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ABSTRACT
Enhanced Recovery After Surgery (ERAS) protocols for cesarean deliveries (CDs) utilize multimodal pain management strat-
egies that often include gabapentin. While gabapentin is excreted in breast milk, its pharmacokinetics in immediately postpar-
tum lactating women are not known. This observational pharmacokinetic study (NCT05099484) enrolled 21 healthy singleton 
pregnant individuals, ≥ 18 years old, undergoing CD and planning to breastfeed. Participants received 300 mg oral gabapentin 
before CD and every 6 h for 48 h per hospital protocol. Serial maternal plasma and breast milk samples were collected over a 
single dosing interval. Gabapentin pharmacokinetics were assessed using two structurally distinct population pharmacokinetic 
(POPPK) models to describe transfer of drug into breast milk utilizing (A) milk-to-plasma ratio and (B) inter-compartmental rate 
constants. These models were then used to estimate exposure to breastfed infants. Postpartum gabapentin plasma concentra-
tions fit a 1-compartment model that was adapted to include breast milk concentrations. The two POPPK models both estimated 
relative infant doses (RID0–48h) of gabapentin < 0.15% of maternal dose within the first 48 h postpartum. Infant daily dose (IDD) 
from 24 to 48 h was estimated to be 0.0137 (0.0058–0.0316) mg/kg/day and 0.0139 (0.00041–0.0469) mg/kg/day by models A and 
B, respectively. These findings indicate limited neonatal exposure to gabapentin administered as part of a postpartum enhanced 
recovery after surgery protocol.
JEL Classification: Pregnancy

1   |   Introduction

Cesarean delivery (CD) is the most common surgical procedure 
performed in the United States, with over 1.2 million procedures 
performed in 2021 [1, 2]. As with all surgeries, pain management 

is crucial for postoperative recovery. However, with the current 
opioid crisis in the United States, efforts to reduce the reliance 
on opioids after CD have been developed. Enhanced Recovery 
After Surgery (ERAS) protocols have been implemented in mul-
tiple surgical fields to improve patient experience and reduce use 
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of opioids [3–6]. ERAS protocols specifically tailored for CDs 
have been developed, with multimodal pain management as a 
key component of these protocols [5, 7–9]. Including preopera-
tive education, intraoperative interventions, and postoperative 
care pathways aimed at early ambulation and return to function, 
ERAS protocols for CD have potential to be a key strategy to re-
duce opioid use after this common surgery [10–12].

One important component of ERAS protocols involves limiting re-
liance on opioids through multimodal pain management. As such, 
the neuromodulator gabapentin has been included in some ERAS 
protocols. Gabapentin binds to the α2-δ subunit of the L-type 
voltage-regulated calcium channel in the central nervous system 
and limiting neuronal excitability [13]. Gabapentin is hydrophilic 
with low passive permeability. Absorption in the gastrointestinal 
tract is mediated by active transport, leading to dose-dependent 
absorption [14, 15]. Gabapentin is excreted unchanged by the kid-
neys, with a half-life of 5–7 h in healthy nonpregnant adults [13].

Gabapentin has been found to be effective at reducing reliance 
on opioids after surgeries, including CDs [16–20]. These studies 
provide evidence for gabapentin's effectiveness when used for 
adjunct pain management. However, as with most drugs given 
to women during and after pregnancy, the transfer of gabapentin 
into breast milk and subsequently to the infant is not well stud-
ied, although it is noted to be “compatible with breastfeeding” in 
LactMeD [21]. The few studies using gabapentin in ERAS pro-
tocols, however, were not coupled with pharmacokinetic analy-
ses or determination of breast milk concentrations. Two reports 
of gabapentin concentrations in mature breast milk indicate that 
while gabapentin is transferred from maternal plasma into breast 
milk, the relative infant dose is limited (~1%–3%) [22, 23]. These 
studies contained only a few participants and did not find any ad-
verse effects in the infants. Thus, there is an imperative need to 
better understand the disposition of gabapentin into breast milk 

when used in postpartum patients who are breastfeeding and, 
more importantly, the subsequent exposure to breastfed infants.

