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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AIMS

The primary aim of this research was to predict the allopurinol maintenance
doses required to achieve the target plasma urate of <0.36 mmol &

METHODS

A population analysis was conducted in NONMEM using oxypurinol and urate
plasma concentrations from 133 gout patients. Maintenance dose predictions
to achieve the recommended plasma urate target were generated.

RESULTS

The urate response was best described by a direct effects model. Renal function,
diuretic use and body size were found to be significant covariates. Dose
requirements increased approximately 2-fold over a 3-fold range of total body
weight and were 1.25-2 fold higher in those taking diuretics. Renal function had
only a modest impact on dose requirements.

CONCLUSIONS

Contrary to current guidelines, the model predicted that allopurinol dose
requirements were determined primarily by differences in body size and
diuretic use. A revised guide to the likely allopurinol doses to achieve the target
plasma urate concentration is proposed.

WHAT THIS STUDY ADDS

Introduction existing crystals to dissipate. The recommended target for

plasma urate, according to most published guidelines,

Gout is an acute inflammatory arthritis caused by the
deposition of monosodium urate crystals in joints. Long
term pharmacological management involves the use of
urate lowering drugs. The goal of therapy is to reduce
plasma urate concentrations sufficiently to prevent
monosodium urate crystal formation and to allow

is a plasma concentration of <0.36 mmol |I7' [1, 2],
although a lower target may be required in patients
with severe disease.

Urate is the ultimate breakdown product of purine nu-
cleotide degradation in humans. Monovalent urate is
poorly soluble in extracellular fluids and at concentrations
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>0.42 mmol |7, it can become supersaturated [3, 4]. This
predisposes to urate crystal formation and makes
hyperuricaemia a major risk factor for gout. Urate excre-
tion is primarily renal with about 30% via the gut [5, 6].
The under-excretion of urate, largely due to reduced re-
nal clearance, is believed to be the most important cause
of hyperuricaemia [7].

Allopurinol (4-hydroxy- [3,4d] pyrazolopyrimidine) is the
current mainstay of urate lowering therapy. It is rapidly and
extensively metabolized to an active metabolite, oxypurinol.
Oxypurinol is almost entirely eliminated by the kidneys and
has an elimination half-life of 18-30 h with normal renal
function [8]. Its primary action is to reduce the production
of urate by competitively inhibiting xanthine oxidase and
xanthine dehydrogenase, the enzymes responsible for the
conversion of xanthine to urate.

Despite several decades of clinical use, the optimal
dosing strategy for allopurinol remains controversial.
Published dosing guidelines for allopurinol show little
agreement, particularly with regards to dosing in renal
impairment (Table 1) [9-13]. Some guidelines are driven
by disease severity, i.e. the presence or absence of tophi.
Use of ‘standard’ doses, such as 300 mg daily, result in
suboptimal urate reductions in many patients [14, 15].
Equally, the practice of reducing the allopurinol dose in
the setting of impaired kidney function has been associ-
ated with treatment failure in >60% of patients [16-19].
More recently, an individualized dosing strategy where
doses are cautiously escalated until the target urate con-
centration is achieved was found to increase the likeli-
hood of treatment success substantially in a small pilot

Table 1

A selection of published dosing guidelines for allopurinol

FDA drug label [9] Hande et al. [13]
Target uric acid <0.36 mmol I (6 mg dI71) -
Starting dose 100 mg -
Upward titration Weekly by 100 mg -
Maintenance dose 200-300 mg (mild) -
(mg day ) 400-600 mg (tophi)
Renal dosing Cle (ml min~") Maximum dose Cle (ml m\nq) Maximum dose
(mg day ") (mg day ™)
10-20 200 140 400
3-10 100 120 350
<3 Extend 100 300
interval 80 250
60 200
40 150
20 100
10 100 every 2 days
0 100 every 3 days
Other Divide doses >300 mg

study [20]. The allopurinol maintenance doses required
to achieve the target urate have been found to be highly
variable between patients and difficult to predict at the
initiation of therapy [19].

There is currently a poor understanding of the factors
that determine allopurinol maintenance dose requirements.
Previous population pharmacokinetic analyses by our group
[21] and others [22] have explored the relationship between
allopurinol dose and oxypurinol exposure. It was found that
oxypurinol pharmacokinetics were predicted by renal
function, body size and diuretic use [21]. To date, there has
been little research designed to gain a better understanding
of the factors which predict allopurinol pharmacodynamics,
i.e. urate response. This is critical for optimizing the dose of
allopurinol for gout patients.

The aims of this study were (1) to develop a popula-
tion pharmacokinetic—-pharmacodynamics (PKPD) model
to describe the relationship between allopurinol dose,
oxypurinol exposure and plasma urate, (2) to determine
the factors that predict allopurinol response and (3) to
predict the maintenance doses required to achieve the
recommended plasma urate target of <0.36 mmol |7’
(6 mgdl).

