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Abstract

Summary This study evaluated bone health in adults with
galactosemia. Associations between bone mineral density
(BMD) and nutritional and biochemical variables were ex-
plored. Calcium level predicted hip and spine BMD, and
gonadotropin levels were inversely associated with spinal
BMD in women. These results afford insights into management
strategies for these patients.

Introduction Bone loss is a complication of galactosemia.
Dietary restriction, primary ovarian insufficiency in women,
and disease-related alterations of bone metabolism may
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contribute. This study examined relationships between clin-
ical factors and BMD in patients with galactosemia.
Methods This cross-sectional sample included 33 adults
(16 women) with classic galactosemia, mean age 32.0+
11.8 years. BMD was measured by dual-energy X-ray absorp-
tiometry, and was correlated with age, height, weight, fractures,
nutritional factors, hormonal status, and bone biomarkers.
Results There was a significant difference in hip BMD be-
tween women and men (0.799 vs. 0.896 g/cm?, p=0.014). The
percentage of subjects with BMD-Z <—2.0 was also greater for
women than men [33 vs. 18 % (spine), 27 vs. 6 % (hip)], and
more women reported sustaining fractures. Bivariate analyses
yielded correlations between BMI and BMD-Z [at the hip in
women (r=0.58, p<0.05) and spine in men (r=0.53,
p<0.05)]. In women, weight was also correlated with BMD-
Z (r=0.57, p<0.05 at hip), and C-telopeptides (=—0.59 at
spine and —0.63 hip, p<0.05) and osteocalcin (r=—0.71 at
spine and —0.72 hip, p<0.05) were inversely correlated with
BMD-Z. In final regression models, higher gonadotropin
levels were associated with lower spinal BMD in women
(»p=0.017); serum calcium was a significant predictor of hip
(»=0.014) and spine (p=0.013) BMD in both sexes.
Conclusions Bone density in adults with galactosemia is
low, indicating the potential for increased fracture risk, the
etiology of which appears to be multifactorial.

Keyword Bone density - Calcium - Galactosemia -
Premature ovarian insufficiency - Vitamin D

Introduction

Classic galactosemia is an autosomal recessive disorder

resulting in a deficiency of the galactose-1-phosphate uri-
dyltransferase (GALT) enzyme, which converts galactose-1-
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phosphate to uridine diphosphate-galactose [1, 2]. GALT
deficiency leads to an accumulation of galactose-1-
phosphate, resulting in increased production of galactitol
and galactonate, metabolites that may have adverse effects
on the ovaries and bone, among other tissues [1-12].

Classic galactosemia occurs in approximately 1 per 40,000—
50,000 Caucasian newborns [1, 2]. Neonatal complications
associated with untreated disease include: feeding difficulties,
jaundice, vomiting, diarrhea, hepatomegaly, renal tubular dys-
function, muscle hypotonia, cataracts, and sepsis, accompanied
by a high mortality rate [1, 2]. Treatment with a lactose-
restricted diet, which is the only current therapy for these
patients, can reverse these acute neonatal manifestations [2].
However, long-term complications include intellectual disabil-
ity, verbal dyspraxia, motor abnormalities, primary ovarian
insufficiency (previously known as premature ovarian failure)
in adolescent girls and women, as well as bone mineralization
and body composition abnormalities. These disease sequelae
can be seen, although not all complications are seen in all
patients, despite adherence to a lactose-restricted diet [8, 9].

The pathophysiologic mechanisms underlying skeletal los-
ses in patients with classic galactosemia are not well under-
stood. However, several have been proposed, including
nutritional deficiencies, alterations in the endocrine axis, and
intrinsic factors related to bone metabolism, all which may
contribute to bone loss in this patient group. The necessary
lifelong lactose-restricted diet to which these patients must
adhere is a primary risk factor for bone loss and/or inadequate
accrual. Galactose is a monosaccharide found in lactose.
Therefore the lactose-restricted diet is devoid of vitamin
D-fortified milk and dairy products. These restrictions may
then lead to low calcium and vitamin D intake unless an
individual is properly supplemented [4, 6]. Several studies
have cited primary ovarian insufficiency in women with ga-
lactosemia as a contributing factor to low bone mineral density
(BMD) [10-12]. Patients with this disease may also exhibit
abnormal collagen formation as a result of deficient galactose
residues needed for normal bone formation and mineralization
processes [12]. This theory is further supported by a study
showing that in a group of patients with galactosemia, which
included females receiving estrogen replacement therapy, cal-
cium supplementation was able to improve, but not normalize,
bone density [12]. These data suggest that other intrinsic
abnormalities in bone and mineral metabolism may be
involved.

