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ABSTRACT Physiological changes during pregnancy may alter the pharmacokinetics 
(PK) of antituberculosis drugs. The International Maternal Pediatric Adolescent AIDS 
Clinical Trials Network P1026s was a multicenter, phase IV, observational, prospective 
PK and safety study of antiretroviral and antituberculosis drugs administered as part of 
clinical care in pregnant persons living with and without HIV. We assessed the effects 
of pregnancy on rifampin, isoniazid, ethambutol, and pyrazinamide PK in pregnant and 
postpartum (PP) persons without HIV treated for drug-susceptible tuberculosis disease. 
Daily antituberculosis treatment was prescribed following World Health Organization-
recommended weight-band dosing guidelines. Steady-state 12-hour PK profiles of 
rifampin, isoniazid, ethambutol, and pyrazinamide were performed during second 
trimester (2T), third trimester (3T), and 2–8 of weeks PP. PK parameters were character­
ized using noncompartmental analysis, and comparisons were made using geometric 
mean ratios (GMRs) with 90% confidence intervals (CI). Twenty-seven participants were 
included: 11 African, 9 Asian, 3 Hispanic, and 4 mixed descent. PK data were available 
for 17, 21, and 14 participants in 2T, 3T, and PP, respectively. Rifampin and pyrazinamide 
AUC0–24 and Cmax in pregnancy were comparable to PP with the GMR between 0.80 
and 1.25. Compared to PP, isoniazid AUC0–24 was 25% lower and Cmax was 23% lower 
in 3T. Ethambutol AUC0–24 was 39% lower in 3T but limited by a low PP sample size. 
In summary, isoniazid and ethambutol concentrations were lower during pregnancy 
compared to PP concentrations, while rifampin and pyrazinamide concentrations were 
similar. However, the median AUC0–24 for rifampin, isoniazid, and pyrazinamide met 
the therapeutic targets. The clinical impact of lower isoniazid and ethambutol exposure 
during pregnancy needs to be determined.

KEYWORDS rifampin, isoniazid, ethambutol, pyrazinamide, pregnancy, drug-suscepti­
ble tuberculosis, pharmacokinetics

T uberculosis (TB) disease, caused by Mycobacterium tuberculosis, remains a global 
health emergency and is one of the world’s most deadly infections, despite being a 

preventable and curable disease. In 2021, an estimated 10.6 million people developed TB 
disease, of which 3.4 million were women (1). Many of these women are of reproductive 
age and maternal TB disease is associated with a threefold increased maternal mortality 
rate, particularly in the setting of concomitant HIV (2–8).

Pregnant and postpartum (PP) persons are at risk for developing TB and for progres­
sion from latent to active TB disease (9, 10). TB disease during pregnancy increases the 
risk of preterm birth, intrauterine fetal growth restriction, low birth weight, and small for 
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gestational age. Fortunately, treatment of TB disease during pregnancy decreases these 
adverse pregnancy outcomes (7, 11).

The World Health Organization (WHO) recommends rifampin (RIF), isoniazid (INH), 
ethambutol (EMB), and pyrazinamide (PZA) as first-line antituberculosis therapy for 
drug-susceptible TB (DS-TB) disease (12). RIF, INH, EMB, and PZA are used in pregnant 
persons with DS-TB disease despite a lack of pregnancy-specific pharmacokinetic (PK) 
and safety data for these drugs. Data from a 2022 systematic review and meta-analysis 
of 2,563 pregnant and postpartum persons showed that preventive therapy with variable 
combinations of antituberculosis drugs did not increase the risk of serious maternal 
adverse events but did not include pregnant persons treated for DS-TB disease (13).

Pregnancy induces important changes in plasma volume, cardiac output, and renal 
filtration as well as gastrointestinal function and hepatic drug-metabolizing enzymes 
that are most prominent in the third trimester (14). These unique physiological changes 
may result in clinically significant changes in drug PK and pharmacodynamics across the 
trimesters of pregnancy and postpartum. Currently, PK data of first-line TB drugs when 
used for treatment of DS-TB disease during pregnancy are limited, and trimester-specific 
PK differences have not been described. Optimal exposure to TB treatment is essential 
to achieve a cure as achieving minimum plasma concentration targets is predictive 
of favorable treatment outcomes (15). To remedy the uncertainty regarding TB drug 
exposure in pregnancy using standard WHO weight-banded dosing, we explored the PK 
of RIF, INH, EMB, and PZA in pregnant and postpartum persons without HIV treated for 
DS-TB disease. These PK parameters were compared to therapeutic targets described in 
the literature for non-pregnant adult DS-TB patients. The minimum target AUC0-24 for RIF, 
INH, and PZA selected were 35.4, 10.52, and 363 µg·h/mL, respectively (15–17) and the 
minimum target Cmax concentrations selected for RIF, INH, EMB, and PZA were 8, 3, 2, and 
20 µg/mL, respectively (18–20).

RESULTS

Participant characteristics

Between November 2013 and October 2019, 27 pregnant women without HIV taking 
first-line TB drugs were enrolled in the study and had evaluable PK data. Maternal and 
infant clinical characteristics are summarized in Table 1. Eleven (41%) women were Black 
African, 9 (33%) Asian, 3 Hispanic (11%), and 4 (15%) of mixed descent. The median age 
at delivery was 26.1 (range 16.2–39.4) years and the median weight in third trimester 
(3T) was 57.0 (range 46.1–92.3) kg. The median gestational age at birth was 38.6 (range 
28.1–41.6) weeks of pregnancy and the median birth weight was 3,100 (range 1,195–
3,960) g. Thirteen (54%) of the women were classified as slow INH metabolizers, 7 (29%) 
as intermediate, and 4 (17%) as fast. Eighteen (67%) women were taking fixed-dose 
combination (FDC) tablets and 9 (33%) used separate drug tablets throughout the study.

