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Abstract

Background—In developing countries, malnutrition remains a common clinical syndrome at
antiretroviral treatment (ART) initiation. Physiological changes due to malnutrition and during
nutritional recovery could affect the pharmacokinetics of antiretroviral drugs.

Methods—HIV-infected children admitted with severe acute malnutrition were randomised to
early or delayed initiation of lopinavir/ritonavir, abacavir and lamivudine using WHO weight-band
dosage charts. Lopinavir concentrations were measured on day 1 and day 14. Thereafter patients
were followed-up to week 48. The population pharmacokinetics of lopinavir was described using
NONMEM v7.3. Covariates were screened to assess their influence on the pharmacokinetics of
lopinavir and the relationship between pharmacokinetic variability and treatment outcomes were
assessed.

Results—502 lopinavir concentrations were collected from 62 pediatric patients aged 0.1-3.9
years (median: 0.9 years). Rifampin-based ant-ituberculosis treatment and “super-boosted”

lopinavir/ritonavir was prescribed in 20 patients. Lopinavir disposition was well described by a
one-compartment model with first order elimination. Neither randomization to early or delayed
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ART, tuberculosis co-medications nor anthropometrical measurements explained the
pharmcokinetic variability. Allometrically scaled fat-free-mass (FFM) influenced apparent
clearance (CL/F) and volume of distribution (Vy/F). Pharmacokinetic exposure did not correlate
with virologic outcomes or death at 12 or 48 weeks.

Conclusions—Lopinavir pharmacokinetics was influenced by FFM and not by timing of ART
initiation or tuberculosis co-medication in severely malnourished HIV-infected children. Lopinavir
pharmacokinetics was found to be highly variable and bioavailability greatly reduced, resulting in
a high CL estimate in this population. The role of lopinavir dose adjustment should be further
evaluated in severely malnourished children initiating ART.
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Malnutrition is common at initial HIV diagnosis in sub-Saharan African children (1,2) and is
a significant risk factor for mortality (2). The causes of malnutrition in this setting are
multifactorial including delay in HIV diagnosis and antiretroviral treatment (ART) with
resultant increased energy expenditure and basal metabolic rate together with higher rates of
opportunistic infections, diarrhea, malabsorption, food insecurity and poverty (3,4).

Severely malnourished HIV-infected children experience impaired immunologic and
virologic responses and higher mortality (5,6) compared to their non-malnourished
counterparts despite nutritional rehabilitation and ART (7,8). Altered pharmacokinetics of
antiretroviral medications in malnourished children may be an important contributor to these
poorer outcomes.

The physiologic characteristics of malnutrition and changes following nutritional recovery
are particularly dynamic due to shifts in oxidative stressors, lean body mass, serum albumin
levels, intestinal function and degrees of mitochondrial, hepatic or renal dysfunction (10,11).
These physiological alteration may affect the pharmacokinetics of medications in
malnourished children resulting in increased adverse events due to supra-therapeutic drug
levels or sub-therapeutic antiretroviral drug levels, which compromise virologic efficacy and
contribute to HIV drug resistance (12).

The most extensively studied antiretroviral drug in malnourished children is nevirapine (13).
Malnutrition had no effect on total or unbound plasma nevirapine exposures in Malawian
children, of whom 32% had mild to moderate malnutrition (13). Other studies found lower
nevirapine concentrations in stunted children compared with non-stunted children (12,14).
Efavirenz and lopinavir (LPV) exposures were reduced in Ugandan children, 48% of whom
were malnourished, compared to historical data from children in resource-rich countries
(15).

Overall, the impact of severe malnutrition on the pharmacokinetics of antiretroviral drugs is
difficult to predict as reductions in drug absorption and elimination can produce opposite
effects (10). There is no data evaluating the use of different ART regimens or strategies in
severely malnourished HIV-infected children. This study aimed to describe the effects of
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nutritional rehabilitation on LPV pharmacokinetics in severely malnourished HIV-infected
children and to explore the relationship between LPV pharmacokinetic exposure and
virologic outcomes.