While previous bone-related studies have evaluated chil-
dren with galactosemia, there is little information regarding
the long-term consequences of this disease during adult-
hood. The present study evaluated adult patients with galac-
tosemia who were diagnosed during infancy. We aimed to
evaluate skeletal outcomes in a group of adults with this
disease, to add to the sparse data that currently exist. The
second aim of the study was to examine clinical variables
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within this patient group that correlated with bone density
and predicted skeletal outcomes.

Methods
Subjects

Thirty-three adult patients (16 women) with classic galacto-
semia (age 32.0+11.8 years) were enrolled into a cross-
sectional study. The subjects were recruited via newsletter
announcements sent to patients and their families through
the Galactosemia Foundation. Participants traveled to Boston
from throughout the USA and Europe to participate in multi-
ple assessments over a single weekend in the Children’s
Hospital Boston Clinical and Translational Study Unit. All
were diagnosed during early infancy and placed on a lactose-
restricted diet. Only a minority of individuals were detected by
newborn screening. The diagnosis in all participants was
confirmed by a severely deficient or absent erythrocyte GALT
enzyme activity, and a GALT gene mutation analysis. The
protocol was approved by the Committee on Clinical Investi-
gation at Children’s Hospital Boston, and each participant
gave informed consent at the time of study enrollment.

BMD measures

Participants underwent measurements of BMD by dual-
energy X-ray absorptiometry (DXA) at the hip and lumbar
(L1-L4) spine using a Hologic Discovery A scanner
(Hologic Inc., Bedford, MA). The results were expressed
as areal BMD in grams per square centimeter. These data
were used to generate BMD Z-scores (BMD-Z) as recom-
mended for this age group by the International Society for
Clinical Densitometry [13, 14], which were calculated
using age-, gender-, and ethnicity-specific software [15,
16]. BMD data were correlated with clinical and environ-
mental variables including age, height, weight, nutritional
and hormonal status, and bone biomarkers. Additionally,
information regarding fractures was obtained from follow-
up phone conversations with participants (made by LAB
and CMG).

Biochemical measures

Serum LH, FSH, and E2 were measured using direct immu-
noassays (Architect i2000; Abbott Laboratories, Abbott
Park, IL) [17]. LH and FSH are expressed in international
units per liter, as equivalents of the International Pituitary
Standard for LH 80/552 and FSH 92/510. Laboratory meas-
ures included serum 25-hydroxyvitamin D (immunochemi-
luminometric assay, DiaSorin LIAISON®), and plasma
calcium and phosphorus concentrations.
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Nutritional measures

Study participants were weighed and measured, and body
mass index (BMI) was calculated. All participants were inter-
viewed by a nutritionist regarding diet history, foods avoided,
and the type and frequency of vitamin and mineral supple-
mentation. Three-day food records were sent to participants
and completed prior to the study visit; subjects who did not
complete records reported a 24-h recall/typical daily intake.
Dietary intake data were analyzed using the Nutrition Data
System for Research (NDSR, University of Minnesota).
Nutrient intake from food records was obtained for 11 partic-
ipants and 1-day intake based on 24-h recall for 22 partici-
pants. Intakes are reported with and without vitamin D and
calcium supplementation. Fourteen participants reported sup-
plement intake, but could not specify the amount or frequency,
or did not answer the question; these were counted as zero in
calculating total intake. Multivitamin intake was not included,;
therefore, dietary intakes are underestimated by an unknown
amount in about 25 % of cases.

