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Abstract—Background: Long-term antiepileptic drug (AED) use causes multiple abnormalities in calcium and bone
metabolism that have been most extensively described in institutionalized patients. The objective is to determine the
effect of AED on vitamin D levels and bone density in ambulatory patients and to compare the effects of enzyme-inducing
and -noninducing AED and of single vs multiple therapy on bone density. Methods: A cross-sectional evaluation was
conducted of 71 patients (42 adults and 29 children/adolescents) on anticonvulsant therapy for at least 6 months who
presented to neurologists at a tertiary referral center. Bone mineral density (BMD) as well as serum 25 hydroxy–vitamin
D (25-OHD) levels were measured. A detailed questionnaire assessing calcium intake as well as previous and current
intake of antiepileptic medications was administered to all patients. Results: Over 50% of adults and children/adolescents
had low 25-OHD levels, but this finding did not correlate with BMD. Antiepileptic therapy decreased BMD in adults.
Generalized seizures, duration of epilepsy, and polypharmacy were significant determinants of BMD, more so at skeletal
sites enriched in cortical bone. Subjects on enzyme-inducing drugs such as phenytoin, phenobarbital, carbamazepine, and
primidone tended to have lower BMD than those on noninducers such as valproic acid, lamotrigine, clonazepam, gaba-
pentin, topamirate, and ethosuximide. Conclusion: Epilepsy and its therapy, including the newer drugs, are risk factors
for low bone density, irrespective of vitamin D levels. Skeletal monitoring with the institution of appropriate therapy is
indicated in patients on chronic antiepileptic therapy.

NEUROLOGY 2002;58:1348–1353

Chronic therapy with antiepileptic drugs (AED)
causes abnormalities in calcium metabolism, includ-
ing hypocalcemia, hypophosphatemia, elevated lev-
els of serum alkaline phosphatase and serum
parathyroid hormone, reduced serum levels of biolog-
ically active vitamin D metabolites, radiologic evi-
dence of rickets, and histologic evidence of
osteomalacia.1-4 The mechanism of these abnormali-
ties is unclear. It has been suggested that the drugs
such as phenytoin accelerate vitamin D metabolism
or directly inhibit intestinal calcium absorption.5-7

Early reports suggested that 20 to 65% of epileptic
patients receiving anticonvulsants developed signs of
rickets or osteomalacia, especially if institutional-
ized.1,4,8,9 In the outpatient population, although alter-
ations in biochemical indices of mineral metabolism
have been reported, the impact of AED on bone min-
eral density (BMD) remains uncertain, with conflicting
results.10-16 Furthermore, several studies have failed
to demonstrate the expected sparing of bone by
newer so-called enzyme-sparing drugs such as val-
proate.10,12,14,15 Finally, no single study has systemat-

ically assessed the impact of age, multiplicity, and
type of AED on vitamin D levels and BMD in ambu-
latory patients.

We studied the prevalence of vitamin D deficiency
and insufficiency in ambulatory patients on AED,
BMD in patients on AED and the impact of chronic-
ity of intake of AED on bone density; the relation
between vitamin D levels and BMD; the effects of
AED type (those that induce hepatic microsomal en-
zymes or enzyme inducers compared with noninduc-
ers); and the mode of therapy (single vs multiple) on
bone density and vitamin D level.

Methods. Study design. This cross-sectional study
evaluated the effect of long-term AED therapy on bone
density in a group of ambulatory epileptic patients who
presented to our center between November 1998 and Jan-
uary 2000. All patients attending neurology clinics were
offered study participation. BMD was measured in all sub-
jects. 25 Hydroxy–vitamin D (25-OHD) level, a primary
end point of the study, was measured in 62 of 71 patients.
A questionnaire assessing calcium intake and previous and
current intake of antiepileptic and other medications was
administered to all subjects. The study was approved by
the Institutional Research Committee and Ethical Com-
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mittee, and informed consent was obtained from all
patients.

