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AIMS
The aim of the study was to identify and quantify factors that control
the plasma concentrations of urate during allopurinol treatment and to
predict optimal doses of allopurinol.

METHODS
Plasma concentrations of urate and creatinine (112 samples, 46
patients) before and during treatment with various doses of allopurinol
(50–600 mg daily) were monitored. Non-linear and multiple linear
regression equations were used to examine the relationships between
allopurinol dose (D), creatinine clearance (CLcr) and plasma
concentrations of urate before (UP) and during treatment with
allopurinol (UT).

RESULTS
Plasma concentrations of urate achieved during allopurinol therapy
were dependent on the daily dose of allopurinol and the plasma
concentration of urate pre-treatment. The non-linear equation: UT = (1 –
D/(ID50 + D)) ¥ (UP – UR) + UR, fitted the data well (r2 = 0.74, P < 0.0001).
The parameters and their best fit values were: daily dose of allopurinol
reducing the inhibitable plasma urate by 50% (ID50 = 226 mg, 95% CI
167, 303 mg), apparent resistant plasma urate (UR = 0.20 mmol l-1, 95 %
CI 0.14, 0.25 mmol l-1). Incorporation of CLcr did not significantly
improve the fit (P = 0.09).

CONCLUSIONS
A high baseline plasma urate concentration requires a high dose of
allopurinol to reduce plasma urate below recommended
concentrations. This dose is dependent on only the pre-treatment
plasma urate concentration and is not influenced by CLcr.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Despite recommendations for reduced

dosages of allopurinol in patients with renal
impairment (due to accumulation of the
active metabolite, oxypurinol), recent studies
indicate allopurinol dosages should be
higher than those recommended by
creatinine clearance.

• The number of patients reaching target
concentrations of plasma urate (0.30 to
0.36 mmol l-1) is low.

• Low doses of allopurinol are recommended
upon initiation of allopurinol therapy to
avoid adverse reactions.

WHAT THIS STUDY ADDS
• This study confirms that higher doses of

allopurinol than those indicated by
creatinine clearance are required to reach
recommended targets of plasma urate.

• The final, maintenance dose of allopurinol
required to reach the target urate
concentration is dependent on the
pre-treatment, (baseline) plasma urate
concentration but not on creatinine
clearance.

• Knowing the final dose is very useful for the
physician in educating the patient about
dosing with allopurinol.
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Introduction

Allopurinol is the most common therapy for the preven-
tion of acute attacks of gout and the treatment of chronic
gout. It is largely metabolized to oxypurinol, which inhib-
its the enzyme xanthine oxidoreductase, thereby decreas-
ing the synthesis of uric acid (urate at physiological pH)
from purines and reducing the risk of acute attacks [1].
The development of gout is generally associated with
plasma concentrations of urate above 0.42 mmol l-1

(~7 mg dl-1), the risk increasing with concentration. The
aim of dosage with allopurinol is to reduce the plasma
concentrations of urate to levels where acute gout will
not recur and which allow dissolution of urate deposits.
Although allopurinol has been used widely for decades,
clear guidance regarding optimal dosage for effective-
ness and safety has been slow to emerge. The recom-
mended target plasma concentrations of urate are
0.36 mol l-1 (~6 mg dl-1; European League Against Rheu-
matism, EULAR; American College of Rheumatology, ACR)
[2, 3] and 0.30 mmol l-1 (~5 mg dl-1; British Society of
Rheumatology, BSR) [4].

