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Abstract

Objective: The aim of this study was to investigate whether the modified Atkins
diet (MAD), a variant of the ketogenic diet, has an impact on bone- and calcium
(Ca) metabolism.

Methods: Two groups of adult patients with pharmacoresistant epilepsy were
investigated. One, the diet group (n = 53), was treated with MAD for 12 weeks,
whereas the other, the reference group (n = 28), stayed on their habitual diet in
the same period. All measurements were performed before and after the 12 weeks
in both groups. We assessed bone health by measuring parathyroid hormone
(PTH), Ca, 25-OH vitamin D (25-OH vit D), 1,25-OH vitamin D (1,25-OH vit D),
phosphate, alkaline phosphatase (ALP), and the bone turnover markers procol-
lagen type 1 N-terminal propeptide (P1NP) and C-terminal telopeptide collagen
type 1 (CTX-1). In addition, we examined the changes of sex hormones (estradiol,
testosterone, luteinizing hormone, follicle-stimulating hormone), sex hormone-
binding globulin, and leptin.

Results: After 12 weeks of MAD, we found a significant reduction in PTH, Ca,
CTX-1, PINP, 1,25-OH vit D, and leptin. There was a significant increase in 25-
OH vit D. These changes were most pronounced among patients <37 years old,
and in those patients with the highest body mass index (>25.8 kg/m?2), whereas
sex and type of antiseizure medication had no impact on the results. For the refer-
ence group, the changes were nonsignificant for all the analyses. In addition, the
changes in sex hormones were nonsignificant.

Significance: Twelve weeks of MAD treatment leads to significant changes in
bone and Ca metabolism, with a possible negative effect on bone health as a re-
sult. A reduced level of leptin may be a triggering mechanism. The changes could
be important for patients on MAD, and especially relevant for those patients who
receive treatment with MAD at an early age before peak bone mass is reached.
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1 | INTRODUCTION

Over the past decades, ketogenic diets have been used in
children and adults to treat pharmacoresistant epilepsy as
an alternative or a supplement to antiseizure medications
(ASMs)."* This high-fat, low-carbohydrate diet induces a
switch of brain metabolism from glucose to ketones as the
main energy source, thereby mimicking the biochemical
changes observed during fasting.> Much concern has been
expressed regarding possible long-term adverse effects of
the diet, and a possible negative effect on bone health has
been discussed.” Bone tissue is a highly specialized tissue
that acts as a storage for minerals among other functions
like being an active metabolic and endocrine organ.

Patients with epilepsy have a high risk of fractures.
The fracture risk is 2-6 times higher in people with epi-
lepsy compared with the general population, and may be
caused by seizures themselves, seizure-related falls, and
adverse effects of ASMs, including decreased bone min-
eral density.®”

Reduced bone mineral density may be an adverse ef-
fect of ASMs.® Especially the enzyme-inducing ASMs
(EIASMs), which have impact on the hepatic cytochrome
P450 enzyme system, have been associated with a reduc-
tion in bone mineral density.'**2

According to some previous studies, usage of ketogenic
diets in children has been associated with a decrease in
bone mass and disordered mineral metabolism."*"> On
the other hand, one study showed that the bone mass re-
mained stable during 24 months of treatment with mod-
ified Atkins diet (MAD; a less strict variant of ketogenic
diet) in 23 children.'®

Data from studies of ketogenic dietary treatment in
adults are scarce. In a study by Bertoli et al., three adult
patients used ketogenic diet from 5 to 6 years with-
out any consequence for their bone health.'” Cervenka
et al. demonstrated osteoporosis in one adult patient after
14 years on a ketogenic diet without supplementation of
vitamin D and calcium (Ca).'® This topic has also been ex-
amined in animal models, which indicate that ketogenic
diet may result in reduced bone mineral density, length
growth, and mechanical properties. So far, the mecha-
nisms behind these changes are unknown.'**°

Another interesting finding is the link between the
hormone leptin and parathyroid hormone (PTH) and its
effect on Ca balance. Leptin seems to increase PTH.*!*
Leptin is mainly secreted by adipose tissues, but has also
been found in hypothalamus, neurons, and parathyroid

Key Points

+ MAD significantly affects calcium and bone
metabolism

« The effect was most pronounced in young pa-
tients and among those with BMI > 25.8 kg/m?

« A diet-induced reduction of leptin levels is a
possible explanation for the findings

« The changes were independent of sex and type
of antiseizure medications

glands. Because leptin levels are decreased with reduced
body weight, one may speculate that leptin is one of the
key hormones regulating bone metabolism in patients
treated with ketogenic diet. In line with this, one study has
confirmed a significant decrease of leptin in nine patients
with epilepsy treated with MAD.* However, another
study showed no changes of leptin in 10 children using
ketogenic diet.'” Body weight was included only in the last
study, showing no significant changes.