Subjects. Seventy-one ambulatory epileptic patients
aged 5 to 64 years (mean � SD: 24 � 14 years) on chronic
AED therapy for at least 6 months were included in the
study. Of these, 42 patients were adults (i.e., older than 18
years of age; 22 women and 20 men) with a mean age 33 �
12 years, and 29 were children/adolescents (12 girls and 17
boys) with a mean age of 11 � 4 years. Patients with
conditions known to affect bone metabolism such as he-
patic or renal disorders, hypothyroidism, or malabsorption
or those with a history of intake of pharmacologic amounts
of medications that can affect bone turnover (e.g., vitamin
A, anabolic steroids, bisphosphonates, glucocorticoids,
thiazides, calcitonin) were excluded from the study.

Vitamin D levels. Definition of vitamin D deficiency
and insufficiency. Serum 25-OHD level, an index of body
stores of vitamin D, was measured by a competitive
protein-binding assay using the Diasoren Incstar kit (Dia-
sorin, Saluggia, Italy). For 25-OHD, the manufacturer’s
normal range is 9 to 47 ng/mL, the lower limit is 5 ng/mL,
the intra-assay coefficient of variance percentage (CV%) is
�11%, and the interassay CV% is �13% at a serum con-
centration of 47 ng/mL.

Based on the suggested cutoff values for adults, vitamin
D deficiency was defined as 25-OHD less than 10 ng/mL
and insufficiency as 25-OHD between 10 and 20 ng/mL.17

BMD. BMD of the lumbar spine, total hip, femoral
neck, and trochanter as well as total body bone mineral
content (BMC) and BMD were measured in adult patients.
Lumbar spine and total body BMD and BMC were as-
sessed in children/adolescent patients, because the soft-
ware necessary for measurement of other skeletal sites
was not available for this age group. BMD was measured
using a Lunar DPX-L densitometer (Lunar, Madison, WI).
In our laboratory, the in vivo precision at our center,
expressed as the CV%, is 1.2 � 0.8% at the lumbar spine,
1.0 � 0.8% at the hip, 1.8 � 1.2% at the femoral neck, and
1.7 � 1.3% at the trochanter as calculated from duplicate
BMD measurements performed on the same day in 27 to
35 subjects. These numbers are comparable to those we
have previously reported.18 Using the American database
provided by the densitometer, T scores (number of SD be-
low peak bone mass) were calculated in adults only, and Z
scores (number of SD below age- and sex-matched controls)
were calculated in adults and children. In adults, osteope-
nia and osteoporosis were determined according to the
World Health Organization (WHO) operational BMD defi-
nition for these terms.19 Osteoporosis was defined as a
BMD T score at any site less than �2.5, and osteopenia
was defined as a BMD T score between �1 and �2.5.
Because children have not reached peak bone mass yet,
the WHO operational definition of osteoporosis does not
apply to the pediatric age group.

Classification of AED according to their enzyme-
inducing effect. Patients on multiple therapy were classi-
fied in the enzyme-inducing drug group if at least one of
the medications they were taking at the time of the study
was an enzyme inducer.

The enzyme-inducing antiepileptics in our study were
phenytoin (Dilantin, Epanutin), phenobarbital (Gardenal,
Luminal sodium), carbamazepine (Tegretol), and primi-
done (Mysoline). The noninducers were valproic acid

(Depakene, Depakote), lamotrigine (Lamictal), clonazepam
(Rivotril, Klonopin), gabapentin (Neurontin), topamirate
(Topamax), and ethosuximide (Zarontin).