Failure to reduce plasma urate below recommended
target concentrations is common. This is particularly the
case at the widely used dosage of 300 mg daily [5]. It is
commonly recommended that the dosage of allopurinol
should be reduced in patients with renal impairment.
This guidance arose from the influential work of Hande
et al. [6] who suggested the uncommon occurrence
of allopurinol hypersensitivity (AH) was associated
with excessive accumulation of oxypurinol occurring in
patients with renal impairment. AH is potentially fatal
as it includes Stevens Johnson syndrome and toxic
epidermal necrolysis. However, the use of low doses in
renal impairment often does not lead to satisfactory
reductions in the plasma concentrations of urate in
many patients and higher doses of allopurinol are often
required [7–10]. Further, AH has also been reported with
low doses of allopurinol in the presence and absence of
renal impairment [7, 11]. Although clinical trials involving
relatively few patients indicate that allopurinol does not
necessarily produce AH at higher doses, the concerns
about its use in renal impairment remain and are widely
held [10].

The incidence of AH is decreased when the starting
dose is low and approximately proportional to the clear-
ance of creatinine [12]. For example, it was proposed
that the initial dose of allopurinol should be 50 mg every
2 days for an estimated glomerular filtration rate (eGFR) of
16 to 30 ml min-1 1.73 m–2 and 150 mg daily for an eGFR
of 91 to 130 ml min-1 1.73 m–2. The initial doses could be
even lower in patients with the HLA B*5801 allele, a group
at high risk of AH [13, 14]. The ACR recently published
guidelines advised that the starting dose of allopurinol
should be no greater than 100 mg day-1 for any gouty
patient, and 50 mg day-1 in subjects with stage 4 (CLcr

15–29 ml min-1 1.73 m–2) or poorer, chronic kidney disease
(CKD) [3]. The low starting dose should be increased
gradually (every 2–3 weeks) until a target plasma urate of
0.36 mmol l-1 (6 mg dl-1) is achieved [3].

Our aim was to identify the factors that control the
response to allopurinol, response being assessed by the
plasma concentration of urate. The factors we examined
included the dose of allopurinol, the plasma concentration
of urate before dosage, renal function and use of a diuretic.
The regression analyses were based on classical dose–
response relationships. In the modelling and its examina-
tion, four factors were considered.

1 No matter how high the dose of allopurinol, there is a
plasma concentration of urate resistant to further reduc-
tion (UR) [1].

2 Higher baseline concentrations of urate (UP) are associ-
ated with a failure to achieve satisfactory plasma concen-
trations during allopurinol treatment [15].

3 The renal clearance of oxypurinol is reduced in renal
impairment [6].

4 Diuretics increase the plasma concentrations of urate
[16]

Methods

Patients and study design
The present study was conducted in two groups of
patients with gout. The first was from a prospective study
(n = 10) in which allopurinol dose escalation was a prelude
to examining an interaction with probenecid [17] (St
Vincent’s Hospital Research Ethics Committee approval
number: H06/141; Australian and New Zealand Clinical
Trials register: ACTRN12607000247471). These patients
had their dosage of allopurinol titrated after being on
a fixed dose for a period of time based on their
CLcr (CLcr > 100 ml min-1, dosage � 7 days, CLcr = 40 to
100 ml min-1; dosage � 14 days). The second group of
patients (n = 36, 11 prospective and 25 retrospective) were
from private rheumatology practices where the aim was
to reduce the plasma urate to below 0.30 mmol l-1 (St
Vincent’s Hospital Research Ethics Committee approval
numbers H06/107, 08/172; Australian and New Zealand
Clinical Trials register: ACTRN12611000743965). The 36
patients in private practice had their dose of allopurinol
titrated after being on a fixed dose of allopurinol for at
least 1 month. All patients gave consent in accordance
with the Declaration of Helsinki.

The patients were aged between 17 and 80 years. All
except five were male. The doses of allopurinol ranged
from 50 to 600 mg daily. Blood was collected at pathology
collection centres in Sydney prior to dose titration of
allopurinol (Douglass Hanly Moir Pathology Laboratories
and SydPath, St Vincent’s Hospital, Sydney).
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A larger dataset, comprising a total of 125 gout patients
[18–22] from five separate published studies, was used as a
comparator to the analysis of our data.