At our institution, a standard-of-care ERAS protocol including 
gabapentin has been implemented, leading to statistically sig-
nificant reductions in opioid exposure [20]. The present study 
examines maternal gabapentin pharmacokinetics, disposition 
into breast milk, and infant dose from breast milk in the imme-
diate postpartum following CD in patients receiving gabapentin 
as part of a standard of care ERAS protocol. Secondarily, we ex-
plored associations between maternal gabapentin exposure and 
total opioid dose (as milligram morphine equivalent) in the first 
48 h postpartum.

2   |   Methods

2.1   |   Study Population

This was a prospective, pragmatic, observational study per-
formed at a single institution in Indianapolis, Indiana between 
2/2/2021 and 8/30/2021 (NCT05099484). The study was ap-
proved by the Indiana University Institutional Review Board, 
and written informed consent was obtained from all partici-
pants. Patients ≥ 18 years of age undergoing CD, elective or ur-
gent, receiving standard of care ERAS protocol medications, 
which included gabapentin or were taking gabapentin for any 
other indication were eligible for the study [20]. We excluded pa-
tients who were not planning to breastfeed, were taking and/
or planning to take medication(s) known to suppress lactation, 
were diagnosed with any significant chronic medical condition 
(such as hepatitis, HIV, heart failure, liver failure, renal failure), 
and/or a malabsorptive condition (such as celiac disease) or 
other condition known to potentially alter the pharmacokinetics 
of gabapentin, or if they had been taking opioids before delivery.

As part of our institution's CD ERAS protocol [20], a single 
300 mg oral dose of gabapentin is given preoperatively, followed 
by 300 mg oral doses every 6 h for the first 48 h after delivery. 
Gabapentin was not continued beyond 48 h unless previously 
prescribed by a participant's healthcare provider.

Serial blood and breast milk samples were collected from lactat-
ing participants throughout a single dosing interval to character-
ize maternal plasma pharmacokinetics and transfer of drug into 
breast milk. Maternal plasma was collected in EDTA-coated tubes 
before, 0.25, 0.5, 1, 1.5, 2, 4, and 6 h after a postpartum gabapen-
tin dose (“PK dose”). Maternal breast milk samples (≤ 5 mL) were 
collected either by manual expression or machine pumping at 
least every 2 h throughout the same dosing interval. Infant blood 
was collected at a single time point in conjunction with standard-
of-care neonatal heel stick for newborn screening. If consented 
prior to CD, amniotic fluid and umbilical vein cord blood samples 
were also collected. Blood samples were immediately placed on 
ice, centrifuged at 4°C for 10 min at 2000g, and plasma aliquoted 
for storage. All samples were stored at −80°C until analysis.

Clinical data were obtained from chart abstraction and included 
Visual Analog Scale pain scores collected as standard of care, 
total opioid and other analgesic (e.g., acetaminophen) consump-
tion during postpartum hospitalization, and the number of 

Summary

•	 What is the current knowledge on this topic?
○	 Gabapentin is often used as part of an enhanced re-

covery after surgery (ERAS) protocol for cesarean 
delivery (CD).

•	 What question does this study address?
○	 This study incorporates population pharmacoki-

netic approaches to explore the pharmacokinetics of 
gabapentin during lactation in the immediate post-
partum setting.

•	 What does this study add to our knowledge?
○	 The clinical pharmacokinetics of gabapentin are de-

scribed in immediate postpartum patients. Milk to 
plasma ratio (MPR) is estimated as 0.4 and the rela-
tive infant daily dose (RIDD) is < 0.15%.

•	 How might this change drug discovery, development, 
and/or therapeutics?
○	 We demonstrate the use of mechanistic and simplistic 

modeling to estimate the diffusion of gabapentin from 
maternal plasma into maternal breast milk and to cal-
culate the predicted amount of drug that will transfer 
to the infant in the immediate postpartum period.
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opioid pills prescribed at discharge. Recorded opioid use during 
the first 48 h after CD was totaled and converted to Morphine 
Milligram Equivalents (MME) [24].

