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Objective: Efavirenz (EFV) use is associated withneuropsychiatric side effects, which may
include poor neurocognitive performance. We evaluated single nucleotide polymor-
phisms ingenes that contribute toEFVpharmacokinetics andexamined theminassociation
with EFV concentrations in plasma and hair, as well as neurocognitive performance.

Design: Cross-sectional study in which adults with HIV receiving 600-mg EFV for at least
2 months were recruited and paired hair and dried blood spots (DBS) samples collected.

Methods: Participants (N¼93, 70.3% female) were genotyped for seven single nucleotide
polymorphisms inCYP2B6,NRII3andABCB1usingDBS.EFVwasquantified inDBSandhair
using validated liquid-chromatography–tandem-mass-spectrometry methods, with plasma
EFV concentrations derived from DBS levels. Participants were also administered a neuro-
cognitive battery of 10 tests (seven domains) that assessed total neurocognitive functioning.

Results: Strong correlation (r¼0.66, P<0.001) was observed between plasma and hair
EFV concentrations. The median (interquartile range) hair EFV concentration was
6.85 ng/mg (4.56–10.93). CYP2B6 516G>T, (P<0.001) and CYP2B6 983T>C
(P¼0.001) were each associated with hair EFV concentrations. Similarly, 516G>T
(P<0.001) and 983T>C (P¼0.009) were significantly associated with plasma EFV
concentration. No other genetic associations were observed. Contrary to other studies,
total neurocognitive performance was significantly associated with plasma EFV con-
centrations (r¼0.23, P¼0.043) and 983T>C genotype (r¼0.38, P<0.0005).

Conclusion: This study demonstrated approximately three-fold and two-fold higher EFV
plasma and hair concentrations, respectively, among CYP2B6 516TT compared with
516GG. Higher EFV concentrations were associated with better neurocognitive perfor-
mance, requiring further study to elucidate the relationships between adherence, adverse
effects and outcomes. Copyright � 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction
Efavirenz (EFV) is a non-nucleoside reverse transcriptase
inhibitor widely used for the treatment of HIV-1
infection in combination antiretroviral therapy (ART).
EFV has a long half-life which allows for once daily
dosing. This antiretroviral is currently recommended as a
component of alternative first-line regimens for HIV
treatment by the WHO [1]. The second-generation
integrase inhibitor, dolutegravir (DTG), replaced EFV in
the latest WHO update for first-line ART given that
DTG-based therapy is better tolerated, virologically non-
inferior, and has a higher genetic barrier to resistance than
EFV-based regimens [2]. Nevertheless, EFV is still widely
used in sub-Saharan Africa (including Nigeria) because of
its effectiveness and relatively low cost. Fixed-dose EFV-
based regimens are suitable across populations, including
for patients on rifampicin-containing anti-tuberculosis
drugs, whereas DTG has to be increased to twice daily if
co-administered with rifampicin [1].

EFV is metabolized mainly by CYP2B6 to 8-hydroxy-
EFV as the primary metabolite. CYP2B6 has been
extensively studied in relationship to EFV and certain
single nucleotide polymorphisms (SNPs) of CYP2B6
have been reported to influence EFV concentrations in
plasma and hair [3–5]. CYP2B6 516G>T and CYP2B6
983T>C, known as decreased function and no function
alleles, respectively [6], are consistently associated with
increased concentrations of EFV in both hair and plasma.
EFV concentration in hair and plasma were three-fold
higher in individuals with homozygosity in CPY2B6
516T compared with CPY2B6 516GT and CPY2B6
516GG [3,5].

Despite the efficacy of EFV, the drug can have treatment-
limiting central nervous system (CNS) toxicities [4,7,8].
CNS toxicity impacts negatively on patients’ quality of
life, as well as adherence to ART. Some studies have
linked EFV CNS side effects, as well as treatment
discontinuation, to high plasma concentrations of EFV,
[4,8,9] as well as certain SNPs in CYP2B6. These studies
evaluated short-term effects of EFV. However, there are
limited data on the long-term impact of EFV on
neurocognitive performance to date.