Paired pregnancy and PP data were available for 6 of 16 women who had second-tri­
mester (2T) visits and 12 of 22 women who had third-trimester (3T) visits. Twenty-one 
women were sampled on more than one occasion (2T, 3T, or PP) and 11 women had 
both 2T and 3T data. Participants receiving EMB and PZA in the PP period were limited 
(n = 4 and n = 2, respectively) due to the short 2-month duration of intensive phase TB 
treatment. The median drug concentrations versus time curves per sampling time point 
and distributions of AUC0-24 are shown in Fig. 1 to 3 for each drug and PK parameters 
presented in Tables 2 to 5. The tables present only the results of the univariate mixed-
effects model comparisons between trimesters and PP for consistency, as the smaller 
sample size within-participant comparisons that could be done (Tables S1 to S3) agreed 
with the results from the larger sample size univariate mixed-effects model comparisons. 
Dosing ranges for all the drugs were comparable between sample time points, as well as 
between participants who did or did not meet the minimum Cmax target.
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Rifampin pharmacokinetics

A total of 16, 20, and 13 women completed 2T, 3T, and PP RIF PK sampling, respectively, 
and parameters are presented in Table 2. Median RIF AUC0-24 was above target in 2T, 
3T, and PP, and median RIF Cmax was above target in 2T and approximating target in 

TABLE 1 Maternal and infant clinical characteristics

n (%) or median (range)

Maternal demographics (n = 27)
  Age at delivery (years) 26.1 (16.2–39.4)
  Weight at 3T (kg) (n = 21) 57.0 (46.1–92.3)
PK sampling age (gestational or postpartum weeks)
  2T (n = 17) 24.9 (20.0–28.9)
  3T (n = 21) 32.9 (30.1–36.9)
  PP (n = 14) 4.9 (2.3–7.1)
Race/ethnicity
  Black African 11 (41)
  Asian 9 (33)
  Mixed descent 4 (15)
  Hispanic 3 (11)
Country
  South Africa 10 (37)
  Thailand 9 (33)
  Tanzania 3 (11)
  Botswana 2 (7)
  Brazil 2 (7)
  USA 1 (4)
NAT2 metabolizer type (n = 24)
  Slow 13 (54)
  Intermediate 7 (29)
  Fast 4 (17)
Infant demographics (n = 27)
  Gestational age (weeks) 38.6 (28.1–41.6)
  Birth weight (g) 3,100 (1,195–3,960)

TABLE 2 Maternal rifampin dose, pharmacokinetic parameters, and target attainmenta

Median value for group (IQR) 2T/PP comparisonb 3T/PP comparisonb

Second trimester

n = 16

Third trimester

n = 20

Postpartum

n = 13

GMR (90% CI) P-value GMR (90% CI) P-value

Dose (mg/kg) 9.19 (8.25–9.81) 8.59 (8.02–10.14) 9.30 (8.84–10.00) – – – –

AUC0–24 (µg·h/mL) 38.89 (31.88–53.19) 44.53 (31.01–56.96) 38.38 (30.22–57.89) 0.91 (0.74–1.11) 0.420 1.06 (0.89–1.26) 0.586

CL/F (L/h) 14.44 (10.66–17.11) 13.26 (9.59–16.39) 11.72 (9.82–19.35) 1.18 (0.98–1.42) 0.150 1.00 (0.85–1.18) 0.983

Tmax (h) 2 (1–6) 2 (1–6) 2 (1–4) – – – –

T½ (h) 1.69 (1.51–2.14) 2.18 (1.83–2.73) 1.73 (1.62–2.07) 0.99 (0.83–1.17) 0.888 1.28 (1.09–1.50) 0.014

Cmax (µg/mL) 8.66 (5.44–10.23) 7.69 (5.99–10.32) 7.92 (5.77–10.30) 0.90 (0.74–1.09) 0.348 0.92 (0.78–1.09) 0.409

C0 (µg/mL) BQL (BQL–BQL) BQL (BQL–BQL) BQL (BQL–BQL) – – – –

C12 (µg/mL) 0.35 (0.12–0.63) 0.56 (0.18–0.94) 0.27 (BQL −0.51) 1.22 (0.69–2.14) 0.556 2.11 (1.28–3.48) 0.018

n (%) Cmax <8 µg/mL 

target

8 (50) 12 (60) 7 (54) – – – –

n (%) AUC0–24 <35.4 

µg·h/mL target

8 (50) 8 (40) 7 (54) – – – –

aSummary statistics for second/third trimester and postpartum presented as median (IQR), except Tmax, which is presented as median (range). AUC0-24: area under the 
concentration versus time curve over the dosing interval; CL/F: apparent oral clearance; Tmax: time to maximum plasma concentration; t1/2: half-life; Cmax: maximum plasma 
concentration; C0: pre-dose concentration; C12: 12 hours post-dose concentration; BQL: below quantification limit.
bComparisons between pregnancy and postpartum presented as univariate mixed-effect model GMRs with a 90% confidence interval and P-value. Values in italic type are 
significant P-values (<0.1).
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3T and PP. When comparing 2T and 3T to PP, AUC0-24 and Cmax were similar as the 
90% CI for the geometric mean ratio (GMR) approximated the 0.80–1.25 range for both 
trimesters in both the paired comparisons (Table S1) and the univariate mixed-effect 
models. However, compared to PP, 3T RIF C12 and T½ were significantly higher by 111% 
[GMR 2.11 (90% CI 1.28–3.48); P = 0.018] and 28% [GMR 1.28 (90% CI 1.09–1.50); P = 

FIG 1 Median plasma concentration-time profiles of (A) rifampin, (B) isoniazid, (C) ethambutol, and (D) pyrazinamide during 

the second and third trimesters and postpartum (error bars indicate the IQR). The minimum target Cmax of each drug is 

represented by the horizontal dashed lines.

FIG 2 Box and whisker plots showing plasma AUC0-24 of (A) rifampin, (B) ethambutol, and (C) pyrazinamide during the second and third trimesters and 

postpartum (median, IQR, and range). The dots represent additional individual values. The minimum target AUC0-24 of rifampin and pyrazinamide is represented 

by the dashed lines.
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0.014], respectively. During 3T, 60% of participants did not reach target Cmax, and 40% 
did not reach target AUC0-24.

