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Abstract

Recent evidence on the association between vitamin D and cognition in mentally healthy individuals is in-
consistent. Furthermore, the link between vitamin D and cognitive ability in individuals with bipolar disorder has
not been studied yet. Thus, we aimed to investigate the association between 25-hydroxyvitamin D (25(OH)D),
24,25 dihydroxyvitamin D (24,25(0H)2D, the vitamin D metabolite ratio (VMR) and cognition in a cohort of
euthymic patients with bipolar disorder. Vitamin D metabolites were measured simultaneously by liquid-chroma-
tography tandem mass-spectrometry in serum samples from 86 outpatients with bipolar disorder and 93 healthy
controls. Neither the inactive precursor 25(OH)D, nor the primary vitamin D catabolite 24,25(0OH)2D, or the vit-
amin D metabolite ratio were significantly associated with the domains “attention”, “memory”, or “executive func-
tion” in individuals with bipolar disorder and healthy controls. Further, no vitamin D deficiency effect or interac-
tion group x vitamin D deficiency was found in the cognitive domain scores. In summary, the present study does
not support vitamin D metabolism as a modulating factor of cognitive function in euthymic BD patients. Consid-
ering the current study’s cross-sectional design, future research should expand these results in a longitudinal setting
and include additional aspects of mental health, such as manic or depressive symptoms, long-term illness course
and psychopharmacological treatment.
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Introduction

Bipolar disorder (BD) is a serious mental illness
marked by pathological mood changes. Depressive and
(hypo)manic, as well as euthymic phases occur at an
unpredictable sequence. Lifetime prevalence ranges
from 0.3-1.5% for bipolar type | disorder and up to
5.5% for bipolar type 11 disorder with a high heritability
(2). Individuals who suffer from BD are often affected
by impaired psychosocial functioning, cardiovascular
and metabolic comorbidities, and earlier mortality. Im-
portantly, many patients also exhibit cognitive deficits,
which are associated with low everyday functioning
Q).

In euthymic patients with BD, the largest effects
on cognitive impairment are found in the domains of
“memory”, “attention”, and “executive function” (2).
Different sociodemographic, genetic, and clinical fac-
tors including psychotic symptoms (3), episode fre-
quency (4,5), somatic conditions such as obesity (6)
and metabolic syndrome (7), are assumed to contribute
to cognitive deficits. In addition, lifestyle and nutrition
can influence the illness course (8). Therefore, the po-
tential role of vitamin D on cognition in mental disor-
ders has gained significant interest in the recent past
(9,10).

Vitamin D, which exists as skin-derived vitamin
D3 (cholecalciferol) and food-derived vitamin D2 (er-
gocalciferol), is converted in the liver to 25-hydroxy-
cholecalciferol (25(0OH)D3) and 25-hydroxyergocalcif-
erol (25(0OH)D2), respectively. If not stated otherwise,
laboratory tests for 25(OH)D capture both forms and
thus report total 25(OH)D. Despite being the most
abundant vitamin D metabolite in blood, 25(OH)D is
still inactive and represents the body’s vitamin D reser-
voir. Biologically active 1,25-dihydroxycholecalciferol
(1,25(0OH)2D) is produced on demand via a second hy-
droxylation in position 1 that is catalyzed by la-hy-
droxylase (CYP27B1). This primarily takes place
within the kidneys, with fewer occurrences observed in
various other tissues, such as the gut, breast, skeletal
muscle, immune cells, and brain. Similar to the expres-
sion of la-hydroxylase, the vitamin D receptor (VDR)
is expressed in a broad range of tissues alluding to plei-
otropic effects of vitamin D. In the brain, VDR has been
detected in regions that are involved in cognitive pro-
cesses (10). Excess amounts of 25(OH)D and
1,25(0OH)2D are eliminated by an additional hydrox-
ylation in position 24. The resulting 24-hydroxylated
metabolites are further processed and ultimately elimi-
nated from the body. Overall, 24,25(0OH)2D is the most
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abundant vitamin D catabolite that can be measured in
blood (11).