The relationship between EFV use and neurocognitive
function is complicated. Generally, neurocognitive
performance tends to improve with ART initiation
[10,11]. In contrast, long-term exposure to EFV has been
linked to worse neurocognitive performance in people
living with HIV (PWH) [12]. However, other data on the
long-term impact of EFV on neuropsychological perfor-
mance showed improvement in neuropsychological
performance compared with data collected at baseline
[13]. This data did not measure long-term EFVexposure
(e.g. EFV concentrations in hair) which may show a
different relationship with neurocognitive performance
than use of EFV concentration in plasma (a short-term
metric) alone.

In this study, we evaluated SNPs in genes important for
EFV disposition and examined them in association with
plasma and hair concentrations of EFV. We further
evaluated the relationship between EFV levels and
neurocognitive performance, to address these known
gaps in the literature.
Methods

Participant recruitment
Persons with HIV who were attending Infectious Disease
Institute, College of Medicine, University of Ibadan and
were receiving 600-mg EFV once daily as part of their
ARTregimen for at least 2 months were eligible. Potential
participants were interviewed to ascertain willingness to
donate hair and blood. Consenting participants were
enrolled from July 2017 to November 2017. Each
participant provided the time of their last ART dose
before samples were collected. Participants who reported
missing their drugs for 2 days or more before sample
collection, or were pregnant, were excluded from the
study. Participants who did not pick up their ART as
prescribed from the clinic pharmacy were excluded from
analysis. All participants provided written informed
consent before participating in the study. The study
was approved by the Joint University of Ibadan/UCH
Research Ethics Committee.

Sample collection and analysis
Single point paired dried blood spots (DBS) and hair
samples were collected from participants at mid-dose
interval up to 17 h post dose. In addition, each
participants’ hematocrit was determined for standardiza-
tion of DBS values. Participants were also administered a
battery of 10 neurocognitive tests (seven domains) that
assessed total neurocognitive functioning. Other patient
characteristics were extracted from medical records.

Dried blood spots sample collection and
measurement of efavirenz
Whole venous blood (about 1 ml) was collected in
lithium heparinized tubes from each participant and five
50 ml spots were made onto two separate Whatmann 903
protein saver cards for both DNA extraction and
measurement of EFV. The spotted cards were left at
room temperature (RT) on the laboratory bench to dry
for about 24 h. Then, each card was placed inside a
separate Ziploc bag with two bags of desiccant and one
humidity indicator card and sealed tightly. The samples
for the EFVassay were stored at�20 oC until shipment to
the Pharmacology and Therapeutics Laboratory, Univer-
sity of Liverpool, UK by courier for analysis.
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EFV concentrations in DBS were measured using
validated liquid chromatography–tandem mass spec-
trometry (LC–MS/MS)-based methods as previously
described [14]. The lower and upper limits of quantifica-
tion were 0.025 and 5 mg/ml, respectively. Plasma EFV
concentration was derived from the DBS concentration
using a previously validated equation [DBS[EFV]/
(1�hematocrit)�protein binding] [15]. In this equation,
hematocrit is the patient-specific hematocrit and protein
binding represents the fraction of EFV (0.995) bound to
plasma protein while DBS[EFV] is the concentration of
EFV in DBS. Plasma EFV concentrations were classified
into three categories considered to be therapeutically
important [8].

Hair sample collection and measurement of
efavirenz
A small thatch of hair (20–30 strands) was cut as close as
possible to the scalp from each participant [5]. The hair
samples were stored at RT until shipped to the Hair
Analytical Laboratory (HAL) at the University of
California, San Francisco (UCSF), USA for analysis.

In the laboratory, each hair sample was cut down to
1.5 cm in length from the root (to reflect the past �6
weeks of exposure). The extraction of EFV and
quantification in hair were achieved using previously
described and validated LC–MS/MS-based methods
[16]. The lower and upper limits of quantifications are
0.05 and 20 ng/mg, respectively. Details of this procedure
has been described elsewhere [16] and the UCSF HAL’s
methods for analyzing EFV in hair have been peer
reviewed and approved by the NIH’s Clinical Pharma-
cology and Quality Assurance program [17].