Isoniazid pharmacokinetics

A total of 14, 19, and 12 women completed 2T, 3T, and PP INH PK sampling, respectively, 
and parameters are presented in Table 3. Median INH AUC0-24 and Cmax were above 
target in 2T, 3T, and PP. Compared to PP, 2T INH CL/F was higher by 25% [GMR 1.25 
(90% CI 1.08–1.46); P = 0.019]. Compared to PP, 3T INH AUC0-24 and Cmax were lower by 
25% [GMR 0.75 (90% CI 0.65–0.86); P = 0.002] and 23% [GMR 0.77 (90% CI 0.63–0.95); 
P = 0.044], respectively, with correspondingly higher INH CL/F by 39% [GMR 1.39 (90% 
CI 1.22–1.57), P < 0.001]. Within-participant comparison (Table S2) showed similar 27% 
lower INH AUC0-24 [GMR 0.73 (90% CI 0.66–0.81); P = 0.002, n = 10] and 25% lower INH 
Cmax [GMR 0.75 (90% CI 0.60–0.94); P = 0.002, n = 9] in 3T, with corresponding 41% 

FIG 3 Box and whisker plots showing plasma isoniazid (A) AUC0-24 and (B) Cmax for the total group and per metabolizer type during the second and third 

trimesters and postpartum (median, IQR, and range). The dots represent additional individual values. The minimum target AUC0-24 and Cmax are represented by 

the dashed lines.

TABLE 3 Maternal isoniazid dose, pharmacokinetic parameters, and target attainmenta

Median value for group (IQR) 2T/PP comparisonb 3T/PP comparisonb

Second trimester
n = 14

Third trimester
n = 19

Postpartum
n = 12

GMR (90% CI) P-value GMR (90% CI) P-value

Dose (mg/kg) 4.82 (4.16–5.45) 4.88 (4.07–5.45) 4.70 (4.44–5.36) – – – –
AUC0–24 (µg·h/mL) 14.18 (9.41–20.70) 12.87 (9.29–21.05) 19.36 (9.58–26.90) 0.82 (0.69–0.97) 0.055 0.75 (0.65–0.86) 0.002
CL/F (L/h) 21.81 (12.08–31.90) 19.03 (12.63–27.84) 15.52 (10.00–31.31) 1.25 (1.08–1.46) 0.019 1.39 (1.22–1.57) <0.001
Tmax (h) 1 (1, 2) 1 (1, 2) 1 (1, 2) – – – –
T½ (h) 2.19 (1.49–2.75) 2.93 (1.61–3.31) 2.92 (1.51–3.34) 0.83 (0.69–0.98) 0.074 0.96 (0.83–1.12) 0.668
Cmax (µg/mL) 4.23 (3.42–5.14) 3.32 (2.18–4.60) 3.89 (3.09–6.01) 0.91 (0.72–1.16) 0.519 0.77 (0.63–0.95) 0.044
C0 (µg/mL) BQL (BQL–BQL) BQL (BQL–BQL) BQL (BQL–BQL) – – – –
C12 (µg/mL) 0.09 (BQL–0.26) 0.28 (BQL −0.38) 0.30 (BQL −0.62) – – – –
n (%) Cmax <3 

µg/mL target
3 (21) 6 (32) 3 (25) – – – –

n (%) AUC0–24 

<10.52 µg·h/mL 
target

4 (29) 5 (26) 3 (25) – – – –

aSummary statistics for second/third trimester and postpartum presented as median (IQR), except Tmax, which is presented as median (range). AUC0-24: area under the 
concentration versus time curve over the dosing interval; CL/F: apparent oral clearance; Tmax: time to maximum plasma concentration; t1/2: half-life; Cmax: maximum plasma 
concentration; C0: pre-dose concentration; C12: 12 hours post-dose concentration; BQL: below quantification limit.
bComparisons between pregnancy and postpartum presented as univariate mixed-effect model GMR with a 90% confidence interval and P-value. Values in italic type are 
significant P-values (<0.1).
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higher CL/F compared to PP. In 3T, 32% and 26% of participants did not reach target Cmax 
and AUC0-24, respectively. INH AUC0-24 depended on the N-acetyltransferase 2 (NAT2) 
metabolizer type (Fig. 3) with significant differences between the metabolizer groups in 
each sampling time point (P-value for Kruskal-Wallis = 0.004, 0.001, and 0.009 for 2T, 3T, 
and PP, respectively). Cmax was similar between the metabolizer groups (Fig. 3, P-value 
for Kruskal-Wallis = 0.06, 0.24, and 0.10 for 2T, 3T, and PP, respectively). Slow metabolizers 
had the highest median AUC0-24 and Cmax at all timepoints. The four fast metabolizers 
did not reach the AUC0-24 target at any timepoint and only one reached the Cmax target 
concentration at postpartum.

Ethambutol pharmacokinetics

A total of 8, 11, and 4 women completed 2T, 3T, and PP EMB PK sampling, respectively, 
and parameters are presented in Table 4. While median Cmax was marginally below and 
above target in 2T and 3T, 50% and 27% of participants did not reach target Cmax, 
respectively.

A within-participant comparison could be done in three participants (Table S3), and 
results corresponded with the univariate mixed-effect model. Compared to postpartum, 
EMB clearance was higher by more than 50% in pregnancy, and 3T C0 and C12 were 
lower by 49% and 40%, respectively. Both 2T and 3T EMB AUC0-24 were lower by 41% 
[GMR 0.59 (90%CI 0.41–0.85); P = 0.032] and 39% [GMR 0.61 (90% CI 0.44–0.86); P = 
0.032], respectively. Correspondingly, EMB Cmax was 25% lower in 2T [GMR 0.75 (90%CI 
0.58–0.98); P = 0.083] and showed 18% lower trend in 3T.

Pyrazinamide pharmacokinetics

Six, nine, and two women completed 2T, 3T, and PP PZA PK sampling, respectively, and 
parameters are presented in Table 5. Univariate mixed-effect models did not identify any 
differences in PZA PK parameters between pregnancy and postpartum timepoints. None 
of the participants had a PZA Cmax below the minimum treatment target in any of the 
sampling timepoints and only 22% did not reach target AUC in 3T.

Delivery samples

One pair of maternal and cord blood samples were collected at delivery and had a RIF 
cord/maternal concentration ratio of 0.59, but INH was below quantification limit (BQL). 
No statistical analysis could be performed.