Individuals with mental illnesses show a signifi-
cant incidence of vitamin D deficiency (12,13). For ex-
ample, Rihal et al. (14) illuminate the associations be-
tween vitamin D and schizophrenia, autism, depres-
sion, and ADHD. As a result, a deficiency in vitamin D
could potentially emerge as a contributing factor to the
onset of these neuropsychiatric disorders. Today, it is
well accepted that the metabolic actions of vitamin D
go far beyond calcium-phosphate homeostasis and in-
volve the brain as well as many other tissues (15). In
their extensive review, Cui et al. (16) provide a descrip-
tion of vitamin D in the central nervous system: Vita-
min D supports myelination as well as functional recov-
ery, and alterations in vitamin D levels within brain
cells have been linked to a decrease in the density of
nerve fibers, delayed and diminished development of
dopamine neurons, and impaired release of gamma-
aminobutyric acid and glutamate. Additionally, vitamin
D is tied to the nerve growth factor, the restoration of
dopamine levels, and stress responsiveness. Conse-
quently, vitamin D can be regarded as a significant ster-
oid in the physiology of brain neurons. Therefore, vita-
min D contributes to mental health disorders and cog-
nitive functions.

However, existing studies, which investigated po-
tential associations between 25(0OH)D and cognitive
performance, show inconsistent results. Some studies
indicate reduced cognitive performance in individuals
with serum 25(OH)D concentrations below the recom-
mended range (17,18), while others did not show any
associations between those variables (19,20). One pos-
sible explanation for the inconsistent results is the var-
iable analytical performance of widely used immuno-
assays for 25(0OH)D, which lack sensitivity and speci-
ficity (21). Isotope dilution liquid chromatography
tandem mass spectrometry (LC-MS/MS) is the pre-
ferred technique for the measurement of 25(OH)D and
other related metabolites, which offers high sensitivity
and specificity. Furthermore, LC-MS/MS enables the
concurrent measurement of various vitamin D metabo-
lites, offering dynamic insights into vitamin D metabo-
lism (22). A recent study has shown that the parallel
measurement of 25(OH)D and 24,25(0H)2D, and cal-
culation of the vitamin D metabolite ratio (VMR), is
more specific to establish functional vitamin D defi-
ciency than the isolated measurement of the inactive
prohormone 25(0OH)D (23). Mayne et al. [9] provide an
overview of the important roles that vitamin D plays in
the body and brain, which are also related to cognitive
functions. Among others, vitamin D is associated with
a mechanism of synaptic plasticity (24). Synaptic plas-
ticity describes the ability to form new synapses, thus
representing a fundamental aspect in learning and
memory (25).

Aim of the Study
Materials and Methods
Participants and study design

Individuals included in this study were partici-
pants of the longitudinal BIPLONG (“bipolar disorder
in the long-term”) cohort at the Division of Psychiatry

and Psychotherapeutic Medicine of the Medical Uni-
versity of Graz (Austria). BIPLONG aims to investi-
gate the relationship between lifetime psychiatric his-
tory and different variables, such as biological parame-
ters, brain function, and lifestyle in the long term. For a
detailed description of the study design and other re-
sults, we refer to previous publications (7626).

BD was diagnosed by a psychiatrist or psycholo-
gist using the DSM-IV Structured Clinical Interview
(27). BD | and BD Il patients were included, but this
distinction was not considered in further analyses. Ex-
clusion criteria were neurodegenerative disorders, a
premorbid 1Q < 70 and the intake of vitamin D supple-
ments. The present study only included data from eu-
thymic patients with BD and mentally healthy controls
without a history of a psychiatric disorder life-time and
among first-degree relatives. Euthymia was verified by
a Hamilton Depression Scale (HAMD; (28)) score of
<9 and Young Mania Rating Scale (YMRS; (29)) score
of <8, which were rated by a psychiatrist or psycholo-
gist. Only euthymic patients were included to exclude
possible effects caused by a manic or depressive epi-
sode, since Vrabie et al. (5) showed that patients in a
manic episode have higher deficits in certain cognitive
domains than depressive or euthymic patients. The
study received approval from the ethics committee of
the Medical University of Graz (EC-number: 25-335 ex
12/13).