Bone biomarkers

Biomarkers of bone formation, serum levels of osteocalcin and
bone-specific alkaline phosphatase (BSAP), were measured in
study participants. Osteocalcin was measured by double-
antibody RIA (%CV 11-13 %), and immunoradiometric assay
(IRMA) was used to measure BSAP (%CV 5.2-5.6 %; Eso-
terix Inc. Laboratory Services, Calabasas Hills, CA). Serum
C-telopeptide (CTx) levels (surrogate markers of bone resorp-
tion) were measured using an IRMA (%CV 5.2-6.8 %; Immu-
nodiagnostic Systems, Fountain Hills, AZ).

Fractures

Study participants were mailed a letter requesting permis-
sion to be contacted with additional questions related to their
bone health. If a subject did not return an opt-out card within
2 weeks, they were asked the following: Have you broken
any bones in your life? If so, how many? What were you
doing when you broke the bone?

Statistical analysis

Continuous measures were compared between sexes by
Student’s independent ¢ test, corroborated or replaced by
Wilcoxon’s two-sample test in cases of skewed distribution.
Dichotomies were compared by Fisher’s exact test. Mean
BMD-Z at each skeletal site was compared with the normal
reference of Z=0 by Student’s one-sample ¢ test. Pearson’s
correlation coefficient was used to assess the bivariate asso-
ciations between bone mineral density and each of the
anthropometric measures, nutrient intakes, and serum levels

of vitamin D, minerals, hormones, and bone markers. Mul-
tiple regression models were constructed to determine the
joint influence of those variables on BMD, accounting for
confounding variables. Interaction terms were added to the
model to account for sex differences in the effects of cova-
riates. Statistical significance was taken as p<0.05. SAS
version 9.2 (Cary, NC, 2008) was used for all computations.

Results
Anthropometric and clinical measures

Characteristics of the sample are detailed in Table 1. The
mean age was just over 30 years in both sexes. Men were
significantly taller on average, by 8.7 cm, but the sexes did
not differ as to weight or BMI. The percentages of subjects
in each of the BMI categories were: underweight 6 %,
normal weight 58 %, overweight 24 %, and obese 12 %.
The women reported higher vitamin D and calcium supple-
ment intake. Serum hormones and bone biomarkers did not
differ by sex (Table 2). Vitamin D deficiency, defined as
total 25-hydroxyvitamin D (25(OH)D) in serum less than
20 ng/mL, was not different between women and men: 2 out
of 16 (13 %) vs. 5 out of 17 (29 %), respectively; p=not
significant (NS). Similarly, there was no difference in the
prevalence of vitamin D insufficiency (serum 25(OH)D
21-30 mg/mL) in women vs. men [9 out of 16 (56 %) vs.
6 out of 17 (35 %), respectively; p=NS]. As expected, FSH
and LH levels were elevated in women.

Bone measures

The distribution of BMD-Z is shown in Fig. 1. In both sexes at
each skeletal site, the majority of the measurements fell below
Z=0, with the mean Z-score significantly below 0. As detailed
in Table 1, the absolute BMD was lower on average in women
than in men, both at the spine (0.903 vs. 0.991 g/cm?, p=0.06)
and at the hip (0.799 vs. 0.896 g/cm?, p=0.014).

The percentage of subjects with BMD-Z under —2.0 was
greater for women than men (33 vs. 18 % at the spine, 27 vs.
6 % at the hip), and a greater percentage of women reported a
history of fractures (Table 1). Interview data revealed that
63 % of the women and 31 % of men had sustained at least
one lifetime fracture. For these dichotomous outcomes, the
sample size was too small to determine statistical significance.

Correlates of bone mineral density
Bivariate associations between BMD-Z at the spine and hip and
each of the anthropometric measures, nutrient intakes, vitamin

and mineral levels, hormones, and bone markers are detailed by
sex in Table 3. Body weight and BMI showed moderate
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Table 1 Anthropometric, bone density, and dietary measures in 33 adults with classic galactosemia