Recently, bone turnover markers (BTMs) have been
established as surrogate markers for bone metabolism.
In particular, procollagen type 1 N-terminal propeptide
(PINP) and C-terminal telopeptide collagen type 1 (CTX-
1) are valid markers for bone formation and bone resorp-
tion, respectively.”**> The BTMs will typically increase
with increased bone turnover and decrease if the turnover
is decreased.

The aim of the present study was to evaluate the effect
of 12 weeks of MAD in adult patients with pharmacoresis-
tant epilepsy on bone metabolism measured by BTMs and
alkaline phosphatase (ALP), parameters of Ca metabolism
(PTH, Ca, 25-OH vitamin D [25-OH vit D], 1,25-OH vita-
min D [1,25-OH vit D], and phosphate [Ph]). In addition,
we measured sex hormones (estradiol, testosterone, lutein-
izing hormone [LH], follicle-stimulating hormone [FSH]),
sex hormone-binding globulin (SHBG), and leptin.

2 | MATERIALS AND METHODS

2.1 | Patients

Fifty-three adults with pharmacoresistant focal or
generalized epilepsy were included from a tertiary
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referral epilepsy center to study the effect and tolerability
of 12 weeks of treatment with MAD. The patients were
merged from two studies by Kverneland et al.,26’27 and the
results in the current article were based on data collected
from these studies.

Screening and inclusion were performed by two senior
neurologists and a clinical nutritionist. The inclusion cri-
teria were (1) age > 16 years; (2) having tried at least three
ASMs, including current treatment; (3) having a body
mass index (BMI) > 18.5 kg/m? and (4) having at least
three countable seizures per month. The seizures had to
be countable either by the patient or by relatives/caregiv-
ers. Exclusion criteria were pregnancy, use of a ketogenic
diet the previous year, change of ASMs during the past
6 months, psychogenic nonepileptic seizures, status epi-
lepticus in the previous 6 months, surgery or implantation
of vagus nerve stimulator the last 12 months, or having
psychosocial or physical comorbidities that contraindi-
cated use of the diet.

The medication was kept unchanged, and oral con-
traceptives or other hormone therapies or nutrients that
could affect the analyses were not allowed during the
study period. All patients received vitamin D (5-7.5 ug
“Multi,” Nycoplus, Takeda) and Ca supplements (800 mg
pure Ca carbonate, Takeda) daily while consuming MAD.

The diet allowed intake of a maximum 16 g of car-
bohydrates daily (e.g., 5% carbohydrates, 70% fat, and
25% protein).”®*” Adherence to the diet was checked
by measuring ketosis in urine and blood. At home,
the patients recorded urine ketosis twice daily (morn-
ing and evening) during the 12 weeks of dietary treat-
ment. During the hospital stays after 4 and 12 weeks
on the diet, the extent of blood ketosis was measured
after an overnight fast by the concentration of 8-
hydroxybutyrate based on a finger-prick blood sam-
ple in the morning using Precision Xtra Blood Ketone
Test Strips (Abbott). Urine ketosis was also measured
twice daily using urine dipsticks (Ketostix, Bayer
Healthcare). The data were all reported in the work by
Kverneland et al., and indicated satisfactory adherence
to the dietary treatment.?®®

The patients (and/or their caregivers) were motivated
to adhere to the diet, and they were trained to be confident
in preparing meals.

To observe possible changes over time, a reference
group was gathered as follows. Nineteen of the 53 pa-
tients were recruited 3 months before starting on the
MAD. In addition, nine patients ate their habitual diet for
3 months without starting on the MAD afterward. The
reference group of 28 patients altogether consumed their
habitual diet in line with a typical Norwegian diet with
average energy distribution of 43%-44% carbohydrates,
349 fat, and 18% protein.?® Blood samples were collected

at start and after 3 months from the patients in the refer-
ence group.

The study was approved by the Regional Committee for
Medical and Health Research Ethics South East Norway
(number 2010/2326). Written informed consent was ob-
tained from all patients.