Analysis of plasma and urine
Plasma urate and creatinine concentrations were deter-
mined using standard methodologies on the Roche/
Hitachi Modular P Analyzer Platform, Roche Diagnostics,
Australia.

Creatinine clearance
CLcr was used as an estimate of the glomerular filtration
rate of the patients and was calculated using the Cockcroft
& Gault formula [23] and lean body weight. Lean body
weight was calculated using the formula described by Jan-
mahasatian et al. [24]. CLcr was also estimated by the Modi-
fication of Diet in Renal Disease (MDRD) formula (eGFR)
[25].

Non-linear modelling
The classical equation that relates the fractional inhibition
to the dose of a drug was modified based on the assump-
tion that allopurinol cannot completely reduce plasma
concentrations down to 0 mmol l-1. Hence, the dose–
response data was fitted to the non-linear equation:

U
D

D D
U U UT P R R

I
= −

+( ) × −( ) +1
50

(1)

with UT plasma concentration of urate during treatment
with allopurinol, UP plasma concentration of urate pre-
treatment, UR resistant plasma urate concentration, D total
daily dose of allopurinol and ID50, the dose of allopurinol
that has reduced the inhibitable urate (UP - UR) by 50%.
Equation 1 is non-linear with respect to D but linear with
respect to UP and UR.

Multiple linear regression
The data were also fitted by multiple linear regression
using a general function of the form:

UT a b x b x b x= + × + × + ×1 1 2 2 3 3 (2)

The multiple regression included up to three independent
variables, x1, x2 and x3, where these variables were UP, D and
CLcr.The regression coefficients for the variables were b1, b2

and b3 and a was the common intercept.

Statistical analysis
For non-linear regression, the OFV (objective function
value, also known as the residual sum of squares) was
obtained using R version 2.15.0 [26]. and the r2 (coefficient
of determination) was calculated based on its definition: r2

= 1 - (RSS/TSS), where RSS is the residual sum of squares

and TSS is the total sum of squares. Statistical differences
between regressions were determined by F tests utilizing
the OFV values. A non-parametric bootstrap analysis with
1000 replicates was conducted on the final estimates using
R version 2.15.0 [26]. For the multiple linear regression rela-
tionships, the r2 and linear regression coefficients (b1, b2, b3)
were derived by least squares regression and were
obtained using R version 2.15.0 [26].

Results

Urate concentrations and demographics
A total of 112 blood samples was collected from 46
patients. Eight of these patients were maintained on one
dose rate, 16 patients were exposed to two different doses,
a further 16 patients had three different dose rates and six
patients were studied at four different doses, with blood
samples taken at each dose. Plasma concentrations of
urate, CLcr, doses of allopurinol, age, gender and diuretic
treatment were recorded (Supplementary Table S1).
Fifteen (33%) patients achieved a target concentration of
�0.30 mmol l-1, 30 (66%) patients achieved plasma urate
concentrations �0.36 mmol l-1 and 35 patients (76%)
achieved plasma concentrations of urate �0.42 mmol l-1.
Ten (22%) patients were taking diuretics (thiazides or furo-
semide) and 17 (40%) had a CLcr � 60 ml min-1.

Non-linear modelling
Overall, the UT was highly dependent upon both UP and D
(Table 1). The mean ID50 was 226 mg. The mean value of UR

was 0.20 mmol l-1 and represents the apparent plasma
urate concentration which cannot be reduced further by
allopurinol. There was very close agreement between the
plasma urate concentrations predicted by equation 1 and
the observed plasma concentrations of urate (Figure 1).
A bootstrap analysis indicated a robust fit to equation 1
with no significant change in UR or ID50 (Supplementary
Table S2). The dependence of UT on UP is demonstrated at
one particular dose (300 mg) in Figure 2.