Statistical analyses. Results are expressed as mean �
SD unless specified otherwise. All analyses were done sep-
arately for adult (�18 years old) and children/adolescent
patients (�18 years old) using SPSS version 10 software
(SPSS, Chicago, IL). Comparisons of continuous variables
between various subgroups of subjects were performed us-
ing a two-tailed t-test. The associations between the out-
come variables and the covariates were examined using
bivariate analyses (Pearson’s correlation, �2 test, and Stu-
dent’s t-test). The outcome variables analyzed in adults
were lumbar spine, total hip, femoral neck, trochanter, and
total body BMD, BMC, and vitamin D. In children/adoles-
cents, the outcome variables were limited to lumbar spine
and total body BMD, BMC, and vitamin D. Significance
was set at p � 0.05.

Results. Clinical characteristics of the study groups.
Baseline demographic and clinical characteristics of study
subjects are shown in table 1. Forty-two percent of adults
and 66% of children/adolescents had generalized seizures.
Twelve patients in the study group overall (n � 7 adults
and n � 5 children/adolescents) had intractable epilepsy,

Table 1 Baseline characteristics of study subjects

Variables
All subjects

(n � 71)
Adults

(n � 42)
Children
(n � 29)

Sex, F/M 34/37 22/20 12/17

Age, y 24.1 � 14.4 33.0 � 12.2 11.3 � 3.8

Body mass index, kg/m2 23 � 5 26 � 4 19 � 5

Total calcium intake, mg/d,
(N � 65)

620 � 496 541 � 468 732 � 521

Duration of therapy, y 7 � 8 9 � 10 5 � 4

25Hydroxy–vitamin D, ng/
mL (n � 62)

17 � 13 15 � 11 20 � 14

Type of seizures, n (%)

Generalized 17 (42) 19 (66)

Focal 24 (58) 10 (34)

Type of therapy, n (%)

Enzyme inducers 32 (76) 18 (62)

Nonenzyme inducers 10 (24) 11 (38)

Mode of therapy, n (%)

Single 23 (55) 15 (52)

Multiple 19 (45) 14 (48)

Osteoporosis, n (%)*

Spine and/or hip 1 (2) NA

Osteopenia, n (%)*

Spine and/or hip 25 (59) NA

Results are expressed as mean � SD unless otherwise indicated.

* Defined per the World Health Organization operational defini-
tion (i.e.) bone mineral density T score ��2.5 for osteoporosis
and a bone mineral density T score between �1 and �2.5 for
osteopenia.

NA � not applicable.
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defined as lack of seizure control with more than two first-
line AED, with an average of more than one seizure per
month for 18 months.20 All adults had normal activity levels,
and only two children were homebound (data not shown).
The anatomic or other abnormalities leading to the seizure
disorder in adults were as follows: idiopathic (22), congenital/
cryptogenic (6), cerebrovascular disease (5), neoplasm (3),
trauma (3), cerebral palsy (1), infection (1), and undiagnosed
cause (n � 1). The numbers for children/adolescents were as
follows: idiopathic (18), congenital/cryptogenic (7), cerebral
palsy (3), and infection (1).

The mean duration of AED used at the time of study
was 9 � 10 years in adult patients and 5 � 4 years in
children/adolescents: 76% of adults and 62% of children/
adolescents were taking enzyme-inducing antiepileptics,
and 45% of adults and 48% of children/adolescents were on
multiple AED therapy. Mean calcium intake was below
recommended guidelines in both age groups.21 Vitamin D
level was 15 � 11 ng/mL in adult patients compared with
20 � 14 ng/mL in the younger age group. In both age
groups, the mean serum calcium and phosphorus levels
were normal when measured (n � 32, data not shown).

Prevalence of vitamin D insufficiency and deficiency.
The mean 25-OHD level was in the insufficient range in
the overall study group as well as in adults (see table 1).
Over two-thirds of adult patients (77%) had low vitamin D
levels; specifically, 34% had 25-OHD levels less than 10
ng/mL, and 43% had 25-OHD levels between 10 and 20
ng/mL. Over one-half of children/adolescent patients (62%)
had low vitamin D levels; specifically, 35% had 25-OHD
levels less than 10 ng/mL, and 27% had 25-OHD levels
between 10 and 20 ng/mL. In children, there was no corre-
lation between duration of AED therapy and 25-OHD
level. Surprisingly, serum 25-OHD levels were positively
correlated with duration of AED in adults only (r � 0.42,
p � 0.013).