Methods

Data

Data from three published gout studies [19, 23, 24]
and two yet to be published studies conducted in
Christchurch, New Zealand were available for analysis.

BSR [10] EULAR [11] New Zealand drug

label [12]
<0.30 mmol I <0.36 mmol I <0.36 mmol I (6 mg dlq)
50-100 mg 100 mg 100 mg (or lower)

50-100 mg every few weeks 100 mg every 2—4 weeks 50-100 mg weekly
100-200 mg (mild)
700-900 mg (severe)

Cle, Maximum dose — Cle Maximum dose
(mimin~") (mgday ") (mimin~") (mg day ™)
>80 200-300 10-20 100-200
60-80 100-200 <10 100

30-60 50-100
15-30 50-100 every
2 days

dialysis 50-100 weekly

Divide dose >300 mg daily

CLe, creatinine clearance; FDA, Food and Drug Administration; Max, maximum. BSR, British Society for Rheumatology; EULAR, European League Against Rheumatism.
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The studies included data from patients who were initiating
allopurinol (n = 29) and those who were already taking
the drug at a stable dose for at least 1 month prior to
study enrolment (n = 104). In addition, the baseline
(pre-treatment) urate plasma concentration was available
for nine patients already taking allopurinol. About 20%
of the cohort were of Maori or Pacific Island decent
consistent with the high rates of severe gout in
these populations. The studies were approved by the
New Zealand Health and Disabilities Ethics Committee
and the University of Otago Ethics Committee. All partici-
pants gave written, informed consent. All studies were
registered with the Australian New Zealand Clinical Trials
Registry (ANZCTR). A brief summary of the study designs
is presented in Supplementary Table S1.

Oxypurinol and urate assays

Details of the h.p.l.c. assay used to measure oxypurinol
plasma concentrations have been published elsewhere
[19]. The intra- and inter-day coefficient of variation was
reported as <10.4% and the lower limit of quantification
(LLOQ) was 0.7 umol I [19].

Plasma urate was measured by Canterbury Health
Laboratories, Christchurch, New Zealand using a modi-
fied Trinder method. The with-in run coefficient of varia-
tion was reported to be 0.4-0.5% and the between-run
coefficient of variation was 0.2-0.4% [25]. The assay was
reported to be linear between 0.1 and 1.8 mmol |7,
The limit of detection was 0.0035 mmol |~' and the limit
of quantitation was 0.013 mmol I~' [25].

No oxypurinol or urate plasma concentrations were
reported to be below the LLOQ in this study.

Genotyping

DNA extraction and genotyping by TagMan® assays
(Applied Biosystems, Foster City) of SNPs rs11942223
(SLC2A9), rs2231142 (ABCG2), rs1183201 (NPT1/
SLC17A1) and rs3825018 (URAT1) has been described
elsewhere [26-29]. Details of the genotypic data available
for analysis are presented in Supplementary Table S2.

Model development

The population analysis was conducted in NONMEM (v7.2)
using the first order conditional estimation method with
interaction. An AMD-CPU Opteron processor and a GNU
Fortran 95 compiler (GCC 4.6.0) were employed for the
analysis. The convergence criterion was set to three sig-
nificant digits.

PK models

One and two compartment structural models with first or
zero order elimination were considered for the disposi-
tion of oxypurinol. A parent-metabolite model for both
allopurinol and oxypurinol was not considered because
the allopurinol (parent) model was found to be
unstable [21]. Allopurinol has a short half-life and
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is only detectable in the plasma for a short time
after dosing. This means that most samples will be
below the limit of quantitation and requires that a
likelihood-based method (or similar) be used to
analyze the data. In addition, allopurinol (parent) is not
known to contribute to the urate lowering response to
any great degree compared with oxypurinol.

Several input models were explored including first
and zero order absorption with and without a time lag,
as well as combined sequential and parallel first and zero
order input models. Covariance between the clearance
(CL) and volume (V) parameters was considered. Models
to describe residual unexplained error included additive,
proportional and combined (i.e. both additive and
proportional).

The parameter variability between individuals was
assumed to follow a log-normal distribution, taking the
generic form;

O = fi, exp™

where 0, is the estimate of the p™ parameter 0 for the i
individual, [i,is the population mean value of the pth
parameter, and n;, is the deviation from the mode of
the p™" parameter for the i individual. n was assumed
to be normally distributed with a mean of zero and a
variance of ®?.

PKPD models

Graphical analysis of urate plasma concentrations after
the first dose of allopurinol in the low dose study (Study
4, see Supplementary Table S1) showed a time delay
between urate response and peak oxypurinol plasma
concentrations in some patients, although this was not
consistently observed. Therefore, delayed effects
(turnover) models, as well immediate effects models
were considered. The PKPD data were analyzed using
both simultaneously and sequential approaches
including population PK parameters and data (PPPD)
and individual PK parameters (IPP) [30, 31]. Oxypurinol
plasma concentrations were introduced into the PD
models using linear, E . and sigmoid E,, models.

