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intramuscular dosing in women with
preeclampsia
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BACKGROUND: Current intramuscular magnesium dosing regimens in low and middle-income countries are based on indirect absorption
parameters to inform pharmacokinetic and pharmacodynamic response.

OBJECTIVE: To determine if therapeutic serum magnesium levels are obtained in women with severe preeclampsia receiving intramuscular
administration of magnesium sulfate using the Pritchard regimen and to compare the key pharmacokinetic variables to those previously published.
STUDY DESIGN: Serum magnesium levels were obtained at multiple time points at baseline and after magnesium sulfate administration from
women with severe preeclampsia receiving the standard Pritchard regimen for seizure prophylaxis at Bayero University, Kano, Nigeria. The pharmacoki-
netic profiles were constructed for the study cohort and the updated pharmacokinetic model was compared with the one that was previously published.
RESULTS: A total of 80 blood samples were collected from 20 women with severe preeclampsia (45 collected before childbirth and 35 col-
lected after childbirth). After 11.5 hours of magnesium sulfate administration, 63% of women in the cohort had serum magnesium levels of
>2.0 mmol/L. Data from women receiving the Pritchard regimen combined with data from women previously modeled after the receipt of intrave-
nous magnesium sulfate were adequately described using a 2-compartment model with first-order absorption and linear elimination from the cen-
tral compartment. All structural pharmacokinetic parameters including clearance, central volume of distribution, peripheral volume of distribution,
and intercompartment clearance were adjusted for maternal weight, and the clearance was further adjusted for serum creatinine level and ante-
partum or postpartum status. The simulated pharmacokinetic profiles of the updated pharmacokinetic model and the previously published phar-
macokinetic model are similar. In previously published pharmacokinetic modeling, absorption rate constant=0.32 and absolute
bioavailability=0.86. In the updated pharmacokinetic model, absorption rate constant=0.45 and absolute bioavailability=0.91.
CONCLUSION: These data support the use of the Pritchard regimen as acceptable to achieve therapeutic serum magnesium levels and sup-
port the reported simulation of serum magnesium levels and eclampsia response associated with different intramuscular regimens.

Key words: intravenous magnesium, low- and middle-income countries, magnesium pharmacodynamics, magnesium sulfate dosing, Pritch-
ard regimen, seizure prophylaxis, severe preeclampsia

Introduction medications in contemporary obstetri- preeclampsia—a leading cause of
Magnesium sulfate is 1 of the most cal practice." It is the drug of choice for ~maternal morbidity and mortality.””’
commonly  prescribed intravenous preventing seizures in women with Adequate serum magnesium levels are

From the Division of Perinatology, Oregon Health & Science University, Portland, OR (Dr Brookfield); Department of Obstetrics & Gynaecology, Aminu
Kano Teaching Hospital, Bayero University, Kano, Nigeria (Or Galadanci); Aminu Kano Teaching Hospital, Bayero University, Kano, Nigeria (Dr
Mohammed); Merck & Co, Inc, Kenilworth, NJ (Drs Du and Wenning); Department of Obstetrics & Gynaecology, Mohammed Abdullahi Wase Teaching
Hospital, Kano, Nigeria (Dr Suleiman); Department of Sexual and Reproductive Health and Research (SRH) and UNDP-UNFPA-UNICEF-WHO-World
Bank Special Programme of Research, Development and Research Training in Human Reproduction (HRP), World Health Organization, Geneva,
Switzerland (Dr Oladapo); Certara Strategic Consulting, Oss, The Netherlands (Dr Witjes); Department of Anesthesiology, Perioperative and Pain
Medicine, Stanford University School of Medicine, Stanford, CA (Dr Carvalho).

Received June 12, 2021; revised August 17, 2021; accepted August 24, 2021.

L.D. and L.W. are consultants employed at Merck & Co. K.B. received travel grant from the World Health Organization for her role on a magnesium
pharmacokinetics advisory board in 2020. The remaining authors report no conflict of interest.