DNA extraction and genotyping
The E.Z.N.A DNA extraction kit was used to extract
genomic DNA from DBS according to the manufac-
turer’s instructions. Quantification of the extracted DNA
was performed using NanoDrop 1000 Spectrophotome-
ter and the DNA was stored at �20 oC. SNP genotyping
was performed using real-time PCR (DNA Engine
Chromo4 System; Bio-Rad Laboratories, Inc., Hercules,
California, USA). Allelic discrimination plots were
obtained using opticon monitor software version 3.1.
Allelic discrimination reactions were performed using
TaqMan assays obtained from Life Technologies Ltd
(Paisley, Renfrewshire, UK). The TaqMan SNP geno-
typing assays for the seven SNPs genotyped included;
C_7817765_60 for CYP2B6516G>T (rs3745274),
C_60732328_20 for CYP2B6983T>C (rs28399499),
C_16194070_10 for NR1I3c.152–1089T>C (rs3003596),
C_25746794_20 for NR1I3 c.540C>T (rs2307424),
C_7586662_10 for ABCB11236C>T (rs1128503),
C_11711730_20 for ABCB14036A>G (rs3842) and
C_7586657_20 for ABCB1 3435A>G (rs1045642). The
PCR amplification was achieved under the following
conditions: an initial denaturation step at a temperature of
95 8C for 15 min, followed by 50 cycles of amplification at
95 8C for 15 s and a final annealing at 60 8C for 1 min.

Neurocognitive assessments
Trained personnel administered the neuropsychological
examination. Participants were administered a neuro-
cognitive battery that assessed total neurocognitive
functioning in the domains of fluency, attention, learning,
memory, fine motor, speed of processing and executive
functioning. The test infrastructure used has been
previously used in diverse resource limited settings and
the normative data used for data comparison was from
International Neurocognitive Normative Study (INNS)
(ACTG A5271) [18]. The neuropsychological test scores
were transformed into z-scores using the normative data
from the INNS. Details of the standardized neurological
and neuropsychological method has been described
elsewhere [18,19]. Total z-scores were obtained from
the collected data and were used to determine the
correlation between EFV concentrations in plasma and
hair with neurocognitive performance.

Statistical analysis
Allele and genotype frequency compliance to Hardy–
Weinberg equilibrium was tested using the Chi-square
test. Normality of continuous variables were tested using
Histogram plots, Q–Q plots and Shapiro–Wilk tests.
Mean (SD) or median [interquartile range (IQR)] were
used to summarize continuous variables while categorical
variables were summarized by frequency in a descriptive
analysis. Correlations between continuous variables were
tested using Pearson or Spearman Correlations. The
Mann–Whitney U test was used to ascertain differences
in median EFV concentrations by genotype. To achieve
normal distributions for EFV concentrations, hair and
plasma concentrations were log10 transformed. Indepen-
dent t test was used to assess differences in mean total z-
scores between male and female. Covariate effects on
log10 transformed plasma or hair concentrations of EFV
were ascertained using univariate linear regression.
Independent variables with P value of 0.1 or less in the
univariate linear regression models were included in a
stepwise multiple regression model. Data analysis was
performed using IBM SPSS statistics version 25 (IBM,
Armonk, New York, USA) and GraphPad Prism
(GraphPad Software, Inc., La Jolla, California, USA).
Results

Patients’ characteristics
Of the 93 participants who gave hair and DBS samples,
two individuals were excluded from the analysis because
clinic pharmacy records revealed that they had not picked
up their ART for at least 3 months prior to sample
collection. The mean (SD) age of participants was
44.5� 11.22 years. Other participants’ characteristics has
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Table 1. Demographic and other characteristics of the participants (n U 91).

Characteristics N (%) Mean (SD) Median (IQR)

Sex
Male 27 (29.7)
Female 64 (70.3)

Ethnicity
Yoruba 79 (86.8)
Hausa (4.4)
Igbo 3 (3.3)
Other 5 (5.5)

Backbone antiretroviral
TDF/3TC 84 (92.3)
ABC/3TC 5 (5.5)
TDF/FTC 2 (2.2)

Age (years) 44.5 (11.22)
Weight (kg) 63 (64–73)
No of months on EFV 45 (23.5–70.0)
Time post dose (h) 14.7 (13.5–16)
Hematocrit (%)

Male 38.2 (6.98)
Female 36 (33–37.5)

Baseline viral load (copies/ml) 63 493 (12 429–173 214)
Latest viral load 10 (10–26)
Baseline CD4þ cell count (cells/ml) 241 (131.0–362.8)
Latest CD4þ cell count 445 (274–600)

EFV, efavirenz; IQR, interquartile range.
been summarized (Table 1). Genotype frequencies for the
studied population are presented in Table 2.