Between June 2012 and December 2015, 82 newly diagnosed HIV-infected infants and
children (ages one month to 12 years) admitted with severe acute malnutrition (weight-for-
length Z-scores (WHZ) < -3, mid-upper arm circumference (MUAC) < 115 mm or
peripheral edema) were enrolled in the MATCH (Malnutrition and ART Timing in Children
with HIV) Study. The study was conducted at King Edward V111 Hospital, an urban referral
hospital with a 100-bed pediatric unit in Durban, South Africa. The sample size was
calculated to detect a mean difference in nutritional recovery between the two arms 0-5 Z—
score in WHZ with a power of 80% and a significance level of 5% at 48 weeks. Of the 82
children enrolled in the MATCH study, 63 children had a LPV pharmacokinetic evaluation
performed (10 children were not on LPV/rtv; 9 children had unsuitable samples).

All patients were managed with standardized re-feeding guidelines based on the WHO
Guidelines for the inpatient treatment of severely malnourished children (16). Medical
management of patients was at the discretion of the treating clinician.

Patients were randomized to either initiate ART within 14 days from admission (early arm)
or delay ART initiation (delayed arm) until nutritional recovery (WHZ of -2, achieved at
least 15% weight gain or demonstrated resolution of edema and return of appetite) and more
than 14 days from admission. A pre—determined computer generated randomization table
was used, weighted to ensure equal numbers of patients with tuberculosis (TB) in each arm.

Antiretroviral treatment was administered as per the South African national ART guidelines
(2012-2015) (17). Children less than age three years or less than 10kgs received abacavir,
lamivudine and liquid formulation of lopinavir/ritonavir (LPV/rtv). Drug were dosed
according to country specific guidelines and WHO weight band-based dosage charts; drugs
were obtained from the South African National ART program. Patients requiring rifampicin-
containing anti-tuberculosis treatment received “super-boosted” LPV/rtv (LPV:rtv ratio of
1:1) as per the weight band dosage table (17). Adherence to medication during
hospitalization was verified by review of the hospital prescription chart.

Written informed consent was obtained from the caregivers of all children enrolled in the
MATCH study (Clinical trial registry number: PACTR 21609001751384). The trial was
approved by the Biomedical Research Ethics Committee (BREC) of the University of
KwaZulu-Natal (BFC126/11), King Edward VIII Hospital and the Kwa-Zulu Natal
Department of Health.

Samples and Assay

Blood samples were drawn on the day of ART initiation and day 14 post ART initiation
according to the following sampling schedules; on day 1, samples were drawn at the
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following nominal time points: 1.3 - 1.8 hrs post dose, 3 — 4 hrs post dose, 5 - 7 hrs post
dose and 8 — 10 post dose. On day 14, one sample was drawn 30 minutes prior to dosing
(measurement related to the 2"d dose on day 13), and 1.3 - 1.8 hrs post dose, 3 — 4 hrs post
dose, 5 - 7 hrs post dose and 8 - 10 hrs post dose. Exact sampling times post dose were
recored and used in the analysis. Whole blood was transported to the laboratory on ice
within an hour of being drawn and centrifuged at 2,000 rpm for 10 minutes using a
refrigerated centrifuge. Plasma (500uL) was aliquoted into cryotubes and stored at =70 °C
before being shipped on dry ice for measurement of drug concentrations. Blood samples
were analysed for LPV using a validated liquid chromatography-mass spectrometry method
as described previously (18). The lower limit of quantification (LoQ) for LPV was
0.0195ug/mL. HIV viral loads (Cobas Ampliprep/ Cobas TagMan system supplied by
Roche) were measured at 12 and 48 weeks following study entry. Treatment failure was
defined as death or viral load (VL) >1000 copies/mL (17).

Pharmacokinetic Modeling

The population modeling was conducted using NONMEM® version 7.3 [19], Intel
FORTRAN compiler and PSN® version 4.1 [20]. Structural model parameter estimates,
inter-individual variability (11V) and residual unexplained variability (RUV) were obtained
by first-order conditional estimation with interaction (FOCE+I). The pharmacokinetic
structural base model for LPV was initially explored followed by stochastic model
evaluation, covariate model development and model evaluation steps. The 11V was modeled
exponentially and inter-occasion variability (IOV) was modeled by an additional random
effects parameter, as described previously (19).

