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AIM
4β-Hydroxycholesterol (4βOHC) is sensitive towards induction or inhibition of CYP3A4, but its potential usefulness as a dosing
biomarker remains to be demonstrated. The aim of this study was to investigate the correlation between 4βOHC levels and steady-
state concentrations (Css) of quetiapine, a CYP3A4 substrate with high presystemic metabolism, in psychiatric patients.

METHODS
Serum samples from 151 patients treated with quetiapine as immediate release (IR; n = 98) or slow release (XR; n = 53) tablets were
included for analysis of 4βOHC. In all patients, Css of quetiapine had been measured at trough level, i.e. 10–14 and 17–25 h post-
dosing for IR and XR tablets, respectively. Correlations between 4βOHC levels and dose-adjusted Css (C/D ratios) of quetiapine
were tested by univariate (Spearman’s) andmultivariate (multiple linear regression) analyses. Gender, age (≥60 vs.<60 years) and
tablet formulation were included as potential covariates in the multivariate analysis.

RESULTS
Correlations between 4βOHC levels and quetiapine C/D ratios were highly significant both for IR- and XR-treated patients
(P < 0.0001). Estimated Spearman r values were �0.47 (95% confidence interval �0.62, �0.30) and �0.56 (�0.72, �0.33),
respectively. The relationship between 4βOHC level and quetiapine C/D ratio was also significant in the multiple linear regression
analysis (P < 0.001), including gender (P = 0.023) and age (P = 0.003) as significant covariates.

CONCLUSIONS
The present study shows that 4βOHC level is significantly correlated with steady-state concentration of quetiapine. This supports
the potential usefulness of 4βOHC as a phenotype biomarker for individualized dosing of quetiapine and other drugs where
systemic exposure is mainly determined by CYP3A4 metabolism.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• 4β-Hydroxycholesterol (4βOHC) is a promising endogenous CYP3A(4) biomarker.
• 4βOHC is sensitive to coadministration of potent inducers and inhibitors of CYP3A4, but the potential usefulness of
4βOHC as dosing biomarker remains to be demonstrated.

• Quetiapine is a frequently prescribed, low-bioavailable antipsychotic drug with extensive pharmacokinetic variability,
which is mainly determined by individual differences in CYP3A4 metabolism.

WHAT THIS STUDY ADDS
• The close correlation between 4βOHC level and dose-adjusted steady-state serum concentration of orally administered
quetiapine shown in the present study provides strong evidence that 4βOHC reflects basal CYP3A4 activity in humans.

• The findings of this study support the clinical pharmacological potential of 4βOHC as a biomarker for individualized dos-
ing of quetiapine, and possibly other drugs where CYP3A4 metabolism is a main determinant of systemic exposure.

Introduction
Cytochrome P450 3A4 (CYP3A4) is the most important
enzyme in drug metabolism being involved in biotransfor-
mation of 30–50% of all clinically used drugs [1]. The individ-
ual variability in CYP3A4 phenotype is extensive, as reflected
by the more than 10-fold interindividual variability in clear-
ance of midazolam [2], the golden standard CYP3A4 probe
agent. Genetic polymorphisms seem to play a secondary role
for CYP3A4 phenotype variability [3, 4], in contrast to several
other CYP enzymes. Thus, the potential for individualized
dosing based on genotyping of drugs primarily metabolized
by CYP3A4 is limited. Instead, phenotype biomarkers are
more appropriate for capturing the various environmental
factors that mainly determine individual variability in
CYP3A4-mediated drug metabolism.

There is great interest in finding simple and practical
measures/biomarkers for determination of CYP3A4 pheno-
type. In drug development, coadministration of microdoses
of exogenous CYP3A4 probes, such as midazolam [5] or
quinine [6], is used to identify and quantify potential interac-
tions associated to CYP3A4 inhibition or induction of new
drug candidates. However, exogenous probes are less suitable
as phenotype biomarkers for individualized dosing of
CYP3A4-metabolized drugs in clinical practice. For this latter
purpose, endogenous biomarkers would be more appropriate
from a practical point of view.