2.2   |   Chemicals and Reagents

Gabapentin and gabapentin-d4 were purchased from Cayman 
Chemicals (Ann Arbor, MI). Optima LC–MS grade methanol, 
acetonitrile, and water, and ammonium formate were purchased 
from Fisher Scientific (Fairlawn, NJ). Female human plasma 
(K3EDTA) was purchased from BioIVT (Westbury, NY). Naïve 
breast milk and amniotic fluid were provided by the Building 
Blocks of Pregnancy Biobank and Indiana University School of 
Medicine (IRB#2001678776).

2.3   |   HPLC-MS/MS Conditions

Quantification of gabapentin was performed on a HPLC-MS/MS, 
Sciex 6500+ QTRAP system running Analyst v1.7.2 (Framingham, 
MA) using gabapentin-d4 as the internal standard. The mass 
spectrometer utilized an electrospray ionization probe run in 
positive mode. Multiple reaction monitoring (MRM) scan mode 
was optimized for gabapentin and gabapentin-d4 at 172.2/137.1 
and 176.2/158.1, respectively. Chromatographic separation was 
achieved with an isocratic mobile phase of 20% 5 mM ammonium 
formate in water 80% acetonitrile and flow rate of 400 μL/min on a 
Thermo Acclaim HILIC-10150 × 4.6 mm 3 μ column.

2.4   |   Sample Preparation

Plasma, breast milk, and amniotic fluid samples were stored at 
−80°C and thawed to ambient temperature on the day of analy-
sis. Internal standard, gabapentin-d4 (20 ng) was added to 200 μL 
sample, followed by the addition of 0.2 mL ice-cold acetonitrile. 
The samples were vortexed for 30 s and centrifuged for 5 min at 
10,000g. The supernatant was transferred to a 96-well plate and a 

5 μL aliquot was injected onto the HPLC-MS/MS. Standard curve 
concentrations for plasma, breast milk, and amniotic fluid were lin-
ear from 3 to 3000 ng/mL. Intra-day coefficient of variation (CV%) 
of gabapentin in plasma was 3.5% at 10 ng/mL, 6.1% at 100 ng/mL, 
and 4.6% at 2000 ng/mL and inter-day CV was < 15% and accuracy 
was > 90% at all concentrations. Amniotic fluid and breast milk 
assays exhibited < 15% interday CV and > 84% accuracy.

2.5   |   Population Pharmacokinetic Analysis

The model development process followed a sequential stepwise ap-
proach. One- and two-compartment models were evaluated based 
on plasma gabapentin concentrations. Once a sufficient model 
was developed to describe plasma data, it was expanded to include 
breast milk data utilizing two previously reported approaches for 
modeling drug concentrations in breast milk [25, 26]. Infant dose of 
gabapentin through breast milk was subsequently estimated based 
on simulations and compared between modeling methods. Models 
were fit using non-linear mixed effect modeling in NONMEM 
(subroutine ADVAN13, Version 7.5; ICON Development Solutions, 
Ellicott City, MD) [27] using Pirana (3.0) [28, 29], and PsN (v5.2.6) 
[29]. Plots of NONMEM output and simulations were generated in 
RStudio version 4.3.0 [30].

2.6   |   Model Development

Models were fit to the data using first-order conditional estima-
tion with interaction (FOCE-I). Residual variability was mod-
eled using combined additive and proportional error models 
followed by additive or proportional alone. If the combination 
error model produced approximately the same overall fit com-
pared to additive or proportional alone, the simpler option was 
selected. Between-subject variability (BSV) was assessed for each 
pharmacokinetic parameter using an exponential error model. If 
BSV was estimated accurately, with reasonable RSE and shrink-
age, it was retained in the model. Overall model fit was assessed, 
and compared, using Akiaike information Criteria (AIC) derived 

FIGURE 1    |    Model structures and equations. Model A is parameterized by a milk to plasma ratio while Model B utilizes distribution rate con-
stants for the mass transfer of drug into and out of breast milk. GI, gastrointestinal tract; A, drug amount; dA/dt, change in amount over time; kA, 
absorption rate constant; CL, apparent oral clearance; V2 volume of the central compartment; V3, breast milk volume; MPR, milk to plasma ratio; 
k23, rate constant of movement from central compartment to breast milk; k32, rate constant of movement from breast milk to central compartment.
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from minimum objective function values (OFV), successful min-
imization, plausibility and precision of the parameter estimates, 
goodness of fit (GOF) plots, and visual predictive checks (VPCs).