Setting UR to zero in equation 1 (i.e. removing any resist-
ant urate) made the fit significantly worse (Table 1). When
the CLcr was estimated by the Cockcroft & Gault formula,
the addition of a term incorporating this clearance (k ¥
CLCR) did not improve the fit (P = 0.09, Supplementary
Table S3).The eGFR was also calculated. However, the addi-
tion of this estimate of CLcr to equation 1 also did not
improve the fit (P = 0.64, Supplementary Table S3).

The ID50 and UR values in patients with CLcr

> 60 ml min-1 were not significantly different from the cor-
responding values in patients with CLcr < 60 ml min-1. In
addition, use of diuretics did not significantly change the
‘best-fit’ values of ID50 or UR (Table 1).

Analysis of the literature data (Supplementary Table S4)
yielded a highly significant fit to the dose–response equa-
tion although the fit was poorer than with our data
(Table 1).
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Rearrangement of the best fit equation to the form:

D D
U U

U U
= ×

−
−

I P T

T R
50 (3)

allows the estimation of the daily dose required to lower
plasma urate to the desired concentrations (Table 2). Equa-
tion 3 predicts that higher doses of allopurinol were
required with higher concentrations of UP or lower target
plasma concentrations of urate.

Multiple linear regression
All simple and multiple linear regressions are reported in
Supplementary Table S5.The strongest correlation was the

multiple linear regression of D and UP against UT (i.e. UT =
a + b1 ¥ D + b2 ¥ UP). It was highly significant (P < 0.0001)
with r2 = 0.66 and estimates (95% CI): a,0.21 (0.15, 0.27),
b1,-0.45 ¥ 104 (-0.00054, -0.00035) and b2,0.52 (0.42, 0.61).
However, the fit to the non-linear dose–response relation-
ship (equation 1) as assessed by the objective function
value (OFV) was superior (OFV = 0.388) to the multiple
linear regression (OFV = 0.493). As was the case with the
dose–response relationship, the addition of a linear term
incorporating CLcr (b3 ¥ CLcr) to the multiple linear regres-
sion did not improve the fit significantly (Supplementary
Table S5).

Table 1
Best fit parameters to equation 1 (UT = (1 – D/(ID50 + D)) ¥ (UP – UR) + UR) relating the plasma urate concentrations of during treatment (UT) to the plasma
concentrations pre-treatment (UP) and the daily dose of allopurinol (D)

Group (n. patients, n. plasma samples) UR (95% CI) mmol l-1 ID50 (95% CI) mg allopurinol daily Statistical parameters (r2, OFV)

All data (46, 112) 0.20 (0.14, 0.25) 226 (170, 303) 0.738, 0.388
All data* (46, 112) 0* 466 (423, 516) 0.680, 0.474

No diuretics (36, 86) 0.14 (0.03, 0.22) 313 (209, 480) 0.670, 0.218
Diuretics (10, 26) 0.24 (0.04, 0.36) 179 (95, 350) 0.739, 0.159

CLcr > 60 ml min-1 (29, 74) 0.20 (0.11, 0.26) 235 (152, 366) 0.609, 0.190
CLcr � 60 ml min-1 (17, 38) 0.17 (0.002, 0.27) 240 (147, 405) 0.782, 0.195

Literature [18–22] (125, 184) 0.20 (0.15, 0.23) 186 (140, 241) 0.441, 1.00

CI, confidence interval; CLcr, creatinine clearance; ID50, dose of allopurinol that has reduced the inhibitable urate (UP – UR) by 50%; OFV, objective function variable (residual sum
of squares); r2, coefficient of determination; UR, apparent resistant plasma concentration of urate.
*Equation 1 without the resistant urate concentration, i.e. UR is fixed at 0. It is a significantly poorer fit than with the resistant urate concentration (P < 0.001).
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Figure 1
Relationship between observed plasma concentrations of urate during
allopurinol treatment (UT) and the concentrations predicted from equa-
tion 1 (UT = (1 – D/ID50 + D)) ¥ (UP – UR) + UR. ID50 dose of allopurinol that has
reduced the inhibitable urate (UP – UR) by 50%, UP plasma concentration of
urate pre-treatment, UR apparent resistant plasma concentration of urate.
The line of identity is shown. r2 = 0.74
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Figure 2
Relationship between plasma concentrations of urate during treatment
(UT) and pre-treatment (UP) with 300 mg allopurinol daily. The line repre-
sents the predicted UT concentrations derived from a dosing rate of
300 mg daily and the optimal values of ID50 (226 mg day-1) and UR