Women (16)* Men (17)* p°
Mean+SD Min, max Mean+SD Min, max
Age (years) 31.5+11.5 18, 55 32.6+12.5 20, 59 0.80
Height (cm) 167.4+7.8 150.1, 179.8 176.1+6.9 166.9, 190.5 0.002
Weight (kg) 69.1+18.3 48.5,101.7 73.2+15.5 55.9,121.2 0.49
Body mass index (kg/m?) 249+7.4 16.3, 43.0 23.5+3.7 19.1, 344 0.49
Lumbar spine
BMD (g/em?) 0.903+0.119 0.706, 1.083 0.991+0.138 0.814, 1.306 0.06
Z-score —1.19+1.14 —3.00, 0.90 —0.80+1.28 —2.20, 2.20 0.38
Total hip
BMD (g/cm?) 0.799+0.105 0.588, 1.038 0.896+0.109 0.698, 1.083 0.014
Z-score —1.25+0.79 —2.90, —0.30 —0.81+0.70 —2.20, 0.60 0.10
Calcium intake (mg/day)
Supplemental 749+479 0, 1,200 2404373 0, 1,200 0.015¢
Total 1,195+669 206, 2,316 895+381 378, 1,610 0.12
Vitamin D intake (pg/day)
Supplemental 6.44+9.5 0, 25 0+0 0,0 0.03¢
Total 7.6+8.2 0.2,25.7 43+4.0 0.4, 13.1 0.15
N (%) 95 % CI (%) N (%) 95 % CI (%)
Lumbar spine
BMD-Z <2 5(33) 12, 62 3 (18) 4,43 0.42
Total hip
BMD-Z <2 4227 8,55 1 (6) 0.1, 29 0.16
Fractures
0 6 (38) 15, 65 11 (69) 41, 89 0.16
1-2 10 (63) 35,85 5@31) 11, 59

#Sample size for BMD, 15 women, 17 men; for fractures, 16 women, 16 men; for calcium supplement intake, 12 women, 12 men; for vitamin D

supplement intake, 11 women, 8§ men

® Means compared by Student’s # test corroborated by Wilcoxon rank sum test in cases of skewed distribution. Proportions compared by Fisher’s exact test

¢ Means compared by Student’s ¢ test replaced by Wilcoxon rank sum test in cases of skewed distribution. Proportions compared by Fisher’s exact test

9 Exact confidence limits for binomial proportion, by Clopper—Pearson formula

correlations with BMD-Z at the hip in women, and BMI was
moderately correlated with BMD-Z at the spine in men. Calci-
um intake was correlated with lumbar spine BMD in women
only. None of the other nutrient intakes, serum vitamin D or
calcium levels, or hormonal concentrations showed notable
correlations with BMD-Z at either site in men or women.
Two of the bone markers, CTx and osteocalcin, showed a
moderate and significant inverse correlation with BMD-Z at
both sites in women. Similar correlations (not tabulated) were
seen for absolute BMD, with the additional finding that serum
calcium was moderately correlated with hip BMD in both
women (r=0.54, p=0.03) and men (r=0.49, p=0.04).

Multivariable models

Results of multiple regression modeling are displayed in
Table 4. Each model included adjustment for sex, age, and
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weight; height was omitted from multivariable modeling
because of its colinearity with sex. Serum calcium level
was consistently associated with BMD in the multivariable
models. An increment of 1 mg/dL in serum calcium was
associated with a benefit of 0.16-0.18 g/cm? at the lumbar
spine and 0.14-0.16 g/cm® at the hip. The magnitude of
effect was not attenuated by adjustment for other predictors
and did not differ by sex (p>0.50).