Once the plasma model was finalized, two different approaches 
were evaluated for describing gabapentin concentrations in breast 
milk (Figure 1). Model A (Data S1) incorporated a milk to plasma 
ratio (MPR) and the corresponding exponential BSV term. MPR 
serves as a scaling factor between gabapentin concentrations in 
maternal plasma and breast milk compartments [25]. Model B 
(Data S2) incorporated breast milk as a separate compartment (V3) 
with intercompartmental transfer rate constants (K23 and K32) 
representing movement of drug to/from the plasma (V2) compart-
ment [26]. V3 was fixed to a physiologically based value (30 mL) 
that reflects typical milk volumes in the first 2 days postpartum in 
order to enable a semi-physiologic model. To facilitate identifiabil-
ity in the milk compartment and allow estimation of the transfer 
rate constant representing drug disposition from breast milk to 
plasma (K32), K23 was fixed to 1. This is consistent with the value 
used in the previous publication [26].

The effect of covariates was explored graphically. However, 
the addition of covariates to the model led to model instability 
and reduced reliability of the model. Thus, covariates were not 
included in the final model. Sampling importance resampling 
(SIR) [31, 32] was used to quantify uncertainty and calculate 
95% confidence intervals for the model parameters using 10,000 
samples and 1000 resamples.

2.7   |   Infant Dose Estimation

To capture the pharmacokinetics in postpartum breastfeeding 
patients and neonates immediately following delivery, concen-
trations were reported in two 24 h epochs following birth. To 
calculate the infant daily dose, 10,000 mothers receiving 300 mg 
of gabapentin every 6 h were simulated from each model. Inter-
individual variability (IIV) was included to generate individual 
parameter values. Breast milk AUC values and average breast 
milk concentrations (BMC) on day 1 and day 2 were calculated 
for each simulated subject.

Neonatal exposure was estimated by calculating infant daily 
dose (IDD) and relative infant dose (RID) [33] as

where MDD is the maternal daily dose. The MDD was set at 
1200 mg per day with a median maternal weight of 97.7 kg 
(12.3 mg/kg/day). Daily volume of milk ingested was assumed 
to be 4 mL/kg on day 1 and 13 mL/kg on day 2 for healthy term 
infants born by CD [34].

2.8   |   Statistical Analyses

Maternal AUC0–48h was calculated using individual population 
PK parameters estimated from Model A. Recorded opioid use 

during the first 48 h following CD was converted to total mor-
phine milligram equivalents (MME48h) for all subjects using 
standard conversion [24]. The median MME value was used to 
dichotomize the cohort into “high” and “low” MME use groups. 
AUC0–48h was compared between high and low MME use groups 
using Student's T-test. Correlation of gabapentin plasma AUC0–48h 
with total MME48h was assessed using linear regression.

3   |   Results

A total of 21 individuals participated in the study, and 126 
plasma samples and 41 breast milk samples were collected. One 
subject only provided one breast milk sample, which was below 
the limit of quantification (3 ng/mL) and excluded from analy-
ses. Three breast milk samples had insufficient sample amounts 
for analysis, and two breast milk samples were removed due to 
documentation discrepancies. One patient was taking 600 mg 
gabapentin every 6 h. Data from this individual were not fit well 
by the model, potentially due to the nonlinear absorption of gab-
apentin [14, 15]. Thus, data from the 600 mg dose were excluded 
from PK model development. This left a total of 125 plasma sam-
ples from 20 individuals and 35 breast milk samples from 15 in-
dividuals receiving 300 mg gabapentin every 6 h. Cord blood and 
amniotic fluid were collected from four participants between 
15 min and 5 h after the pre-delivery dose of gabapentin. Cord 
plasma concentrations were 1261; 939; 673; and 1604 ng/mL and 
amniotic fluid concentrations were 651; 117; 51; and 2890 ng/
mL (Table S1). Demographic and clinical characteristics are re-
ported in Table 1.