This study was funded, in part, by the UNDP-UNFPA-UNICEF-WHO-World Bank Special Programme of Research, Development and Research
Training in Human Reproduction (HRP), a cosponsored program executed by the World Health Organization.

Cite this article as: Brookfield K, Galadanci H, Du L, et al. Magnesium sulfate pharmacokinetics after intramuscular dosing in women with
preeclampsia. Am J Obstet Gynecol Glob Rep 2021;1:100018.

Corresponding author: Kathleen Brookfield, MD, PhD, MPH. brookfie@ohsu.edu

2666-5778/$36.00
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
http://dx.doi.org/10.1016/j.xagr.2021.100018

November 2021 AJOG Global Reports 1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.xagr.2021.100018&domain=pdf
mailto:Corresponding author: Kathleen Brookfield, MD, PhD, MPH.
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.xagr.2021.100018
http://www.ajog.org

AJOG Global Reports at a Glance

Why was this study conducted?

sium sulfate.

Key findings

ent magnesium sulfate regimens.

To update the key pharmacokinetic characteristics of magnesium sulfate using
data from women with severe preeclampsia who received intramuscular magne-

Magnesium sulfate given as per the Pritchard regimen resulted in therapeutic
serum magnesium levels in 63% of women with little variation in the pharmaco-
kinetic estimates from modeling based on intravenous regimens.

What does this add to what is known?

Simulated pharmacokinetic profiles after intramuscular magnesium sulfate
administration support the results of previous modeling that were used to iden-
tify serum magnesium levels and predict eclampsia rates associated with differ-

necessary for seizure prophylaxis and
treatment.” Serum magnesium levels
between 2.0 and 3.5 mmol/L are gener-
ally considered therapeutic to prevent
recurrent eclamptic seizures, though
pharmacokinetic (PK) studies of intra-
venous (IV) magnesium sulfate suggest
that even lower serum levels may confer
protection against eclampsia.” A review
of magnesium PK properties showed
that magnesium levels in this range are
inconsistently achieved when standard
Zuspan (IV) and Pritchard (IV and intra-
muscular [IM]) regimens are used.® A
dose-response model previously pub-
lished by our group and a large random-
ized trial, have determined, despite often
achieving lower serum levels than these
targets, that the Zuspan and Pritchard
regimens reduce eclampsia rates by
50%.”" Tt is also recognized that many
expectant mothers experience side effects
related to antenatal magnesium sulfate
administration, and magnesium sulfate
may negatively impact obstetrical out-
comes and lead to adverse neonatal
effects.” '! Therefore, optimal dosing
strategies are important to maximize effi-
cacy while limiting side effects and
maternal and neonatal morbidity.
Although PK modeling of IV magne-
sium sulfate regimens suggests that
smaller doses than those previously
thought of, may be effective for eclamp-
tic seizure prophylaxis, PK modeling for
IM dosing is sparse. Previous publica-
tions have used absorption parameters
from the literature and not from direct
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model-estimation.'>'®  Furthermore,

previous PK modeling has been scruti-
nized for a lack of diversity among par-
ticipants and a lack of model
adjustment for covariates that impacts
magnesium disposition (ie, maternal
weight). Although current protocols in
Western countries most often use IV
dosing of magnesium sulfate for
eclampsia prophylaxis, IM regimens
remain popular in low- and middle-
income countries (LMICs) because of
the limited availability of health profes-
sionals to administer IV regimens. Cur-
rent IM dosing regimens are based on
indirect absorption parameters to
inform PKs and the pharmacodynamic
drug response.'”"” Existing PK models
have been constructed from serum
magnesium levels obtained primarily
from women receiving IV-only magne-
sium sulfate regimens. A brief overview
of the IV sampling used in previous
studies is described in the methods for
context.'* Given the popularity of IM
regimens in LMICs, we sought to con-
struct a comprehensive PK model to
estimate the absorption of magnesium
sulfate using a commonly prescribed,
predominantly IM regimen (Pritchard
regimen). The regimen consists of both
IM and IV loading doses, followed by a
serial IM redosing every 5 hours. Data
from the proposed study were needed
to validate the previous IM PK model'”
and provide new information regarding
the differences in magnesium disposi-
tion in this population.'>"*