Pij = Ppop - e(mf +K;p)

where £ represents the estimate of a parameter P for subject 7on occasion jabout the
typical population value (P,p). Parameter ;p is a random variable distributed with a mean
value of 0 and variance of 2p which represents the 11V variability of P in the population.
Parameter K'is a random variable, was assumed to be sampled from a normal distribution of
mean value 0 and a variance of 12, representing the variability of 2 on different occasions.
An occasion was defined as a dose followed by at least one observation. Here the maximum
possible number of occasions per patient was three, (i) day 1 observations grouped together,
(ii) day 13 trough observation and (iii) day 14 observations grouped together. The RUV was
estimated using proportional, additive and combined error models. First LPV concentration
reported as below LoQ values within a dosing interval was set to a value of % LoQ, others
discarded.

Allometric exponents were fixed to 0.75 for CL/F and 1 for V¢/F, when testing use of weight
or fat-free mass (FFM) (20) to account for size. Further covariates screened to assess their
influence on the pharmacokinetics of lopinavir included: early versus delayed ART
initiation, study day, time since LPV start, presence/absence of edema, age, cholesterol,
triglyceride, and anthropometrical measurements, the combined effect of rifampicin and
extra ritonavir (in children on tuberculosis treatment and “super-boosted” LPV/rtv) and start
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of rifampicin and extra ritonavir. Each of the covariates were added in a univariate step and
the covariate with the largest drop in OFV was retained in the model. Afterwards, a
multivariate step was performed and again covariates were retained in the model when they:
improved the fit of the model to the data; if biologically plausible, and; if a significant
decrease in the objective function value (OFV) generated by NONMEM was noted. For
nested models, the difference between a pair of OFV values, for a covariate model and the
base model, approximates to the Chi-square (X?) statistic which can be tested for
significance (X21, 0.05 = 3.84). The Akaike’s information criterion (AIC) was used for non-
nested models. Covariates representing continuous data items were screened separately
using linear, power and exponential functions in which the parameterization was centered on
a standard covariate value. For model evaluation diagnostics goodness-of-fit (GOF) plots
and prediction- and variance corrected visual predictive checks (pred-var VPC) were used.
The percentile bootstrap 95% confidence intervals around the final population model
parameters were obtained using an automated nonparametric bootstrap with sample
replacement (n=500 runs). SAS Version 9:-2 was used for for statistical analyses.

Treatment Outcomes versus Pharmacokinetics

RESULTS

Treatment outcomes were related to LPV concentrations on each study day (maximum 3
days/patient), by comparing proportions of patients with any sample below LoQ versus
patients without any sample below the LoQ using a Chi-squared test.

RStudio (Version 0.99.484) was used to investigate an association between individual
estimates of apparent LPV clearance (CL/F) and LPV exposure (AUCq.12 h-mg/L) for all
study days and treatment success and failure at 12 and 48 weeks using (i) a one-way analysis
of variance (ANOVA) test followed by Tukey’s test for post hoc analysis and (ii) a binary
logistic regression, with p <0.01 considered as statistically significant.

Of 62 patients who had samples performed on day 1, four patients died and two were
transferred between day 1 and day 14, resulting in 56 patients having samples drawn on Day
14. LPV concentrations (8% of them reported as below LoQ, half of them were discarded)
from 502 time points were available for analysis. Treatment outcomes were available for 37
patients at weeks 12 and 50 patients at week 48. Table 1 summarizes the patient
characteristics of patients for the early and the delayed ART start groups.

