ACR Open Rheumatology AMERICAN COLLEGE

Vol. 2, No. 8, August 2020, pp 491-495 of EUMATOLOGY

DOI 10.1002/acr2.11164 E ing Rb logy P ionals
© 2020 The Authors. ACR Open Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology. mpowering Rheumnatology Professiona

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

BRIEF REPORT

A Pharmacokinetics-Informed Approach to Navigating
Hydroxychloroquine Shortages in Patients With Rheumatic
Disease During the COVID-19 Pandemic

Marc H. Scheetz,' Maximilian F. Konig,> = Philip C. Robinson,* & Jeffrey A. Sparks,* 2 and Alfred H.J. Kim®
Objective. The recent hydroxychloroquine (HCQ) shortage due to use in coronavirus disease 2019 (COVID-19) has
forced some rheumatic disease patients to choose between continuing their current dose of HCQ but exhaust their
supply early or ration it in order to prolong its use. Blood HCQ concentrations are directly correlated with disease activity
in rheumatic diseases such as systemic lupus erythematosus. We sought to model how changes in HCQ dosage will
best maintain sufficient blood HCQ concentrations for the longest period of time in order to avoid potential future flares.
Methods. A one-compartment pharmacokinetic model was used to predict mean blood HCQ concentrations.
Monte Carlo simulations with 10-fold inflated model parameter variance was utilized to assess the impact of variability.
Results. Maintenance of 400 mg/d resulted in mean therapeutic whole-blood HCQ concentrations that exceeded
700 ng/ml for 10.5 days, whereas HCQ rationing by reducing the dose by half resulted in the mean concentration
remaining above 700 ng/ml for 2.4 days (net gain = 8 days). Variability analysis demonstrates that results may differ
at the individual level, dependent on baseline blood HCQ concentrations.
Conclusion. Although mean blood concentrations exceed 700 ng/ml for a longer time if patients maintain their full

dose of HCQ, more information is needed to fully understand the elimination of HCQ at the patient level, particularly

the contribution of tissue stores of HCQ transiting back into the blood.

INTRODUCTION

During the current coronavirus disease 2019 (COVID-19)
pandemic, studies have suggested a potential role of hydroxy-
chloroquine (HCQ) in the treatment of COVID-19 amid substantial
controversy (1,2). Intense interest of the drug has resulted in an
immediate shortage of HCQ, putting patients on chronic HCQ
treatment, such as those with systemic lupus erythematosus
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(SLE), rheumatoid arthritis (RA), and other rheumatic conditions,
at increased risk of flares that may result in morbidity and mortality.

These patients, particularly those with SLE, depend on
steady access to HCQ for disease stability, which is at least partly
achieved by maintaining therapeutic HCQ drug concentrations. In
a placebo-controlled randomized clinical trial, discontinuation of
HCQ in stable SLE patients increased the risk for flares, including
severe ones, as early as 2 weeks after HCQ withdrawal (3). In an
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observational study, SLE patients with active disease (using a cut-
off of SLE Disease Activity Index [SLEDAI] > 6) had a mean whole-
blood HCQ concentration of 694 ng/ml versus SLE patients with
inactive disease (SLEDAI < 6) who had a mean blood HCQ con-
centration of 1079 ng/ml (4). Thus, any threat to the supply of
HCQ poses arisk of flare to patients with SLE and other rheumatic
disease, which may result in morbidity and preventable hospitali-
zations at a time when some hospitals are already close to capac-
ity due to COVID-19.

The terminal half-life of HCQ, including tissue release, is
approximately 40 days (5,6). Thus, it is simple to assume that
elimination of HCQ with uniform first-order kinetics due to a one-
compartment model will yield a clear answer regarding the elimina-
tion of HCQ from the blood after cessation of drug. However, this
assumes that HCQ is cleared at this rate from the blood; it does
not take into account the dynamics of HCQ biodistribution. It is
recognized that lysosome-rich tissues retain a substantial amount
of HCQ (7) and that the rapid elimination of HCQ in the blood yields
a central compartment half-life of ~40 hours in patients with RA
(8). This creates a triphasic curve in the patient who is HCQ-naive,
wherein both tissue and cellular absorption as well as renal excre-
tion dominate the early kinetics of HCQ disappearance from the
blood (ie, the first two phases) (Figure 1). Release of HCQ from var-
ious tissues back into the blood is the third phase. The prolonged
half-life that is frequently cited (5), ie, 40 days, is the summation of
all of the elimination phases, including the very prolonged tissue
release phase. Thus, there are separate kinetics for blood elimi-
nation and cellular/tissue elimination. At present, efficacy for rheu-
matologic diseases has been correlated to blood concentrations
in patients that have presumably reached steady-state concentra-
tions of HCQ in both the blood and periphery (ie, tissues and cells).
It is unknown which compartment HCQ concentrations directly link
to efficacy, but blood is used as the present surrogate.