Covariate models
Covariates tested in the model were based on biological
plausibility and on prior analyses [21, 32, 22, 23, 33].
Covariates considered included measures of body size,
renal function, renal transporter genotype, gender,
ethnicity and drug interactions (see details below).
Measures of body size included total body weight (TBW),
fat-free mass (FFM), and normal fat mass (NFM). FFM was
calculated using the formula developed by Janmahasatian
et al. [34]. NFM was determined using the method deve-
loped by Duffull [35] and Anderson & Holford [36]. Clearance
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was allometrically scaled to an exponent of 0.75 and volume
with an exponent of 1 [37].

Renal function was calculated using the Cockroft-
Gault formula [38] and expressed as creatinine clearance
(CL,,) standardized to 70 kg [39]. Renal function (RF)
was then normalized to a standard creatinine clearance
(Clerey) Of 6 1 h71/70 kg (100 ml min~'/70 kg);

Cle

RF =
cL

CI'stD

Covariate models for renal function tested included a
linear model, with renal and non-renal clearance compo-
nents, and a power model.

Concomitant drugs known from previous work to in-
fluence the PK of oxypurinol (e.g. probenecid and
frusemide [23, 32, 22, 21]) were tested in the PK model.
In addition, drugs associated with an increased or de-
creased risk of hyperuricaemia were tested in the PKPD
model including thiazide or loop diuretics, uricosurics,
angiotensin converting enzyme inhibitors, angiotensin
receptor blockers, B-adrenoceptor blockers, statins and
calcium-channel blockers [8, 40-42].

Genetic variants of four apical and basolateral urate
transporters expressed in the proximal tubule were in-
vestigated as covariates in the model including the sol-
ute carrier proteins SLC22A12 (URATT), SLC2A9 (GLUT9),
SLC17AT1 (NPT1) and the ATP-binding cassette trans-
porter ABCG2 (BRCP). The single nucleotide polymor-
phisms (SNPs) investigated in this study have been
associated with hyperuricaemia [43-45, 26-28]. For the
purposes of this analysis, all individuals with at least
one urate-raising allele were considered as a single
group. This was due to the low numbers of homozygotes
with the minor allele for some transporters. Individuals
with missing genotype information were assigned to
the non-risk (null) group. All genotype distributions
conformed to the expectations of Hardy-Weinberg equi-
librium. The genotypic data are summarized in Supple-
mentary Table S2.

The influence of discrete covariates, including
gender, ethnicity and genotype, were entered into
the model as a fractional effect on the parameter of
interest. Individuals with missing covariate informa-
tion were assumed to have the standard value of
the covariate.

Model selection

Model selection was guided by (1) a decrease in the ob-
jective function value (OFV) of 3.84 units (x%, P < 0.05)
with one degree of freedom for nested models, (2)
graphical goodness of fit plots, (3) visual predictive
checks (VPCs), (4) parameter precision and (5) the
biological plausibility of parameter estimates and covar-
iate relationships.
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Model building

Initial model building involved the development of a base
model, including structural components and statistical
models for random residual variability and between subject
variability. Each candidate covariate was then added to the
base model and fitted to the data. A likelihood ratio test
was performed and the covariate that produced the largest
statistically significant objective function change was
retained. Other significant covariates were then sequen-
tially added to the model in descending order of objective
function change and each successive model fitted to the
data. The full covariate model was subjected to a backward
elimination procedure where each covariate was sequen-
tially removed from the model. Only those covariates that
increased the objective function value by >6.6 units (XZ,
P < 0.01) with one degree of freedom were retained. This
provided the final model.

Model evaluation
The final model was evaluated using:

1 Visual predictive checks (VPCs). One hundred data sets
were simulated under the final model and the 5", 50t
and 95" percentiles were plotted against the same
percentiles from the original dataset. All VPC plots
were created using R (v.3.1.1). Bins were chosen to pro-
vide an even distribution of time points in each bin.

2 A non-parametric bootstrap. The median parameter
values and 95% confidence intervals (Cl) were deter-
mined from 1000 non-parametric bootstrap runs.

3 Comparisons of the model predictions with external
data derived from the published literature [46-49].
One thousand individuals were simulated stochasti-
cally using an allopurinol dose of 100 mg, 200 mg,
300 mg, 400 mg, and 600 mg daily for 3 months. For
the purposes of the simulations, renal function was
set to the median value in our cohort of 4 |h™ ",

Allopurinol maintenance dose predictions

The final PKPD model was implemented in MATLAB
(v. 2014a). A series of stochastic simulations were
conducted to predict the allopurinol dose required to
achieve the recommended plasma urate target under
different values of covariates. All combinations of the
following variables were tested:

1 Maintenance doses of 50-1000 mg daily, rounded to
the nearest 50 mg increment to reflect the dosage
forms available in clinical practice.