Lopinavir Pharmacokinetics

The time-course of LPV disposition was well described by a one-compartment model with
first-order elimination. Typical population parameter estimates (BOV (%CV)) were CL/F
(L/n/5.6Kkg): 3.1 (126%), apparent volume of distribution (Vy/F, L/5.6kg): 9.6 and absorption
rate (ka, h™1): 0.385 (56.8%). Using 10V to estimate variability on CL/F and ka was superior
to I1V. Estimation of 11V for the relative bioavailability (F; 11'V= 69.5%) resulted in model
improvement, with the individual estimates of F being constrained between 0 and 1 using
logit- transformation. The 11V estimated for F consequently is reflective of variability for
apparent CL/F and V4/F estimates. The proportional RUV (%CV) was 37.7% for samples
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taken within the first 5 hours after the dose and 27.2% with a BSV of 15.5%, allowing the
RUV magnitude to vary from patient to patient (21). Final parameter estimates are shown in
Table 2.

Reduced adherence, based on the pre-dose sample taken on day 14, which is linked to the
dose on the previous day, was identified as influential on F of LPV and reduced F 3.2 fold
(AOFV = -19.3). Inclusion of FFM, allometrically scaled, into the model resulted in a better
model fit (AOFV = —8.7) than allometric scaling by total body weight (AOFV = -6.6).
Further, increased cholesterol was linearly related to F, with a 20.7% increase in F for every
1 mmol/L increase in cholesterol above 3 mmol/L (AOFV = -4.8). None of the other tested
covariates including randomisation to early or delayed ART, or being on tuberculosis
treatment (with the combined effect of rifampicin and extra ritonavir) nor anthropometrical
measurements, explained the variability on CL, V4 or k.

The final LPV model was evaluated using a pred-varVPC and a bootstrap. Figure 1
demonstrates that the model describes the data well, particularly for day 1. However an
under-prediction of the median peak concentrations on day 14 was noted, which could not
be improved upon after intensive evaluation of differences between day 1 and day 14 and no
further covariate inclusion. The bootstrap produced similar parameters estimates to the final
model (Table 2), indicating that the estimates for the population PK parameters in the final
model are robust and stable.

Treatment Outcomes versus Pharmacokinetics

Twenty-three patients had one or more of the nine samples which were measured below the
lower LoQ; 13 of these patients had one sample below LoQ, five patients had two samples
measured below LoQ, two patients had three samples below LoQ and three patients had four
samples with concentrations below LoQ. Comparison of frequency of LoQ samples for
patients with treatment failure to patients with treatment success showed no statistical
difference at 12 weeks (p=0.41) or 48 weeks (p=0.44).

Comparison between patients with treatment failure to patients with treatment success of the
individual estimates of apparent LPV clearance (CL/F) and LPV exposure (AUCg.12
h-mg/L) showed no statistical difference at 12 weeks (p=0.89, p=0.95) and 48 weeks
(0=0.92, p=0.65) using the Wilcox-rank test, respectively. No association as found between
LPV exposure (AUC.12 h-mg/L) and treatment outcomes at 12 weeks (p=0.954) and 48
weeks (p=0.41) using binary logistic regression. Results are displayed in Table 3 and Figure
2.

DISCUSSION

In this pharmacokinetic evaluation of LPV, severely malnourished children displayed
significant pharmacokinetic variability, reduced bioavailability and consequently greater
CL/F estimate of 0.6 L/h/kg in comparison to reports from other studies in non-
malnourished children of LPV CL/F ranging from 0.2 to 0.4 L/h/kg (15,22,23). The findings
are in keeping with the results from a recently published study conducted in Ugandan
children, where there was a trend towards lower LPV bioavailability in malnourished
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compared to non-malnourished children. However in that study only 8% of the Ugandan
study participants were wasted and the evaluations were performed at least 14 days after
ART initiation (24). In comparison, in this study, all patients were severely malnourished
and exposures were measured on day 1 and 14 of ART initiation. We have found that
observed peak concentrations were slightly increased on day 14 compared to those predicted
by the model (see Figure 1); however, the difference could not be explained by any of the
available explanatory factors collected in the study. The increase could be due to recovery of
the children in regards to their clinical condition as well as their nutritional status. Since
LPV in serum is highly protein bound to albumin and alpha-1-acid glycoprotein (AAG),
changes in AAG following nutritional rehabilitation - not measured in this study - could
account for this finding. A similar lower-than-predicted peak concentration for LPV was
noted in the study of Ugandan children (15).