2.2 | Laboratory tests and other analyses
Venous serum was collected between 8 and 10 a.m. after
an overnight fast for both the diet group and the refer-
ence group at baseline and after 12 weeks (i.e., 12 weeks
on the MAD and 12 weeks on a habitual diet, respec-
tively). These serum samples were stored at —80°C for
6-76 months. All samples were analyzed together in
one batch. Ca metabolism was assessed by measuring
PTH, free Ca (Ca*"), Ph, 25-OH vit D, and 1,25-OH vit
D. Bone metabolism was measured by PINP, CTX-1, and
ALP. PTH (intra-assay coefficient of variation [CV] 9%
at 3.5 pmol-L ™!, detection limit = .60 pmol-L™") was ana-
lyzed using noncompetitive immunoluminometric assays
(Siemens Healthineers), Ca** (CV = 2% at 1.14 mmol-L ™,
detection limit = .10 mmol-L™") with potentiometric elec-
trode (Cobas b221, Roche Diagnostics), and Ph (CV =
9%, limit of detection = .1 mmol-L™) with a photometric
method (Cobas c701, Roche Diagnostics). 25-OH vit D (CV
= 14% at 50 nmol-L™, detection limit = 12 nmol-L™) was
analyzed using liquid chromatography-mass spectrometry
(LCMS; Hormone laboratory, Oslo University Hospital,
Oslo, Norway). 1,25-OH vit D (CV = 10% at 184 pmol-L ",
detection limit = 12 pmol-L™") was analyzed with chemi-
luminescent immunoassay (Liaison XL, DiaSorin). PINP
(CV = 5% at 45 pg/L, detection limit = 9 pg/L) and CTX-1
(CV = 8% at .32 pg/L, detection limit = .07 pg/L) were
analyzed with electrochemiluminescent immunoassay
(Cobas e601, Roche Diagnostics). Total ALP (CV = 12% at
9.5 pg/L, detection limit = 1.5 pg/L) was analyzed using
immunometric chemiluminescent immunoassay (Liaison
XL, DiaSorin). LH, FSH, and SHBG were analyzed by
noncompetitive immunoluminometric assays (Siemens
Healthineers), estradiol by competitive chemilumines-
cence (DiaSorin), and testosterone by LCMS (Hormone
Laboratory, Oslo University Hospital). Leptin was analyzed
by enzyme-linked immunosorbent assay (Mediagnost;
CV = 12% at 972 nmol-L ™, detection limit = 63 nmol-L‘l).

Electrolytes (Ca, magnesium [Mg], and sodium [Na]),
Ph, ALP, aspartate aminotransferase (ASAT), alanine
aminotransferase (ALAT), and creatinine were analyzed
at the Department of Clinical Chemistry, Oslo University
Hospital. All other analyses were performed at the
Hormone Laboratory, Oslo University Hospital, and they
were all accredited according to ISO 17025.
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Vitamin D was analyzed as the biologically inert 25-
OH vit D and the active metabolite 1,25-OH vit D. Vitamin
D status is usually assessed by 25-OH vit D.

Body weight was measured in the morning after an
overnight fast. To examine differences in bone param-
eters according to body mass, the patients were divided
into two groups by median BMI at baseline. Possible age-
related effects were studied by separating the patients into
two groups according to the median age at baseline. We
also analyzed for possible sex differences. The ASMs were
categorized and analyzed according to type of ASM (i.e.,
EIASMs or non-enzyme-inducing ASMs [NEIASMs]; see
Table 1). Patients who used one or more EIASMs were in-
cluded in the EIASM group.

2.3 | Statistics

Normally distributed data were analyzed using paramet-
ric methods, and not normally distributed data were ana-
lyzed using nonparametric methods. Normality checks
included Shapiro-Wilks test for significant deviation from
the normal distribution as well as visual inspection of his-
tograms and Q-Q plots.

All bone analyses were analyzed and compared to
baseline after 12 weeks on the diet using a Wilcoxon
signed-rank test because of not normally distributed data.
Subgroup analyses were performed for sex, age, BMI, and
type of ASMs. For the patients in the reference group
using a habitual diet for 12 weeks, Wilcoxon signed-rank
test was used to test differences at start and after 12 weeks.

Significance was assumed for p < .05. All analyses were
performed using SPSS Statistics v25 and v26.

TABLE 1 ASMs used by the participants

Enzyme-inducing ASMs,
n=12

Non-enzyme-inducing ASMs,
n=41
Phenytoin, n = 4 Zonisamide, n = 4
Phenobarbital, n = 2 Levetiracetam, n = 14
Carbamazepine, n = 7 Valproate, n = 15
Topiramate, n = 8*
Oxcarbazepine, n = 16"
Clobazam, n = 8
Lamotrigine, n = 16
Lacosamide, n =6
Pregabalin, n = 2

Clonazepam, n = 2

Note: n indicates number of patients using different ASMs.
Abbreviation: ASM, antiseizure medication.
*Partial enzyme-inducing ASMs.

Epilepsia**

3 | RESULTS

3.1 | Patient characteristics

The characteristics of both the diet group and reference
group at baseline are described in Table 2. The groups
differed in size, but were similar according to age, BMI,
weight, the number of years with epilepsy and the mean
number of ASMs used. Due to the wide variety in seizure
frequency at baseline, median seizure frequency at base-
line was also calculated.

3.2 | Bone health parameters

Before start, all patients had bone marker values within
normal range. The changes of these markers (PTH, CTX-
1, PINP, Ph, Ca, ALP, and vitamin D) from start to after
12 weeks on the dietary treatment are shown in Table 3.
There was a significant change in all values except for
ALP. PTH, CTX-1, PINP, Ca, and 1,25-OH vit D decreased
significantly, and 25-OH vit D and Ph increased signifi-
cantly. There were no major sex differences. All values
were within reference limits for the analyzing laboratory.
For the patients in the reference group who received a ha-
bitual diet for 12 weeks, the changes were not significant
(see Table 3).