Efavirenz concentrations in plasma
Therewas a strong correlation between EFV concentration
in DBS and the DBS-derived plasma concentrations
(r¼ 0.99, P< 0.001) (Fig. 1a). However, EFV concentra-
tion in DBS was about 33% lower than derived-plasma
values. The median (IQR) EFV plasma concentration
was 2237 ng/ml (1655–3858). There was wide variability
in plasma EFV concentrations among the population
studied, with concentrations ranging from 446.821 to
15 592.334 ng/ml. Classifying plasma concentrations into
three categories considered to be therapeutically impor-
tant, 5.5% (n¼ 5), 71.4% (n¼ 65) and 23.1% (n¼ 2), of 91
participants had plasma concentrations less than 1000 ng/
ml (subtherapeutic), 1000–4000 ng/ml (therapeutic) and
greater than 4000 ng/ml (supratherapeutic), respectively.

Efavirenz concentrations in hair
EFV concentration was measured from 91 hair samples
(one per participant). However, one measurement was
excluded from the analysis after failing quality control
Table 2. Allele and genotype frequencies.

SNP A

CYP2B6 516G>T GG: 0.366 GT: 0.495
CYP2B6 983T>C TT: 0.828 CT: 0.172
NR1I3c.152–1089T>C TT: 0.194 CT: 0.473
NR1I3 c.540C>T CC: 0.839 CT: 0.14
ABCB1 1236C>T CC: 0.731 CT: 0.258
ABCB1 4036A>G AA: 0.763 AG: 0.215
ABCB1 3435A>G GG: 0.817 AG: 0.172

SNP, single nucleotide polymorphism.
procedures in the laboratory. The median IQR EFV hair
concentration was 6.85 ng/mg (4.56–10.93). There was a
strong correlation between the log transformed plasma
EFV concentration and EFV concentrations in hair
(Pearson’s correlation, r¼ 0.66; P< 0.001) (Fig. 1b).

Factors associated with efavirenz concentrations
in plasma
Age, sex, ethnicity, time post dose, and number of months
on EFV did not show significant associations with plasma
EFV concentrations in a simple linear regression, but a
trend was demonstrated in which lower weight was
associated with higher plasma EFV concentrations
(P¼ 0.09). Of the seven SNPs assessed, only CYP2B6
516G>T and CYP2B6 983T>C were significantly
associated with log10 plasma concentrations of EFV
with P less than 0.001 and P¼ 0.009, respectively. There
were significant differences in plasma EFV concentrations
based on CYP2B6 516G>T and CYP2B6 983T>C
(Fig. 2a and Table 3). Median EFV plasma concentrations
were lower for participants with 983TT compared with
983TC (Fig. 2b and Table 3).
llele and genotype frequencies

TT: 0.14 G: 0.613 T: 0.387
CC: 0.000 T: 0.914 C: 0.086
CC: 0.333 T: 0.43 C: 0.57
TT: 0.022 C: 0.909 T: 0.091
TT: 0.011 C: 0.860 T: 0.140
GG: 0.022 A: 0.871 G: 0.129
AA: 0.011 A: 0.097 G: 0.903



Effect of efavirenz concentrations on neurocognition Nwogu et al. 1923

0 5000 10000 15000 20000
0

5000

10000

15000
r = 0.99, P < 0.0001

(a)

Plasma EFV conc (ng/ml)

D
B

S 
EF

V 
co

nc
 (n

g/
m

l)

2.5 3.0 3.5 4.0 4.5
0.0

0.5

1.0

1.5

2.0
r = 0.66, P < 0.0001

(b)

Log10 plasma EFV conc (ng/ml)

Lo
g 1

0 
ha

ir 
EF

V 
co

nc
 (n

g/
m

g)

Fig. 1. (a) Correlations between efavirenz concentrations in DBS and plasma. (b) Log10 transformed efavirenz concentrations in
hair and plasma. Pearson r U 0.66 (0.53, 0.77). Solid line represents mean value and the broken lines represent 95% confidence
interval.
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Table 3. Dried blood spots-derived plasma efavirenz concentrations and total z-scores stratified based on two single nucleotide polymorphisms
in CYP2B6.