2 CL, values from 15 to 120 ml min~
increments.

3 Total body weights of 50, 70, 90, 110, 130 and 150 kg.

4 With and without diuretics.

1 1

in 1T ml min™

For each combination of covariate values tested, 1000
simulates were created and the percentage of



steady-state plasma urate concentrations <0.36 mmol |
was determined. Treatment success was defined as the
dosage that achieved the target urate in >75% of simu-
lates. For the purpose of creating a dosing table, the CL,,
values were stratified into ranges post-analysis (see
Table 4). The percentage of simulates that achieved the
target urate was determined for each CL. value in the
range, and the average of these values determined.
The dosage that achieved the average target urate in
>75% of simulates across the CL., range was selected.

Results

The data included 1319 oxypurinol and 1349 urate
plasma concentrations from 150 gout patients. A large
number of samples from study 1 (see Supplementary
Table S1) were missing the dose or sample timing and
therefore could not be included in the analysis. The final
dataset included 1105 oxypurinol and 1162 urate plasma
concentrations from 133 gout patients (Table 2).

The parameter estimates for the base and final PKPD
models, as well as the bootstrap results, are presented
in Table 3. Note that model building was conducted
using the IPP model framework. The base and final
models were re-estimated under PPPD and simultaneous
PKPD models. The resulting PKPD parameter estimates
were within about 10% of the PK and IPP models (see

Table 2

Demographic and clinical details of the study cohort

Study 1[19] (n =74) Study 2 [23] (n = 10%)

Allopurinol dosing
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Supplementary Table S3). The PKPD model parameter
estimates are reported here and were used for the model
predictions outlined below.

A one compartment PK model with first order absorp-
tion and elimination and a combined additive and pro-
portional residual variance model provided the best fit
to the oxypurinol data. The between subject variance
for V was not identifiable under the current data. There-
fore only a single random effects parameter was esti-
mated for both CL and V and the variance of V
estimated using a fractional effect parameter [50]. The
estimation of inter-occasion variability did not improve
the PK model fit and was not investigated further.

The noteworthy covariate model building steps for
the PK model are presented in Supplementary Table S4.
The clearance of oxypurinol was found to be predicted
by renal function, FFM and diuretic use. Total body
weight as a covariate on oxypurinol clearance did not
provide a better fit to the data. NFM as a covariate on
oxypurinol clearance provided a similar fit to FFM but
the simpler model (FFM) was retained. The between-
subject variance for oxypurinol clearance decreased
by about 75% in the covariate model compared with
the base model. Total body weight was a significant
covariate on oxypurinol volume. Overall, these covariates
were considered clinically important, with the predicted
oxypurinol clearance ranging from 023 |h™' to 23 |h™'
under the extremes of the observed renal function,

Study 3[24] (n=30) Study4(n=19) Study5 (n=28) Total (n = 133)

M/F 66/8 9/1*

Age (years) 61[27-83] 52 [37-69]
Weight (kg) 95 [51-171] 92 [51-126]
European ancestry 60 8*

Maori/Pl 14 2*

East Asian ancestry+ 0 0

South Asian ancestry+ 0 0

CL, (ml min ") 68 [12-123] 80 [63-105]
Diuretics (n [%]) 25 [34%] 0*
p-adrenoceptor blockers (n [%]) 35 [47%] 1*[10%]
ACEI (n [%]) 28[38%] 3*[305]
ARBs (n [%]) 9[12%] 2% [20%]
CCBs (n [%]) 17 [23%] 3* [30%]
Statins (n [%]) 34 [46%] 5% [50%]
NSAIDs (n [%]) 12 [16%] 3* [30%]
Uricosuric (n [%]) 1[1.4%] -

Daily dose (mg) 300 [50-600] 350 [150-500]
Oxypurinol (umol I71) 114 [15-427] 83 [26-138]
Urate (mmol I71) 0.32[0.18-0.68] 0.31[0.20-0.44]

28/2 15/4 6/2 11717

56 [27-82] 63 [34-82] 62 [47-68] 60 [27-83]
93 [63-162] 88 [53-134] 102 [73-156] 94 [51-171]
20 17 5 104

8 2 3 27

1 0 0 1

1 0 0 1

67 [53-125] 60 [33-102] 52 [23-78] 68 [12-125]
9[30%] 4121%] 6 [75%] 44 [33%]
8[27%)] 8 [42%)] 3[38%] 54 [41%]

14 [47%] 6 [32%] 3 [38%] 52 [39%]
2[7%] 0 2 [25%] 13[10%]
4114%] 2[11%] 3[38%] 26 [20%)]

10 [33%] 6 [20%)] 4[50%] 54 [41%)]
5[17%] = = 17 [13%]
3[10%] - - 413%]