(0.20 mmol l-1) (Table 1). ID50 dose of allopurinol that has reduced the
inhibitable urate (UP – UR) by 50%, UR apparent resistant plasma concen-
tration of urate

Optimizing the dose of allopurinol in patients with gout

Br J Clin Pharmacol / 76:6 / 935



Discussion

This study has demonstrated for the first time that the dose
(D) of allopurinol required to achieve a target urate con-
centration (UT) was strongly determined by the baseline
concentration of plasma urate (UP). This result was seen
both in the present study and in data from the literature.
The fit of the literature data to the theoretical equation 1
was more scattered but this is not surprising given the use
of variable assays for urate analysis in those studies
[18–22]. This result should have substantial clinical signifi-
cance in the management of gout. It gives reassurance to
both the physician and patient as to the final goal and can
be used as part of the education of the patient and the
effort to improving adherence that is known to be very
poor in gout patients [27–31].

It may seem self-evident that for an individual, a larger
dose of allopurinol would be needed the higher the base-
line plasma urate concentrations but we are not aware that
this notion has been emphasized previously. We suspect
that this is because studies of the response to drugs such
as allopurinol are often reported as percentage of subjects
achieving target plasma urate concentrations or percent-
age reductions from baseline values. Also, in many studies
of the treatment of gout, individual pre-treatment concen-
trations of urate are often not published.

A notable and unexpected result was that the addition
of CLcr did not significantly change the ID50 or UR para-
meters in the dose–response equation (equation 1).
However, this can be understood by considering the major
mode of elimination of urate and oxypurinol, the major
and active metabolite of allopurinol. Decreased renal func-
tion leads to decreased clearance and thus to higher
plasma concentrations of oxypurinol unless the dosage of
allopurinol is reduced [32]. These higher plasma concen-
trations of oxypurinol should lead to a greater inhibition of

urate synthesis. However, this effect is offset by the simi-
larly decreased renal clearance of urate with reduced CLcr

[33]. Hence, greater inhibition of urate synthesis is required
to counter the decreased urate clearance associated with
lower renal function. Essentially, our results indicate that
the twin effects of decreasing renal function on plasma
oxypurinol and urate balance each other. Dosage with diu-
retics also did not significantly alter the parameters in the
dose–response equation. Again, the reason for the lack of
effect is the common action on the renal clearance. In this
case, diuretics decrease the renal clearance of both urate
[34] and oxypurinol [32] without increasing the output of
urate [16]. Higher plasma concentrations of urate may be
produced by diuretics but, again, appear to be countered
by increased plasma concentrations of oxypurinol.

For many years it has been recommended that the
dosage of allopurinol should be reduced in patients with
decreased renal function although several studies have
shown that this commonly does not lead to adequate
control of hyperuricaemia in gouty patients [9, 10]. Higher
doses are often required. Our results confirm these find-
ings and confirm that titrating dosage to target urate, irre-
spective of renal function, is appropriate [7, 10], although
the safety of this approach is yet to be examined thor-
oughly. However, reduced initial dosage in renal impair-
ment may decrease the adverse effects of allopurinol [12].

In fitting the data to both the multiple regression and
dose–response equations, the intercept, UR, was greater
than zero (Table 1, Supplementary Table S5). This result
supports the concept of a production of urate resistant to
inhibition by oxypurinol [1]. Alternatively, the apparent
resistant level may be due to a maximal or saturable level
of inhibition of xanthine oxidoreductase. For the purposes
of predicting the optimal dose of allopurinol, however, the
parameter, UR, can simply be viewed as one that improves
the fit to a theoretical equation.