SNP Genotype
Median (IQR) DBS-derived plasma
concentrations (ng/ml)

Median (IQR) hair
concentration in ng/mg

CYP2B6 516 G>T GG 1790 (1423.59–2341.31) 5.80 (4.34–8.45)
GT 2410 (1817.30–3634.74) 6.38 (4.61–11.15)
TT 5094 (4480.93–8506.28) 11.0 (4.91–24.85)

CYP2B6 983 T>C TT 2198.44 (1637.27–3501.38) 5.97 (4.41–9.64)
CT 4244.45 (2383.87–7264.50) 10.90 (7.37–17.77)

DBS, dried blood spots; IQR, interquartile range; SNP, single nucleotide polymorphism.
participants compared with CYP2B6516G homozygote
participants. No other genetic (NR1I3 c.152–1089T>C,
NR1I3 c.540C>T, ABCB11236C>T, ABCB14036A>G
or ABCB13435A>G) or demographic (age, sex, ethnicity,
weight) associations with hair levels were evident. The
median (IQR) hair EFV concentration was 6.85 ng/mg
(4.56–10.93). The median (IQR) hair concentrations
stratified by genotypes is shown in Table 3. There was a
significant difference in median hair EFV concentrations
for CYP2B6516GG and CYP2B6516TT (P¼ 0.007)
(Fig. 2c). Similarly, the difference in median hair EFV
concentrations between CYP2B6 983TT and CYP2B6
983TC was significant (P¼ 0.004) (Fig. 2d).

Neurocognitive performance and efavirenz
concentrations
Out of the 91 participants who had plasma EFV
concentrations, ten participants were excluded from
analysis because their data revealed that they could not
speak the English language which is required to complete
this neurocognitive performance test. The mean (SD)
total z-score of the neurocognitive assessments for the
remaining 81 participants was 0.002 (0.29) (Table 3); a
more positive z-score value indicates better neurocog-
nitive performance. The mean (SD) total z-scores of
males and females were 0.1 (0.3) and �0.03 (0.3),
respectively, with men demonstrating better performance
(P¼ 0.03, confidence interval, �0.27, �0.01). A
significant positive relationship was found between
neurocognitive performance and EFV plasma concentra-
tions (r¼ 0.23, P¼ 0.043). This was mostly seen in the
domains of executive functioning, with trends in fine
motor skills and speed of processing.
Discussion

The article evaluates for the first time the association
between concentrations of EFV in two biomatrices,
polymorphisms in genes associated with EFV metabo-
lism, and neurocognitive function in a cohort of PWH in
Nigeria. Short-term and long-term EFV exposure were
determined in DBS and hair samples, respectively.
Moreover, hair sample collection was highly successful
in this Nigerian cohort (100% acceptability) despite
beliefs in this setting that a person’s hair can be used for
ritual purposes [20]. We showed significant association
between EFV metabolism in CYP2B6 and concentrations
of the drug in both plasma and hair.

Our study is the first to measure antiretroviral drug levels
in hair in Nigeria. DBS represents a suitable alternative
for measuring short-term antiretroviral drug levels in
resource-constrained settings, offering advantages over
plasma sampling, which requires cold chain storage. The
use of DBS has been shown to consistently result to lower
EFV concentrations compared with plasma [15,21,22].
This was confirmed in our study in which DBS level was
33% lower than derived plasma level. The lower
concentrations seen with DBS is mainly a result of the
effect of hematocrit, which varies from person to person,
and is generally lower in females than males. However,
correcting for patient-specific hematocrit and protein
binding of EFV with DBS levels has been shown to
give similar results with concentrations in plasma [15].
Hence, we derived plasma concentrations from DBS by
correcting for patient-specific hematocrit and protein
binding of EFV, and performed subsequent analyses using
the DBS-derived plasma concentrations.