3.3 | Sex hormones

In those patients using MAD, we analyzed LH, FSH, es-
tradiol, and total testosterone in both women and men.
All values were within normal reference values at base-
line and after 12 weeks. There were no significant changes
during the study period except for FSH in men (n = 19,
p = .02). Removing the women >50 years of age from the
analyses because of menopause (n = 6) did not change
the results. SHBG was analyzed, and free androgen
index (FAI = total testosterone [nmol-L™'] x 10 / SHBG
[nmol-L']) was calculated as a surrogate marker for free
testosterone. FAI showed significant reduction for men
(n =19, p = .02) and for women (n = 25, p < .01). SHBG
increased significantly for both women (n = 25, p < .01)
and men (n = 19, p = .02).

3.4 | Ageand BMI

Wedivided the patients on MAD into two groups according
to a median age of 37 years (i.e., 26 patients younger than
37 years and 27 patients older than 37 years; maximum
= 65 years). Both age groups were analyzed according
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Characteristic MAD, n =53
Women/men, n 33/20
Age, years, mean (range) 37.4 (16-65)

78.4 (51.6-138.8)
26.8 (18.7-41.7)

Body weight, kg, mean (range)
BM]I, kg/m2, mean (range)

Years with epilepsy, mean (range) 25.0 (5-58)
Seizure frequency per week, mean (range) 15.7 (.08-268)
Seizure frequency per week, median (IQR) 3.5(9.1)

Mean ASMs used, n, current (range)/earlier 2.1 (1-3)/8 (3-18)
(range)

Focal/generalized, n 47/6

TABLE 2 Patient characteristics for
53 patients on MAD and 28 patients on a
habitual diet (reference group)

Reference group,
n =28

13/15

36.0 (22-65)

78.8 (51.6-138.8)
25.5(18.7-35.1)*
25.1 (3-58)

22.8 (0-196)

5.0 (14.0)

2.0 (1-3)/8.6 (2-18)

28/0

Abbreviations: ASM, antiseizure medication; BMI, body mass index; IQR, interquartile range; MAD,

modified Atkins diet.
n = 18. Height was available for 18 patients in the control group.

to bone health parameters to identify possible age differ-
ences. In the youngest age group, there was a more sub-
stantial change, with a significant reduction in PTH, Ca,
and PINP. 25-OH vit D was significantly increased only
for the youngest patients (see Table 4).

In those using MAD, BMI at baseline was mean (range)
26.8 (18.7-41.7) kg/m2, and 25.2 (17.6-37.8) kg/m2 after
12 weeks on the diet, resulting in a significant weight
loss (p < .001). Twenty-three patients had a normal BMI
(18.5-24.9). For unknown reasons, two patients were not
weighed at 12 weeks.

The patients using MAD were divided into two groups
according to median BMI. At start, 25 patients had a BMI
< 25.8 kg/m?2 and 26 patients had a BMI > 25.8 kg/m?2.
For the group with the highest BMI, there was a signifi-
cant change in PTH, Ca, 25-OH vit D, CTX-1, and P1NP.
For those with the lowest BMI, Ca and P1NP were signifi-
cantly reduced (see Table 4).

3.5 | Leptin

We found a significant decrease in leptin for all the pa-
tients on MAD. At baseline, median leptin was 963.50
(interquartile range [IQR] = 1949.25) pmol-L™}, which
reduced to median 617.00 (IQR = 875.75) pmol-L_1
after 3 months (n = 52, p < .001). The reference val-
ues for leptin are for women with BMI 18-25 kg/m?2,
80-2500 pmol-L ™}, and for men with BMI 18-25 kg/m?2,
<950 pmol-L™. Leptin will increase with increased BMI.
As expected, women (n = 33) had higher values at both
baseline (median = 1513.00 [IQR = 1901.00] pmol-L™")
and after 12 weeks on MAD (median = 847.00 [IQR =
1214.50] pmol-L™). For men (n = 19), median leptin was
582.00 (IQR = 817.00) pmol-L™" at baseline, and decreased
to median = 225.00 (IQR = 445.00) pmol-L™" during the

study period. The changes for women and men were sig-
nificant (p < .001) in both groups. For BMI, there was
a significant reduction in leptin in those with low BMI
(<25.8 kg/m2, n = 26, p < .001) and those with high BMI
(>25.8 kg/m2, n = 26, p < .01). According to age, both
patients younger than (n = 25) and older than (n = 27)
the median age of 37 years had a significant decrease in
leptin levels (p = .003 and p < .001, respectively). For the
patients in the reference group, we observed no significant
change from baseline (median = 738.00 [IQR = 1738.00]
pmol-L™) to 12 weeks (median = 815.00 [IQR = 2103.00]
pmol-L™; n = 25, p = .26).