Perhaps the most promising endogenous CYP3A4
biomarker is 4β-hydroxycholesterol (4βOHC) [7–10]. In
humans, 4βOHC is formed from cholesterol mainly by
CYP3A4 [11]. In vitro data suggest that CYP3A5 is of minor
importance in 4βOHC formation [12], but in vivo studies
reporting elevated levels of 4βOHC in CYP3A5 expressers
indicate some involvement of CYP3A5 in 4βOHC formation
as well [13–16].

Several studies have shown that 4βOHC levels change sig-
nificantly following administration of both CYP3A4 inducers
and inhibitors [3, 7–9, 11, 17–19]. Change in 4βOHC level
seems to be more sensitive towards CYP3A4 induction than
inhibition, which possibly reflects its long elimination half-
life [7, 12]. A claimed limitation of 4βOHC as a potential
in vivo CYP3A4 biomarker is the assumption of its exclusive
hepatic formation [6, 20]. However, we recently published
data suggesting that 4βOHC is also formed by intestinal
CYP3A4 [17], which is crucial to serve as a dosing biomarker
for orally administered CYP3A4 substrates. Despite these

promising features as a CYP3A4 phenotype biomarker, the
potential usefulness of 4βOHC as a dosing biomarker of
CYP3A4-metabolized drugs remains to be demonstrated.

Quetiapine is a commonly used atypical antipsychotic
agent with low oral bioavailability (~9%), which is restricted
by substantial presystemic metabolism via CYP3A4 [21]. As
70% of orally administered quetiapine is absorbed from the
gut [22], this indicates a relevant contribution of intestinal
metabolism in limiting its bioavailability. Quetiapine has a
short elimination half life (5–7 h) [22], and an extended re-
lease tablet formulation has been marketed to reduce dosing
frequencies and fluctuations in plasma concentration. The
interindividual pharmacokinetic variability of quetiapine is
extensive [23], and its exposure is highly sensitive towards
coadministration of both CYP3A4 inducers and inhibitors
[24]. Thus, to obtain knowledge on the potential usefulness
of 4βOHC as dosing biomarker of a drug mainly metabo-
lized by CYP3A4, the aim of this study was to investigate
the correlation between 4βOHC levels and dose-adjusted
steady-state serum concentrations of quetiapine in psychiat-
ric patients treated with immediate-release (IR) or extended-
release (XR) tablets.

Methods

Study material
During a one-year prospective study period, residual patient
samples submitted for therapeutic drug monitoring (TDM)
analysis of quetiapine and the active, CYP3A4-mediated me-
tabolite N-desalkylquetiapine (NDQ) at the Center for
Psychopharmacology, Diakonhjemmet Hospital, Oslo,
Norway, were routinely collected for possible reanalysis of
4βOHC. If the serum samples contained sufficient volumes
for 4βOHC reanalysis (>1 ml), and accompanying requisition
forms contained information about prescribed quetiapine
dose (mg per day), tablet formulation (IR or XR), and sam-
pling time (hours between last dose intake and blood sam-
pling), these were considered for inclusion in the study.
Exclusion criteria were (i) blood sampling time outside
predefined criteria (10–14 h after last dose intake for IR tablets
or 17–25 h for XR tablets), (ii) measured concentrations of
quetiapine or NDQ outside the validated concentration
ranges (20–2400 nmol l�1 and 50–1500 nmol l�1, respec-
tively), and (iii) dose adjustments or treatment initiation per-
formed less than 3 days before blood sampling.