Similar to previous reports [15], DBS concentrations of
EFV correlated well with plasma concentrations in this
study. Hair concentrations of EFV also showed strong
correlations with plasma concentrations. This has
implication in interpreting medication adherence. Strong
correlation between hair and plasma concentration
usually indicate consistency in patients’ adherence
patterns. Some patients tend to increase compliance to
medications on the days closer to their clinic visits. Such
‘white coat compliance’ will result in higher plasma
concentration, but not hair concentrations, and thus poor
correlation between drug concentrations in hair and
plasma. Similar to the findings in this study, a study among
South Africans showed a strong correlation between
plasma and hair EFV concentrations [3]. In contrast, a
study of Asians showed no significant correlation between
plasma lopinavir concentrations and hair concentrations
[23], suggesting white-coat compliance. Our results
therefore suggested that white coat compliance was not a
major problem in our setting.

In this study, we evaluated the influence of SNPs and
other patient’s demographics on hair and plasma
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concentrations of EFV, and explored the effects of EFV
concentrations on neurocognitive performance among
PWH in Nigeria. We found that only CYP2B6516 G>T
and CYP2B6 983G>T significantly influenced concen-
trations of EFV in both plasma and hair. There have been
inconsistent reports on the effects of demographics such
as body weight, sex, race and age on plasma EFV
concentrations in the literature. While some studies
found associations with these covariates, others reported
no association. Burger et al. [24] reported sex and race to
be contributory factors to inter individual variability in
plasma concentrations of EFV, but no association was
found between weight and plasma concentrations in
multivariate analysis. In contrast, another report revealed
significant associations between weight and plasma EFV
concentrations but found no significant relationship
between sex and EFV concentrations [25]. Differences in
methodology and the population studied may have
contributed to the inconsistency in results from these
studies, further confirming the influence of population
diversity in drug response. In our study, no significant
association was seen with sex, ethnicity, age or weight and
EFV concentrations, although a trend was observed with
weight in which lighter individuals tended to have higher
EFV concentrations compared with heavier individuals.
However, these results should be interpreted with caution
considering the small sample size of our study.

In terms of genetic associations, composite CYP2B6 516
G>Tand CYP2B6 983T>C accounted for about 35% of
the observed variation in plasma EFV concentrations in
the current study while weight accounted for only 3.2%
of the variation. This finding is expected given reports
from previous studies that certain SNPs in CYP2B6
display strong association with plasma EFV concentra-
tions. Homozygosity for the rare allele of CYP2B6 516
G>T (CYP2B6 516TT) has consistently been associated
with reduced EFV clearance compared with 516GT or
516GG [26–28]. Consistent with these reports, our study
demonstrated approximately three-fold higher plasma
concentrations within CYP2B6 516T homozygotes
compared with G homozygotes. Similarly, about two-
fold higher plasma concentrations were seen with
heterozygosity for the CYP2B6 983T>C (983CT)
compared with homozygosity in the common allele
(983TT). Notably, the homozygous 983CC genotype
was not found in the current study. A previous report
revealed that individuals with 983CC genotype discon-
tinued EFV-containing regimen early during treatment
due to CNS side effects [29]. Another study in which
participants were on EFV for a median duration of
approximately 18 months also did not find the 983CC
genotype in the population studied [30]. The participants
in our study had been on EFV-containing ART for a
median duration of 45 months. Thus, it is possible that
individuals with the 983CC genotype were not
represented in our study because they may have switched
over to EFV-sparing regimen earlier; however, the small
sample size of the study also likely contributed,
considering the low frequency of the 983CC genotype
reported in our population [31].

Measuring antiretroviral drug concentrations in hair has
become a very useful tool for monitoring drug exposure
over a relatively longer period. Drug levels in hair
represents accumulated drug exposure over weeks to
months. Hence, a hair drug level is not affected by day-to-
day variation in plasma concentrations. In this study,
about 1.5 cm of hair was measured and cut which
represents about 6 weeks of drug accumulation since hair
grows at an average of 1 cm/month [32].