In women only, osteocalcin levels demonstrated an in-
verse association with BMD, independent of the calcium
effect (model I). The gonadotropins (LH in model II, FSH in
model IIT) also showed significant inverse associations with
BMD at the spine and weaker nonsignificant effects on
BMD at the hip. In models including both LH and FSH
(not shown), the strong correlation between the two gona-
dotropins (Pearson #=0.93) resulted in neither showing an
independent influence on BMD. As detailed in Table 4,
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Table 2 Serum hormone and bone marker levels in 33 adults with classic galactosemia
Women (16) Men (17) p* Reference
Mean+SD Median (min, max) Mean+SD Median (min, max)
25(0H)D (ng/mL) 30+12 28 (14, 61) 25+10 24 (13, 45) 0.22 20-30
Calcium (mg/dL) 9.6+0.3 9.6 (9.0, 10.2) 9.6+0.4 9.7 (8.7, 10.4) 0.71 8.4-10.5
Phosphorus (mg/dL) 3.5+£3.4 (2.6, 4.9) 3.5 (2.6, 4.6) 3.5+0.89 0.5 0.6 2.7-4.9
FSH (IU/L) 33+33 26 (0.1, 110) 4+3 4(1, 11) 0.09° =
LH (IU/L) 14+15 10 (0.07, 47) 4+2 42,7 0.22° -
Estradiol (pg/mL) 33+36 14 (10, 129) - - - Postmenopausal <10°
Testosterone (ng/dL) d - 448+134 462 (230, 720) - —c
BSAP (ng/mL) 14.7£5.5 13.5 (7.2, 26.0) 14.3+3.7 13.4 (8.0, 24.5) 0.81 -
C-telopeptides (ng/mL) 0.43+0.23 0.34 (0.18, 0.94) 0.49+0.36 0.43 (0.19, 1.67) 0.56 =
Osteocalcin (ng/mL) 15.1+6.8 16.0 (6.5, 24.6) 15.7+7.1 14.8 (6.9, 32.5) 0.78 =
N (%) 95 % CI (%)° N (%) 95 % CI (%)°
25(OH)D <20 ng/mL 2 (13) 2,38 5(29) 10, 56 0.40

#Means compared by Student’s 7 test, corroborated by Wilcoxon test, except as noted. Proportions compared by Fisher’s exact test

" Highly skewed distribution, compared by Wilcoxon test

¢ FSH—postpubertal male (1.3—12.7 IU/L), postpubertal female (3.0-11.3 1U/L); LH—adult male (1.4-11.1 IU/L), adult female follicular phase
(2.1-12.2 TU/L), adult female luteal phase (0.7-16.8 IU/L); testosterone—adult male (400—1,000 ng/dL), adult female (10-70 ng/dL); estradiol—
adult male (24-84 pg/mL), adult female follicular phase (30-500 pg/mL), adult female luteal phase (100-300 pg/mL); BSAP—age 18-24 (10—
28.8 ng/mL), >24 years old (6.5-20.1); C-telopeptides—female ages 1829 years (64—640 ng/mL), female ages 30-39 years (60650 ng/mL), male

ages 18-29 years (87-1,200 ng/mL), male ages 30-39 years; osteocalcin—11-50 ng/mL

9Not measured

¢ Exact confidence limits for binomial proportion, by Clopper—Pearson formula

adjustment for the gonadotropins attenuated but did not
abolish the osteocalcin effect at both skeletal sites.

The sex differences in BMD and the associations with body
weight, evident in bivariate analyses (Tables 1 and 2), were
attenuated and nonsignificant in the multivariable models.
Dietary intake of calcium and vitamin D did not contribute
significantly when tested in multivariable modeling, nor did
the serum levels of 25(OH)D, phosphorus, bone markers, or
hormones other than the osteocalcin and gonadotropin effects
noted above. Multiple logistic regression modeling, using the

10 3 v | p=0.001
c 7 I
) ]
g 5 - |
= 7 |
0 - |
3 2 - 0+ 42
10 B v | p=0.02
P |
5 -
= 1 |
0 - |
3 -2 -l 0+ 42
Spine BMD-Z

Fig. 1 Histograms illustrating the distribution of BMD in 33 adults
with classical galactosemia. The majority of women (upper panels) as
well as men (lower panels) fell below normal BMD for sex and age,
both at the spine (/eff) and at the hip (right). Dashed line indicates the

dichotomized BMD Z-scores as outcome, was unsuccessful
owing to the small sample size and consequent numerical
instability of the model-fitting procedure.

Discussion

The current study evaluated bone density and skeletal turn-
over in adult patients with galactosemia and adds to the
small fund of knowledge that currently exists regarding

p<0.0001

p=0.0002

Hip BMD-Z

sex- and age-specific population mean, BMD-Z=0. The arrows indi-
cate the sample mean BMD-Z, falling significantly below zero in each
case as indicated by the 95 % confidence interval (crossbar) and the
displayed p value
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Table 3 Correlation of normal-

ized bone density score (BMD-Z) Women (15) Men (17)