3.6 | Use of EIASMs and NEIASMs

At baseline, there were no significant differences for the
bone markers between the EIASM and NEIASM groups.
No patients used monotherapy. We also analyzed the
NEIASM group without topiramate and oxcarbazepine,
both being partial enzyme inducers, and classified this
group the “NEIASM*” group. We found a significant
change for Ca and 25-OH vit D in the NEIASM group that
was not observed in the NEIASM* group. Furthermore,
there was a significant change in PTH and PINP in both
the EIASM group and the NEIASM group that was not
significant in the NEIASM* group (see Table 5).

3.7 | Electrolytes, liver, and
kidney function

Mean Mg and Na levels were within reference values at
baseline and after 12 weeks on MAD. Mg was .85 (95%
confidence interval [CI] = .83-.87) mmol-L™' at base-
line and significantly reduced to .83 (95% CI = .81-.85)
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TABLE 3 Median (interquartile range) values of bone markers at baseline and after 12 weeks on modified Atkins diet or habitual diet
(reference group)

Baseline 12 weeks % change p

PTH, pmol-L ™ [ref: 1.2-7.1]

All, n =53 4.94(3.34) 4.12(2.65) -16.6 <.01

Min-max 1.67-16.33 .20-11.32

Women, n = 33 5.06 (4.25) 471 (2.12) -7.0 .06

Men, n = 20 4.04 (2.85) 3.37 (1.46) -16.6 <.01

Reference group, n = 28 3.30(2.87) 3.50 (2.60) 6.0 .46
Ca, mmol-L™ [ref: 1.15-1.33]

All, n = 53 1.25 (.06) 1.22 (.05) —24 <.01

Min-max 1.17-1.36 1.14-1.32

Women, n = 33 1.23 (.07) 1.22 (.05) —.82 <.01

Men, n = 20 1.27 (.06) 1.24 (.06) —24 .16

Reference group, n = 28 1.23 (.05) 1.25(.05) 1.6 .08
25-OH vit D, nmol-L™" [ref: 37-131]

All, n = 46* 60 (25) 73 (27) 21.6 <.01

Min-max 28-140 39-163

Women, n = 30 62 (26) 66 (25) 4.8 .10

Men, n = 16 57.50 (32) 81(33) 40.6 01

Reference group, n = 24 58 (32.50) 64 (27.75) 10.3 .06
1,25-OH vit D, pmol-L™ [ref: 39-193]

All,n=52"% 97 (52) 90.50 (55) —6.7 .03

Min-max 22-162 31-162

Women, n = 33 92 (51) 93 (50) 1.1 11

Men, n = 19 103 (62) 84 (69) —184 13

Reference group, n = 25 115.80 (57.70) 101 (45.50) —-12.8 .67
Ph, mmol-L™ [ref: .8—1.7]

All, n =52 1.10 (.20) 1.20 (.27) 9.0 .05

Min-max .80-1.70 .90-1.90

‘Women, n = 32 1.10(.20) 1.20 (.25) 9.0 .08

Men, n = 20 1.10 (.27) 1.15(.27) 45 45

Reference group, n = 28 1.10 (.20) 1.15(.10) 4.5 .38
ALP, U/L [ref: 35-105]

All, n = 52* 66.50 (41) 64 (34) —4.0 .08

Min-max 27-142 34-127

Women, n = 32 58 (36) 56.50 (35) 2.6 .04

Men, n = 20 73 (40) 67 (33) -82 85

Reference group, n = 28 75.50 (37) 74 (37.75) -2.0 .73
CTX-1, ug/L [ref: <.57]

All,n =53 45(.33) 40 (.36) ~11.0 .03

Min-max 17-1.34 .16-1.36

Women, n = 33 .36 (.32) 29(.27) -19.5 11

Men, n = 20 61 (.48) 54(.27) —11.5 .10

Reference group, n = 28 .54 (.28) .49 (.30) -9.3 .47

(Continues)
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TABLE 3 (Continued)
Baseline 12 weeks % change p
PINP, ug/L [women, ref: >25 years : 11—
94 pg/L; men, ref: >25 years: 20-91]
All, n =53 53(27.97) 43.19 (33.06) —-19.0 <.001
Min-max 24.14-176.5 20.55-122
Women, n = 33 47.52 (17.71) 39.67 (25.52) ~16.6 .03
Men, n = 20 66.86 (41.32) 55.80 (39.96) -16.5 <.001
Reference group, n = 28 64.50 (23.75) 63.12 (18.98) —2.14 .08

Note: All reference values are according to adult patients.

Abbreviations: 1,25-OH vit D, 1,25-OH vitamin D; 25-OH vit D, 25-OH vitamin D; ALP, alkaline phosphatase; Ca, calcium; CTX-1, C-terminal telopeptide
collagen type 1; max, maximum; Min, minimum; P1NP, procollagen type 1 N-terminal propeptide; Ph, phosphate; PTH, parathyroid hormone; ref, reference

value.