Correlation between 4β-hydroxycholesterol and quetiapine concentration
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Requisition forms accompanying samples eligible for in-
clusion were reviewed to identify information about pre-
scribed quetiapine dose, time interval between last dose
intake and blood sampling, potential recent treatment initia-
tion or dose adjustments, and comedication with CYP3A4 in-
hibitors or inducers. For the latter purpose the Flockhart
Cytochrome P450 Drug Interaction Table was applied [25], al-
though this does not provide a complete overview of CYP3A4
inhibitors/inducers. Data on the measured serum concentra-
tions of quetiapine and NDQ were retrieved directly from
the TDM files. If multiple samples/measurements were
available from the same patient within the study period, the
first registered sample compliant with the defined criteria
was included. When included patient samples contained
sufficient volumes, total cholesterol concentrations were also
determined to enable calculation of 4βOHC-to-cholesterol
(4βOHC/C) ratios. Cholesterol measurements were per-
formed by a standard method at the Department of Medical
Biochemistry, Diakonhjemmet Hospital, Oslo, Norway.

The study was approved by the Regional Committee for
Medical and Health Research Ethics (case number
2014/1191) and the Hospital Investigational Review board.
Ethical approval was given without requirement of patient
consent since the study was based on already collected serum
samples and existing laboratory data from a routine TDM
service.

Analytical assay of quetiapine and
N-desalkylquetiapine
Determination of serum concentrations of quetiapine and
NDQ was performed by a validated UPLC-MS/MS method
used in routine TDM practice. Briefly, serum samples
(500 μl) were prepared by protein precipitation with 1000 μl
cold acetonitrile solution including the internal standard
(promazine). After centrifugation, aliquots of 5 μl were
injected onto an Aquility UPLC system coupled to a
Micromass Quattro Premier tandem MS detector (Waters,
Milford, MA, USA). An UPLC BEH C18 column RP shield
(1.7 μm, 1 × 100 mm) from Waters was used for chromato-
graphic separation, using a gradient elution with amix of ace-
tonitrile and ammonium acetate (pH = 4.8) asmobile phase at
a flow rate of 0.2 ml min�1. The total run time per sample was
5 min and the retention times were approximately 2.2 min
and 2.3min for NDQ and quetiapine, respectively. MS/MS de-
tection was performed by electrospray ionization (ESI) in pos-
itive mode using multiple reaction monitoring (MRM) at the
transitions m/z 296 → 210 (NDQ) and m/z 384 → 253
(quetiapine).

At the lowest validated concentration (defined as lower
limit of quantification; LLOQ), which was 20 nmol l�1 for
quetiapine and 50 nmol l�1 for NDQ, the intra- and interday
precision and accuracy was <14%. At the highest validated
concentration (2400 nmol l�1 for quetiapine and
1500 nmol l�1 for NDQ), the intra- and interday precision
and accuracy was <8%.

Analytical assay of 4βOHC
4βOHC was determined in the remaining serum volumes of
clinical samples submitted for TDM analyses by a previously
published UPLC-MS/MS method [17]. Briefly, aliquots of

10 μl purified samples including the added internal standard,
i.e. deuterated 4βOHC (4βOHC-D7; IS), were injected on the
same UPLC column as described for analysis of quetiapine
and NDQ. A gradient elution with a mix of water and metha-
nol (85–95%) was used as mobile phase for chromatographic
separation (flow rate 0.150 ml min�1, column temperature
40°C). MS/MS detection was obtained by an atmospheric
pressure chemical ionization (APCI) probe operated in posi-
tive mode using MRM at the transitions m/z 385 → 367
(4βOHC) and m/z 392 → 374 (4βOHC-D7; IS). The total
runtime per sample was 10 min.

The intra- and interday precision and accuracy of the
4βOHC assay was <15% at 25 nmol l�1 (defined as LLOQ)
and <4% at 1600 nmol l�1 (defined as upper limit of quanti-
fication; ULOQ). In line with requirements specified in a re-
cently published consensus paper on 4βOHC analysis [26],
4αOHC and 4βOHC were chromatographically separated
with retention times of 2.5 and 3 min, respectively.