TABLE 4 Maternal ethambutol dose, pharmacokinetic parameters, and target attainmenta

Median value for group (IQR) 2T/PP comparisonb 3T/PP comparisonb

Second trimester
n = 8

Third trimester
n = 11

Postpartum
n = 4

GMR (90% CI) P-value GMR (90% CI) P-value

Dose (mg/kg) 16.85 (15.40–17.67) 16.37 (14.92–18.86) 16.49 (15.10–17.03) – – – –
AUC0–24 

(µg·h/mL)
13.77 (12.86–17.08) 14.53 (12.57–16.87) 23.55 (22.35–24.68) 0.59 (0.41–0.85) 0.032 0.61 (0.44–0.86) 0.032

CL/F (L/h) 72.72 (61.61–85.56) 73.75 (65.65–75.75) 45.43 (42.59–49.15) 1.57 (1.36–1.80) 0.001 1.51 (1.32–1.74) 0.002
Tmax (h) 4 (2–4) 4 (2–4) 4 (2–6) – – – –
T½ (h) 3.90 (3.51–4.70) 4.04 (3.16–4.31) 4.08 (3.76–4.67) 0.96 (0.74–1.24) 0.752 0.93 (0.73–1.19) 0.576
Cmax (µg/mL) 1.91 (1.60–2.64) 2.10 (1.67–2.93) 2.77 (2.65–2.87) 0.75 (0.58–0.98) 0.083 0.82 (0.63–1.06) 0.180
C0 (µg/mL) 0.17 (0.13–0.20) 0.15 (0.13–0.17) 0.29 (0.26–0.38) 0.50 (0.37–0.69) 0.007 0.51 (0.38–0.69) 0.007
C12 (µg/mL) 0.41 (0.33–0.48) 0.38 (0.27–0.46) 0.71 (0.69–0.77) 0.64 (0.55–0.75) 0.002 0.60 (0.52–0.70) 0.001
n (%) Cmax <2 

µg/mL target
4 (50) 3 (27) 0 (0) – – – –

aSummary statistics for second/third trimester and postpartum presented as median (IQR), except Tmax, which is presented as median (range). AUC0-24: area under the 
concentration versus time curve over the dosing interval; CL/F: apparent oral clearance; Tmax: time to maximum plasma concentration; t1/2: half-life; Cmax: maximum plasma 
concentration; C0: pre-dose concentration; C12: 12 hours post-dose concentration.
bComparisons between pregnancy and postpartum presented as univariate mixed-effect model GMRs with a 90% confidence interval and P-value. Values in italic type are 
significant P-values (<0.1).
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Maternal and infant safety outcomes

Maternal and infant safety events are summarized in Table 6. Twelve (44%) women 
experienced one or more adverse events (AEs) grade 3 or greater after study entry, 
including five (19%) cases of drug-induced liver injury (DILI); four were slow NAT2 
metabolizers and one was intermediate. Two (7%) grade 2 TB drug-related skin eruptions 
occurred before study entry. All DS-TB treatment-related events resolved after perma­
nent treatment discontinuation (n = 1) or treatment completion (n = 2) or had successful 
treatment rechallenge after temporary interruption (n = 2). TB drug concentrations were 
not statistically different between women who developed DILI and those who did not, 
although INH AUC0-24 were higher in women who developed DILI [median INH AUC0-24 
(IQR) 21.1 (13.8–23.8) n = 5 versus 11.5 (8.8–19.0) n = 15, P-value 0.06]. Seven mothers 
(26%) had grade 2 anemia (Hb 8.5 to <9.5 g/dL) of which three (11%) had grade 3 
anemia (Hb 6.5 to <8.5 g/dL) at entry. TB treatment outcomes in the mothers were 
not collected. Adverse pregnancy outcomes included preterm delivery in seven (26%) 
women, two of whom were severe (<32 weeks gestation). All preterm deliveries were 
classified as not treatment-related. Other adverse pregnancy outcomes included one 
case of preeclampsia with placental ischemia, one severe perineal tear hemorrhage 
requiring surgical treatment, and one pregnancy-induced hypertension.

Eight (30%) infants experienced adverse events grade ≥3 of which two (7%) were 
classified as DS-TB treatment-related, namely neutropenia accompanied by grade 1 
raised liver enzymes at birth due to intrauterine TB drug exposure and hyperbilirubine­
mia at 7 weeks of age in 1 out of 10 infants that received INH prophylaxis. No cases 
of congenital TB were reported. Three (11%) congenital abnormalities were reported, 
including Jeune syndrome, an umbilical hernia, and an inguinal hernia, all classified as 
not treatment-related. Two infant (<3 months) deaths were reported, both classified as 
not treatment-related; one case of acute watery diarrhea with dehydration at 6 weeks 
of age and one case of probable sudden infant death syndrome at 11 weeks of age in 
an ex-premature infant, born at 28-week gestation, who was well at the time of hospital 
discharge.

Ten (37%) infants had low birth weight (birth weight <2,500 g) of which two (7%) had 
a very low birth weight (<1,500 g). Three (11%) infants were small for gestational age 
(birth weight < tenth percentile) and two (7%) infants were diagnosed with intrauterine 

TABLE 5 Maternal pyrazinamide dose, pharmacokinetic parameters, and target attainmenta

Median value for group (IQR) 2T/PP comparisonb 3T/PP comparisonb

Second trimester
n = 6

Third trimester
n = 9

Postpartum
n = 2

GMR (90% CI) P-value GMR (90% CI) P-value

Dose (mg/kg) 22.75 (21.58–26.18) 25.00 (21.70–26.03) 22.29 (20.83–23.74) – – – –
AUC0–24 

(µg·h/mL)
373.73 (340.25–560.14) 404.69 (389.42–432.82) 388.30 (370.85–405.74) 1.03 (0.51–2.07) 0.928 1.12 (0.61–2.04) 0.650