From 635 participants of the BIPLONG study, 349
patients were diagnosed with BD. In total, 330 partici-
pants (180 patients with BD) were excluded due to
missing vitamin D results. Further, information on cur-
rent mood status was not available for 14 patients with
BD, and 50 patients with BD were excluded because
they had a YMRS score > 8 and/or a HAMD score > 9
and were therefore not considered euthymic. Cognitive
data were missing for 57 participants (15 patients with
BD). Four BD patients used vitamin D supplements.
One healthy control participant was excluded due to
impossible test values. Finally, 86 patients with BD (47
men, 39 women) and 93 healthy controls (29 men, 64
women) were included in the present study.

Determination of Vitamin D Metabolites

Fasting blood samples were collected for vitamin
D testing and the measurement of numerous other
blood biomarkers that are not subject of this study. Vit-
amin D status was assessed by measuring 25(OH)D and
24,25(0H)2D3 in serum. The results were used to cal-
culate the VMR. Both vitamin D metabolites were
measured simultaneously with a fully validated LC-
MS/MS method that has performed satisfactorily for
several years in the Vitamin D External Quality Assur-
ance Scheme (DEQAS) and is regularly controlled by
stringent internal quality control procedures. With the
method used here, serum 25(OH)D represents the sum
of 25(0OH)D3 and 25(0OH)D2, which are captured sep-
arately. Although both forms of 25(OH)D are catabo-
lized by 24-hydroxylation, 25(OH)D2 normally ac-
counts for 1-3% of the total 25(OH)D resulting in
24,25(0OH)D2 concentrations below the limit of quanti-
tation. Therefore, vitamin D catabolism is assessed by
24,25(0H)2D3 as the only catabolite that is measurable
with the method used here.
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According to current recommendations from the
Institute of Medicine (IOM), a 25(0OH)D concentration
< 50 nmol/L is considered deficient (30). Furthermore,
functional vitamin D deficiency was diagnosed using a
recently published approach from Herrmann (31). This
approach requires a 24,25(0OH)2D3 concentration < 3
nmol/L in combination with a VMR < 4%. Individuals
that fulfilled only one of these criteria were classified
as having a non-optimal vitamin D metabolism. For
more details, see Zelzer et al. (22).

Assessment Scales

Cognitive performance of the participants was as-
sessed using an extensive cognitive test battery that in-
cluded the Trail Making Test Part A/B (32), the Color-
Word Interference Test by J. R. Stroop (33), and the
California Verbal Learning Test (CVLT; (34). All tests
were provided in the German language. The raw scores
were summed up to three cognitive domain scores: “at-
tention”, “memory”, and “executive function”. For this
purpose, the TMT-A (32) and the Color and Word part
of the Stroop test (33) were combined into the domain
score “attention”. The subscales of the CVLT (34) pro-
vided information about the domain score “memory”.
The interference part of the Stroop test (33) as well as
part B of the TMT (32) were used to measure “execu-
tive function”. Additionally, the premorbid 1Q was
measured with the Multiple-Choice Vocabulary Intelli-
gence Test (MWT-B; (35)).

Statistics

Z-transformations were performed in order to sum
up the cognitive raw scores to domain scores. Reaction
times were inverted so that higher scores reflect higher
performance in all domains. Since normal distribution
was not given for the domain scores, a Rankit-transfor-
mation of these scores was performed.