3.1   |   Population PK Models

The plasma concentration-time data were initially evaluated 
alone (i.e., without inclusion of the breast milk data) and were 
best described by a one-compartment model with first-order ab-
sorption and elimination. The initial model with no constraints 
on parameter estimates indicated flip-flop kinetics. As this did 
not agree with prior literature data [14, 37] or biological plausi-
bility [38, 39], later models constrained the absorption rate con-
stant (ka) to be greater than the elimination rate constant (ke). 
The incorporation of BSV on apparent clearance (CL/F) and 
volume of distribution (V/F), but not ka, yielded the best fit over-
all and as such was retained as the final base model. Once the 
plasma model was successfully minimized to produce the final 
base model, the breast milk concentrations were incorporated 
using two different structural approaches.

Model A was the simpler approach of the two and used a scaling 
factor (MPR) to estimate the ratio of concentration in breast milk 
to that in plasma. Inclusion of BSV on MPR yielded improved 
fit and was retained. Parameter estimates are shown in Table 2 
and goodness of fit plots in Figure S1. Model B was designed to 
follow a semi-physiological model which required fixing breast 
milk volume (V3) and K23 to ensure parameter identifiability. 
V3 was set to 30 mL, the estimated daily volume of milk pro-
duced during the first 2 days postpartum [34]. Inclusion of BSV 
on K32 improved overall model fit and was maintained in the 
final model. Final parameter values are shown in Table 3 and 
goodness of fit plots in Figure S2. Overall, both models provided 

IDD = BMC (ng∕mL) × daily volume of milk ingested (mL∕kg)

RID =
IDD (mg∕kg∕day)

MDD (mg∕kg∕day)
× 100
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similar descriptions of the data, as evidenced by GOF (Figures S1 
and S2) and VPC plots (Figure 2).

Rapid physiologic changes in the immediate postpartum follow-
ing CD may lead to time-dependent changes in PK. Apparent 
clearance and volume of distribution exhibited non-significant 
decreases in the days following delivery (p = 0.07, Figure  S3). 
However, due to model instability, we were unable to formally 
assess these or other covariates (e.g., weight/BMI) in the model.

3.2   |   Infant Exposure of Gabapentin From 
Breast Milk

Similar estimates of infant exposure of gabapentin through 
breast milk over the first 2 days postpartum were obtained 
from both models (Table  4). The median infant daily dose 
was 0.002 and 0.014 mg/kg/day on days 1 and 2, respectively. 
The median relative infant dose (RID) was 0.02% and 0.11%, 
respectively.

TABLE 1    |    Demographic and clinical characteristics of the study population (n = 21).

Demographics n (%) or median (range)

Race

Caucasian 10 (48)

Black/African 10 (48)

Native Hawaiian/Pacific Islander 1 (5)

Ethnicity

Hispanic 3 (14)

Non-Hispanic 18 (86)

Infant sex

Male 14 (62)

Female 7 (33)

Age (years) 29 (19–41)

Weight (kg) 107.5 (68.5–154)

Height (m) 1.7 (1.5–1.8)

BMI 35.8 (26.2–48.2)

LBM (kg) 55.2 (39.8–71.8)

eGFR (mL/min/1.73 m2) 151 (61–218)

EGA at delivery (weeks) 39.1 (31.1–41.3)

Abbreviations: BMI, body mass index; eGFR, glomerular filtration rate estimated by 2021 CKD-EPI Creatinine Equation [35]; EGA, estimated gestational age; LBM, 
lean body mass [36].

TABLE 2    |    Model A: Final parameter estimates and SIR results.

Model A SIR

Estimate RSE (%) Median 95% CI

KA (h-1) 0.43 67 0.45 0.24–0.72

CL/F (L/h) 15.6 15 14.8 11.9–17.7

V2/F (L) 284 31 300 204–406

MPR 0.401 12 0.405 0.317–0.487

Estimate RSE (%) Median 95% CI Shrinkage (%)

ɷ2CL/F 0.0249 51 0.023 0.0037–0.0453 35.11

ɷ2V2/F 0.163 49 0.176 0.082–0.313 6.19

ɷ2MPR 0.153 43 0.171 0.0757–0.3001 25.64

σ2plasma 0.0128 23 0.0134 0.0099–0.0178

σ2breast milk 0.0404 27 0.0427 0.0266–0.0635

Note: SIR (n = 10,000 samples, 1000 resamples).
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Neonatal plasma concentrations were determined at time of ge-
netic screen, 24–48 h after delivery from nine infants. Consistent 
with the low IDD, 6 infants (78%) had plasma concentrations 

below the limit of quantification (3 ng/mL). Figure 3 shows am-
niotic fluid, cord plasma, and neonatal plasma concentrations vs. 
time compared to the predicted maternal plasma concentrations.