BMD. The mean BMD of the study subjects is shown
in table 2. In adults, BMD at all skeletal sites was lower
compared with both young adults and age-matched con-
trols as provided by the manufacturer’s database (p � 0.05
at all skeletal sites except the total body). A substantial
proportion of adults (59%) had osteopenia at either the
spine or hip (see table 1). Subgroup analysis by sex yielded
essentially similar findings (data not shown). In children,
BMD was lower at the spine but higher at the total body
when compared with that of age-matched controls; how-
ever, these differences were not significant. There was a
significant negative correlation between duration of AED
use and BMD in adults (but not in children) noted at the
total hip (r � �0.38) and femoral trochanter (r � �0.41) as
well when total body BMD was measured (r � �0.45)
(figure). Patients having focal seizures had higher total
body BMD than patients having generalized seizures (p �
0.02); these findings were not explained by shorter dura-
tion of therapy or use of monotherapy in the group with
focal seizures (data not shown). There were, however, no
significant differences in spine and hip BMD between
these two groups. Similarly, no differences in spine, hip, or
total body BMD were observed between patients having
intractable epilepsy and those who did not (data not
shown). In the pediatric age group subgroup comparisons
of BMD between patients with generalized and focal sei-
zures yielded no significant differences. Similarly, no BMD

differences were found between patients having intracta-
ble epilepsy and those who did not or between patients
who were homebound and those who had a normal activity
level (data not shown).

Impact of type/mode of AED on vitamin D levels and
BMD in adults. Enzyme-inducing and -noninducing
therapy. No significant difference in 25-OHD levels was
observed between patients on enzyme-inducing and
-noninducing AED (additional material can be found on
the Neurology Web site; go to www.neurology.org and
scroll down the Table of Contents to find the title link for
this article). Adults taking enzyme-inducing AED were on
therapy for a longer period compared with those taking
noninducing drugs; that difference was not significant (ad-
ditional material can be found on the Neurology Web site; go
to www.neurology.org). Patients taking enzyme-inducing
AED had lower BMD of the spine, total hip, femoral neck,
trochanter, and total body; however, these differences were
not significant (additional material can be found on the
Neurology Web site; go to www.neurology.org).

Single and multiple AED therapy. Patients on single
therapy had lower vitamin D levels than those on multiple
therapy (p � 0.05) (table 3). Adults taking a single AED
were on therapy for a shorter period and had a signifi-
cantly higher mean BMD of the total hip and trochanter
than those taking multiple AED (see table 3).

Table 2 Baseline bone mineral density (BMD) for all study
subjects

Site of bone mass
Adults

(n � 42)
Children
(n � 29)

Lumbar spine BMD, g/cm2 1.14 � 0.16 0.82 � 0.27

Z score �0.43 � 1.15* �0.42 � 1.80

T score �0.50 � 1.20*

Hip BMD, g/cm2 0.95 � 0.13 NA

Z score �0.65 � 0.78*

T score �0.69 � 0.98*

Femoral neck BMD, g/cm2 0.92 � 0.15 NA

Z score �0.57 � 0.96*

T score �0.71 � 1.11*

Trochanter BMD, g/cm2 0.79 � 0.16 NA

Z score �0.72 � 0.94*

T score �0.75 � 1.06*

Total body BMD, g/cm2 1.17 � 0.10 0.97 � 0.14

Z score �0.11 � 0.83 0.47 � 1.22

T score �0.11 � 0.99

Total body BMC, g 2,690 � 487 1,533 � 807

Results are expressed as mean � SD.

* p � 0.05 compared with zero: a Z �0 denotes a mean BMD
that is lower than that of age-matched controls, and a T score
�0 denotes a mean BMD that is less than that of young adults
(age range: 20–29 years) as provided by densitometer’s data-
base.