LPV/rtv-based treatment has been demonstrated to result in superior virologic suppression
rates in children less than age 3 years(25,26), and therefore remains part of the WHO
recommended first line regimen in young children (27). LPV pharmacokinetics have been
well described in non-malnourished children and have formed the basis for the development
of the WHO weight-band dosages for LPV that were used in this study (28). As the majority
of young children requiring ART reside in countries where up to 42% of children are
malnourished at ART initiation (29), using standard weight-based dosing may result in sub-
optimal drug concentrations in a significant proportion of children initiated on ART. The
role of LPV dose adjustment to achieve therapeutic dose during the acute phase of
malnutrition needs to be further evaluated.

This study showed that FFM was superior to total body weight in describing variability
around CL/F and Vd/F, which may be due to the relatively high FFM proportion of total
weight. Initial weight gain in malnourished children, especially if associated with stunting, is
predominately due to an initial increase in fat mass with later increase in lean body mass
(30). The average time to ART initiation in the delayed arm was significantly longer (mean
6.2 vs. 23.7 days; £p=0.0001). It is likely that a more prolonged delay in ART initiation is
required for lean body weight to normalize. However delaying ART initiation comes at a
potential risk of excess mortality and morbidity, (31) especially in children with advanced
HIV disease. The small statistically significant advantage of including FFM instead of total
body weight may have limited clinical relevance on exposure, given the overall large
remaining unexplained I1V, as long as weight-based dosing is applied. We failed to
demonstrate that improved LPV exposure (AUC) during the acute phase of malnutrition
predicted virologic failure or death at 12 and 48 weeks. However, sub-therapeutic plasma
concentrations in children initiating ART early during nutritional recovery when the HIV
viral load is high may permit development of drug resistance mutations that impact longer-
term treatment outcomes. Dose adjustment of LPV may facilitate earlier ART initiation
while achieving adequate LPV exposures.

Therapeutic drug monitoring (TDM) in hair or blood samples to detect sub-optimal drug
concentrations has been used as a marker of virologic treatment failure and development of
HIV drug resistance (32,33). In a pediatric study of LPV TDM from samples collected
between 10-80 weeks post ART initiation, sub-therapeutic LPV levels were linked with HIV
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drug resistance. The authors postulated that the sub-therapeutic LPV levels were most likely
a surrogate marker of prolonged poor adherence resulting in the evolution HIV drug
resistance (33). The sampling in our study was performed soon after ART initiation and sub-
therapeutic plasma levels were most likely a result of altered pharmacokinetics of LPV
associated with malnutrition, the effect of FFM and other factors such as inflammatory
processes related to high burden of HIV and other opportunistic infections that might affect
metabolic pathways. The altered pharmacokinetics due to these factors may reverse
following nutritional recovery, returning the LPV plasma level to their normal while poor
adherence may not, accounting for the lack of association in our study.

Tuberculosis was a common diagnosis, requiring co-administration of “super-boosted”
LPV/rtv (LPV/rtv with additional ritonavir to achieve a ratio of 1:1) in rifampicin-treated
patients (34). In our study population of severely malnourished children, the approach using
“super-boosted” LPV/rtv in children on tuberculosis treatment resulted in similar LPV
exposures to children without tuberculosis, thus providing supporting data for the continued
recommendation of this regimen with similar dose adjustments as described above (35, 36,
37). A population pharmacokinetic model developed by Zhang et al. suggested that the
recommend doses of LPV/rtv needed to be increased in malnourished children with and
without concomitant rifampicin-based tuberculosis treatment. The model predicted the doses
of “super-boosted” LPV/rtv needed to maintain LPV trough concentrations > 1mg/L in 95%
of children. Children in the 3-5.9 kg weight band needed close to twice the dose per
kilogram of body weight (LPV/rtv 22/22 mg/kg) compared to the 14-19.9 kg weight band
(LPV/rtv 12/12 mg/kg) (21). The weight band dosage table used in our study achieved
similar doses (LPV/rtv 20/25mg/kg for children between 3-5.9 kg and 11.7/12 mg/kg for
children between 14-19.9 kg) however still resulted in lower LPV exposures .