TABLE 3    |    Model B: Final parameter estimates and SIR results.

Model B SIR

Estimate RSE (%) Median 95% CI

KA (h−1) 0.51 37 0.51 0.32–0.73

CL/F (L/h) 15.5 11 14.8 12.2–17.4

V2/F (L) 301 20 315 223–410

V3/F (L) 0.03 Fixed

K23 (h−1) 1 Fixed

K32 (h−1) 24,800 21 25,136 16,157–35,087

Estimate RSE (%) Median 95% CI Shrinkage (%)

ɷ2CL/F 0.029 44 0.027 0.0043–0.050 28.9

ɷ2V2/F 0.106 95 0.134 0.033–0.281 12.6

ɷ2K32 0.328 58 0.388 0.160–0.684 25.5

σ2plasma 0.0138 22 0.0144 0.0106–0.0195

σ2breast milk 0.0392 24 0.0407 0.0239–0.0596
Note: SIR (n = 10,000 samples, 1000 resamples).

FIGURE 2    |    Visual predictive checks for Model A plasma concentration (A) and breast milk concentration (B), and Model B plasma concentration 
(C) and breast milk concentration (D). Solid line indicates the average of the predicted concentrations. Gray shaded region indicates 90% prediction 
interval. Open circles indicate observed data.
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3.3   |   Clinical Results

Eleven of the twenty-one participants (52.4%) received a pri-
mary CD. The mean total MME48h was 17.7 mg (median 15 mg, 
range 0–67.5 mg). The individual MME48h totals showed sub-
stantial variability with 10 subjects (47.6%) being < 15 mg (range 
0–10 mg) compared to the remaining 11 (52.4%) that were ≥ 15 mg 
(range 15–67.5 mg). Of note, the patient receiving 600 mg doses 
of gabapentin fell into the high MME group, with an MME48h of 
67.5 mg. In this cohort, total MME48h did not differ if the CD was 
a primary or repeat procedure (p = 0.82), nor was it significantly 

associated with the total amount of acetaminophen taken in the 
first 48 h (p = 0.9).

The predicted mean maternal plasma AUC0–48h of gabapentin 
calculated using Model A was 103.7 ± 32.2 mg/L*h (median 
98.2.7, range 71.4 to 172.8 mg/L*h). The association between 
calculated gabapentin AUC0–48h and total MME48h was not sta-
tistically significant (r = 0.36, p = 0.11, Figure S4). The difference 
in gabapentin AUC0–48h between those with high and low MME 
use was not statistically significant (high MME group 111.9 
± 41.8 mg/L*h vs. low MME 94.6 ± 32.2 mg/L*h, p = 0.5).

4   |   Discussion

Gabapentin exposure in the immediate postpartum setting was 
estimated in breastfed infants whose mothers had received gab-
apentin as part of a standard of care ERAS CD protocol. The goal 
of protocol implementation was the reduction of overall opioid 
exposure in both mothers and infants, as options for pain control 
are limited in this population. As described in an earlier publi-
cation by our group, this protocol implementation led to a 50% 
MME reduction in the immediate postpartum [20]. In this study, 
we determined that there was minimal exposure of neonates to 
gabapentin through breast milk over 48 h after delivery. This 
indicates that inclusion of gabapentin as part of a multimodal 
ERAS protocol should not adversely affect infant outcomes.