NA � not available in densitometer’s software; BMC � bone
mineral content.
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Impact of type/mode of AED on vitamin D levels and
BMD in children/adolescents. Enzyme-inducing and
-noninducing therapy. Mean 25-OHD level was lower
among patients on enzyme-inducing AED, but this differ-
ence was not significant (table 4). No significant difference
in BMD of the lumbar spine and total body BMD or BMC
was observed between patients on enzyme-inducing and
-noninducing therapy (see table 4).

Single and multiple AED therapy. Patients taking sin-
gle therapy had higher vitamin D levels, BMC, and BMD
of the lumbar spine and total body than patients taking
multiple AED; however, these differences were not signifi-
cant (additional material can be found on the Neurology

Web site; go to www.neurology.org). Subgroup analysis by
sex revealed that boys taking a single AED had a higher
BMD at the lumbar spine (p � 0.003) and total body (p �
0.03) than patients taking multiple therapy (data not
shown).

Discussion. In our study of ambulatory adults and
children/adolescents on chronic AED therapy, a sig-
nificant proportion (�50%) of patients in both age
groups had low 25-OHD levels. Epilepsy and its ther-
apy are associated with a low BMD in adults of both
sexes, independent of vitamin D levels. Patients with
generalized seizures had a lower total BMD than
those with focal seizures. Duration and multiplicity
of antiepileptic therapy were significant negative de-
terminants of BMD, and patients taking enzyme-
inducing medications tended to have a lower BMD
than those taking noninducing drugs.

Although vitamin D levels were below 20 ng/mL in
more than one-half of our patients, they did not cor-
relate with BMD in our study. It has been reported
that certain drugs such as phenytoin and phenobar-
bital cause induction of hepatic microsomal enzymes,
resulting in increased catabolism of 25-OHD and the
classic bone changes of osteomalacia.5 Abnormalities
in calcium and bone metabolism are not always asso-
ciated with low levels of 25-OHD.6 Indeed, other re-
ported mechanisms of action of classic AED on
calcium metabolism include direct inhibition of intes-
tinal calcium absorption.7 Several studies evaluating
vitamin D levels in ambulatory patients have yielded
conflicting results.2,6,8,22-24 These differences may be
explained by differences in season, diet, sun expo-
sure, and latitude of the area in which the study was
conducted, for example. In our sunny country, we
have recently demonstrated a high prevalence of vi-
tamin D insufficiency in healthy adults and adoles-
cents.25,26 Although a control group would have
helped to sort out whether there is a direct effect of
AED on vitamin D levels, we believe that the lack of
correlation between vitamin D levels and BMD in
our study confirms a non-vitamin D–mediated mech-
anism of action of AED on the skeleton as has been
previously suggested. Indeed, skeletal abnormalities
and histomorphometric or low BMD have been de-
scribed in ambulatory patients on antiepileptic treat-
ment in the absence of low vitamin D levels.6,8,16,24 A
direct effect of phenytoin and carbamazepine on os-
teoblast proliferation has also been suggested.27 The
positive correlation between vitamin D and duration
of therapy with AED in adults as well as the higher
levels in patients taking multiple therapy as opposed
to single therapy and on enzyme inducers compared
with noninducers may reflect concomitant therapy
with vitamin D; however, this was not adequately
assessed.

In our study, bone density in adult patients (but
not in children/adolescents) on chronic AED therapy
was decreased, on average, by one-half to three-
quarters of 1 SD (5 to 7%) compared with age- and
sex-matched controls, a finding that may suggest a

