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Key Points

• Iron biomarkers 
changed across 
pregnancy regardless 
of dosing regimen, 
consistent with 
pregnancy-related 
physiological 
adaptations.

• Despite 
supplementation, most 
women met 
biochemical criteria for 
iron deficiency; daily 
dosing better 
preserved cellular iron 
sufficiency.

Iron deficiency during pregnancy remains a global health burden, yet pregnancy-related 
physiological adaptations complicate the interpretation of iron biomarkers. Modified oral 
iron regimens are increasingly used to balance iron intake, absorption, and tolerability. 
This study evaluated the effects of daily, alternate-day, and 3-times-weekly oral iron 
supplementation on iron status biomarkers in nonanaemic pregnant participants. In the 
PANDA (Primary prevention of maternal Anemia to avoid preterm Delivery and other 
Adverse outcomes) dose-finding trial, nonanemic pregnant women were randomized to 
receive 200 mg of ferrous sulfate daily, on alternate days, or 3-times-weekly. Blood samples 
were collected at 9 to 13 and 26 to 30 weeks’ gestation (N = 135 participants). Hepcidin and 
soluble transferrin receptor (sTfR) were measured by enzyme-linked immunosorbent 
assay, and serum iron, ferritin, transferrin, and C-reactive protein using automated 
biochemistry. Linear mixed-effects models assessed within- and between-group biomarker 
changes. Hepcidin, ferritin, and transferrin saturation declined significantly between 
baseline and follow-up in all groups (P < .001). sTfR increased in the alternate-day (P = .003) 
and 3-times-weekly groups (P < .001), but not in the daily group (P = .084). Despite 
supplementation and maintenance of hemoglobin levels, 69% to 72% of women were iron 
deficient (ferritin <30 μg/L) at 26 to 30 weeks’ gestation. Iron status declined across 
pregnancy regardless of supplementation regimen, suggesting physiological adaptations 
may dominate over dosing effects. The absence of a significant rise in sTfR in the daily 
group suggests that daily dosing best meets the iron demand of pregnancy, though 
confirmation in larger, adequately powered studies is required. This trial was registered at 
the UK trial registry as #ISRCTN12911644.
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Introduction

Iron deficiency (ID) is the most common micronutrient deficiency 
worldwide and the most common cause of anemia during 
pregnancy.1,2 Iron requirements rise substantially during preg
nancy to support the expansion of maternal red blood cell mass 
and the requirements of the placenta and fetus.3,4 Demand 
increases sharply in the second and third trimesters, the period 
when ID anemia is most frequently diagnosed.5 Identification and 
management of ID anemia are advocated widely to mitigate the 
risks of adverse maternal and fetal outcomes, such as postpartum 
hemorrhage, eclampsia, maternal mood disorders, preterm birth, 
and impaired fetal neurodevelopment.6-8 In the United Kingdom, 
anemia affects ~23% to 30% of all pregnancies9 and increases 
across gestation, rising from 2% to 5% at booking to 15% to 20% 
by the third trimester in unselected maternity populations.5,10

Current screening and diagnostic strategies remain contested. 
Hemoglobin (Hb) is the global standard for detecting anemia,11,12

but reflects the late manifestation of ID and does not measure iron 
stores.13,14 Ferritin and transferrin saturation (TSAT) are often used 
in clinical practice to determine iron depletion and deficiency,15,16

but diagnostic thresholds during pregnancy remain uncertain, and 
evidence supporting their routine use in pregnancy is limited.17

Both TSAT and ferritin are influenced by inflammation and physi
ological changes during pregnancy, complicating their interpreta
tion. Soluble transferrin receptor (sTfR), which is shed primarily 
from erythroblasts, reflects cellular iron demand and early tissue- 
level deficiency and is less affected by inflammation. However, 
concentrations may rise with increased erythropoiesis during 
pregnancy.18,19 Ferritin index (sTfR/log10ferritin) has been pro
posed as a composite marker of functional ID by integrating 
markers of cellular iron demand and iron stores,20 although its 
interpretation in pregnancy is limited.

Hepcidin, a liver-derived hormone, regulates intestinal iron absorp
tion and its release from stores in response to iron status, erythro
poietic demand, and inflammation.4,21 In nonanemic and 
nonpregnant populations, oral iron transiently increases hepcidin, 
inhibiting absorption in subsequent doses for the next 24 hours. 
This feedback forms the basis for alternate-day dosing, which may 
improve tolerance and absorption.22-24 During pregnancy, further 
changes occur as hepcidin levels fall progressively through the 
second and third trimesters, facilitating enhanced iron absorption 
and placental transfer.3,21,25

Much of the data describing biomarkers of iron status have been 
derived from research on nonpregnant populations. The interpre
tation of iron biomarkers in pregnant women is complicated by 
physiological hemodilution, plasma-volume expansion, and 
changes in iron regulation.15 In addition, hepcidin and sTfR refer
ence ranges are assay-dependent, and there are no established 
normal reference ranges for pregnant populations.

Most interventional studies of oral iron supplementation during 
pregnancy have focused on Hb response and tolerability, with 
limited data on the behavior of iron regulatory biomarkers across 
gestation. The PANDA (Primary prevention of maternal Anemia to 
avoid preterm Delivery and other Adverse outcomes) dose-finding 
study,26 a multicenter randomized trial, compared 3 prophylactic 

regimens of 200 mg ferrous sulfate given daily, on alternate days, 
or 3 times a week in nonanemic pregnant women, assessing 
compliance, side effects, and maintenance of Hb. This subanalysis 
aimed to investigate how different oral iron supplementation regi
mens affect key iron biomarkers (hepcidin, ferritin, sTfR, and TSAT) 
across pregnancy and to provide insights into iron regulation and 
assessment in the unique physiological state of pregnancy.