Rapid physiologic changes occur in the immediate postpar-
tum following cesarean delivery, due in part to changes in 
fluid volume and blood flow, which may impact the pharma-
cokinetics of gabapentin. Compared to healthy volunteers, 
in the immediate postpartum period gabapentin exhibited 
an increased apparent clearance (15.6 L/h vs. 14–15 L/h) and 
apparent volume of distribution (284 L vs. 58 L) compared to 
studies in healthy volunteers [40]. In pregnant patients, over-
all blood and plasma volume increases to provide adequate 
fetal support, which can increase drug volume of distribution 
[41]. Additionally, fluids provided during surgical delivery 
may further increase volume of distribution in the immedi-
ate postpartum. Renal clearance in pregnancy can increase 
as much as 50% due to hormonal changes such as increased 

TABLE 4    |    Median predicted gabapentin concentrations and 95% prediction intervals in maternal plasma and breast milk in the 48 h immediately 
following CD and calculated infant exposure.

Model A Model B

Day 1 Day 2 Day 1 Day 2

Maternal plasma 
concentration  
(ng/mL)

1480 (695–2460) 2650 (1770–3660) 1450 (830–2250) 2640 (1880–3600)

Breast milk 
concentration  
(ng/mL)

582 (206–1510) 1060 (446–2430) 580 (186–1810) 1070 (314–3610)

IDD (mg/kg/day) 0.00233 (0.0008–0.0060) 0.0137 (0.0058–0.0316) 0.00232 (0.0007–0.0073) 0.0139 (0.0041–0.0469)

RID (%) 0.0189 (0.0067–0.0491) 0.112 (0.0472–0.2570) 0.0189 (0.0061–0.0590) 0.113 (0.0332–0.3820)

Note: MDD is assumed to be 12.3 mg/kg/day based on a median maternal weight of 97.7 kg.
Abbreviations: IDD, infant daily dose; MDD, maternal daily dose; RID, relative infant dose.

FIGURE 3    |    Predicted maternal plasma concentrations of gabapen-
tin following 300 mg* of gabapentin every 8 h following cesarean de-
livery (black lines) and observed amniotic fluid concentrations (orange 
symbols), cord blood plasma concentrations (purple symbols), and in-
fant plasma concentrations (green symbols). *The mother of the infant 
with the plasma concentration indicated by “x” was taking 600 mg gab-
apentin three times daily, which has been normalized to 300 mg dosing 
for consistency.
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progesterone and vascular endothelial growth factor, as well 
as increased cardiac output [42, 43]. Following cesarean de-
livery, GFR is elevated 41% compared to healthy non-gravid 
female volunteers [38].

There is limited data on gabapentin's pharmacokinetics in 
breast milk. Prior reports have assessed gabapentin uptake 
into mature milk at least two weeks postpartum, with milk to 
plasma ratios (MPR) of 0.7–1.3, suggesting an equal affinity 
for plasma compared to breast milk. These reports estimate an 
RID of 1.3%–3.8% [22]. In this study, however, we estimated a 
MPR of 0.4, suggesting reduced uptake of gabapentin into co-
lostrum compared to mature breast milk. This lower MPR was 
unexpected, as it is anticipated that wider gaps between tight 
junctions in early lactogenesis would lead to higher the milk to 
plasma ratio than in mature milk. Additional research into the 
mechanism of gabapentin uptake into breast milk and trans-
porter expression during lactogenesis as well as differences 
between colostrum and mature milk composition is needed to 
understand this discrepancy.

Both model structures employed in our study indicated that 
gabapentin exposure via breast milk is limited in the first 48 h 
following CD. In general, a RID < 10% is considered relatively 
safe [21]. We estimated a 97.5th percentile RID < 0.5% and IDD 
< 0.05 mg/kg/day in mothers taking 300 mg gabapentin every 
6 h. In recent years, gabapentin use in neonates has increased, 
with starting doses of 2.5–10 mg/kg/day [44–46]. Hence, we es-
timate exposure from breast milk to be < 16% of the therapeutic 
dose administered to neonates.

Supporting the low dose of gabapentin available through the 
colostrum, plasma gabapentin was below the limit of quan-
tification (3 ng/mL) in more than half of the neonates and 
detected at extremely low concentrations in four neonates 
(range 5.0–68.7 ng/mL). This is in agreement with studies of 
mature milk, where concentrations in breastfeeding neonates 
were below the limit of quantification (0.1 ng/mL). One case 
study reported an infant plasma concentration of 0.4 mg/L at 
1.6 months of age following maternal dosing of 600 mg three 
times daily [23].