200 [50-500] 100 [50-300] 250 [50-700] 300 [50-700]
57 [0-198] 11 [0-50] 208 [77-401] 72 [26-427]
0.41[0.27-0.63] 0.49[0.28-0.69]  0.42[0.30-0.89] 0.38[0.18-0.89]

All data are expressed as median [range] unless otherwise stated. ACEI, angiotensin converting enzyme inhibitors; ARBs, angiotensin Il receptor blockers; CCBs, calcium channel
blockers; CL,, creatinine clearance; M/F, male/female; NSAID, regular use of a non-steroidal anti-inflammatory drug; PI, Pacific Islander; statin, HMG-CoA reductase inhibitors. *8
of the 10 patients also participated in the dose-escalation study (individuals were included once in the total counts); $the subject of Eastern Asian ancestry was Korean, the subject

of Southern Asian ancestry was Indian.
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weight and with or without diuretics in the study popula-
tion. There was no identifiable influence of any individual
genotype on oxypurinol PK.

A simple direct effects sigmoid E,.x model with base-
line (Ep) urate concentrations provided an adequate de-
scription of the plasma urate data. The base model
included covariance between E.x (Eo), and Cso and a
combined additive and proportional residual variance
model. A turnover model for urate did not provide a bet-
ter description of the data and was unstable.

The noteworthy covariate model building steps for
the PD model are presented in Supplementary Table S5.
The final covariate model included renal function and di-
uretic use as covariates on baseline (Ey) urate concentra-
tions. This finding is biologically reasonable as urate is
renally cleared and diuretics have been found to increase
urate concentrations [51]. Individuals who were homozy-
gotes for the urate-raising T allele of ABCG2 SNP
rs2231142 were found to have a Csq value that was 40%
higher than homozygotes for the G allele. The T allele
has been associated with reduced response to allopuri-
nol therapy [52] and with the risk of gout [28]. This gene
effect was not retained in the final model because it did
not meet the statistical criterion for inclusion during the
backward deletion process. There was no identifiable in-
fluence of ethnicity on the PD model.

The final models oxypurinol clearance, oxypurinol
volume and urate concentrations are given by;

Orrex
Cle (LA ’ FFM\ %7
CL/FOX)’ (L h_1) =B % <ﬁ> X Odiuretic X <%>

TBW

V/Fory (1) = 0, <m)

O, 1
CL L h—1 0 _RFexp Cpox A
Eurate - EO X <G()> X eELdiu,eﬁ( - Emax X —

6(Lh™") (Csol N Cpoxyi)

where CL/Fo,y is apparent oral clearance of oxypurinol,
CL,, is creatinine clearance, FFM is fat-free mass, O4iuretic
is the fractional effect of diuretic use taking a value
between 0 and 1, V/F,,y is the apparent volume for
oxypurinol, TBW is total body weight, E ate is the urate
plasma concentration, E, is baseline urate, 0, .., is the
fractional effect of diuretic taking a value between 0
and 1, Choyy is the plasma concentration of oxypurinol,
Cso is the oxypurinol plasma concentration at half maxi-
mal effect and A is the empirical Hill coefficient.

Model evaluation

The median parameter values with the 95% Cl derived
from 1000 non-parametric bootstrap results (mean, 95%
Cl) for the final PKPD model are presented in Table 3.
The bootstrap estimates were similar to the final model,
suggesting that the PKPD model is stable. Diagnostic
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plots for the PKPD model are presented in Figure 1. The
conditional-weighted residual plots show no apparent
bias for the model predictions (Figure 1A, B). A trend to-
wards over-prediction (population predictions) at higher
oxypurinol and urate concentrations was noted in
Figure 1C, E. The majority of the over-predicted
oxypurinol concentrations (>200 umol I=") came from
three individuals, and since subsequent observations
from these subjects were well-predicted by the model,
over-prediction may be attributed to non-compliance.
The over-predicted urate concentrations were from two
individuals with observations measured in the first 3 days
of therapy. Note that the over-predicted urate and
oxypurinol concentration occurred in different indivi-
duals. Overall, no other model misspecification was
evident from the goodness of fit plots.

VPCs for the final oxypurinol and urate models are
presented in Figure 2. Median and 5™ and 95 percen-
tiles of the model predicted plasma concentrations
followed the percentiles of the observed data well, sug-
gesting an acceptable model fit for both oxypurinol and
urate plasma concentrations. VPCs showing the final
PKPD covariate model predictions over the range of ob-
served covariates (those found to be significant and
which were included in the model) are presented in Sup-
plementary Figures S1 and S2.

There was close agreement between the model-
predicted percent reduction in steady-state urate and
steady-state data derived from published studies in gout
patients (Figure 3). The model predictions appeared to
capture the median percent reduction of urate as well as
the distribution of different urate values for each dosage.