CL/F (L/h) 3.55 (3.25–3.98) 3.55 (2.77–3.79) 4.01 (3.70–4.31) 0.90 (0.63–1.27) 0.453 0.84 (0.58–1.20) 0.282
Tmax (h) 2 (1–4) 2 (1–4) 2 (2) – – – –
T½ (h) 8.40 (7.08–9.34) 8.32 (7.60–9.49) 7.85 (7.77–7.94) 1.07 (0.76–1.50) 0.630 1.13 (0.78–1.65) 0.440
Cmax (µg/mL) 35.55 (28.80–46.70) 33.80 (32.10–39.60) 35.05 (33.20–36.90) 1.04 (0.64–1.70) 0.831 1.10 (0.62–1.95) 0.669
C0 (µg/mL) 4.01 (3.57–6.06) 5.08 (3.98–5.72) 4.53 (4.51–4.55) 1.03 (0.35–3.04) 0.935 1.10 (0.40–3.06) 0.812
C12 (µg/mL) 13.25 (12.40–21.40) 15.00 (14.00–17.90) 13.90 (13.20–14.60) 1.02 (0.45–2.34) 0.941 1.14 (0.55–2.37) 0.647
n (%) Cmax <20 

µg/mL target
0 (0) 0 (0) 0 (0) – – – –

n (%) AUC0–24 

<363 µg·h/mL 
target

2 (33) 2 (22) 0 (0) – – – –

aSummary statistics for second/third trimester and postpartum presented as median (IQR), except Tmax, which is presented as median (range). AUC0-24: area under the 
concentration versus time curve over the dosing interval; CL/F: apparent oral clearance; Tmax: time to maximum plasma concentration; t1/2: half-life; Cmax: maximum plasma 
concentration; C0: pre dose concentration; C12: 12h post-dose concentration.
bComparisons between pregnancy and postpartum presented as univariate mixed-effect model GMRs with a 90% confidence interval and P-value.
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growth retardation (birth weight < third percentile), all classified as not treatment-rela­
ted.

DISCUSSION

This is the first opportunistic study that made use of intensive PK sampling methods 
in both second and third trimesters of pregnancy and postpartum in participants with 
DS-TB disease without HIV using standard WHO-recommended weight-banded dosing 
of available FDC tablets. We described the PK parameters of RIF, INH, EMB, and PZA. 
We found that the AUC0-24 and Cmax of RIF and PZA were similar during pregnancy 
and postpartum, but that the AUC0-24 of INH and EMB were lower during pregnancy 
compared to postpartum. We observed wide between-patient PK variability for RIF and 
INH, consistent with findings from previous studies in non-pregnant participants with 
DS-TB disease (21–27).

Pregnancy is associated with an increase in volume of distribution due to water 
retention, changes in percentage fat distribution and quantity, and decreased plasma 
protein concentrations, which may alter drug PK. RIF is a lipophilic drug and preg­
nancy-associated increases in fat distribution may lead to lower plasma concentrations. 
Decreased plasma protein concentrations can potentially decrease the pharmacologi­
cally active free fraction of RIF at equilibrium (28). These physiologic changes may 
result in increased maintenance dosage requirements to prevent sub-therapeutic drug 
exposure of RIF during pregnancy. Additionally, RIF causes the pregnane X receptor (PXR) 
to activate its own metabolism, a process known as clearance autoinduction, which can 
potentially reduce RIF exposure at a steady state (29).

TABLE 6 Maternal and infant safety outcomes and TB treatment-related adverse eventsd

Maternal safety events (n = 27) n (%) Infant safety events (n = 27) n (%)

Mothers with one or more ≥ grade 3 adverse event 12 (44) Infants with one or more ≥ grade 3 adverse event 8 (30)
TB treatment-related events ≥ grade 3 TB treatment-related events ≥ grade 3 2 (7)
  Drug-induced liver injury 5 (19)   Neutropenia at birth 1 (4)
   Slow metabolizer 4 (15)   Hyperbilirubinemia in infant on INH prophylaxis 1 (4)
   Intermediate metabolizer 1 (4)
  Neutropeniaa 1 (4)
Other events ≥ grade 3 Other events ≥ grade 3
  Anemia 3 (11)   Severe birth asphyxia 1 (4)

  Respiratory distress of prematurity 2 (7)
  Neonatal sepsis 1 (4)
  Congenital abnormalities 3 (11)
   Jeune syndrome with intestinal malrotation 1 (4)
   Umbilical herniac 1 (4)
   Inguinal herniac 1 (4)
  Infant death (<3 months after birth) 2 (7)
   Acute watery diarrhea 1 (4)
   Probable sudden infant death syndrome 1 (4)

TB treatment-related events < grade 3 TB treatment-related events < grade 3
  Drug-induced skin rashb 2 (7)   Elevated liver enzymes at birth 1 (4)
Adverse pregnancy outcomes Adverse birth weight outcomes
  Preterm delivery (<37 weeks) 7 (26)   Low birth weight (<2,500g) 10 (37)
   Moderate to late preterm (32–36+6 weeks) 5 (19)   Very low birth weight (<1,500g) 2 (7)
   Severe preterm (<32 weeks) 2 (7)   SGA 3 (11)
  Preeclampsia with placental ischemia 1 (4)   IUGR 2 (7)
  Perineal tear hemorrhage 1 (4)
  Pregnancy-induced hypertension 1 (4)
aReported as possibly treatment-related, but more likely TB disease-related.
bBoth grade 2 and resolved before entry on TB drug discontinuation.
cGrade 1 but grouped under congenital abnormalities.
dSGA: small for gestational age; IUGR: intrauterine growth retardation.
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However, we found that RIF AUC0-24 and Cmax are similar in 2T and 3T compared 
to PP with similar or higher exposures compared to previously published non-pregnant 
cohorts (19, 24, 30–32) and consistent with previously reported pregnancy population PK 
model predicted values (33). Our finding of 28% higher T½ and 111% higher C12 in 3T did 
not manifest in differences in AUC0-24, which agrees with the model predicted 14% lower 
clearance in pregnancy not translating into clinically relevant differences in exposure. 
The physiological determinants of lower RIF clearance are not fully understood.

One possible explanation of the modest increases in plasma concentrations of RIF 
can be explained by its disposition in the liver and bile. Following intestinal absorption, 
RIF is transported into the hepatocytes where it is deacetylated before being eliminated 
in the bile and urine (34). Hepatobiliary elimination of RIF is mediated by canalicular 
membrane transporters, mainly multidrug resistance-associated protein 2 (MRP2) (35). 
RIF is a potent inhibitor of MRP2 (35, 36), a process that can potentially lead to delayed 
elimination (increased T1/2). In addition, the high concentrations of estrogens during 
pregnancy may further inhibit MRP2 (37) and increase the T1/2 and plasma concentra­
tions of RIF.