with anthropometric measures,

nutrient intake, and serum levels Lumbar spine Total hip Lumbar spine Total hip

of vitamin D, mineral, hormones, Pearson correlation coefficient

and bone metabolism markers in

adults with classic galactosemia Age (years) 0.39 0.44 0.20 -0.09
Height (cm) —0.14 -0.22 0.00 0.01
Weight (kg) 0.30 0.57* 0.39 0.19
Body mass index (kg/m?) 0.30 0.58* 0.53* 0.25
Calcium intake, total (mg/day) —-0.13 —-0.07 -0.19 0.06
Vitamin D intake, total (ug/day) 0.15 0.15 —-0.04 0.15
25(OH)D (ng/mL) 0.08 —0.05 0.12 0.39
Calcium (mg/dL) —0.14 0.15 0.29 0.38
Phosphorus (mg/dL) —0.18 —-0.25 —0.20 —-0.09
FSH (IU/L) -0.19 0.09 0.23 0.07
LH (IU/L) 0.02 0.26 —0.04 0.06
Estradiol (pg/mL) 0.46 0.19 -2 -
Testosterone (ng/dL) - - -0.14 —-0.14
BSAP (ng/mL) —0.40 —-0.35 0.25 0.04

*p<0.05, significantly different ; _ * _ * _

frp > I8 y C-telopeptides (ng/mL) 0.59 0.63 0.18 0.17

om zero Osteocalcin (ng/mL) —0.72% ~0.71% -0.05 0.24

“Not measured

bone deficits in patients with this rare disorder. We sought
both to determine how many patients exhibited skeletal
deficits and to explore mechanisms of bone loss in these
patients. Our data suggest that low bone density is a frequent
finding in adult patients with classic galactosemia, confirm-
ing results from previous studies [5-7, 11, 12] and high-
lighting the point that its etiology is multifactorial. In final
regression models, circulating calcium level was a predictor
of hip and spine BMD in both sexes, and osteocalcin and
gonadotropin levels were inversely correlated with spinal
BMD in the women studied. To our knowledge, this is the
first study to examine simultaneously clinical variables that
contribute to bone loss in adults with this disease.

Fracture data revealed that a relatively large percentage
of the study subjects had sustained at least one lifetime
fracture, including over half of the women and almost one
third of the men. To our knowledge, this is the only study to

date that has sought to compare bone density measurements
with fracture rates in this patient population. Fracture inci-
dence is a difficult measure to quantify. Noteworthy is the
fact that in healthy cohorts, one third to one half of all
children and adolescents will sustain at least one fracture
by the end of their teenage years [18-20]. However, adults
with galactosemia are not typically athletic, and can be
socially withdrawn, and exhibit overt signs of motor impair-
ment [1, 2]. Therefore, the mechanism of fracture in these
patients may be different than that observed in a healthy
control population. Data from this small sample of young
adults suggest that patients with galactosemia, especially
women, may be at increased risk for fracture.

While the relationship between body weight and BMD was
attenuated in the multivariable regression models, weight
showed a significant correlation to BMD in bivariate analyses.
Specifically, body weight and BMI were moderately correlated

Table 4 Multiple regression

modeling of BMD at the spine Model Predictor Association with BMD (g/cm?)*
and hip in 33 adults with classic - ]
galactosemia Lumbar spine p Hip p

1 Calcium (mg/dL) 0.16+0.08 0.043 0.14+0.06 0.018

Osteocalcin, women (ng/mL) —0.010+0.005 0.047 —0.009+0.004 0.025

*Per indicated increment in vari- I Calcium (mg/dL) 0.19£0.07 0.011 0.16+0.06 0.013
able, other variables held con- Osteocalcin, women (ng/mL) -0.008+0.005 0.09 —-0.008+0.004 0.043
stant. Estimatezstandard error LH, women, x10 ~0.070.03 0.023 ~0.020.02 0.29
from multiple linear regression, .
adjusted for sex, age, and weight I Calcium (mg/dL) 0.18+0.07 0.013 0.15+0.06 0.014
as well as listed covariates. p Osteocalcin, women (ng/mL) —0.007+0.005 0.13 —0.008+0.004 0.052
tests for null association (zero FSH, women, 10 ~0.08+0.03 0.017 ~0.03+0.03 0.29