Allopurinol maintenance dose predictions

Allopurinol maintenance dose predictions to achieve
plasma urate concentrations of <0.36 mmol |I~' are
presented in Table 4. Predictions of maintenance dose
ranged from 250 to 1000 mg daily and were highly
dependent on total body weight and diuretic use. Inte-
restingly, renal function had a modest impact on dosing
within each weight category. Of note, reduced renal
function was found to increase the maintenance dose re-
quirements in those taking diuretics, contrary to current
recommendations. This will be discussed further below.

Discussion

In this study, a population PKPD model for allopurinol
was developed. To our knowledge, this is the first fully in-
tegrated population PKPD model for allopurinol, and the
first to use model predictions to propose maintenance
doses. Allopurinol dose requirements were found to in-
crease approximately 2-fold over a 3-fold range of
weights (50-150 kg) and were 1.25-2 times higher in
those taking diuretics. Renal function had a relatively



Table 3

Parameter estimates for the base and final PKPD models

Parameter Base model (RSE %)

e (th ") 0.848 (4.5)

oy () 52.5(3.9)

K,(h") 1.09 fixed

Odiuretic -

ORFexp -

Emax 0.345(11.0)

U, (Baseline urate (mmol I71) 0.558 (2.3)

Cso (umol 1) 65.1 (14.0)

A (Hill coefficient) 1.45(10.8)

Ok rrexs -

OE, _qiurenc -

Between subject variability

oc,, (CV%) 49.4 (11.5)

F_ Ovoxy 0.0355

g, (CV%) 58.9 (fixed)

ok, (CV%) 32.4(36.5)

ay, (CV%) 17.1(26.3)

c,, (CV%) 71.8(29.5)

Covar g, . Mg, 0.259

Covarng,, Mg, 0.036

Covar 1, , Mg, 0.029

Residual error

Oxypurinol op0p (CV%) 20.0 (5.3)
Study 1

Urate 6,44 (mmol 1) 0.038 (5.8)
Study 2

Urate 6,44 (mmol I’1) 0.022 (12.2)
Study 3

Urate 6,44 (mmol I ") 0.037 (7.4)
Study 4

Urate 6,44 (mmol 1) 0.0211(6.2)
Study 5

Urate 6,44 (mmol | 1) 0.054 (21.2)

n - shrinkage (CLoy) 1.7%

1 - shrinkage (Epax) 25.3%

1 - shrinkage (U,) 7.8%

1 - shrinkage (Cso) 32.9%

¢ - shrinkage oxy (6a44) 7.5%

e - shrinkage urate (6,44) 8.4%

Allopurinol dosing
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Final model (RSE %) Bootstraps [95% Cl]

1.32 (3.9)* 1.31[1.22, 1.44]
41.6 3.0)t 41.5[39.5, 43.5]
1.09 fixed 1.09 fixed

0.740 (6.4) 0.748[0.64, 0.86]
0.587 (11.7) 0.588[0.476, 0.742]
0.409 (12) 0.414[0.323, 0.595]
0.511(2.3) 0.508 [0.487, 0.530]
83.9(17.4) 87.9[61.3,173]
1.30(11) 1.26 [1.05, 1.59]
—0.119 (21.6) —0.121[-0.18, —0.07]
1.14(1.8) 1.14[1.09, 1.19]
24.2 (15.5) 24.0[19.3, 28.3]
0.0355 fixed

58.9 (fixed) 58.9 (fixed)

35.9 (28.8) 36.2[18.7,51.6]
14.2 (26.1) 14.2[10.9, 18.4]
60.7 (22.4) 59.0[23.1, 78.2]
0.193 0.184[0.023, 0.383]
0.025 0.027[0.003, 0.05]
0.011 0.013 [0, 0.04]

19.9 19.9[17.7,22.2]
0.037 (6.2) 0.038 [0.033, 0.044]
0.022 (12.5) 0.022[0.016, 0.027]
0.037 (7.2) 0.036 [0.031, 0.042]
0.021 (5.8) 0.020[0.019, 0.023]
0.054 (16.1) 0.052 [0.029, 0.074]
6.2%

30.1%

12.5%

37.8%

6.9%

8.2%

*clearance expressed per 70 kg FFM/CL, 6 | h™" tvolume expressed per 70 kg body weight. 0., oxypurinol clearance;0,, oxypurinol volume; K,, elimination rate constant;0giuretic,
fractional effect of diuretics; Ogrexp, renal function exponent for oxypurinol clearance; Emay, maximum drug effect; Cso, drug concentration at %2 maximum effect; 6go_grexp, renal
function exponent for urate baseline; 0go_giuretic, fractional effect of diuretics on baseline urate; o, between subject variability; n, the difference between the parameter predictions
and the typical values for the population; n-shrinkage, ETA shrinkage; e-shrinkage, epsilon shrinkage; Cl, confidence interval; RSE, relative standard error; CV%, coefficient of
variation; covar, covariance terms; 0,0, proportional residual error; 6,44, additive residual error; Oxypurinol caqq fixed at 0.001; Urate op,qp, fixed at 0.001. 5% (50) of the boot-

strap runs did not converge successfully. The parameter estimates were retained.

modest impact on dosing, although this was more pro-
nounced in those taking diuretics.