Statistical analyses
The Spearman’s signed rank test was used to investigate uni-
variate correlations between 4βOHC serum levels and C/D ra-
tios of quetiapine and NDQ/quetiapine metabolic ratios. In
themultivariate analyses, associations between 4βOHC levels
and quetiapine C/D and metabolic ratios were tested in mul-
tiple linear regression models including age (≥60 vs. <60
years), gender (females vs. males), and tablet formulation (IR
vs. XR), as potential covariates (‘<60 years’, ‘females’ and
‘IR’ encoded as reference). The distribution of measured C/D
ratios of quetiapine andmetabolic ratios did not pass normal-
ity tests, and were therefore log-transformed (ln) before mul-
tiple linear regression analyses. After multivariate analyses,
model constants/intercepts and effect estimates of tested var-
iables (β values with 95% confidence intervals; CI) were back-
transformed and presented as nominal values. R2 values from
the multiple linear regression analyses were used as measure
of explained variability in quetiapine C/D ratios and meta-
bolic ratios.

In addition to statistical analyses related to quetiapine
measurements, measured 4βOHC levels were compared be-
tween females and males, patients ≥60 and <60 years, and
IR and XR tablet formulations, by Mann–Whitney tests. For
patients with sufficient rest volumes of TDM samples avail-
able for reanalysis of both 4βOHC and total cholesterol con-
centration in serum, the Spearman’s test was used to
investigate the correlation between unadjusted 4βOHC con-
centrations and 4βOHC/C ratios.

IBM SPSS Statistics 21 (IBM SPSS Statistics, IBM Corp.,
Armonk, NY) was used for statistical analyses, while
GraphPad Prism version 7 (GraphPad Software, Inc., San
Diego, CA, USA) was used for graphical illustrations.
P < 0.05 was considered statistically significant.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data
from the IUPHAR/BPS Guide to PHARMACOLOGY [27],
and are permanently archived in the Concise Guide to
PHARMACOLOGY 2015/16 [28, 29].
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Results

Patient inclusion and characteristics
During the prospective one-year collection period, 392
patients with routinely measured serum concentrations of
quetiapine were identified to have (i) sufficient residual
sample volumes for 4βOHC reanalysis, and (ii) available
information about daily dosing and sampling time. Among
these, 241 patients were excluded due to blood sampling time
outside predefined criteria, measured drug/metabolite con-
centrations outside the validated ranges, or absence of
steady-state conditions. The remaining 151 quetiapine-
treated patients were included in the study for reanalysis of
4βOHC. After reviewing the TDM requisition forms from
which the respective serum samples of the included patients
originated, comedication with known inducers or inhibitors
of CYP3A4 was not identified.

The majority of the included patients (n = 98, 65%)
received treatment with the IR tablet formulation of
quetiapine, while the remaining received XR tablets. The
gender distribution within the included patient popula-
tion was balanced (54% females). Median age in the
whole population was 44 years (range 15–92 years) with
a higher age in IR- than XR-treated patients, i.e. median
45 vs. 36 years.

Serum concentrations of 4βOHC in the entire study popu-
lation ranged from 17 to 302 nmol l�1 (median 75 nmol l�1).
Measured serum concentrations of 4βOHC were significantly
higher in females than males (median 89 vs. 60 nmol l�1,
P < 0.0001), but no significant difference in 4βOHC levels
was observed between older and younger patients, or be-
tween XR- and IR-treated patients. Sufficient serum volumes
for supplementary measurements of total cholesterol (C)
concentration, in addition to 4βOHC, were available for 86
of the 151 included patients (57%; median C concentration
4.8 nmol l�1, range 2.8–7.5). A tight, positive correlation
between absolute 4βOHC (unadjusted) concentration and
4βOHC/C ratio was observed in these cases (Spearman’s
r = 0.90, 95% CI 0.84, 0.93; P < 0.0001; Figure 1).