The primary aim of the study was to
determine if empirical therapeutic
serum magnesium levels are achieved in
women with severe preeclampsia receiv-
ing predominately IM administration of
magnesium sulfate using the Pritchard
regimen. We aimed to compare the key
PK variables (bioavailability, absorption
rate constant, maximum drug concen-
tration, and clearance) to those obtained
previously by Salinger (absorption rate
constant [Ka]=0.32 and absolute bio-
availability [F]=0.86)"° and simulate the
serum magnesium levels after the
administration of the Pritchard regimen
using the updated modeling parameters.

Materials and Methods

Description of intramuscular study
This prospective cohort study was
approved by the Kano State of Nigeria
Ministry of Health Institutional Review
Board (commissioner 08023337417;
October 7, 2019). Women with severe
preeclampsia who were prescribed the
standard Pritchard regimen for seizure
prophylaxis at Bayero University, Kano,
Nigeria, were approached for participa-
tion in the study between October 15,
2019 and December 31, 2019. Each par-
ticipating woman signed an informed
consent for their participation in the
study before the receipt of magnesium
sulfate. The administered Pritchard reg-
imen consisted of the following: magne-
sium sulfate 4 g IV administered over
20 minutes and 10 g IM loading dosage,
followed by 5 g IM every 4 hours, for
24 hours. To limit the number of blood
draws to 5 per participant while still
maintaining adequate time points for
PK model construction, a convenience
sample of women was divided into 2
groups (10 women alternating enroll-
ment into each group). The serum mag-
nesium levels were obtained from
Group 1 at baseline and after the
administration of magnesium sulfate at
30 minutes, 1.5 hours, 11.5 hours, and
24 hours (a total of 5 samples per par-
ticipant). The serum magnesium levels
were obtained from Group 2 at baseline
and after the administration of magne-
sium sulfate at 3.5 hours, 11.5 hours,
13 hours, and 21 hours. (5 total samples
per participant). The PK profiles were


http://www.ajog.org

constructed using all 20 women in the
study cohort. The timings of the blood
draws and magnesium sulfate adminis-
tration and the serum magnesium levels
were recorded, as were the following
covariates: woman’s age, gestational
age, body weight, height, and baseline
creatinine level.

Description of intravenous study

A complete study description has been
previously published."* In summary,
pregnant women were prescribed mag-
nesium sulfate for either preeclampsia,
preterm labor tocolysis, or neuroprotec-
tion of the extremely preterm fetus. A
total of 92 pregnant women with pre-
eclampsia were used in modeling analy-
sis (the non-preeclampsia cohort in the
original study was not used). All women
with preeclampsia received an intrave-
nous infusion loading dosage of 4 g
magnesium sulfate over 20 minutes fol-
lowed by a continuous intravenous
infusion maintenance dosage of 2 g per
hour of magnesium sulfate. Similar to
the IM study regimen, the timings of
the blood draws and magnesium sulfate

administration, serum magnesium lev-
els, the woman’s age, gestational age,
body weight, height, and baseline creati-
nine level were recorded.

Descriptive analysis of
intramuscular study

We assessed the proportion of women
with therapeutic serum magnesium levels
11.5 hours after administration of the
Pritchard regimen. This was the single
overlapping time point between the
groups for PK sample collection among
participating women. For the purposes of
this study, we considered serum magne-
sium levels of >2.0 mmol/L as therapeu-
tic for eclamptic seizure prophylaxis, and
serum levels >3.5 mmol/L as approach-
ing the range associated with side effects
and magnesium toxicity."”