The estimated bioavailability of LPV was greatly reduced on days when no full
pharmacokinetic sampling was undertaken (day 13, pre-dose), which is likely due to poor
adherence on these ‘non-observed’ days. All study patients remained in-patients between
day 1 and day 14, the caregiver under the supervision of clinical staff administered ART. The
poor palatability of LPV/rtv syrup makes administration of this formulation difficult (38)
and is the likely cause for this finding. Alternative formulations of LPV/rtv in young
children have been studied with variable success. Crushed LPV/rtv tablets do not result in
adequate plasma levels (39,40), and while LPV/rtv pellets result in adequate plasma levels,
the palatability of the formulation is still sub-optimal (41). A granule formulation with
adequate taste masking is under development by Drugs for Neglected Diseases Initiative
(DNDi) and in the future may result in a formulation with good palatability and tolerability
(42).

The inability to detect effects of TB co-treatment, and timing of ART initiation may be due
to lack of power to do so given the extreme variability encountered in the data. Furthermore,
the variable adherence of the in-patient cohort despite verification of administration in
hospital prescription charts was not anticipated. The design therefore did not allow definitive
accounting for the effect of adherence on LPV variability. Adherence could also have
potentially confounded the evaluation of timing of ART initiation (delayed ART) and TB co-
treatment. Finally, evaluation of the association between LPV exposure and treatment
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outcome was limited by the low frequency of outcomes and the cumulative effects of
adherence and other drugs in the ART regimen on outcomes.

Conclusions

LPV pharmacokinetics were not affected by the timing of ART initiation. No relationship
with the use of rifampicin and super-boosted LPV/rtv in TB co-infected patients was found
in this study, likely due to limited number of co-infected patients. Only FFM and cholesterol
were found to explain some of the varibility in the pharmacokinetics of LPV in severely
malnourished HIV-infected pediatric patients. This supports the use of weight-based dosing
for LPV, as currently recommended by WHO. The substantial remaining varibility in LPV’s
pharmacokinetics was not explained by the factors evaluated in this study. Bioavailability
was markedly reduced in this patient population, resulting in a somewhat higher CL/F
estimate in comparion to other studies, which should be considered when dosing LPV/rtv in
malnourished infants and young children initiating ART.
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Demographic and pharmacokinetic data of the study population at baseline

Table 1

(m(leza?\rilr)éD) (mDeﬂﬁfsdD) p-value
Patients assessed on dayl:dayl4 34:31 29:27 -
Age (months) 15.5(16.3) | 14.59 (10.8) 0-57
Sex (M:F) 19:15 17:12 0-52
Edema at admission (N) 5 7 0.65
Rifampicin co-administration (N) 10 10 0-19
Time to ART initiation (days) 6.2 23.7 0-0001
Weight for Age Z-score -3.6(1.2) -3.2(1.6) 0.12
Weight (kg) 6.5(2.8) 6.6 (2.6) 0.86
Height (cm) 67.1(14.6) | 67.9(12.01) | 0.82
BMI Z-score -2.5(1.8) -1.8(2.0) 0.15
Fat free mass (FFM) 5.1(1.8) 5.5(1.9) 0.41
Mid-upper arm circumference (cm) 11.1(1.7) 19.0 (2.3) 0.15
Hemoglobin (g/dL) 8.9(2.1) 8.8(1.9) 0.74
Total Protein (g/dL) 65.0 (17.8) 65.2 (16.5) 0.99
Albumin (g/dL) 22.7 (8.0) 21.6 (6.4) 0.34
Creatinine 33.9(34.2) | 35.4(31.6) 0.87
Cholesterol 27(1.2) 29(1.1) 0.48
Triglyceride 3.2(2.4) 2.3 (L5) 0.28

SD: Standard deviation, M: Male, F: Female, N: number, ART: antiretroviral treatment, BMI: Body mass index
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