Multiple hierarchical regression analyses were
calculated to investigate whether 25(OH)D,
24,25(0H)2D3, or VMR were associated with the cog-

nition domain scores in BD patients and healthy con-
trols. The independent variables were 25(OH)D,
24,25(0H)2D3, and VMR. Premorbid IQ and age were
included as control variables. The following calcula-
tions were made to verify the prerequisites for conduct-
ing a multiple hierarchical regression analysis: Corre-
lations and chi-square tests for linearity between inde-
pendent and dependent variables, Durbin—Watson
coefficients for autocorrelations, variance of inflation
factors (VIF), tolerance values for multicollinearity,
scatterplots for homoscedasticity of residuals, and the
Shapiro-Wilk test for testing the normal distribution of
the residuals. These prerequisites were met in all re-
gression analyses.

To investigate if patients with BD versus healthy
controls with or without functional vitamin D defi-
ciency show a difference in the cognitive domain
scores, a two-way multivariate analysis of covariance
(MANCOVA) was calculated. For this purpose, the vit-
amin D catabolite 24,25(0H)2D3 and the VMR were
considered together to classify the functional vitamin D
deficiency. Premorbid 1Q and age were included as co-
variables in the model. Skewness and kurtosis for nor-
mal distribution, Levene’s test for homogeneity, and
graphs for linearity were calculated to verify the pre-
requisites of the MANCOVA. All prerequisites were
met.

Results

Demographics and Sample Characteristics

The mean age of individuals with BD was 45.17 +
13.15 years (min = 18 years, max = 72 years). The mean
age of the healthy controls was 37.75 + 15.32 years
(min = 19 years, max = 76 years). Age, premorbid 1Q,
YMRS score, HAMD score, 25(0OH)D, 24,25(0H)2D3,
VMR, the cognitive domain scores, and the differences
(as calculated by Mann-Whitney U-tests and chi-
square tests) between patients with BD and the healthy
controls can be seen in Table 1.
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Table 1.

Sample characteristics and differences between patients with BD and healthy controls.

= 86)

Patients with BD (n Healthy Controls (n

= 93)

Differences

Age (Years), M (x£SD)
Sex (n, %)

Male
Female

Premorbid IQ, M (%=SD)

YMRS, M (+SD)

HAMD, M (£5D)

45.17 (13.15)

47 (54.7%)

39 (45.3%)

109.51 (15.23)

0.93 (1.88)

4.63 (3.45)

37.75 (15.33)

29 (31.2%)

64 (68.8%)

112.18 (14.71)

0.12 (0.55)

0.27 (0.95)

U = 2732.00 **, Z = —3.66

¥ =10.07 *, p = 0.24

U =3579.50,Z = —1.22,p
= 0.224

U = 3082.50 **, Z = —4.13

U =902.50 **, Z = —9.78

Vitamin D variables, (n,
%)

25(0OH)D, M (xSD)

24,25(0H),D,, M
(+SD)

VMR, M (+SD)
25(OH)D

<50 nmol/L
>50 nmol/L

24,25(0H),D,

<3 nmol/L
>3 nmol/L

VMR (n, %)

<4%
>4%

56.37 (23.64)

nmol/L

3.59 (2.11) nmol/L

6.31 (2.08) %

35 (40.7%)
51 (59.3%)

36 (41.9%)
50 (58.1%)

13 (15.1%)
73 (84.9%)

57.29 (23.95)

nmol/L

4.02 (2.51) nmol/L

6.91 (2.51) %

34 (36.6%)
59 (63.4%)

31 (33.3%)
62 (66.7%)

13 (14.0%)
80 (86.0%)

U = 3813.50, Z = —0.54

U = 3608.50, Z = —1.13

U = 3465.00, Z = —1.54

¥2 =032, =0.04,p =
0.570

x2 =139, ¢ =0.09,p =
0.239

¥2 =0.05,¢ =0.02,p =
0.829

Cognitive variables, M (+SD)
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TMT-A (s) 35.21 (11.98)

TMT-B (s) 90.99 (51.14)

Stroop color word
33.15 (7.06)
reading (s)
51.70 (9.57)

Stroop color naming (s)