Population pharmacokinetic
modeling of intramuscular and
intravenous studies

Population PK analysis was performed
using the nonlinear mixed-effects model-
ing approach for a change from the base-
line in the magnesium concentration. A

FIGURE 1
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Individual CFB magnesium concentration—time profiles in preeclamp-
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The red line indicates subject 20, which was excluded secondary to a strong suspicion for sampling

error.
CFB, change from baseline.
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detailed description of the software,
modeling of fixed effects and random
effects, covariate analysis, and model sim-
ulations has previously been published."”

Results

Descriptive findings of
intramuscular study

The concentration time profiles for 20
enrolled women are detailed in Figure 1.
It demonstrates the individual change
from the baseline after the administra-
tion of the Pritchard regimen. Serum
magnesium levels rapidly increased
after the loading dosage and the mainte-
nance dosage for most women up to
11.5 hours after magnesium administra-
tion. Although the serum magnesium
levels remained above the baseline dur-
ing magnesium sulfate administration,
they were relatively decreased in the
postpartum period when compared
with the antepartum measurements for
the cohort examined.

The analysis data set included 80
blood samples (45 collected antepartum
and 35 collected postpartum). Data
from participant number 20 were
excluded owing to recorded serum mag-
nesium levels below the baseline level
after magnesium sulfate administration,
which is indicative of sampling error.
The baseline characteristics of the 2
groups are summarized in Table 1.
There were no statistically significant
differences between Group 1 and Group
2 with respect to the maternal age at
delivery, maternal weight, gestational
age at delivery, mean baseline serum
magnesium, and the mean baseline
serum creatinine. The mean serum
magnesium level after 11.5 hours of
magnesium sulfate administration was
1.9 mmol/L for Group 1 and 2.6 mmol/L
for Group 2 (P=.03).

At 11.5 hours after magnesium sul-
fate administration (the single overlap-
ping collection time point for the 2
groups), 12 of 19 women in the cohort
had reached serum magnesium levels of
>2.0 mmol/L.

Population pharmacokinetic
modeling of intramuscular and
intravenous studies

A 2-compartment model with first-
order absorption and linear elimination
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TABLE 1
Baseline characteristics

Characteristics

Group 1 (n=10) Group 2 (n=10)

Mean maternal age, y

Mean maternal weight, kg

Mean gestational age, wk

Mean baseline magnesium, mmol/L
Mean baseline creatinine, pmol/L

Postpartum (n)

Mean serum magnesium level at 11.5 h, mmol/L

Data are presented as mean=standard deviation, unless stated otherwise. Group 1=blood sampling at baseline, 0.5 hours,
1.5 hours, 11.5 hours, and 24 hours after administration of magnesium. Group 2=blood sampling at baseline, 3.5 hours,
11.5 hours, 13 hours, and 21 hours after administration of magnesium.

Brookfield. Magnesium sulfate pharmacokinetics. Am J Obstet Gynecol Glob Rep 2021.

28.4+6.0 26.9+6.7
83.5+6.1 79.0+6.8
37.4+£1.4 38.8+£0.9
0.86+0.1 0.88+0.10
52.4+18 46.0+12.0
1.940.6 2.61+0.3

5 7

from the central compartment ade-
quately described the data. All struc-
tural PK parameters, viz. clearance
(CL), central volume of distribution
(Ve), peripheral volume of distribution
(Vp), and intercompartment clearance

(Q), were adjusted for the maternal
weight, and the CL was further adjusted
for serum creatinine level and antepar-
tum or postpartum status. The maternal
and gestational ages were examined as
covariates in model development but