Figure. Correlation between duration of antiepileptic
drug (AED) and bone mineral density (BMD) at the total
body (A), total hip (B), and trochanter (C) in adult
patients.
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greater risk of future osteoporotic fractures in later
life. Although we have used the densitometer manu-
facturer database as a control rather than locally
recruited controls, it is the appropriate comparison,
because the WHO operational definition of osteopo-
rosis was defined using the American databases, and
it is in that population that the relation between
BMD and fracture risk was validated.19 The lack of a
consistent effect of AED in children as compared to
adults in our study may be a result of the smaller
sample size and shorter duration of antiepileptic
therapy. Other studies have shown comparable dec-
rements in BMD in adults taking chronic AED ther-
apy that were more pronounced at cortical sites (i.e.,
the hip) as we have demonstrated.13,15,16,24 In our
analyses, duration of antiepileptic therapy was in-
versely and significantly correlated with BMD, find-
ings that suggest the disease itself or the associated
therapy is instrumental in the deleterious skeletal
profile. Nevertheless, two previous studies in adults
have failed to demonstrate an effect of therapy dura-
tion on BMD in adults taking AED for 6 to 43 years
in one and 7 to 36 years in the other.12,13 These find-
ings are possibly explained by the long mean/median
duration of therapy in those studies, whereby most
of the deleterious skeletal effect may have already
taken place, akin to findings in patients on chronic

glucocorticoid therapy.12,13,27,28 Indeed, a close exami-
nation of the data in the figure suggests a sharper
drop in BMD early on and a taper thereafter, espe-
cially of the total hip.

Whereas there is a paucity of data in the litera-
ture comparing bone density in patients taking sin-
gle and multiple antiepileptic therapy, our findings
suggest that multiple drugs may also be an impor-
tant risk factor for low bone mass in adult patients,
an effect that may have been confounded by therapy
duration. Our results in adults and those of Hollo-
way et al.24 suggest that the detrimental skeletal
effect of the classic AED could be somewhat curtailed
with the enzyme-sparing medications. Such findings
are at odds with those of two previous studies, how-
ever.12,15 Indeed, Sato et al.15 compared metacarpal
BMD in 80 adult patients taking either valproate or
Dilantin for 7 to 10 years and did not show any
difference between the two groups. Similarly, Ste-
phen et al.12 were unable to show any protective ef-
fect of nonenzyme inducers on either spine or hip
BMD in over 70 adults patients who had epilepsy for
7 to 36 years.12 Furthermore, such evaluations in the
pediatric age group have shown similarly conflicting
results.10,11,14 An important limitation of all studies is
their cross-sectional nature, and a further limitation
of pediatric studies is their relatively short duration

Table 3 Serum 25 hydroxy-vitamin D (25-OHD) levels and bone mineral density (BMD) in adult patients taking single or multiple
therapy

Variable All adults
Single therapy

(n � 23)
Multiple therapy

(n � 19) p Value

Duration of therapy, y 9 � 10 6 � 6 13 � 12 0.01

25-OHD, ng/mL 15 � 11 11 � 7 20 � 13 0.02

Lumbar spine BMD, g/cm2 1.14 � 0.19 1.15 � 0.13 NS

Hip BMD, g/cm2 1.00 � 0.13 0.90 � 0.12 0.03

Femoral neck BMD, g/cm2 0.95 � 0.17 0.89 � 0.12 NS

Trochanter BMD, g/cm2 0.85 � 0.16 0.71 � 0.11 0.01

Total body BMD, g/cm2 1.19 � 0.09 1.14 � 0.10 NS

Total body BMC, g 2,815 � 474 2,539 � 471 NS

Values are expressed as mean � SD.

BMC � bone mineral content; NS � not significant.

Table 4 Serum 25 hydroxy-vitamin D (25-OHD) levels and bone mineral density (BMD) in children/adolescents taking enzyme-inducing
or -noninducing antiepileptic therapy

Variable All children
Nonenzyme

inducing (n � 18)
Enzyme inducing

(n � 11) p Value

Duration of therapy, y 5 � 4 3 � 3 6 � 4 0.05

25-OHD, ng/mL 20 � 14 22 � 18 18 � 11 NS

Lumbar spine BMD, g/cm2 0.79 � 0.31 0.84 � 0.24 NS

Total body BMD, g/cm2 0.93 � 0.15 0.99 � 0.14 NS

Total body BMC, g 1,302 � 724 1,692 � 845 NS

Values are expressed as mean � SD.