“n according to available serum.

mmol-L™" after 12 weeks on MAD (p = .03). Mean Na was
138.3 (95% CI = 137.2-139.3) mmol-L™" at baseline and
reduced to 137.9 (95% CI = 136.8—138.9) mmol-L™" after
12 weeks of dietary treatment. The reduction was not sig-
nificant (p = .28).

Liver and kidney function were measured by ASAT,
ALAT, and creatinine, which were all within reference
values at baseline and after 12 weeks. Mean ASAT level
at baseline was 19.3 (95% CI = 17.5-21.2) U/L com-
pared to 20.1 (95% CI = 17.9-22.3) U/L after 12 weeks
on MAD (p = .48). Mean ALAT levels were 25.3 (95%
CI = 21.4-29.2) U/L and 25.6 (95% CI = 22.1-29.1) U/L,
respectively (p = .84). For creatinine, mean levels were
72.9 (95% CI = 68.7-77.0) mmol-L™! at baseline and 70.2
(95% CI = 65.6-74.8) mmol-L™" after 12 weeks on MAD
(p =.07).

For the patients in the reference group, the electrolytes,
ASAT, ALAT, and creatinine were within reference values
and the changes were not significant except for creatinine,
which was significantly reduced, although within refer-
ence values (p = .05).

4 | DISCUSSION

The main findings in this study of adult patients with
pharmacoresistant epilepsy exposed to MAD for 12 weeks
were a significant reduction of the blood levels of Ca,
PTH, PINP, CTX-1, and 1,25-OH vit D, whereas 25-OH vit
D and Ph increased significantly. The significant changes
were all in contrast to the reference group that received
a habitual diet for 12 weeks, and where no significant
changes were observed. Despite the participants receiv-
ing Ca supplementation, we found a reduction of Ca lev-
els without an expected increase of PTH values. Taken
together, our findings indicate reduced bone metabolism
for patients using MAD for 12 weeks. This may lead to

reduced bone density and a possible increased risk of bone
fractures over time.

As expected, we found an increase in 25-OH vit D lev-
els after 12 weeks on the MAD, as the participants received
vitamin D supplementation. Thus, the decline in Ca levels
cannot be explained by an inadequate level of vitamin D.
However, the active metabolite of vitamin D, 1,25-OH vit
D, was significantly reduced during the study. This could
imply an impaired conversion from 25-OH vit D to 1,25-
OH vit D in the kidneys, possibly due to an unknown fac-
tor affecting one of the enzymes involved in this process
and/or as a consequence of the reduced PTH observed.*

Subgroup analysis with regard to age revealed that the
reduction of Ca, PTH, and P1NP was most pronounced
among the youngest patients (<37 years). Peak bone min-
eral density is obtained between 20 and 30 years of age,>"
and declines gradually the following years. Consequently,
bone health early in life is essential for those who may ex-
perience bone loss later. The higher the peak bone mass
achieved in young adult age, the more an individual is
protected against osteoporosis and fractures later in life.*
For patients treated with MAD at an early age, as children,
adolescents, or young adults, this is a matter of particular
concern and should be addressed in the follow-up of such
patients.

Leptin is mainly secreted in white adipose tissue, but
also in smaller amounts in the hypothalamus and the
parathyroid glands.*"** Leptin regulates energy balance,
and the quantity mirrors the amount of body fat until a
certain limit due to leptin tolerance in obesity. Women
have higher leptin levels than men, even after correc-
tion for differences in body fat composition. A decrease
in leptin levels in adult patients using the ketogenic diet
has been reported.”*** In our study, leptin decreased sig-
nificantly in both BMI groups and both women and men.
For the patients on a habitual diet, we did not show any
changes in leptin.
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TABLE 4 Median (interquartile
range) values of bone markers at baseline
and after 12 weeks on modified Atkins
diet in 53 patients divided according to

median age 37 years, and 51 patients PTH, pmol-L™?
divided according to median BMI

25.82 kg/m? Baseline

12 weeks
p

Ca, nmol-L "
Baseline
12 weeks
p

25-OH vit D,
nmol-L?

Baseline
12 weeks
p

1,25-OH vit D,
nmol-L!

Baseline
12 weeks
p

Ph, mmol-L™
Baseline
12 weeks
p

ALP, U/L
Baseline
12 weeks
p

CTX-1, ug/L
Baseline
12 weeks
p

PINP, ug/L
Baseline

12 weeks

p

Epilepsia--*

Age,n =53 BMI, n =51

<37 years, >37 years, <25.8 kg/m?, >25.8 kg/m?2,
n=26 n=27 n=25 n=26
4.04(2.99) 5.04 (3.75) 3.96 (2.86) 5.11(3.22)
3.43(2.50) 4.55(2.79) 4.12(2.65) 4.24(2.07)
<.01 .05 .96 <.01