Preclinical and in vitro research suggests that prolonged exposure to estrogen 
and progesterone during pregnancy can alter drug pharmacokinetics, which may also 
include TB drugs. Estrogen and progesterone have concentration-dependent biologi­
cal effects. In human hepatocytes, estrogen upregulates the expression of some CYP 
enzymes (CYP2A6, CYP2B6, and CYP3A4) through the activation of the estrogen receptor, 
while progesterone upregulates the expression of other enzymes via the PXR, which 
raises the possibility that changes in both estrogen and progesterone plasma concentra­
tions can alter RIF metabolism during pregnancy (38).

It is also theoretically plausible that pregnancy-induced cholestasis (decrease in 
hepatobiliary bilious flow due to estrogen-induced intrahepatic inhibition of MRP2, 
resulting in a decrease in bile transport) primarily occurring in 3T could be a contributing 
factor, but this has not been previously described in the literature and needs further 
investigation.

Data from preclinical studies and physiologically based pharmacokinetic models 
have demonstrated that the activities of P-glycoprotein (P-gp), a transmembrane efflux 
pump with excretory function found on the apical membranes of many epithelial cells 
with excretory function, can be altered by induction and inhibitory effects of RIF (38). 
However, RIF is also a substrate of P-gp (39), and it is unknown if pregnancy induces P-gp 
expression and potentially alters RIF disposition.

Similar high proportions of participants not reaching target RIF AUC0-24 and Cmax 
have been previously described in non-pregnant cohorts (26, 40, 41), and as low 
exposures have been associated with worse treatment outcomes (15, 24), it is reassuring 
that pregnancy itself does not seem to lower RIF exposure further.

INH exposure in this study was 18%–25% lower in pregnancy compared to postpar­
tum. As INH is predominantly excreted in the urine, the increased glomerular filtration 
rate occurring in pregnancy could explain our findings (42). This finding has not been 
previously described in a non-HIV pregnancy cohort on treatment for DS-TB disease. 
A 26% increase in INH clearance during pregnancy was described by Gausi et al. in a 
TB prevention treatment cohort of pregnant persons living with HIV (PPHIV) mainly on 
efavirenz-based ART, where model-predicted postpartum AUC0-24 was 1.4-fold greater 
compared to antepartum (43). In contrast, Mathad et al. reported no differences in INH 
plasma concentrations in pregnancy versus postpartum in a cohort of pregnant persons 
on TB preventative therapy containing INH and rifapentine (44). Different rates of INH 
and its metabolite N-acetyl-isoniazid (ACL) clearance can result from genetic variations in 
the phenotype of the phase II conjugating liver enzyme NAT2. As our sample consisted 
of 54% slow NAT2 metabolizers, which is higher than most previously reported cohorts 
(30, 43, 45), it is important to perform within-participant comparisons to adjust for this 
pharmacogenomic influence. The results of both the smaller sample size within-partici­
pant comparison and larger sample size univariate mixed-effect model comparison were 
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comparable. The difference is thus likely attributable to pregnancy-mediated factors. 
A modest reduction in NAT2 activity during pregnancy was described by Tsutsumi et 
al. (46), but we could not determine the effect of pregnancy on NAT2 activity on INH 
and ACL elimination rates. The impact of 25% lower INH exposure in pregnancy could 
particularly be of clinical importance in pregnant and postpartum persons who are fast 
NAT2 metabolizers and thus, subsequently at risk of subtherapeutic dosing at standard 
weight-banding guidelines already in non-pregnant state (21).

No EMB AUC targets have been described in the literature. EMB AUC0-24 was lower by 
40% in pregnancy. EMB is predominantly eliminated unchanged through urine excretion, 
and pregnancy-induced hyperfiltration could be explanatory. In contrast, a previously 
published two-compartment first-order population PK model with data from a sub-study 
of the Tshepiso trial by Abdelwahab et al. (47) involving 15 PPHIV with DS-TB disease 
on a standard daily dosing of EMB (15–25 mg/dL) showed no significant differences 
in EMB’s clearance and bioavailability during pregnancy compared to postpartum (n = 
3, one paired sample). Abdelwahab et al. reported comparable median Cmax values of 
1.82 and 2.1 µg/mL, and AUC0–24 values of 16.5 and 19.0 µg·h/mL for antepartum and 
postpartum persons, respectively. Our results show higher EMB Cmax but lower AUC0-24 
during pregnancy, with significantly higher AUC0–24 PP. These findings are comparable 
to results from other published non-pregnant cohorts (18, 45) or higher (32, 48). A larger 
sample of PP persons on EMB to enable within-participant analysis is urgently needed to 
confirm these findings.

PZA PK parameters were similar in pregnancy compared to PP, and concentrations 
were comparable to previously described non-pregnant cohorts (24, 49). Pregnancy did 
not appear to affect the dosage or disposition of PZA according to the findings from 
a two-compartment first-order population PK model that used data from a sub-study 
of the Tshepiso trial involving 15 PPHIV with DS-TB disease who were given a standard 
daily dose of PZA (20–30 mg/kg of body weight). PZA’s clearance and bioavailability 
were not significantly different during pregnancy compared to PP (n = 3, one paired 
sample) (47). PZA is mainly eliminated in metabolized form through various pathways, 
and it is unlikely that pregnancy has a significant influence on exposure. All participants 
reached target Cmax, and the majority reached target AUC0-24, which is reassuring, as 
PZA concentrations are reported to be the most important predictor of both sputum 
conversion and sterilizing activity when used as part of combination therapy (15, 24).

AEs reported during the study were primarily DS-TB disease related. Seven (26%) 
participants experienced treatment-related events, of which five (19%) were DILI. These 
findings are consistent with previous reports (11, 50, 51). This underlines the need for 
close monitoring of liver functions in pregnancy whilst on TB treatment, as pregnancy 
itself increases the risk for DILI significantly (52, 53). As previously reported (54, 55), 
slow metabolizers are more at risk of adverse drug reactions via higher plasma and 
tissue exposure, and this seemed evident in our sample where four out of five drug-
induced liver injuries occurred in slow metabolizers. Although no statistically significant 
differences in drug concentrations were found between participants who developed 
DILI and those who did not, higher INH AUC0-24 was observed in participants with DILI. 
However, causality between higher INH exposure and DILI could not be established as 
INH was co-administered with other commonly associated DILI culprit drugs RIF, EMB, 
and PZA in four out of five participants who developed DILI.