Clinicians and patients are currently being confronted with
strategies on how to manage HCQ dosing in the face of a massive
HCQ shortage during the COVID-19 pandemic.
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Figure 1. Triphasic pharmacokinetics curve in a hydroxychloroquine-
naive patient.

With these caveats, we sought to model the blood concen-
trations of HCQ in the situation where patients continue a sta-
ble dose of HCQ (eg, 400 mg/d) but are forced to discontinue
early or ration their supply by taking half the dose (200 mg daily
or every other day alternating with 400 mg/d), thereby extending
the number of days they are on HCQ but perhaps at risk of being
subtherapeutic.

METHODS

We estimated the time it would take for SLE patients facing
abrupt HCQ supply shortages to be at risk of flare due to subther-
apeutic levels of HCQ. Mass transit of HCQ was modeled accord-
ing to a scenario in which SLE patients taking HCQ 400 mg/d at
baseline only had twenty 200-mg tablets remaining due to HCQ
shortages (day 0). The patient/provider had three options related
to HCQ use: 1) continue taking the standard dose (400 mg/d) for
10 days, 2) ration their HCQ by alternating 200 mg and 400 mg
every other day for 14 days, or 3) ration HCQ by taking 200 mg/d
for 20 days, and then stop. We assumed a subtherapeutic thresh-
old (below which the risk of flare increases) of a whole-blood HCQ
concentration at 700 ng/ml (and not return above 700 ng/ml within
24 hours) as a surrogate for potential increased disease activity.

To first demonstrate how traditional pharmacokinetic
equations may be utilized to answer the question, we used the
reported HCQ half-life of 40 days and the elimination rate constant
(K) = 0.693/(HCQ half-life in hours), equaling 7.22*10™. To calcu-
late the number of hours needed to drop below 700 ng/ml, one
can solve for time with the following equation:

In [Initial HCQ concentration (ng/ml) /700 ng/ml]
7.22%107%/hr

For full pharmacokinetic modeling and simulation, we also
employed the one-compartment model published by Carmichael
et al (8) based on patients with RA where the blood half-life is ~40
hours. In brief, the mean parameter values for clearance, volume
absorption constant, time lag, and bioavailability were employed
(ie, identical structural model and inputs). Modeling was per-
formed based on a 400 mg/d dose of HCQ sulfate (ie. 310 mg
of HCQ base) given until steady-state conditions were reached,
then three scenarios for patient dosing were considered. Sim-
ulations were conducted with the Pmetrics for R as previously
reported (9). Concentrations were simulated every 2 hours until
concentrations less than 30 ng/ml were reached. Monte Carlo
simulations (n = 1000) were performed for each scenario, and
parameter variance and 10-fold inflated model parameter variance
were employed in order to assess the impact of variability. The
number of individual simulations that resulted in concentrations
exceeding 700 ng/ml were calculated for 24-hour intervals (ie,
concentration for the individual did or did not exceed 700 ng/ml
in the 24-hour period) and were reported as a fraction of total
simulations performed.
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RESULTS

Using traditional first-order pharmacokinetic equations and a
HCQ half-life of 40 days, concentrations were predicted to drop
below 700 ng/mlin 17.8 and 36.0 days for baseline concentrations
of 867 ng/ml (the low median end observed in Jallouli et al (10))
and 1079 ng/ml (the mean concentration observed in patients with
inactive SLE (4)), respectively. This straightforward kinetics model
is an oversimplification given the known rapid elimination of HCQ
in blood. We then considered a model in which the rapid blood
elimination of HCQ (half-life of 43 hours (8)) exclusively drove the
decrease in blood HCQ concentrations. This model makes the
assumption that tissue release of HCQ is slow and only negligibly
contributes to blood HCQ concentrations (thus the redistribution
phase is not mathematically captured). Using the structural model
and parameters determined by Carmichael et al (8), a baseline
dose of 400 mg/d of HCQ sulfate (ie, 310 mg HCQ base) at
steady state resulted in mean peak concentrations of ~1124 ng/ml
and trough concentrations of ~829 ng/ml (Figure 2A, four days
of steady state shown for visual appreciation of baseline). In the
first model of the patient who continued to take 400 mg/d for 10
days (option 1), mean concentrations were below 700 ng/ml in
10.5 days versus 2.4 days if the dosing changed to 200 mg/d of
HCQ sulfate for 20 days (option 3). In option 2 (alternating 200 mg
and 400 mg doses every other day for 14 days), the mean con-
centrations consistently dropped below 700 ng/ml at 14 days.
The peaks and troughs decrease with each cycle, to the point
where mean concentrations are consistently below 700 ng/ml at
day 183.3. Therefore, of the 20 days the patients were taking HCQ
in option 2, they spent most of the time with concentrations of
700 ng/ml for 13 days, whereas in option 3, in only the first two
days did they have a mean concentration greater than 700 mg/ml.