1.25 (.06) 1.23 (.06) 1.25 (.07) 1.36 (.06)
1.26 (.07) 1.22 (.05) 1.22 (.04) 1.22 (.05)
.01 .09 .04 01

55.50 (26) 65 (30) 71 (40) 59 (25)

77 (34) 67.50 (26) 80 (28) 65 (30)

<.01 24 .06 .02

n=25 n=27

103 (61.50) 95.00 (41) 88.00 (62) 100 (46)

84 (63) 93.00 (38) 83.00 (49.50) 93 (51)

<.23 .05 <.01 .55

1.10 (.20) 1.10 (.20) 1.10 (.20) 1.10 (.25)
1.20 (.10) 1.20 (.30) 1.20 (.25) 1.20 (.20)
24 12 .16 17

57 (45) 67 (32) 65 (39) 70 (43)

64 (42) 64 (27) 59 (36) 64 (41)

42 12 44 .09

.56 (.40) 37(.28) .51(.36) 40 (.30)

49 (.26) 32(.27) 47 (41) 33(.21)

.09 12 .32 .02

52.97 (40.35) 53 (24.80) 54 (34.56) 47.76 (24.85)
41.86 (37.67)  44(34.29) 45.43(39.11) 41.21 (26.83)
<.001 .07 <.01 .03

Abbreviations: 1,25-OH vit D, 1,25-OH vitamin D; 25-OH vit D, 25-OH vitamin D; ALP, alkaline
phosphatase; BMI, body mass index; Ca, calcium; CTX-1, C-terminal telopeptide collagen type 1; PINP,
procollagen type 1 N-terminal propeptide; Ph, phosphate; PTH, parathyroid hormone.

Potential links between leptin and PTH secretion have
been discussed.”"** Animal studies have shown that leptin
increases bone mineral density and bone mineral content.
Low bone mineral density is seen in patients with anorexia
nervosa and hypoleptinemia.** A possible explanation of
our findings could be that the decrease in leptin levels seen
in patients on MAD affects the parathyroid glands, leading
to a reduction in PTH. The reduction in PTH consequently

results in a lower conversion from 25-OH vit D to 1,25-
OH vit D, which eventually results in a decrease in Ca re-
absorption from the kidneys and reduced Ca absorption
from the gut. We observed reduced Ca in our study. The
reduced PTH also results in reduced bone turnover.*> We
suggest that reduced Ca metabolism, driven by leptin and
PTH reduction, results in reduced bone turnover observed
as a reduction of BTMs (Figure 1).
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TABLE 5 Changes in bone parameter levels from baseline to 12 weeks on modified Atkins diet according to type of antiseizure drug
used: Median (interquartile range) values at baseline and after 12 weeks for EIASMs and NEIASMs

Baseline
PTH, pmol-L™ [ref: 1.2 -7.7]
EIASMs, n = 12 5.03 (5.76)
NEIASMs, n = 41 4.60 (2.96)
NEIASMs, n = 19* 5.13(2.14)
Ca, mmol-L™ [ref: 1.15-1.33]
EIASMs, h = 12 1.21 (.09)
NEIASMs, n = 41 1.25(.05)
NEIASMs, n = 15* 1.25 (.05)

25-OH vit D, nmol-L™ [ref: 37-131]
EIASMs, n =11
NEIASMs, n = 35
NEIASMs, n = 15*

1,25-OH vit D, pmol-L ™ [ref: 39-193]
EIASMs, n = 12
NEIASMS, n = 40
NEIASMs, n = 18*

Ph, mmol-L™ [ref: .8 —1.7]

55.00 (39.00)
60.00 (23.00)
60.00 (32.00)

87.00 (33.25)
102.00 (59.00)
100.00 (62.50)

EIASMs, n = 12 1.15 (.25)
NEIASMs, n = 40 1.10 (.20)
NEIASMs, n = 18° 1.10 (.30)

ALP, U/L [ref: 35-105]
EIASMs, n =12
NEIASMs, n = 40

76.50 (38.00)
61.50 (38.00)

NEIASMs, n = 18° 52.00 (28.00)
CTX-1, ug/L [ref: <.57]

EIASMs, n =12 .50 (.45)

NEIASMS, 1 = 41 45(.33)

NEIASMs, n = 19* .36 (.25)

PINP, ug/L [women, ref: >25 years : 11-94;
men, ref: >25 years : 20-91]

EIASMs, n = 12
NEIASMs, n = 41
NEIASMs, n = 19*

64.01 (36.12)
52.27 (30.74)
46.45 (19.76)

%
12 weeks p change
4.25(2.85) .05 -15.5
4.12(2.72) <.01 —10.4
4.71 (2.59) .10 —-8.2
1.24 (.06) .59 2.5
1.22 (.05) .01 —24
1.23 (.08) 30 -1.6
76.00 (24.00) .19 38.2
72.00 (28.00) .01 20.0
65.00 (29.00) 25 8.3
85.50 (55.75) .66 -1.8
93.50 (54.25) .02 —8.4
89.50 (62.00) .05 -10.5
1.20 (.22) 31 43
1.20 (.27) 11 9.0
1.10(.22) 20 0
67.00 (35.00) 18 —12.4
59.50 (36.00) .19 -33
42.00 (23.00) .74 —-19.3
40 (.56) 11 —20.0
40 (.35) .09 —11.2
.35(.28) .52 -28
44.46 (25.47) .01 —30.6
41.16 (38.41) .01 —-21.3
40.07 (34.02) 24 -13.8

Note: EIASMs: n = 12, n = 11 for 25-OH vit D; NEIASMs: n = 41, n = 35 for 25-OH vit D, n = 40 for Ph, and n = 40 for ALP.