High rates of preterm delivery and low birth weight were expected to occur in 
association with TB disease during pregnancy (5, 7, 56, 57), demonstrating the need 
for early diagnosis and treatment to prevent these adverse pregnancy and neonatal 
outcomes (6). Although our sample size was limited, no congenital abnormalities were 
attributable to DS-TB treatment, and treatment-related adverse events in infants were 
sparse and mild and support the fetal safety of DS-TB drugs in pregnancy as summarized 
by Zhou et al. (13) and Shiu et al. (58).

Our study has several strengths. First, this opportunistic PK study used intensive 
sampling methods in both second and third trimesters of pregnancy and postpartum 
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including the use of FDC tablets according to WHO weight-banded dosing guide­
lines where available, as applicable to typical treatment settings worldwide, provid­
ing findings that would be representative of typical use. Second, within-participant 
comparison using the PP period as control, adjusting for possible pharmacogenetic and 
other participant-specific influences, was achieved for RIF and INH in more than 10 
participants per group, confirming the reliability of the univariate mixed-effect model-
derived GMRs for these drugs. Third, the study participants were followed up longitudi­
nally until 16–24 weeks postpartum, allowing us to record AEs related to DS-TB disease 
as well as DS-TB treatment exposure at regular intervals in both mother and infant.

This study had several limitations. First, there were few participants who contin­
ued EMB and PZA through the postpartum period, limiting within-participant compari­
sons. Second, participants were only sampled until 12 hours post-dose, necessitating 
extrapolation of terminal concentrations at 24 hours to report AUC0-24 for the longer 
half-life drugs EMB and PZA. Third, TB treatment outcomes were not collected, which 
limited the interpretation of the clinical consequences of our PK findings. Fourth, 
although Cmax and AUC0-24 targets are the most widely used PK parameters to evaluate 
optimal dose ranges, treatment efficacy targets combined with minimum inhibitory 
concentration data could have strengthened our findings but could not be defined 
for our participants. Fifth, while the median dosing ranges were comparable between 
the sampling times, the pregnancy weight gain and post-delivery weight loss that 
pregnant and postpartum participants experienced might have led to dosing alterations 
during the study when the weight band cut-offs are crossed, allowing for within-partici­
pant dosing variability. Sixth, as fixed-dose combination TB treatment formulations and 
meal recommendations were not standardized, heterogeneity in absorption related to 
formulation, dietary intake at dosing time as well as pregnancy-mediated decreased 
gastric motility may have influenced PK profiles. Seventh, selection bias might have 
occurred in cases where serious AEs occurred, which required regimen adjustments, 
as such participants receiving alternative regimens would not have been eligible for 
inclusion in this study. Safety reporting began only at the time of participant enrollment, 
and participants were required to have been on TB treatment for at least 2 weeks 
prior to enrollment, which could have caused favorable outcomes to be overstated and 
treatment-related AEs to be understated. Besides treatment exposure, variety in duration 
and severity of TB disease antepartum can influence the occurrence of treatment-related 
AEs.

This study was intended to determine whether pregnant and postpartum persons 
who received antituberculosis therapy in accordance with the most recent DS-TB 
treatment recommendations achieved serum concentrations that met the therapeutic 
targets and were comparable to those in non-pregnant adults. It is important to 
emphasize that this PK study was not powered for efficacy or safety outcomes and 
recruited a heterogeneous population of pregnant and postpartum persons >2 weeks 
stable on TB treatment, with a diverse spectrum of DS-TB disease at entry.

Achieving adequate TB treatment drug concentrations during pregnancy is important 
to cure TB disease and minimize adverse pregnancy and TB outcomes. In pregnant 
persons without HIV receiving treatment for DS-TB disease, RIF and PZA AUC0–24 and 
Cmax in pregnancy were similar but INH AUC0–24 and Cmax and EMB AUC0–24 were lower 
compared to non-pregnant concentrations. However, the median AUC0–24 for RIF, INH, 
and PZA met the therapeutic targets in all sampling timepoints. The clinical relevance of 
low INH and EMB exposure when treating pregnant persons with DS-TB disease needs to 
be determined. More PK data for the evaluation of pregnancy effects on EMB and PZA 
exposure are needed.
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MATERIALS AND METHODS

Study population and design

The International Maternal Pediatric Adolescent AIDS Clinical Trials Network (IMPAACT) 
P1026s is a non-blinded, phase IV, prospective opportunistic study of antiretroviral 
and antituberculosis PK and safety in pregnant women living with and without HIV 
and registered in ClinicalTrials.gov with identifier NCT00042289. Recruitment sites are 
situated in North and South America, Asia, and Africa. The study included an arm for 
pregnant women living without HIV receiving DS-TB treatment with at least two of 
the following first-line TB drugs: RIF, INH, EMB, and PZA. Participant eligibility further 
included being pregnant ≥20 weeks gestation and ≥18 years of age at screening and 
treated for DS-TB disease (intensive or continuation phase) as part of local clinical care 
for ≥2 weeks before the day of the first PK evaluation. Participants continued to take 
their prescribed TB medications throughout pregnancy and postpartum until treatment 
completion. Participants were excluded if they had concurrent use of medication known 
to interact with the TB treatment, a clinical condition or laboratory abnormality that 
might require a change in the TB regimen during the study period or multiple gestations. 
The use of local generic formulations was evaluated by the protocol pharmacologist 
prior to enrollment to confirm adequate bioequivalence. All infants were required to 
be enrolled in utero immediately after maternal enrollment. Local institutional review 
boards approved the protocol at all participating sites and signed informed consent was 
obtained from all participants prior to participation. The specific regimen and duration 
of antituberculosis treatment were decided by the participant’s local healthcare provider, 
who remained responsible for clinical management and prescription throughout the 
study. Maternal and infant safety follow-up continued until 24 weeks PP.