BMC � bone mineral content; NS � not significant.
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of therapy, with a maximum of 4 years.10,11,14 Indeed,
the only published longitudinal study evaluating the
impact of AED on BMD revealed a further decrease
in both spine and hip BMD by 5 to 7% in a small
number of adult patients followed over 7 years.13

The accumulating evidence regarding the impact
of AED on skeletal health calls for a systematic eval-
uation of some of the questions posed today. The
respective impact of epilepsy per se (type and dura-
tion) and the use of AED (class and single vs multi-
ple) on skeletal health is only possible through the
implementation of large multicenter studies. Fur-
thermore, there is a pressing need to elucidate the
impact of AED on skeletal health in children/adoles-
cents at a critical time for bone mass accrual. It is
only through such evidence-based medicine that
guidelines regarding the monitoring of skeletal
health of patients on antiepileptic therapy would be
possible.29-32

References
1. Tolman KG, Jubiz W, Sannella JJ, et al. Osteomalacia associ-

ated with anticonvulsant drug therapy in mentally retarded
children. Pediatrics 1975;56:45–51.

2. Hahn TJ, Hendin BA, Scharp CR, Boisseau VC, Haddad JG.
Serum 25-hydroxycalciferol levels and bone mass in children
on chronic anticonvulsant therapy. N Engl J Med 1975;292:
550–553.

3. Richens A, Rowe DJF. Disturbance of calcium metabolism by
anticonvulsant drugs. BMJ 1970;4:73–76.

4. Christiansen C, Rodbro P, Lund M. Incidence of anticonvul-
sant osteomalacia and effect of vitamin D: controlled thera-
peutic trial. BMJ 1973;4:695–701.

5. Hahn TJ, Bridge SJ, Scarp CR, Avioli LV. Phenobarbital-
induced alterations in vitamin D metabolism. J Clin Invest
1972;51:741–748.

6. Weinstein RS, Bryce FG, Sappington LJ, King DW, Gallagher
BB. Decreased serum ionized calcium and normal vitamin D
metabolite levels with anticonvulsant drug treatment. J Clin
Endocrinol Metab 1984;58:1003–1009.

7. Corradino R. Diphenylhydantoin: direct inhibition of the vita-
min D3-mediated calcium absorptive mechanism in organ-
cultured duodenum. Biochem Pharmacol 1976;25:863–864.

8. Mosekilde L, Christensen SC, Lund B, Sorensen OH, Melsen F.
The interrelationships between serum 25-hydroxycholcalciferol,
serum parathyroid hormone and bone changes in anticonvulsant
osteomalacia. Acta Endocrinol 1977;84:559–565.

9. Sotaniemi EA, Hakkarainen HK, Puranen JA, Lahti RO. Ra-
diologic bone changes and hypocalcemia with anticonvulsant
therapy in epilepsy. Ann Intern Med 1972;77:389–394.

10. Sheth RD, Wesolowski CA, Jacob JC, et al. Effect of carba-
mazepine and valproate on bone mineral density. J Pediatr
1995;127:256–262.

11. Akin R, Okutan V, Sarici U, Altunbas A, Gokcay E. Evalua-
tion of bone mineral density in children receiving antiepileptic
drugs. Pediatr Neurol 1998;19:129–131.

12. Stephen LJ, McLellan AR, Harrison JH, et al. Bone density
and antiepileptic drugs: a case-controlled study. Seizure 1999;
8:339–342.

13. Kubota F, Kifune A, Shibata N, et al. Bone mineral density of
epileptic patients on long-term antiepileptic drug therapy: a
quantitative digital radiographic study. Epilepsy Res 1999;33:
93–97.