In addition to simulating gabapentin excretion into breast 
milk, our models are the first to provide maternal AUC0–48h 
data on gabapentin in the immediate postpartum period. 
This allowed our group to investigate the postpartum phar-
macokinetic/pharmacodynamic (PK/PD) interaction between 
gabapentin and opioid use. When compared with individual 
MME48h data, there is no significant correlation between ga-
bapentin AUC and opioid demand. Other studies regarding 
gabapentin use in ERAS protocols for CD, hysterectomy, and 
laparotomy showed a strong link between gabapentin admin-
istration and mitigation of opioid exposure [10, 19]. However, 
the strongest evidence for MME reduction via gabapentin was 
the effect of the preoperative dose (regardless of amount in 
dose). Based on a meta-analysis from Alayed et  al., admin-
istration of a single preoperative gabapentin dose resulted in 
superior MME reduction compared to administration of both 
pre and postoperative gabapentin dosing. Data from a 2020 
publication supported this conclusion, with significant opioid 
reduction in hysterectomy patients after a single preoperative 

dose of gabapentin [10]. This data suggests that postoperative 
gabapentin may not play a significant role in pain manage-
ment, and could explain the nonsignificant relationship be-
tween gabapentin AUC0–48h and MME48h use in our subjects.

Limitations to our study included the lack of details on time 
and amount of milk fed from participants. Aside from during 
the PK dose, times when infants were breastfed were not re-
corded. This could have provided more information on the 
correlation between gabapentin concentrations in maternal 
plasma/breast milk samples and infant plasma samples. Due 
to limited amount of colostrum, and desire to allow neonates 
to initiate breastfeeding, only a small quantity of breast milk 
was collected at the convenience of the mother. Thus, samples 
may not have been representative of the total milk available 
(e.g., fore and hind-milk), and total volume of milk at each 
collection was not available. Milk volume was therefore es-
timated from literature data. Neonate samples were limited 
to convenience sampling at time of infant heel stick for clini-
cal purposes. Additionally, our data is limited to the first 48 h 
following delivery and represents gabapentin uptake into co-
lostrum. Results cannot be extrapolated to mature milk and 
risk to older infants who may be exposed to gabapentin in 
breast milk.

Limitations in our analysis included inability to assess covari-
ates such as post-delivery time, body weight, and eGFR. The 
addition of covariates led to an unstable model and unreliable 
results. Hence, the simpler model was retained. Additionally, 
there was moderate parameter shrinkage for some parameters, 
indicating that the individual parameter estimates may not be 
reliable for all patients. However, the population estimate for 
inter-individual variability are still useful in determining the 
expected range of gabapentin exposure through breast milk in 
the simulations.

Gabapentin plasma and breast milk data were fit using two 
separate structural models that have previously been described 
in the literature [25, 26]. Both models provided similar results, 
which strengthens the conclusions of this study. Model B was a 
more mechanistic model that better represented the movement 
of drug between compartments. However, due to the need for 
model simplicity given the limited data, Model B was required to 
have fixed rates between compartments, and a fixed volume for 
the breast compartment. These alterations undermined the pre-
cision of Model B in our study but may be useful when analyzing 
drugs with more complex distribution into breast milk. Model 
A utilized the milk to plasma ratio as a scaler, which provided 
a simpler overall model. In our study, both Model A and B de-
scribed the data adequately and performed similarly with nearly 
equal goodness of fit (AICs of 1892.3 and 1902.8, respectively). 
The advantage of Model A in this scenario is the simplicity of the 
model and the shorter run time, which streamlined downstream 
analyses.

Two distinct POPPK models were developed to predict neonatal 
gabapentin exposure immediately after delivery. While the mod-
els were structurally different, they predicted nearly identical 
relative infant doses of gabapentin. Thus, either model is reason-
able in the case of gabapentin, which does not appear to undergo 
saturable transport into breast milk at the doses studied.
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5   |   Conclusion

Neonatal exposure to gabapentin from breast milk in the imme-
diate postpartum is minimal. Gabapentin appears to be a safe 
addition to ERAS protocols for CD. Our findings provide valu-
able information for providers to use when discussing risks and 
benefits of taking gabapentin as part of a CD pain management 
strategy for patients planning to breastfeed.
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