Clinical and laboratory monitoring

Demographics, medical history, physical examination, and hematology and serum 
biochemistry safety were assessed at each study visit. All infants received physi­
cal examinations after birth and laboratory evaluations were performed if clinically 
indicated. Where birth weight classification data were lacking, 2013 Fenton growth 
chart standards were used to classify (59). AEs from entry onwards were reported at 
each study visit per protocol guidelines and clinical management was determined by 
each participant’s clinician. Causality assessment was performed by the individual site 
clinicians and reviewed by the protocol team. The National Institute of Allergy and 
Infectious Diseases, Division of AIDS Table for Grading the Severity of Adult and Pediatric 
Adverse Events, Version 2.0, dated November 2014 (60), was used to grade AE severity. All 
toxicities were followed until resolution.

Sample collection

Intensive steady-state 12-hour PK profiles of RIF, INH, ACL, EMB, and PZA were performed 
during the second trimester (2T; 20+0–26+6 weeks gestation), third trimester (3T; 30+0–36+6 

weeks gestation), and 2–8 weeks PP. Daily antituberculosis treatment using fixed-dose 
combination or separate tablets was given according to WHO-recommended weight-
banded dosing guidelines with prespecified dosing ranges (Table S4) and dose ingestion 
was directly observed on the day of PK sampling. Blood samples were collected pre-dose 
and at 1-, 2-, 4-, 6-, 8-, and 12-hour post-dose. At delivery, a single maternal plasma 
sample and an umbilical cord sample after the cord was clamped were collected if 
logistically feasible. The blood samples were centrifuged, aliquoted, and stored at −70°C 
within 1 hours of sampling until analysis. In consenting participants, a maternal dried 
blood spot sample was collected for DNA extraction to determine the NAT2 metabolizer 
genotype.
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Assays

Plasma PK samples were analyzed at the Division of Clinical Pharmacology, University 
of Cape Town, using previously described methods (61). The laboratory adheres to 
ISO15189 and performs standardized inter-laboratory testing through the AIDS Clinical 
Trial Group clinical pharmacology quality assurance and quality control program. RIF, 
INH, ACL, EMB, and PZA plasma concentrations were measured using liquid chroma­
tography-tandem mass spectrometry; lower limits of quantification being 0.117, 0.105, 
0.053, 0.084, and 0.203 µg/mL, respectively. DNA extraction was performed at Bio-Analyt­
ical Research Corporation SA laboratories, Johannesburg, using the Maxwell Promega 
instrument and the single-nucleotide polymorphism (SNP) analysis was done using the 
ABI ViiA7 Real-Time instrument to analyze seven NAT2 SNPs: rs1801279 (191G > A), 
rs1041983 (282C > T), rs1801280 (341T > C), rs1799929 (481C > T), rs1799930 (590G > 
A), rs1208 (803A > G), and rs1799931 (857G > A). The alleles were defined following the 
SNPedia classification (62).

Pharmacokinetic analyses

For all the four TB drugs, the pre-dose (C0), maximum (Cmax), minimum (Cmin), and last 
plasma concentration (Clast) along with corresponding time points (Tmax, Tmin) were 
reported. Stata version 16.1 (Stata Corporation, College Station, TX, USA) was used 
to characterize the PK parameters using non-compartmental analyses and reviewed 
by the protocol pharmacologists. The steady-state area under the plasma concentra­
tion-time curve from time 0 to 12-hour post-dose (AUC0-12) was calculated using the 
linear trapezoidal rule. All samples prior to terminal concentrations that were BQL were 
regarded as 0 to estimate the total sum of trapezoids for AUC most conservatively. AUC 
was reported over 24 hours in order to provide exposure data in line with the daily 
dosing regimen and enable comparison with PK data from recently published non-preg­
nant cohorts. AUC0-24 was estimated using extrapolated concentrations for time point 
24 h (C24) using Excel 2016 (Microsoft Corporation, Redmond, WA, USA). If terminal 
concentrations were BQL before or at time point 12 hours, AUC0-∞ was extrapolated 
using a linear extension of log concentration and regarded as AUC0-24. Apparent 
clearance (CL/F) from plasma was calculated as dose divided by AUC0–24. Half-life (t1/2) 
was calculated as ln (2)/ke; ke is the elimination rate constant derived from the terminal 
slope of the log concentration versus the time curve using all measurable concentrations 
after the peak. To be able to perform GMR analysis between pregnant and postpartum 
time points, BQL concentrations were set at half the lower limit of quantification to 
avoid noughts in the statistical summary calculations. Maternal metabolizer status was 
classified as slow, intermediate, or rapid, based on the number of NAT2 acetylator gene 
polymorphisms after sequencing NAT2 SNPs (63). To classify the metabolizer status for 
four participants lacking pharmacogenomic data, we made use of the 3-hour ACL/INH 
concentration ratio as published elsewhere (64). To do so, we calculated a timepoint 
3-hour post-dose for ACL and INH concentrations by using the 2 and 4-hour timepoints.

Statistical methods

Analysis of data was done using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). 
Descriptive statistics were calculated for PK parameters of interest during each study 
period. As pre-specified in the protocol, PK parameters during the 2T versus PP and 
during 3T versus PP were compared at the within-participant level using the Wilcoxon 
signed rank test, with a two-sided P-value <0.10 considered statistically significant. 
Within-participant GMRs and 90% confidence intervals (CI) for PK parameters in the 2T 
and 3T versus PP conditions were calculated for all four TB drugs to assess whether there 
was a clinically important difference in exposure. A 90% CI between 0.8 and 1.25 was 
considered to indicate that the PK parameter was comparable during pregnancy versus 
postpartum. Univariate mixed-effects models were also fitted to allow the inclusion of 
data from pregnant and postpartum women who have missing data for some time 
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points, as intensive phase treatment including EMB and PZA could have been completed 
before delivery. In each mixed effects model, the PK evaluation time points were the 
independent variables, and the log-transformed TB PK parameter was the dependent 
variable. AUC0-24 and Cmax differences between NAT2 metabolizer groups were analyzed 
using the non-parametric Kruskal-Wallis test in Stata version 16.1 (Stata Corporation, 
College Station, TX, USA). The percentages of participants with AUC0-24 and Cmax below 
the minimum targets were determined during pregnancy and postpartum.
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