14. Kafali G, Erselcan T, Tanzer F. Effect of antiepileptic drugs
on bone mineral density in children between ages 6 and 12.
Clin Pediatr 1999;38:93–98.

15. Sato Y, Kondo I, Ishida S, et al. Decreased bone mass and
increased bone turnover with valproate therapy in adults with
epilepsy. Neurology 2001;57:445–449.

16. Valimaki MT, Tiihonen M, Laitinen K, et al. Bone mineral
density measured by dual energy X-ray absorptiometry and
novel markers of bone formation and resorption in patients on
antiepileptic drugs. J Bone Miner Res 1994;9:631–637.

17. McKenna MJ, Freaney R. Secondary hyperparathyroidism in
the elderly: means to defining hypovitaminosis D. Osteoporos
Int 1998;8(suppl):S3–S6.

18. El-Hajj Fuleihan G, Testa M, Angell J, Porrino N, LeBoff MS.
Reproducibility of DXA densitometry: a model for bone loss
estimates. J Bone Miner Res 1995;10:1004–1014.

19. Kanis JA, Melton LJ, Christiansen C, Johnston CC, Khaltaev
N. The diagnosis of osteoporosis. J Bone Miner Res 1994;9:
1137–1141.

20. Berg AT, Shinnar S, Levy SR, Testa FM, Smith-Rapaport S,
Beckerman B. Early development of intractable epilepsy in
children: a prospective study. Neurology 2001;56:1445–1452.

21. NIH consensus conference. Optimal calcium intake. NIH con-
sensus development panel on optimal calcium intake. JAMA
1994;272:1942–1948.

22. Ala-Houhala M, Korpela R, Koivikko M, Koskinen T, Koski-
nen M, Koivula T. Long-term anticonvulsant therapy and vi-
tamin D metabolism in ambulatory pubertal children.
Neuropediatrics 1986;17:212–216.

23. Gough H, Goggin T, Bissessar A, Baker M, Crowley M, Cal-
laghan N. A comparative study of the relative influence of
different anticonvulsant drugs, UV exposure and diet on vita-
min D and calcium metabolism in out-patients with epilepsy.
QJM 1986;59:569–577.

24. Holloway L, Paulson A, Seale C, Morell MJ, Marcus R. Skele-
tal status of women with epilepsy. J Bone Miner Res 2000;
15(suppl 1):SA302. Abstract.

25. El-Hajj Fuleihan G, Nabulsi M, Choucair M, et al. Hypovita-
minosis D in healthy school children. Pediatrics 2001;107:1–7.

26. El-Hajj Fuleihan G, Deeb M. Hypovitaminosis D in a sunny
country. N Engl J Med 1999;340:1840–1841. Letter.

27. Feldkamp J, Becker A, Witte OW, Scharff D, Scherbaum WA.
Long-term anticonvulsant therapy leads to low bone mineral
density: evidence for direct drug effects of phenytoin and car-
bamazepine on human osteoblast-like cells. Exp Clin Endocri-
nol Diabetes 2000;108:37–43.

28. Lukert BP, Raisz LG. Glucocorticoid-induced osteoporosis:
pathogenesis and management. Ann Intern Med 1990;112:
352–364.

29. Cohen A, Lancman M, Mogul H, Marks S, Smith K. Strategies
to protect bone mass in the older patients with epilepsy. Geri-
atrics 1997;52:70–81.

30. Nashef L, Lamb E. Guidelines are needed for treating dis-
eases of bone metabolism in epilepsy. BMJ 1999;318:1285.
Letter.

31. Valmadrid C, Voorhees C, Litt B, Schneyer CR. Practice pat-
terns of neurologists regarding bone and mineral effects of
antiepileptic drug therapy. Arch Neurol 2001;58:1369–1374.

32. Heller HJ, Sakhaee K. Anticonvulsant-induced bone disease.
A plea for monitoring and treatment. Arch Neurol 2001;58:
1352–1353.

May (1 of 2) 2002 NEUROLOGY 58 1353