Limitations to our analyses include, firstly, that all vari-
ables (UP, UT, D and CLcr) were assumed to be independent.
Secondly, many patients had their doses of allopurinol
titrated as part of their gout treatment with the goal of
achieving target plasma urate. Thus, an individual patient
could be represented up to four times in regression analy-
ses (Supplementary Table S1). Thirdly, the number of
patients with renal impairment (GFR < 60 ml min-1) and
patients taking diuretics was relatively small (n = 17 and 10,
respectively). Further studies should include more patients
with moderate to low renal function and patients also
taking diuretics. Finally, the goodness-of-fit of our non-
linear regressions was assessed by the value of r2 and this
can be somewhat misleading. However, by reporting the
OFV and conducting the F test, we demonstrated that
adding a term containing CLcr to the model did not signifi-
cantly improve the fit (Supplementary Table S3).

Patients with gout are commonly under treated with
allopurinol. This problem was also evident in the present
study where 65% achieved plasma concentrations of urate

Table 2
Predicted daily doses (D) of allopurinol to produce target plasma concen-
trations of urate (from substitution in equation 3*)

Pre-treatment
plasma urate
(UP, mmol l-1)

Predicted allopurinol dose
(mg day-1) to achieve EULAR
target (UT = 0.36 mmol l-1)

Predicted allopurinol dose
(mg day-1) to achieve BSR
target (UT = 0.30 mmol l-1)

0.65 405 775
0.6 335 665

0.55 265 554
0.5 195 443

0.45 126 332

*Equation 3: D = ID50 ¥ (UP – UT)/(UT – UR).
BSR, British Society of Rheumatology; EULAR, European League Against Rheuma-
tism; ID50, dose of allopurinol that has reduced the inhibitable urate (UP – UR) by
50%; UR, apparent resistant plasma concentration of urate; UT, plasma concen-
tration of urate during treatment with allopurinol.
Optimized values for UR and ID50 (from Table 1) are 0.20 mmol l-1 and 226 mg,
respectively.
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below the recommended concentration of 0.36 mmol l-1

[2] when the dose was the standard 300 mg allopurinol
daily. Even fewer patients (33%) achieved a target concen-
tration below 0.30 mmol l-1 [4].

These targets have been selected as concentrations
that will lead to prevention of further attacks of gout
and resolution of tophi. Unfortunately, the necessity of
increased doses in achieving these concentrations has not
been emphasized sufficiently. In particular, very high doses
of allopurinol are likely to be required if the plasma urate
before allopurinol treatment is greater than 0.6 mmol l-1.
For example, to achieve a target plasma urate of
0.3 mmol l-1, equation 3 indicates that the required dose of
allopurinol will be well above 600 mg daily if the pre-
treatment plasma urate is above 0.6 mmol l-1 (Table 2).
Similarly, with a pre-treatment plasma urate in this range,
the dose of allopurinol of 400 mg should be sufficient if the
target plasma urate is 0.36 mmol l-1. This may be a more
realistic target and dosage of allopurinol. Clearly, the avail-
able formulation sizes (100 mg, 300 mg) and whether the
tablets are scored will influence what the best approxima-
tion to the predicted dose could be. However, no matter
what the estimated final dose is, allopurinol should be
started at a low dose and increased gradually [3, 12].

In summary, the dose of allopurinol required to lower
plasma urate to recommended target concentrations is
dependent only on the baseline, pre-treatment plasma
concentration of urate. Surprisingly, CLcr is not influential
with respect to the final maintenance dosage. However, as
recently established, CLcr should determine the starting
dose of allopurinol [3, 12]. A higher baseline plasma urate
will require a higher maintenance dose of allopurinol. We
have provided a simple equation (equation 3) that can be
used to estimate the continuing allopurinol dose likely to
effectively lower the plasma urate concentrations to
target.
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