coefficient)
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with BMD-Z at the hip in women, a weight-bearing site, and
BMI was correlated with BMD-Z at the spine in men. The
associations noted in the bivariate analyses deserve mention
given that this disease involves dietary, although not caloric,
restriction. These results highlight the importance of providing
appropriate nutritional counseling to these patients to optimize
not only calcium and vitamin D intake but also to meet their
general caloric requirements. Yet, 90 % of the subjects reported
that they did not currently see a nutritionist. These data suggest
that the frequency of visits with a nutritionist may decrease as
these patients enter adulthood. Lastly, dietary advice is needed
for maintenance of an ideal body weight and potentially as a
strategy to optimize bone accrual during adolescence and
maintain bone mass during the adult years.

Also noteworthy is the fact that the skeletal deficits found in
these patients were not uniform throughout the skeleton. A
higher percentage of patients exhibited BMD Z-scores <—2.0
at the spine than the hip. The spine is composed primarily of
trabecular bone in contrast to the hip, the latter of which is
comprised primarily of cortical bone [21]. Trabecular bone is
more hormonally responsive than cortical bone, and trabecular
losses are seen commonly in other chronic illnesses associated
with malnutrition such as anorexia nervosa [22]. Therefore, it
was expected that skeletal deficits would be greater at the spine
than hip, as was seen in this study. While the current study
subjects were not underweight like patients with anorexia
nervosa, the similar pattern of regional bone loss is interesting
to consider. Also of note was the fact that osteocalcin and CTx
levels, each representing surrogate markers of bone turnover,
were inversely correlated with bone density at both the hip and
spine in the women studied. These data suggest that skeletal
losses in women with this disease reflect a high bone turnover
state and that specific regions of the skeleton are most respon-
sive to hormonal signals. The inverse correlation between
osteocalcin and BMD in the women at both skeletal sites is
especially intriguing and merits further study. Recently, there
has been high interest in the multiple roles of osteocalcin,
including its role in bone mineralization and calcium homeo-
stasis, as well as that of a metabolic regulator [23]. Given the
strength of the association noted in the women only, further
work should address the role of osteocalcin in this meta-
bolic disorder and whether osteocalcin may be facilitating
“cross talk” between skeletal remodeling and energy
metabolism.

To our surprise, there was no significant correlation
found between age and bone density. Previous literature,
however, has shown that even children with galactosemia
may exhibit skeletal deficits [11]. Therefore, we expected to
see an inverse correlation between BMD with age. A longi-
tudinal study in these patients, beginning in childhood, to
follow bone density as well as fracture rate and markers of
skeletal strength would be more informative in understand-
ing patterns of bone accretion. These longitudinal data will

also be needed to confirm both the incidence of low bone
mass during adulthood in this clinical model and the varia-
bles that mediate bone loss. The dimorphic pattern of bone
loss, with a higher prevalence of low BMD and fractures in
the women vs. men, and unique variables emerging that
predict bone loss in each sex, merits careful attention in
future studies. The skewing of the data in the women vs.
men may reflect varying estrogen replacement regimens and
is a hypothesis to investigate in future studies.

Another surprising finding was that there was no corre-
lation noted between bone density and estradiol concentra-
tions in the women with galactosemia. In the general
population, it has been documented that low estradiol con-
centrations are a risk factor for osteoporosis [24]. It was
expected, therefore, that the women in this study with lower
BMD values would have corresponding lower estradiol
levels. Complicating the analysis were the variable types
of hormone replacement used in the study, some of which
would not be measured in an estradiol assay, such as ethinyl
estradiol in birth control pills. Nevertheless, the inverse
correlation noted between gonadotropin levels and spinal
BMD in the women studied may be revealing. Perhaps
lower dose or inadequate hormone replacement therapy for
primary ovarian insufficiency, which would result in higher
gonadotropin levels, may be inadequate. It is possible that
higher dose estrogen replacement, such as in the form of
contraceptives, may be needed to protect bone in these
women. Another possible explanation for this finding is that
women with significant primary ovarian insufficiency and
significant bone loss were more likely to be detected clini-
cally and subsequently placed on estrogen replacement ther-
apy, obscuring the relationship between circulating estradiol
and skeletal endpoints. Because of the small sample size, a
common situation when studying a rare disorder, we were
not able to analyze subgroups of treated vs. untreated
patients. Further study of the initiation and dose of estrogen
replacement is needed as it appears to have implications for
optimizing care in women with this disease.