To estimate what would happen with varying baseline blood
HCQ concentrations, 10-fold variance from the reported model
was considered. The mean prediction is that the majority of
patients would stay above 700 ng/ml longer in option 1 (400 mg/d
for 10 days) (Figure 2B) compared with option 2 (alternating 400
and 200 mg doses every other day for 14 days) (Figure 2C) and
option 3 (200 mg/d for 20 days) (Figure 2D). In this model that
incorporates parameter variance (and not covariance), the main
factor that drives subtherapeutic concentrations (ie, <700 ng/ml
for over 24 hours) is the starting HCQ concentration in the
blood. The model estimated the high (95th percentile) and low
(6th percentile) baseline HCQ blood concentrations when taking
400 mg/d prior to day O (Supplementary Figure 1). When we com-
pared the high and low baseline HCQ concentrations, there was
a difference of 1.5 days in option 1 (low = 10 days, high = 11.5
days), 2.5 days in option 2 (low = 11.5 days, high = 14 days),
and 7 days in option 3 (low = 0.5 days, high = 7.5 days) prior to
consistently reach concentration lower than 700 ng/ml. If a patient
has high HCQ blood concentrations at baseline, option 2 provides
an extension of HCQ concentrations greater than 700 ng/ml (14

days) compared with option 1 (11.5 days) and option 3 (7.5 days).
If a patient has low baseline concentrations, options 1 and 2 (11.5
and 14 days, respectively) clearly maintain a longer period of time
with HCQ concentrations greater than 700 ng/ml than option 3
(0.5 days).

Similarly, when we examined what fraction of the simulations
for each option were able to maintain a blood HCQ concentration
greater than 700 ng/ml each day, options 1 and 2 maintained a
substantially greater proportion of simulations over a longer period
of time compared with option 3 (Figure 2E). Using a 0% target
attainment, the number of days it took for option 1 to drop below
90% was 12 days versus 2 days for option 3. In option 2, it first
dropped below 90% on day 7, then fluctuated above and below
90% until day 13.

HCQ concentrations dropped to near or below 700 ng/ml
almost immediately following HCQ reduction or discontinuation in
all models. Additionally, these models predicted that blood HCQ
levels would be undetectable within 10 days after HCQ discon-
tinuation.

Collectively, these data demonstrate how both HCQ dosing
and baseline HCQ blood concentrations have an impact when
subtherapeutic blood HCQ concentrations are reached.

DISCUSSION

We simulated trajectories of the elimination of whole-blood
HCQ levels related to three strategies of HCQ dose management
applicable to a mass shortage of the drug: 1) continued treat-
ment at full prescribed dose with early discontinuation, 2) alter-
nating treatment at full prescribed doses with half doses, or 3)
treatment at half dose with delayed discontinuation. We found
that the baseline steady-state blood HCQ concentration plays
an important role in the time needed to fall below our surrogate
concentration for increased flare, ie, 700 ng/ml. For those with
higher baseline blood HCQ concentrations, the strategy of halv-
ing the dose (ie, 200 mg/d) to prolong duration of treatment was
associated with an up to a seven-day delay before falling below
the presumed therapeutic threshold of HCQ. For those with lower
baseline blood HCQ concentrations, the strategy of maintaining
a full dose (i.e. 400 mg/d) was associated with up to a nine-day
benefit (compared with the 200 mg/d strategy). Understanding
the strategy that maximizes the number of therapeutic days is
important to provide longer population-level disease stability
for patients dependent on HCQ for rheumatic diseases and to
allow for extra time for HCQ supply chains to be increased in the
face of a mass drug shortage, such as with the current COVID-
19 pandemic. In addition, our simulations suggest that starting
blood HCQ concentrations play an important role in the mainte-
nance of an appropriate blood HCQ concentration. Importantly,
no single strategy simulated herein was universally superior to
its alternatives but needs to be considered in the context of
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Figure 2. Anticipated hydroxychloroquine (HCQ) concentrations for options 1, 2, and 3. Monte Carlo simulations using parameters identified
in patients with rheumatoid arthritis (8) and a blood HCQ half-life of 43 hours were performed for both scenarios. A, Mean blood HCQ
concentrations for 400 mg/d for 10 days (blue), alternating 400 and 200 mg every other day for 14 days (grey), and 200 mg/d for 20 days (red).
Ten-fold inflated model parameter variance simulations for 400 mg/d for 10 days (B), alternating 400 and 200 mg every other day for 14 days
(C), and 200 mg/d for 20 days (D). For visual clarity, 30 simulations are shown in panels B, C, and D, but the data in the text are from 1000
simulations. E, Fraction of the 1000 simulations wherein blood HCQ concentration greater than 700 ng/ml for each day for each scenario. dieb.