Univariate correlations between 4βOHC level
and quetiapine steady-state concentration and
metabolic ratio
Correlation plots between 4βOHC levels and (i) quetiapine
dose-adjusted steady-state (trough) serum concentrations
(C/D) ratios, and (ii) metabolic ratios, are presented in
Figure 2. Highly significant, negative correlations were ob-
served between 4βOHC levels and C/D ratios of quetiapine
in IR-treated patients (Spearman’s r = �0.47, 95% CI �0.62,
�0.30; P < 0.0001), XR-treated patients (Spearman’s r =
�0.56, 95% CI �0.72, �0.33; P < 0.0001) and in the pooled
population (Spearman’s r = �0.51, 95% CI �0.62, �0.38;
P < 0.0001) (Figure 2).

We also observed statistically significant, positive correla-
tions between 4βOHC levels and metabolic ratios in IR-
treated patients (r = 0.50, 95% CI 0.32, 0.64; P < 0.0001),
XR-treated patients (r = 0.64, 95% CI 0.44, 0.78; P < 0.0001)
and in the pooled population (r = 0.54, 95% CI 0.41, 0.64;
P < 0.0001) (Figure 2).

4βOHC level and other candidate variables’
association with quetiapine steady-state
concentration and metabolic ratio in
multivariate analyses
Results of the multiple linear regression analyses are summa-
rized in Table 1 (quetiapine C/D ratio) and Table 2 (metabolic
ratio). Briefly, 4βOHC level, gender and age, but not tablet for-
mulation, were significantly associated with C/D ratio and
metabolic ratio of quetiapine. 4βOHC level was found to be
the strongest explanatory variable for quetiapine C/D ratio
in the multivariate analysis (Table 1). After correction for co-
variate effects, C/D ratio of quetiapine was estimated to be re-
duced by 0.7% per unit (nmol l�1) 4βOHC increase above the
lowest measured value in the dataset, i.e. 17 nmol l�1

(P < 0.001, Table 1). In addition, males were estimated to
have approximately 30% higher C/D ratio of quetiapine com-
pared to females (P = 0.023), and patients ≥60 years were esti-
mated to obtain approximately 60% higher C/D ratio of
quetiapine compared to younger patients (P = 0.003, Table 1).

4βOHC level, gender and age were also significantly asso-
ciated with individual variability in NDQ/quetiapine meta-
bolic ratios in multivariate analysis (Table 2). While
increasing levels of 4βOHC were associated with higher met-
abolic ratios, significantly lower metabolic ratios were esti-
mated inmales than females and in patients ≥60 vs.<60 years
(Table 2).

Model fits (R2) of the multiple linear regression analyses
were 0.283 and 0.356 for quetiapine C/D ratio (Table 1) and
NDQ/quetiapine metabolic ratio (Table 2), respectively.

Discussion
This study shows that 4βOHC level is closely correlated
with dose-adjusted steady-state trough serum concentra-
tion of orally administered quetiapine, a CYP3A4 substrate
with low bioavailability due to extensive presystemic

Figure 1
Relationship between unadjusted 4β-hydroxycholesterol levels
(4βOHC, nmol l�1) and 4βOHC-to-cholesterol (C) ratios (4βOHC/C)
in the 86 patients where residual sample volumes were sufficient
for reanalysis of both 4βOHC and C. P-value estimated by
Spearman’s rank correlation test (r [rho] = correlation coefficient)

Correlation between 4β-hydroxycholesterol and quetiapine concentration
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metabolism [21]. The relationship between 4βOHC level
and quetiapine exposure in the included population of
psychiatric patients was highly significant in both univariate
and multivariate statistical analyses.

To our knowledge, this is the first study to show a clear
correlation between 4βOHC level and exposure of a CYP3A4
substrate. One previous study failed to show significant
associations between 4βOHC levels and clearance estimates
of the CYP3A4 substrates docetaxel and paclitaxel following
intravenous administration [30]. This latter might reflect
potential relevance of non-CYP3A4 mechanisms in clearance
of docetaxel and paclitaxel, but in light of the possible role of
intestinal CYP3A4 in biomarker formation [17], the
intravenous administration of these substrates could also be
a factor of relevance for the reported lack of associations with
4βOHC levels in that study.