One patient who was excluded from our final data anal-
ysis merits discussion. She showed partially preserved func-
tion of the GALT enzyme and is therefore different from
other patients in the sample. She had been managed clini-
cally from infancy with a lactose-restricted diet like the
other patients in this study with classic galactosemia, yet
her BMD at both the hip and the spine were in the normal
range. She also had normal ovarian function. This case
example emphasizes the point that the decreased BMD seen
in patients with classic galactosemia is not only the result of
dietary restriction; other intrinsic and extrinsic factors asso-
ciated with this metabolic disorder may contribute to this
phenomenon.

From an intervention standpoint, it is also important to
discuss our findings related to calcium and vitamin D in this
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group. There was a statistically significant difference in calci-
um supplement intake in the male vs. female participants.
Given that males with galactosemia also represent a high-
risk group for low BMD, healthcare providers need to encour-
age maximizing calcium intake among both male and female
patients with this disease as a way to optimize calcium status,
which we ultimately showed using multiple regression to be
correlated with higher BMD measures. With regard to vitamin
D status, 13 % of the females and 29 % of the males in this
study had serum 25-hydroxyvitamin D levels <20 ng/mL,
placing them in the vitamin D-deficient range [25, 26]. The
explanation for this difference in prevalence is unclear, but
may reflect less consistent compliance with supplementation
regimens or monitoring by a dietician, especially among the
male participants. Improved monitoring of vitamin D status
and appropriate supplementation in this patient population
hold promise to improve skeletal outcomes in this patient
population. While dietary intake of calcium and vitamin D
did not affirmatively lead to BMD improvement, circulating
calcium level was a significant predictor of BMD in both the
men and women studied. Thus, efforts to encourage strategies
to improve dietary intake of calcium and vitamin D, and
appropriate supplementation of these nutrients to maintain a
normal calcium concentration may ultimately lead to im-
proved bone health for these patients.

Our study had several limitations that should be acknowl-
edged. First, the sample size was unavoidably small due to the
fact that classic galactosemia is a rare autosomal recessive
disorder; therefore, the current results must be considered
preliminary. Second, as mentioned, this study utilized a
cross-sectional sample of adult patients, and thus, it was not
possible to comment on cause and effect relationships between
the observed correlations between clinical variables and bone
density measures. Some of the data, including the patient
histories related to fracture, diet, and nutritional intake, were
obtained by self-report which has its inherent limitations. In
addition, there were missing data for some of the nutritional
outcomes, and sparse data related to the amount or frequency
of consumption of some nutrients. The exclusion of multivita-
min intake is also problematic as dietary intakes are likely
underestimated in 25 % of the participants. We acknowledge
each of these points as a major limitation that could have
affected the data reported on nutrition. The fact that serum
calcium was positively correlated with BMD, while calcium
intake was not, is an example of discrepancies that were
potentially introduced by some of the missing data. Informa-
tion was also lacking on the type of fracture (i.e., vertebral or
long bone) which would have afforded insight into the corre-
lation between BMD and fracture type in this patient group.
Information on whether fractures were atraumatic or not will
be important to obtain in future studies. Detailed information
on the participants’ estrogen replacement regimens was lack-
ing, including age of onset and duration of therapy. These data
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will be important to collect in future studies, to understand the
role of estrogen deficiency in the skeletal deficits observed in
women with this disease. Finally, the bone density measure-
ments were obtained by DXA, which provides a two-
dimensional measure of a three-dimensional structure, and
may introduce measurement error [9].

Overall, the current data suggest that children with classic
galactosemia represent a risk group for low bone mass in
adulthood and that these deficits occur despite adherence to
a galactose-restricted diet. It is the hope that the factors that we
have identified related to bone health in this adult population
may lead to early intervention with treatment modifications
for patients with galactosemia. Ideally, interventions would
start during childhood to promote optimal bone accrual and
thereby improve lifetime bone health for this high-risk group.
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