TABLE 2
Pharmacokinetic parameters of the updated model
PK parameters Estimates RSE (%)  Shrinkage (%) (%)(%)
CL (L/h) 3.52 2.9 —
Ve (L) 16.9 2.8 —
Q (h) 3.62 18.9 —
Vp (L) 14.3 4.6 —
Ka (hr™") 0.451 21.1 —
F 0.91 (fixed)
WT exponent for CL and Q 0.75 (fixed) —— —
WT exponent for Vc and Vp 1 (fixed) — —
Serum creatinine exponent for CL, &6  —0.73 15.5
Random effects
IV on CL (CV%) 30.3 22.0 15.4
IV on V¢ (CV%) 42.8 43.2 37.3
I0V on CL: antepartum or 24.9 53.0 50.4
postpartum (CV%)
IV on Ka (CV%) 68.5 395 76.3
Residual error
Proportional (CV%) 32.0 495 12.0
Additive (mg/L) 5.96 11.9
CL, clearance; CV, coefficient of variation; F, bioavailability; IV, interindividual variability; IOV, interoccasion variability
(antepartum vs postpartum); Ka, absorption rate constant; PK, pharmacokinetic; Q, intercompartmental clearance; RSE,
relative standard error; V¢, central volume of distribution; Vp, peripheral volume of distribution; WT, body weight.
Brookfield. Magnesium sulfate pharmacokinetics. Am J Obstet Gynecol Glob Rep 2021.
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the effects were not statistically signifi-
cant. The final model parameter esti-
mates are provided in Table 2, and the
previous final model parameters are dis-
played in Appendix 1.

A comparison between the updated
model and the published model of the
Pritchard regimen is shown in Figure 2.
The simulated PK profiles across a wide
range of body weights and creatinine
levels are similar between these 2 mod-
els. Notably, the use of the Pritchard
regimen rapidly resulted in serum mag-
nesium levels of >2 mmol/L for most
average weight women with normal or
elevated creatinine. Only those partici-
pants with greater obesity (body mass
index >30 kg/m?) in simulations from
modeling, did not obtain the accepted
therapeutic serum magnesium levels for
the prevention of eclampsia.

Comment

Principal findings

The current study sought to examine
whether the IM Pritchard regimen
resulted in serum magnesium levels typ-
ically accepted as therapeutic for
eclamptic seizure prevention. In fact, we
found that most of the women of aver-
age body weight and normal serum cre-
atinine reached therapeutic serum
magnesium levels without magnesium
toxicity and did not experience eclamp-
sia. These results suggest that women
treated with the Pritchard regimen con-
sistently receive adequate treatment for
eclamptic seizure prophylaxis.

Results

The wupdated PK model including
women who received the Pritchard reg-
imen in this study showed little varia-
tion from the previously published PK
model based on women who received
IV magnesium sulfate. In the previous
PK model,'” the PK parameters specific
for IM dosing, viz. the Ka and F, were
obtained from Salinger et al'’ and were
reported to be Ka=0.32 and F=0.86 in
a low-resource population in India. In
the current study including a cohort of
preeclamptic Nigerian women, the esti-
mated values were Ka=0.45 and
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FIGURE 2

Simulation comparison for model predictions for the Pritchard regimen

Previous model
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Previous modeling'? was based on data from women who received a 4 g intravenous loading dosage
of magnesium sulfate followed by a 2 g per hour infusion'* (no samples from women who received
intramuscular dosing; the absorption rate constant and the bioavailability are based on the Salinger
study)."® The current model is updated to include women who received the Pritchard regimen, sam-

pled prospectively from the cohort described.

CREAT, serum creatinine level; ID, identification; WT, body weight.
Brookfield. Magnesium sulfate pharmacokinetics. Am J Obstet Gynecol Glob Rep 2021.

F=0.91. The current modeling based on
the Pritchard regimen obtained very
similar Ka and F values to those pub-
lished by Salinger et al'’ despite differ-
ences in the structural models. The
Salinger study used a 1-compartment
model, likely owing to the sampling of

only a single serum magnesium from
each randomized woman. The current
study includes multiple samples from
each woman and a 2-compartment
model is used.

