that may cause nutri-

tional deficiencies, weight loss, and dehydration.10

In addition, only 12 patients (3%) from the EUROSCA

cohort developed severe dysphagia during follow-up, requiring

the use a tube feeding. In theory, this type of diet should

increase the patient’s weight. However, among those patients,

there were 4 (42%) in the increasing BMI group, 5 (42%) in

the decreasing BMI group, and 7 (58%) in the stable BMI

group. These results suggest that severe dysphagia has no impact

on increases in BMI, and it is also evident that weight loss is a

primary consequence of disease progression.

The increased catabolic state in patients with SCA1 was

reported as a possible mechanism involved in weight loss.15 In

that study, the authors demonstrated that patients with SCA1

had a 22% increase in energy expenditure per kilogram of fat-

free mass and a 28% increase in fat oxidation compared with

controls. This increasing catabolic state might relate to the

Figure 2 Progression of scores on the Scale for the Assess-
ment and Rating Ataxia according to body mass index (BMI)
evolution. Stable BMI (in kg/m2; black curve) = �0.32 + 4.2 *
age; increasing BMI (green curve) = 4.5 + 3.3 * age; and
decreasing BMI (red curve) = 7.5 + 5.7 * age.
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presence of autonomic dysfunction, as has been suggested in

HD.21 Several studies have reported the presence of autonomic

dysfunction in patients with symptomatic SCA1, SCA2, and

SCA3 who may be able to reduce parasympathetic activity.22,23

In addition, the lower motor neuron degeneration, which is

described in SCA1,SCA2, and SCA3, but not in SCA6, may

have an influence on BMI decline.24 In amyotrophic lateral

sclerosis, lower BMI might be caused by hypermetabolism.25 It

is likely that the same mechanisms are present in patients with

SCA1, SCA2, and SCA3. The greater prevalence of hypermo-

toric signs like dystonia or dyskinesia in the group with decreas-

ing BMI point in the same direction, because such signs have

been associated with metabolic changes and weight loss in other

disorders like Parkinson’s disease.26

Alterations in the insulin/insulin-like growth factor-1 system

have been involved as another mechanism for weight loss in

transgenic animal models and in data from patients with

SCA3.27,28 In the Brazilian cohort study, investigators observed

that patients with SCA3 had reduced insulin levels and that the

insulin levels were directly associated with BMI.9,28 Similar

results were reported in HD8 but were not replicated in all

studies in which, despite high caloric intake, the weight loss

took place. This allowed the use of a plasma biomarker to iden-

tify early stages of the disease.29 It also allowed the development

of a spectroscopic cerebral marker of brain energy metabolism,

which could be improved by using triheptanoin to provide sub-

strates to the Krebs cycle.30

Our study has several strengths. First, it had a multicenter,

prospective design with long observational periods. Second, to

account of informative dropout, we applied a sensitivity analysis

using a joint model for longitudinal data and the time to drop-

out.20 The results obtained from this joint model were similar

to estimations using standard methods, suggesting an absence of

bias in parameter estimations (Table S3). Third, we used a com-

promise criterion to select the best model instead of using only

the Bayesian Information Criterion. The average probability of

a model with 3 classes was relatively high, ranging from 0.74 to

0.83, suggesting an unambiguous classification. However, the

data have limitations: Information about caloric intake, lipid

profile, daily exercise, physiotherapy, food habits, gait training,

occupational therapy, and olfactory impairment, all of which

may influence BMI, was not assessed in the EUROSCA study.

In addition, other anthropometric measurements, such as skin-

fold thickness or waist circumference, which could possibly

serve as biomarkers to monitor disease progression, were miss-

ing; and the small sample size per genotype negated the possi-

bility of performing a trajectory analysis for each SCA type.

The current data allowed us to identify 3 different groups of

BMI evolution and provided evidence of an association

between weight loss and disease progression. These findings

suggest monitoring of body weight as a potentially useful bio-

marker of disease progression, because patients who had the

greatest number of CAG repeats were more likely to lose

weight. In addition, the results provide more information to

help with patient selection and stratification for the design of

interventional clinical trials.
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