Stroop interference (s) 85.16 (24.33)

CVLT trial 1-5 49.74 (13.26)
CVLT short delay free
10.02 (3.51)
recall
CVLT short delay cued
11.03 (3.31)
recall
CVLT long delay free
10.58 (3.57)
recall
CVLT long delay cued
11.34 (3.29)

recall

26.04 (9.74) U = 2082.50 **, Z = —5.53

57.12 (20.96) U = 2036.00 **, Z = =5.67

29.06 (4.63) U = 2465.00 **, 2 = —4.43

44.11 (6.92) U = 2051.00 **, Z = —5.62

67.67 (14.73) U = 2054.00 **, Z = —5.62

60.48 (11.80) U= 2141.00 **, Z = =5.37

12.82 (2.96) U = 2090.00 **, Z = —5.54
13.27 (2.66) U =2363.00 **, 2 = —4.76
13.24 (3.09) U = 2182.50 **, Z = —5.28
13.46 (2.91) U = 2390.00 **, Z = —4.68

Multiple Hierarchical Regressions

Three multiple hierarchical regression analyses
were calculated to investigate whether there is an asso-
ciation between 25(0OH)D, 24,25(0OH)2D as well as
VMR with the three domain scores “attention”,
“memory”, and “executive function” in individuals
with BD and healthy controls. In the first model, age
was included; in the second, age and premorbid IQ; in
the third model, age, premorbid 1Q, and 25(0OH)D; in
the fourth model, age, premorbid 1Q, 25(OH)D, and
24,25(0H)2D3; and in the fifth model, all variables
(age, premorbid 1Q, 25(0OH)D, 24,25(0OH)2D3, and

VMR) were included. The order of entering the predic-
tors was based on considerations of causal priority and
served the purpose of controlling for potential effects.

Patients with Bipolar Disorder

Multiple hierarchical regression analysis revealed
no significant association between the individual level
of 25(OH)D 24,25(0H)2D3 or VMR and attention
(Model 1: F(1, 84) = 7.31, p = 0.008; Model 2: F(2, 83)
=4.82, p = 0.010; Model 3: F(3, 82) =3.73, p = 0.014;
Model 4: F(4, 81) = 3.28, p = 0.015; Model 5: F(5, 80)
= 2.68, p = 0.027). In all steps, only age showed a sig-
nificant effect on attention. Table 2 shows the regres-
sion coefficients.
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Table 2.

Association of age, premorbid IQ, 25(0H)D, 24,25(0H),D5, VMR with “attention”, “memory”, and

“executive function” in patients with BD.

Attention Memor
B 95%CI B t p B 95%CI B
[—0.04, [—0.04,
Model 1 Age -0.02 -0.28 -2.70 0.008 —0.02 -0.30
-0.01] -0.01]
[—0.04, [—0.04,
Age -0.02 -0.32 -3.01 0.003 —0.03 -0.38
-0.01] -0.01]
Model 2
[—0.00, [0.01,
Premorbid IQ  0.01 016 149 0140 0.02 0.33
0.02] 0.04]
[—0.04, [—0.04,
Age -0.2 -0.31 -2.86 0.005 —0.03 -0.37
-0.01] -0.01]
[-0.01, [0.01,
Model 3 Premorbid IQ  0.01 014 134 0185 0.02 0.32
0.02] 0.03]
[—0.68, [—-0.59,
25(0H)D  —0.26 -0.13 -1.22 0226 -0.19 -0.09
0.16] 0.22]
[-0.04, [—0.04,
Age -0.02 -0.31 -291 0.005 —0.03 -0.37
-0.01] -0.01]
[-0.01, [0.01,
Premorbid IQ  0.01 013 115 0252 0.02 0.32
0.02] 0.04]
Model 4
[-0.57, [-0.69,
25(0H)D  —0.05 -0.03 -0.20 0841 —0.19 -0.09
0.471 0.31]
[-0.87, [-0.50,
24,25(0H),D; —0.35 -0.17 -1.35 0.181 0.01 0.01
0.171 0.50]
[-0.04, [—0.04,
Age -0.02 -0.31 -2.89 0.005 -0.03 -0.37
-0.01] -0.01]
[-0.01, [0.01,
Premorbid IQ  0.01 0.13 118 0240 0.02 0.33
0.02] 0.04]
[-0.56, [-0.67,
Model 5 25(0H)D  —0.03 -0.02 -0.13 0899 -0.16 -0.08
0.49] 0.34]
[-0.85, [—0.44,
24,25(0H),D; —0.29 -0.14 -1.02 0313 0.10 0.05
0.27] 0.64]
[-0.87, [-0.93,
VMR -0.21 -0.08 -0.63 0534 —0.29 -0.10
0.46] 0.35]
Memory Executive Function