More women in Group 2 had a
therapeutic serum magnesium level

after 11.5 hours of magnesium adminis-
tration. It is to be noted that the
weight of this group is smaller, which
can impact magnesium disposition.' "'
In addition, preeclampsia may have
worsened in this group, resulting in a
worsening of renal function and a
reduced clearance of magnesium sulfate
over time. Only a single creatinine level
was obtained at baseline, limiting the
ability to explore this possibility further
for  this  magnesium  sampling
group. However, the interpretation of
therapeutic levels at the overlapping time
point should be interpreted in the context
of the small sample size and patient-to-
patient differences, as indicated under
"random effects" in Table 2. Irrespective
of the assigned sample collection
group, all observed magnesium concen-
trations were captured by modeling anal-
ysis, which is more comprehensive than
the descriptive analysis.

Clinical implications

Both the Salinger study and the current
model suggest that the Pritchard regi-
men results in serum levels historically
considered to be therapeutic for
eclamptic seizure prophylaxis (as
defined by serum concentration >2
mmol/L). These levels are rapidly
achieved after the loading dosage is
administered in average-weight and
below-average-weight women with pre-
eclampsia. Data from women living in 2
different LMICs is reassuring and add
to the literature on magnesium pharma-
cokinetics and pharmacodynamics, as
previous modeling has been scrutinized
for a lack of diversity among participat-
ing subjects, concerns over race-based
differences in magnesium sulfate
metabolism, and the impact of maternal
weight.

Research implications

Finally, the similarities of the model
parameters (Table 2) and the simulation
predictions between the previously pub-
lished model and the currently
described updated model for the Pritch-
ard regimen (Figure 2) support the con-
clusions published previously.'”” The
simulation of serum magnesium levels
using PK sampling after IV magnesium
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sulfate administration in the previous
model suggested that alternative IM
dosing regimens likely result in serum
magnesium levels sufficient for eclamp-
tic seizure prophylaxis. The inclusion of
participants who directly received IM
magnesium dosing in this updated
model improves model precision in
identifying simplified IM regimens that
result in similar serum magnesium lev-
els as those obtained with the Pritchard
regimen and presumed eclampsia pro-
phylaxis when these serum levels are
obtained.®

Strengths and limitations
Limitations in PK research include
errors in the sampling of serum magne-
sium owing to incorrect recording of
the timing of magnesium administra-
tion or blood draw, sampling from a
catheter with intravenous magnesium
or other medications being adminis-
tered in close proximity, and laboratory
error. Participant number 20 is sus-
pected to have had mislabeled samples.
Sampling after magnesium administra-
tion yielded serum magnesium levels at
or below the recorded baseline for this
study participant, and laboratory re-
evaluation of these samples demon-
strated the same serum magnesium lev-
els consistently. The previously noted
differences in the therapeutic serum
magnesium levels at 11.5 hours between
Group 1 and Group 2, may have been
explained by weight differences, wors-
ening of renal function or preeclampsia,
or the time of sampling after delivery.
Unfortunately, limitations in the level
of granularity of the data prohibit draw-
ing definitive conclusions.

The remainder of the data from study
participants resulted in PK parameters
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consistent with the limited data that
have previously been published with IM
magnesium regimens. This updated PK
model is now strengthened by the
robust prospective sampling of multiple
serum levels from women who received
the Pritchard regimen.

Conclusions

These data together with the Salinger
study'” support the use of the Pritchard
regimen in LMICs to achieve therapeu-
tic serum magnesium levels. The data
support the simulation of serum mag-
nesium levels associated with different
IM regimens and the simulation of
eclampsia response when alternate regi-
mens are utilized. |

Supplementary materials
Supplementary material associated with
this article can be found in the online
version at  doi:10.1016/j.xagr.2021.
100018.
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