Hair antiretroviral concentrations have been reported to
predict treatment outcomes in multiple settings [33–35].
Many studies have shown the impact of some SNPs in
CYP2B6 on hair concentrations of EFV [3,5]. These
studies reported up to a three-fold increase in EFV hair
concentrations with the homozygote rare allele of the
CYP2B6 516G>T (516TT) compared with the G
homozygote. Similar results were obtained in the current
study in which individuals with CYP2B6516TT or
CYP2B6983CT had approximately two-fold higher EFV
hair concentrations compared with the CYP2B6516GG
or CYP2B6983TT genotype, respectively. The effect of
both SNPs (CYP2B6 516G>T and CYP2B6 983T>C)
was further confirmed in linear regression in which
CYP2B6 516G>T and CYP2B6 983T>C were inde-
pendently associated with EFV hair concentrations with P
less than 0.001 and P¼ 0.001, respectively. These results
further confirm the idea that pharmacogenetic testing of
patients initiating EFV may be useful in identifying those
predisposed to higher EFV levels and hence at increased
possible risk of EFV-associated toxicities.

EFV has been associated with CNS toxicities, especially at
higher concentrations [4,7,8]. In most persons, the CNS
side effects resolve during treatment, but some patients
experience persistent symptoms and therefore discon-
tinue EFV. Contrary to previous reports, we found that
total neuropsychological performance was significantly
associated with plasma EFV concentrations but not hair
concentrations. Higher EFV concentration even at
supratherapeutic concentrations was associated with
better neurocognitive performance. This may have been
because the population studied were already tolerating
EFVas our study evaluated the impact of EFVon patients
who had been on the drug for a long time. Moreover, the
majority of the patient population studied had viral loads
less than 50 copies/ml within 6 months before hair and
blood samples were collected. A previous report on the
long-term impact (over 3 years) of EFV on neuropsy-
chological performance revealed improvement in neuro-
psychological performance compared with baseline data
[13]. In addition, some studies have reported association
of antiretroviral drugs with improved cognitive per-
formance whereby patients’ overall neurocognition
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improved as a result of ART [10,11,36]. Although the
correlation between EFV concentrations and neurocog-
nitive performance was statistically significant, its clinical
significance is not certain. It is not clear why a stronger
correlation with neurocognitive performance was
observed for plasma concentration compared with hair
concentrations in our study, but the fact that plasma
concentration represents drug concentrations over a very
short period while hair concentrations gives accumula-
tion over a longer period may provide insight. The
difference in the length of time of drug exposures for hair
and plasma may have different mechanisms of association
with neurocognitive performance. This may mean that
the neurocognitive performance may depend more on
the current concentration of EFV in the body as reflected
by plasma concentrations. Given prior studies, we
speculate that there is an underlying curve of EFV
concentration in which neurotoxicity is approached at
higher concentrations, but substantial neuro-efficacy is
achieved as seen here in our findings.

The biggest limitation of our study is its cross-sectional
nature. Furthermore, neurocognitive assessment was
performed only once, although use of a comprehensive
battery increased the robustness of our results. Further
studies assessing short-term and long-term drug exposure
over time and neurocognitive performance are needed. In
addition, while this study has provided an insight to the
relationship between EFV concentration and neurocog-
nitive performance in this unique population, the small
sample size in this study is a limitation. Finally, we were
unable to assess the relationship between ethnicity
differences EFV-related SNPs since the majority of our
study population (86.8%) was of Yoruba ethnicity.

Conclusion
The current study demonstrated an approximately three-
fold increase in EFV exposure (assessed via both hair and
plasma concentrations) within CYP2B6 516T homo-
zygotes compared with G homozygotes and approximately
two-fold increase within CYP 2B6 983CT compared with
983TT. This confirms the reports that CYP2B6 516G>T
and CYP 2B6 983T>C are significant predictors of EFV
plasma and hair concentrations and inter-individual
variability in EFV pharmacokinetics even in our unique
population. Higher EFV concentrations were associated
with better neurocognitive performance in our study,
requiring further study to elucidate the relationship
between adherence, adverse effects and outcomes.
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