The results of the multiple hierarchical regression
analysis indicated no significant association between
25(0OH)D, 24,25(0H)2D3 or VMR and “memory”. In
all steps (Model 1: F(1, 84) = 8.03, p = 0.006; Model 2:
F(2, 83) = 9.83,p< 0.001; Model 3: F(3, 82) =
6.82, p < 0.001; Model 4: F (4, 81) = 5.06, p = 0.001,
Model 5: F(5, 80) = 4.20, p = 0.002), age showed a sig-
nificant effect on “memory”, as well as premorbid 1Q
once it was taken into the model (see Table 2).

In all steps of the multiple hierarchical regression
analysis, age showed a significant effect on “executive
function” (Model 1: F(1, 84)=11.48, p = 0.001). More-
over, premorbid 1Q showed a significant effect on “ex-
ecutive function” once it was taken into the model
(Model 2: F(2, 83) = 10.53, p < 0.001; Model 3: F (3,
82) = 7.01, p < 0.001; Model 4: F(4, 81) = 5.78,p<
0.001; Model 5: F(5, 80) = 4.83, p < 0.001). No signif-
icant associations between 25(OH)D, 24,25(0H)2D3,
or VMR and “executive function” were found (see Ta-
ble 2).
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Multivariate Analysis of Covariance

A MANCOVA was calculated to test for differ-
ences between patients with BD and the healthy con-
trols (factor group) with functional vitamin D defi-
ciency versus those without (factor vitamin D defi-
ciency) in the cognitive domain scores “attention”,
“memory”, and “executive function”. The covariates
were the participants’ age and their premorbid IQ,
which was calculated with the MWT-B (35). The de-
scriptive results for vitamin D deficiency in both groups
are listed in Table 3, showing that 43% of patients and
33.3% of controls were in the non-optimal group.
MANCOVA showed a significant effect of group
(F(3171) = 2.67, p = 0.049, np2 = 0.05). The main ef-
fect for vitamin D deficiency (F(3171) = 0.47,p=

Table 3.

0.703, np2=0.01) and the interaction effect for group x
vitamin D deficiency (F(3171) =0.99, p =0.542, np2 =
0.01) were not significant. Age (F(3171) = 24.23,p <
0.001, mp2= 0.30) and premorbid IQ (F(3171) =
10.71, p < 0.001, np2 = 0.16) were significant covari-
ates. Univariate post hoc analyses of variance
(ANOVA) showed that BD patients exhibited lower
performance in “memory” (F(1173) = 4.63, p = 0.033,
np2 = 0.03) and “executive function” (F(1173) =
5.53, p = 0.020, np2 = 0.03) than the healthy controls.
No difference between the two groups was found for
the domain score attention (F(1173) = 3.67, p = 0.057,
np2 = 0.21).

Percentage of optimal and non-optimal functional vitamin D status in individuals with BD and

healthy controls.