Although it was proposed in early studies that the
dose of allopurinol may need to be adjusted in patients
with renal impairment it was not until 1984 that a pub-
lished dosing guideline became widely available [13].

Hande et al. reviewed 78 cases of allopurinol hypersensi-
tivity syndrome (AHS) and noted that most were in
patients with renal impairment. AHS is a rare (< 0.1%)
but life-threatening systemic syndrome. Hande et al.
postulated that AHS may be caused by the accumulation
of excessive oxypurinol in patients with renal impairment.
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against the population predictions (pop pred) and individual prediction (Ind pred) for urate concentrations. The trend (loess) of the data is denoted

by a solid red line

The authors proposed that the dose of allopurinol should
be adjusted in proportion to the calculated CL, [13].

The Hande dosing guideline has been widely adopted
in clinical practice. This is not surprising given the preva-
lence of renal impairment in the gout population and the
high mortality rate (~25%) for AHS [53, 54]. However, the
use of the Hande guideline has been found to result in
poor treatment response in many patients [16, 18, 17,
19]. In addition, the evidence to support an association
between allopurinol and AHS is controversial. While pa-
tients with renal failure have been found to be at risk of
AHS [13, 54-56], a clear relationship between oxypurinol
exposure and AHS has not be found [57, 16, 17]. In one large
case—control study [57], a lower allopurinol dose was
found to be associated with AHS risk. It has also been
proposed that AHS may be the result of an immune
mediated reaction [53], rather than oxypurinol toxicity
per se. This is supported by evidence showing an
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association between the HLA-B*5801 gene and AHS
[57-59].

Predictions from our model (see Supplemental
Table 6) found that the probability of achieving the
target plasma urate concentration under the Hande
guideline declined with reduced renal function. For
example, the Hande guideline recommends a dose of
300 mg daily for a patient with a CL, of 100 ml min~",
150 mg if CL, is 40 ml min~" and 100 mg daily if CL, is
20 ml min~" [13]. Our model predicted that the probability
of achieving the target urate under these doses would be
64%, 29% and 12%, respectively.

There are few published models describing the allo-
purinol dose-response relationship. Graham et al. [60]
fitted an inhibitory sigmoidal E,,,, model to oxypurinol
and urate data collected from healthy volunteers. Our
analysis was conducted in gout patients, most of whom
had hyperuricaemia at baseline, as well as a greater
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Visual predictive checks (VPCs) for the final PKPD model. A) VPC showing the observed oxypurinol data (red dots), the 5™ and 95™ percentiles of the
observed oxypurinol data (red dashed lines) and the same percentiles for the model predicted oxypurinol plasma concentrations (dark dashed line) with
95% Cl around the percentiles (shaded area). The 50t percentile of the observed oxypurinol data (red solid line) and the same percentiles for the model
predicted oxypurinol plasma concentrations (dark solid line) are also depicted. Note that the simulations included both steady-state and non-steady-
state data. B) VPC showing the observed urate data (red dots), Sth, and 95 percentiles of the observed urate data (dashed red lines) and the same
percentiles for the model predicted urate plasma concentrations (dark dashed line) with 95% Cl around the percentiles (shaded area). The 50" percentile of the
observed urate data (red solid line) and the same percentiles for the model predicted urate plasma concentrations (dark solid line) are also depicted.
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A comparison of the percent reduction in plasma urate from baseline under different allopurinol daily doses using PKPD model predictions (dark

shaded, left) and external data extracted from the published literature [46-49] (hatched, right). Boxes represent the quartiles (centre line is the median)
of the data while the whiskers extend to include all data

prevalence of comorbidities. Consequently, the baseline 0.35 mmol 17" and 0.41 vs. 0.29 mmol 177, respectively)
urate estimate and E,.. values from our work were [60]. The Cso estimated in our analysis was more than
higher than those found by Graham et al. (0.51 vs. double the value reported by Graham et al. (83.9 umol |
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Table 4
Allopurinol daily maintenance dose predictions to achieve plasma
urate concentrations of <0.36 mmol I~ (with >75% probability)

Body weight
CL, (ml min71) 70kg 90kg 110kg 130kg 150 kg
No diuretics
>15-30 250mg 350mg 400mg 450mg 500mg 550 mg
>30-50 250mg 350mg 400mg 450mg 500mg 550 mg
>50-70 300mg 350mg 400mg 450mg 500mg 550 mg
>70-90 300mg 350mg 400mg 500mg 550mg 600 mg
>90 300mg 400mg 450mg 500mg 600mg 600 mg
Taking diuretics
>15-30 700mg 800 mg 900 mg 950 mg 1000 mg 1000 mg
>30-50 450 mg 550mg 600mg 700mg 800mg 850 mg
>50-70 400mg 500mg 550mg 650mg 750mg 800 mg
>70-90 400 mg 500mg 550mg 650mg 750mg 800 mg
>90 400 mg 500mg 550mg 650mg 750mg 800 mg
Cl, creatinine clearance expressed as ml min~ (100 ml min ' =61 h’w);

Diuretics include thiazides and loop diuretics.

vs. 37 umol I, respectively). This suggests that gout pa-
tients require a greater exposure to oxypurinol to
achieve a urate response than young healthy volunteers.