Tacrolimus, a combined substrate of CYP3A4/5 and the
efflux transporter P-glycoprotein (P-gp), shows great
interindividual variability in oral clearance [31]. A recent
study by Vanhove et al. reported a correlation between

4βOHC level and weight-adjusted oral tacrolimus clearance
in stable renal transplant patients [32]. However, this correla-
tion could not be reproduced in the early phase after trans-
plantation in a subsequent study by Størset et al. [33, 34].
This indicates that other factors than CYP3A(4) phenotype
are more important for the pharmacokinetic variability of
tacrolimus in the early phase after transplantation, which
limits the potential clinical utility of 4βOHC level as
biomarker for estimating tacrolimus dose requirements.
Overall, the variable degree of correlation with exposure of
different substrates shows that clinical implementation of
4βOHC level and as a generic biomarker for individualized
dosing of CYP3A4-metabolized drug is not realistic, but its
potential relevance as dosing biomarker probably needs be
evaluated for each drug separately.

The metabolite NDQ is almost exclusively formed by
CYP3A4 [35], and the close correlation between 4βOHC levels
and NDQ/quetiapine metabolic ratios supports that 4βOHC
level reflects basal CYP3A4 activity. Gender differences in
NDQ/quetiapine ratios and 4βOHC levels were of similar

Figure 2
Correlations between 4β-hydroxycholesterol (4βOHC) levels and (i) dose-adjusted serum concentration (C/D ratio) of quetiapine (Q) (left panel),
and (ii) N-desalkylquetiapine-to-quetiapine (NDQ/Q) metabolic ratios (right panel), for immediate release (IR), extended release (XR) and pooled
samples (IR + XR). P-values estimated by Spearman’s rank correlation tests (r [rho] = correlation coefficient)
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magnitudes (i.e. 30–50% higher in females than males),
which provide clear evidence that basal CYP3A4 activity is
higher in females than males. The underlying mechanism
for the gender difference in CYP3A4 phenotype is uncertain,
but we recently observed that females appeared to be more
responsive towards induction of CYP3A4 activity during use
of carbamazepine [17]. The higher basal CYP3A4 activity in
females than males might therefore be due to greater
responsiveness towards exogenous or endogenous factors
increasing enzyme activity.

Previous studies have reported conflicting results regard-
ing the impact of age on interindividual differences in
quetiapine exposure [23, 36]. In the present study, we ob-
served significantly higher dose-adjusted serum concentra-
tion of quetiapine in older vs. younger patients in the
multiple linear regression analysis. This observation was ac-
companied by a lower NDQ/quetiapine metabolic ratio in
older vs. younger patients. However, the slight, nonsignifi-
cantly higher 4βOHC level found in older compared to youn-
ger patients does not indicate that altered quetiapine
pharmacokinetics in the elderly is caused by reduced CYP3A4
activity. Another,more likelymechanism behind higher dose-
adjusted serum concentration of quetiapine, is reduced clear-
ance in the elderly due to an age decline in hepatic blood flow.

In the present study, we observed a close, apparently lin-
ear correlation between unadjusted 4βOHC concentrations
and 4βOHC/C ratios in those patients with sufficient sample
volumes for reanalysis of both 4βOHC and total cholesterol
levels. These data therefore support that absolute 4βOHC
level generally will work well as phenotype biomarker of
CYP3A4, which is in line with a previous publication by
Diczfalusy et al. reporting that differences in cholesterol
levels only explain <10% of the variability in serum concen-
tration of 4βOHC [15].