alt. = deibus alternis (every other day).

baseline blood HCQ concentrations at steady state. This high-
lights the utility of therapeutic HCQ blood level monitoring in tai-
loring treatment strategies to the individual patient with rheumatic
disease. The models also highlight differences between when cer-
tain blood HCQ concentration thresholds are met versus having
any blood-detectable HCQ.

Although we provide population-level estimates of the pos-
sible trajectories of HCQ dosing strategies during a mass HCQ
shortage due to the COVID-19 pandemic, there are some lim-
itations, particularly as they relate to individual-level interpreta-
tion. First, these are mean estimations (and simulations based
on 10-fold variance) from a one-compartment model derived
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from a target population (RA) (8). Our modeling does not take
all interpatient variability into account, including differences in
HCQ distribution and clearance. Second, all modeling was
performed for HCQ in whole blood. Because little is known
about the pharmacokinetics of HCQ in the periphery (tissue and
cells), as well as the pharmacodynamic drivers of efficacy in the
periphery, it was not possible to model the peripheral interface
of drug concentrations and activity. For example, our model
suggests undetectable blood HCQ concentrations within days
of drug discontinuation, which seems unlikely. This suggests
an important but unknown contribution of tissue HCQ stores to
the blood compartment. Third, the assumptions of the models
relied on HCQ thresholds related to typical and subtherapeutic
blood levels in SLE derived from a relatively small sample at a
single center (4). The particular HCQ level important to main-
tain disease stability likely varies substantially between individual
patients due to heterogeneous SLE manifestations/severity, sex,
age, weight, race, genetic polymorphisms, concomitant use
of other immunosuppressants, among other possibilities. For
example, patients with SLE with rash and inflammatory arthri-
tis may be particularly reliant on HCQ for these manifestations
due to known efficacy for these indications. Other SLE manifes-
tations may be less strongly linked to acute changes in blood
levels of HCQ. Many patients with SLE may already have sub-
therapeutic HCQ blood levels because of the known high levels
of nonadherence in this patient population (11). Pharmaco-
dynamic variability likely exists. Some patients may be exquisitely
sensitive to even a few missed or lower doses of HCQ, whereas
others may maintain clinical stability without the short-term (or
perhaps even long-term) need for HCQ. However, it is cur-
rently not possible to determine the degree to which individual
patients may be dependent on HCQ or to identify patients that
could be amenable for a temporary drug holiday or even per-
manent cessation. Finally, there is likely variability in pharma-
cokinetics in the periphery (tissue, cells) that contributes to an
unknown effect on pharmacodynamics.

Given these uncertainties, clinicians often rely on population-
level data to make individual treatment recommendations.
Results from a previous clinical trial makes it clear that, on a
population level, abrupt discontinuation of HCQ in patients with
quiescent SLE increases the risk for flares, some of which can be
severe, in as early as two weeks, increasing over time (3). Many
patients with rheumatic disease take HCQ for other indications,
such as RA, discoid lupus, dermatomyositis, and other forms
of inflammatory arthritis and skin disease. Based on our mod-
eling, there is a subset of patients that benefit from rationing
HCQ to extend the duration of taking it, but this depends on
the patient’s baseline blood HCQ concentration. Unfortunately,
availability of blood HCQ concentration testing is not currently
available or is financially infeasible for the vast majority of the

world (including most of Latin and South America, Asia, Aus-
tralia and New Zealand, Africa, Europe, Canada, and Mex-
ico), limiting the usefulness of this approach. Nevertheless, it
is certain that our understanding of the pharmacokinetics and
pharmacodynamics of HCQ is insufficient and will require addi-
tional work especially at the tissue/cellular level. How peripheral
tissue compartments influence blood HCQ concentrations or
whether the peripheral compartments even drive clinical effi-
cacy remain important unanswered questions.
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