A recent analysis by Graham et al. [61] used a dose-
driven E, ., model to describe the dose-response of allo-
purinol. Dose predictions from the model were found to
be dependent largely on baseline urate. This aligns with
our results, where diuretic use and renal function were
found to impact baseline urate concentrations and dose
predictions. The reported ID5o value (the dose that pro-
duced half maximum response) of 226 mg daily suggests
that a typical gout patient would be expected to have an
average steady-state oxypurinol plasma concentration at
about the Csq value when taking this dose. Simulations
from our PK model (not shown) found that a typical pa-
tient in our cohort would have an average oxypurinol
plasma concentration of 70 pmol I~' using a dose of
226 mg daily. This is close to the Cs, values found in
our analysis of 83.9 umol I, Also in agreement with
Graham et al. [61] we found that renal function did not
have a large impact on dosing requirements.

The finding that renal function was not a major deter-
minant of allopurinol dosing is counter-intuitive for a
drug that is eliminated almost entirely by the kidneys. A
plausible explanation is that there exists a trade-off
between greater oxypurinol plasma concentrations in
those with renal impairment, on the one hand, and the
retention of urate, on the other. Our model predicts that
as renal function declines, both oxypurinol and urate
clearance will decrease and consequently exposure to
both will be increased. This assumes that the non-renal
clearance of urate remains relatively unchanged in those
with renal impairment. Simplistically, it is conceivable
that the increased inhibition of urate production by
oxypurinol will be balanced by a reduced renal clearance
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of urate. This could explain why renal dosing protocols,
where doses are reduced based on CL, (e.g. Hande
et al. [13]), produce inadequate allopurinol response in
many patients. The suggestion that gout patients with
renal impairment require higher oxypurinol plasma con-
centrations to achieve treatment success than those with
normal renal function has been noted elsewhere [19].

Our model is limited to predictions of allopurinol
maintenance doses rather than those used at the start
of therapy. Current guidelines for initiating allopurinol
therapy recommend low doses, usually in the order of
50 mg to 100 mg daily that are then gradually increased.
In addition, our model may not capture the time course
of urate plasma concentration reduction at the start of
therapy. This is predicted to be driven directly by the time
course of drug concentrations in a direct effects E,.x model,
such as the one described here. If there is a delay between
peak oxypurinol plasma concentrations and urate response,
as we saw with some patients, the time course of urate
reduction will be determined by urate clearance, not
oxypurinol. It is important to note, however, that this does
not limit the clinical utility of our model with regards to
maintenance dose predictions.

We have a developed a population PKPD model for
allopurinol in patients with gout. The factors found to
significantly influence plasma urate concentrations are
in line with previous literature. This model provided an
acceptable prediction of data arising from other studies.
Dose requirements were found to increase approxi-
mately 2-fold over a 3-fold range of total body weight
and were 1.25-2 times higher in those taking diuretics.
Renal function had a relatively modest impact on dosing,
although this was more pronounced in those taking
diuretics. The model predictions provide a useful guide
to the likely allopurinol maintenance dose requirements
for patients with gout. These predictions will be further
evaluated in future research.
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Figure S1

VPCs showing the observed oxypurinol data (red dots),
the 5™ and 95 percentiles of the observed oxypurinol
data (red dashed lines) and the same percentiles for the
model predicted oxypurinol plasma concentrations (dark
dashed line) with 95% confidence interval around the
percentiles (shaded area) against each significant covari-
ate. The 50" percentile of the observed oxypurinol data
(red solid line) and the same percentiles for the model
predicted oxypurinol plasma concentrations (dark solid
line) is also depicted. a) not taking diuretics, b) taking
diuretics, ¢) over the range of CL. (note that CL, is
expressed in |h™'. 6 1h~" is equivalent to 100 ml min~"),
d) over the range of fat-free mass

Figure S2

VPCs showing the observed urate data (red dots), 5™ and
95" percentiles of the observed urate data (dashed red
lines) and the same percentiles for the model predicted
urate plasma concentrations (dark dashed line) with
95% confidence interval around the percentiles (shaded
area) against significant covariates. The 50" percentile
of the observed urate data (red solid line) and the same
percentiles for the model predicted urate plasma con-
centrations (dark solid line) is also depicted. a) not taking
diuretics, b) taking diuretics, c) over the range of CL,
(note that CL, is expressed in | h=". 6 |h~' is equivalent
to 100 ml min™"), d) over the range of fat-free mass
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