Consistent with the extensive individual variability in
CYP3A4 phenotype, 4βOHC levels ranged >15-fold in the
study population. In the multivariate analysis, one unit
(nmol l�1) increase in 4βOHC level was associated with an es-
timated 0.7% decrease in steady-state trough serum concen-
tration of quetiapine. This means that raising 4βOHC level
by, for example 30 nmol l�1, will result in approximately
20% reduction in quetiapine exposure. This kind of quantita-
tive estimate is subject to considerable uncertainty, and it
should be further investigated to what extent pretreatment
4βOHC level, together with other significant explanatory var-
iables, could predict steady-state trough serum concentration
of quetiapine at an individual level. Moreover, it would be of
interest to investigate whether βOHC level predicts trough
concentrations, as measured in this study, differently than
maximum concentrations (Cmax) and area under the concen-
tration vs. time curves (AUC) of quetiapine.

Themultiple linear regression analysis explained approxi-
mately 30% of the total variability in dose-adjusted serum
concentration of quetiapine. Studies have shown that
quetiapine is a P-gp (ABCB1) substrate [37, 38], and individual
differences in P-gp phenotype likely explain some of the re-
maining variability in quetiapine exposure. Methodological
limitations associated with the use of retrospective and natu-
ralistic data in this study have probably also contributed to
variability in quetiapine measurements. Details about dose,
time between the last dose intake and blood sampling, and
comedication, were based on requisition forms filled out by
physicians, which could be inaccurate. In addition, degree of
patient adherence to quetiapine treatment is another, uncon-
trolled factor that may have introduced nonpharmacological
variability in the data material. Despite these limitations, the
large number of included patients, together with the high
explanatory degree of the included biological variables in
the multivariate analysis, strengthens the study findings.

In conclusion, the present study shows that 4βOHC
level is significantly correlated with steady-state serum

Table 2
Estimated effects of 4βOHC level, gender, age, and tablet formula-
tion, on quetiapine metabolic ratio (NDQ/quetiapine) in multiple lin-
ear regression analysis

Variable
Estimated fold
change (95% CI)a P

4βOHC per unit
(nmol/l�1) increaseb

1.007 (1.005–1.009) <0.001

Male vs. female 0.694 (0.561–0.861) 0.001

≥60 vs. <60 years 0.736 (0.557–0.971) 0.033

XR vs. IR 0.843 (0.681–1.045) N.S.

Model fit (R2) = 0.356

4βOHC, 4β-hydroxycholesterol; CI, confidence interval; IR, imme-
diate release; NDQ, N-desalkylquetiapine; N.S., not significant; XR,
extended release
aEffect estimates (β values) are presented as back transformed ln
values from the multivariate model analysis (back transformed in-
tercept/constant of the model = 1.344 nmol l�1 mg�1 day�1).
bUnit increase from the lowest measured 4βOHC in the dataset, i.e.
17 nmol l�1)

Table 1
Estimated effects of 4βOHC level, gender, age, and tablet
formulation, on dose-adjusted serum concentration (C/D ratio;
nmol l�1 mg�1 day�1) of quetiapine in multiple linear regression
analysis

Variable
Estimated fold
change (95% CI) P

4βOHC per unit
(nmol/l�1) increasea

0.993 (0.991–0.995) <0.001

Male vs. female 1.327 (1.043–1.689) 0.023

≥60 vs. <60 years 1.627 (1.186–2.232) 0.003

XR vs. IR 1.242 (0.974–1.584) N.S.

Model fit (R2) = 0.283

4βOHC, 4β-hydroxycholesterol; C/D ratio, dose-adjusted serum
concentration; CI, confidence interval; IR, immediate release; N.S.,
not significant; XR, extended release
aEffect estimates (β values) are presented as back transformed ln
values from the multiple linear regression analysis (back transformed
intercept/constant of the model = 0.739 nmol l�1 mg�1 day�1).
bUnit increase from the lowest measured 4βOHC in the dataset, i.e.
17 nmol l�1)
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concentration of quetiapine in psychiatric patients. This il-
lustrates the clinical pharmacological potential of 4βOHC
as an endogenous CYP3A4 biomarker for individualized
drug dosing, and future studies should evaluate to what ex-
tent pretreatment 4βOHC level can predict dose-adjusted
concentrations of quetiapine and other drugs mainly me-
tabolized by CYP3A4.
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