Patients with BD (n =
86)

Healthy Controls (n =

93)

¥ =178, =0.10,p =

Optimal 49 (57.0%) 62 (66.7%)
0.182
Non-
37 (43.0%) 31 (33.3%)
optimal
Discussion were used to determine functional vitamin D defi-

The present study investigated whether the vita-
min D status (25(OH)D), the main vitamin D catabolite
(24,25(0OH)2D3), or the vitamin D metabolite ratio
(VMR) have an effect on cognition (divided into “at-
tention”, “memory”, and “executive function”) in pa-
tients with BD. The findings do not substantiate a sig-
nificant relationship between vitamin D metabolism
and cognitive function. The different indices of vitamin
D metabolism were not associated with “attention”,
“memory”, or “executive function”, neither in BD pa-
tients nor in healthy controls. Our results are contrary
to previous data, which showed reduced memory func-
tion in older individuals with low 24,25(0OH)2D3 con-
centrations (36). Besides vitamin D, other factors that
influence cognition may also be of interest. For exam-
ple, associations between cognitive deficits and ele-
vated triacylglycerol and glucose (37) or higher cyto-
kine IL6 (38) have already been found. Other factors,
such as the metabolic syndrome (7) anthropometric pa-
rameters also showed an association with cognition in
patients with BD. Recent research emphasizes the im-
portance of utilizing vitamin D metabolites to deter-
mine the vitamin D status, especially to detect defi-
ciency (11,22).

In addition, the occurrence of functional vitamin
D deficiency was comparable in BD patients and
healthy controls. Therefore, 24,25(0H)2D3 and VMR

ciency. However, no functional vitamin D deficiency
effect could be found in our analyses, which tested dif-
ferences in cognitive domain scores between patients
with BD and the healthy controls. In concordance with
the current literature, we found that individuals with
BD showed poorer memory and executive function per-
formance than the healthy controls. Our findings align
with prior research, in which patients with BD also
showed cognitive deficits in memory (2), executive
function and processing speed (3).

The inconsistent results could be, at least partially,
explained by the substantially different age of the par-
ticipants. In BIPLONG, the participants were rather
young, which limits the chance for significant effects
induced by vitamin D deficiency. The absence of an as-
sociation between vitamin D and the domain scores “at-
tention”, “memory”, and “executive function” argues
against vitamin D deficiency as a promotor of cognitive
dysfunction in BD. This is an important finding since
BD patients are often severely impaired by cognitive
and somatic deficits. Further possible reasons for in-
consistent results regarding an association between BD
and poorer cognitive performance could be the use of
different cognitive tests or different assignments of
these tests to the cognitive domain scores.

A particular strength of our study is the measure-
ment of 25(0OH), 24,25(0H)2D3 and VMR, which pro-
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vides a more comprehensive insight into vitamin D me-
tabolism (11, 22). Determining 24,25(0OH)2D3 and
VMR offers important metabolic information beyond
the sole measurement of 25(OH)D. Functional vitamin
D deficiency was equally prevalent in BD patients and
in the healthy controls, which argues against a signifi-
cant role of vitamin D for cognition. However, mean
25(0OH)D concentrations of 56.37 nmol/L and 57.29
nmol/L were found in BD patients and the controls, re-
spectively, suggesting a relatively adequate vitamin D
supply, which limits the margin for significant effects.
In contrast to the present study, previous investigations
mainly included hospitalized patients with severe
symptoms, in whom 25(OH)D concentrations are typi-
cally lower (4). Existing evidence (4) suggests that BD
patients with more frequent manic episodes perform
worse on the CVLT than those with less frequent manic
episodes. This is an important aspect as manic patients
are more often affected by worse memory and execu-
tive function compared to depressed and euthymic pa-
tients. Therefore, it remains plausible that there is a
connection between vitamin D and cognition in symp-
tomatic BD patients. Furthermore, it could be theorized
that vitamin D supplementation might have positive ef-
fects on mood in BD patients that are mediated via the
serotonergic pathway (39). This hypothesis finds sup-
port in data from healthy individuals, which demon-
strate a beneficial impact of vitamin D supplementation
on mood (39). However, in a recent literature review,
Huiberts et al. (40) concluded that the existing data are
inconsistent.