Abbreviations: 1,25-OH vit D, 1,25-OH vitamin D; 25-OH vit D, 25-OH vitamin D; ALP, alkaline phosphatase; Ca, calcium; CTX-1, C-terminal telopeptide
collagen type 1; EIASM, enzyme-inducing antiseizure medication; NEIASM, non-enzyme-inducing antiseizure medication; PINP, procollagen type 1 N-
terminal propeptide; Ph, phosphate; PTH, parathyroid hormone; ref, reference value.

aNEIASMs without topiramate and oxcarbazepine (partial enzyme inducers).

Impaired bone health due to usage of ASMs is reported
in all ages and in both women and men. The degree of
influence depends on type of drug, dosages, and dura-
tion of therapy.*>*! To our surprise, we found no major
differences between those using ETASMs and those using
NEIASMs regarding changes in bone metabolism markers.

The partial enzyme inducers topiramate and oxcarbaze-
pine were then removed from the NEIASM group, and the
remaining ASMs were organized in an NEIASM* group.
We found no significant changes in the NEIASM* group
in the study period. Multiple studies have revealed an in-
creased risk of fractures in patients exposed especially to
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FIGURE 1 The possible mechanism on how modified Atkins diet influences calcium and bone metabolism by lowering leptin levels.
Ca, calcium; 25-OH vit D, 25-OH vitamin D; BTM, bone turnover markers; PTH, parathyroid hormone

EIASMs, possibly due to a combination of mechanisms,
including drug-induced changes of liver enzymes, vita-
min D, Ca, and hormones.’ 2 A possible explanation for
not finding a significant change of bone markers in those
using EIASMs among our patients could be that the num-
ber of patients was too low.

Low estrogen levels in women and low testosterone lev-
els in men may lead to bone loss.*® In our study, the sex
hormones were within reference values according to age
without significant changes during the study period. The
calculation of FAI showed a significant decrease in both
women and men during the 12 weeks on the MAD, al-
though within reference values. The significant increase in
SHBG, due to reduced weight and concomitant reduction
of insulin resistance, may explain the reduction in FAIL

According to a study by Diemar et al., moderate and
severe hyponatremia were associated with osteoporosis.*’
Hyponatremia was not found in our study. As expected,
we found a significant reduction in Mg values during the
study period due to a lower level of PTH. During the study
period, we found no significant changes in analyses of
liver and kidney function.

MAD is designed to resemble a state of fasting. At
present, little is known about bone health during or after
fasting in humans. However, one small animal study
demonstrated that fasting reduced bone quality in rats.*®

Several factors are known to influence bone health,
for example, nonmodifiable factors like genetics, ethnic-
ity, increasing age, and sex, and modifiable factors like
weight-bearing exercise, adequate intake of Ca and vita-
min D, immobilization, smoking, alcohol consumption,
and sunlight exposure. Our study did not include genetic
analyses, degree of physical activity, use of tobacco or al-
cohol, and extent of sunlight exposure. Ideally, the num-
ber of participants should have been higher. The patients
were well controlled and monitored regularly at the same
center by a specialized multidisciplinary team.

To our knowledge, this is the first study to assess the ef-
fects on bone health parameters in adult patients with phar-
macoresistant epilepsy using MAD. Assessing bone health
markers can be useful to recognize important changes of
bone metabolism at an early stage, and thereby prevent
osteopenia or osteoporosis and hopefully bone fractures.
A newly published international guideline recommends
bone density measurements with dual-energy X-ray ab-
sorptiometry (DXA) every fifth year in patients treated with
ketogenic diets.** However, DXA may be of limited value,
because the prevention of fractures should start a long time
before pathological bone density is diagnosed.

Our findings may suggest that bone metabolism can
be altered when using MAD. This is particularly import-
ant for the youngest patients, where bone metabolism is
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still more dynamic than among the older patients. We
also suggest that the possible mechanism behind the
altered bone metabolism is the effect of reduced leptin
influence on Ca metabolism for patients treated with
MAD. As prevention of osteoporosis begins at a young
age, clinicians should be aware of factors having a neg-
ative impact on bone health, like smoking, excess alco-
hol, and low physical activity, when treating patients
with epilepsy with MAD.
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