Limitation of the Study

Our study possesses various strengths and limita-
tions that warrant attention when interpreting the find-
ings. The simultaneous determination of 25(OH)D,
24,25(0H)2D3 and VMR provides important meta-
bolic information that extends beyond the evaluation of
vitamin D stores by only measuring 25(OH)D. These
parameters offered the possibility to establish func-
tional vitamin D deficiency, which has been linked to
adverse clinical outcomes (31). Furthermore, the use of
a validated state of the art LC-MS/MS method ensured
accurate results that are not affected by the analytical
limitations of commonly used 25(OH)D immunoassays
(21). Another advantage of this study is a rather large
cohort of euthymic BD patients in whom the diagnosis
of BD was thoroughly established and cognition was
assessed by a well-elaborated cognitive test battery.
However, when considering the potential impacts of
vitamin D on sleep and mood, significant associations
between vitamin D and cognition in manic or depres-
sive BD patients cannot be excluded. Also, many par-
ticipants were treated with psychopharmacological
medication so that potential drug effects on vitamin D
metabolism and cognitive function cannot be ruled out.
Notably, patients with BD were taking different medi-
cations, making it difficult to identify the different ef-
fects of each medication. Previous studies reported het-
erogeneous cognitive effects of commonly used medi-
cations in BD patients (41,42). For example, Paterson
et al. (41) found no effect of lithium on attention, but a
positive effect on psychomotor speed in patients with

BD, whereas Holmes et al. (42) reported a negative ef-
fect on attention and affective processing. Factors such
as medications, organic diseases, diet, and sun exposure
are potential confounders of vitamin D metabolite con-
centrations, and the absence of this information weak-
ens the statistical power of the present study. However,
to reduce confounding factors, we excluded subjects
with vitamin D supplementation. In addition, the
known seasonal variations of 25(OH)D were accounted
for by distributing the study dates relatively evenly
throughout the year. Furthermore, the sex-specific dif-
ferences in the concentration of vitamin D in patients
with severe mental illness could be relevant to explore
the potentially sex-specific involvement of vitamin D
in the pathogenesis of mental health disorders. Previous
research suggests a female-specific involvement of vit-
amin D in the pathogenesis of depression, relating vit-
amin D to the production/release of gonadal hormones
(43,44). This view has been supported by previous re-
search providing evidence that the gender difference in
the prevalence of depression is less evident during men-
opause, when gonadial hormonal flux stabilizes (45).

Another aspect to consider is the unknown dura-
tion of vitamin D deficiency that may vary between the
study participants. When taking into account that vita-
min D deficiency has potential adverse effects on the
signaling pathways in the brain, a longer duration of
vitamin D deficiency could potentially be more rele-
vant for cognition than short-lasting deficiencies. As
vitamin D3 production is also subject to pronounced
seasonal variation, the time of blood collection may
also be a factor (46). Finally, this study included only
euthymic patients so that potential effects of manic or
depressive symptoms could not be assessed. Ulti-
mately, this study is a cross-sectional study, which
means that causal relationships cannot be assessed.

Further studies, ideally of a prospective nature, are
needed to consolidate the present results. Such studies
should include symptomatic and asymptomatic patients
to reveal possible effects released by a manic or depres-
sive episode. In addition, it cannot be excluded that vit-
amin D influences cognition indirectly through the
modulatory effects of other metabolic pathways and in-
flammatory processes.

Conclusions

In summary, the present study does not support
vitamin D metabolism as a modulating factor of cogni-
tive function in euthymic BD patients. Moreover, the
incidence of low vitamin D stores and functional vita-
min D deficiency did not significantly differ between
BD patients and healthy controls. As this is the first
study that addressed the impact of vitamin D on cogni-
tive function in BD patients, more research is needed to
expand the present findings. Specifically, longitudinal
studies that include euthymic and symptomatic BD pa-
tients are of particular interest.
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