Methods
Study design

The PANDA program describes a series of research projects aimed 
at establishing the effectiveness of a policy of oral iron supplemen
tation during pregnancy (National Institute for Health and Care 
Research 200869). Workstream 2 of the PANDA program was a 3- 
arm, open-label, multicenter, dose-finding randomized controlled trial 
that investigated compliance, side effects, and maintenance of 
maternal Hb.26 In brief, the trial randomly allocated participants into 1 
of 3 trial arms in a 1:1:1 ratio to receive 200 mg ferrous sulfate daily, 
on alternate days, or 3 times per week. A total of 300 nonanemic 
pregnant women were randomized at <14 weeks gestation and 
observed until delivery. At both randomization (<14 weeks) and 
follow-up (28 ± 2 weeks’ gestation), venous samples were collected 
and stored for further analysis. Detailed trial methods have been 
reported in a previous publication.26

Study population and sample availability

Of the 300 participants in the original trial, 135 were randomly 
selected across all participating sites and treatment groups, to 
have their serum samples frozen for future analysis. The remaining 
participants did not have samples stored because of feasibility and 
cost constraints, rather than any clinical or demographic selection 
criteria.

Laboratory methods

For each participant, 5 biomarkers were assayed at both time points. 
Hepcidin and sTfR were assayed in technical duplicate using enzyme- 
linked immunosorbent assay kits from DRG Instruments GmbH, 
Marburg, Germany (enzyme immunoassay-5782 and enzyme 
immunoassay-5925, respectively). Samples with a coefficient of 
variation (%) >10% between duplicates were repeated. Ferritin, Hb, 
mean corpuscular volume, and mean corpuscular Hb were measured 
locally at each participating National Health Service (NHS) Trust site 
using site-specific analyzers as part of routine antenatal blood testing. 
Serum iron, transferrin, and C-reactive protein (CRP) were measured 
using automated assays on Abbott Alinity autoanalyzers. The ferritin 
index was calculated as sTfR/log10 (ferritin). TSAT was calculated 
from serum iron and transferrin concentrations. A very low threshold of 
hemolysis was used, above which serum iron and TSAT% results 
were excluded from the analysis. The lower limit of detection for CRP 
was 1.00 mg/L, and values reported as <1.00 mg/L were recoded as 
0.99 mg/L for analysis.

Data management and statistical analysis

All data were recorded, cleaned, and anonymized in Microsoft 
Excel, with each participant allocated a unique trial ID. Treatment 
groups were blinded during analysis. Statistical significance was 
set at P < .05. All analyses were conducted using GraphPad Prism 
(version 10.6.1 [799]) and R Studio (version 2025.09.2 + 418).
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Baseline characteristics of the subsample were summarized 
descriptively and compared with the full PANDA cohort24 to 
assess representativeness. Adherence was assessed using tablet 
counts at the follow-up visit, as described in the parent PANDA 
trial.26 Participants returned supplement bottles, and remaining 
tablets were counted. The mean tablets taken per week were 
calculated from total tablets consumed and divided by weeks of 
treatment. Adherence was defined as returned tablets being 
within ±15% of the expected number. For this subanalysis, 
adherence was summarized by treatment arm as mean tablets 
taken per week (standard deviation [SD]) and mean proportion of 
expected doses taken (%) (supplemental Table 1).

Anemia was defined using trimester-specific Hb thresholds, such 
as Hb <110 g/L at baseline (first trimester) and Hb <105 g/L at 
follow-up (second/third trimester), and ID was defined as serum 
ferritin <30 μg/L, consistent with guidelines in the United 
Kingdom.12 The incidence of anemia at follow-up and the preva
lence of ID at baseline and follow-up was calculated for each 
treatment group (supplemental Table 2). Agreement between 
ferritin- and TSAT-based classifications of ID (ferritin <30 μg/L; 
TSAT <20%) was assessed by cross-tabulation at baseline and 
follow-up and summarized as the proportion classified concor
dantly and discordantly (supplemental Table 3).

Continuous variables were assessed for normality and log- 
transformed where required. Descriptive statistics are presented 
on the original scale for interpretability. Change scores 
(Δ = follow-up - baseline) were calculated (after transformation, if 
required) and summarized descriptively as mean ± SD or median 
(interquartile range).

Within-group changes in biomarker concentrations were assessed 
using paired t tests, whereas between-group comparisons at 
baseline, follow-up, and for Δ were examined using 1-way analysis 
of variance (ANOVA) or Welch’s ANOVA (where variances were 
unequal). All tests were 2-tailed.

To account for repeated measures, adjust for inflammation, and 
evaluate group-time interactions, linear mixed models were fitted in 
R using restricted maximum likelihood (lme4). Fixed effects included 
treatment group, time, group-time interaction, and log10 (CRP), with 
participant ID included as a random intercept. P values were esti
mated using Satterthwaite’s approximation (lmerTest). Estimated 
marginal means and contrasts (emmeans) were used to assess 
within-group changes, between-group differences in change, and 
between-group differences at follow-up, with Tukey correction for 
multiple comparisons. Model assumptions (normality, homosce
dasticity, and multicollinearity) were checked using residual diag
nostics, Shapiro-Wilk tests, and variance inflation factors (<5). The 
coefficient for log10 (CRP) was used to assess independent asso
ciations between biomarkers and inflammation.

Missing data were minimal (<10%) and appeared to be missing 
completely at random; therefore, a complete-case approach was 
applied for all analyses.

Ethical considerations

The PANDA trial and this secondary laboratory analysis were 
conducted in accordance with the Declaration of Helsinki and 
Good Clinical Practice standards. Ethical approval for the parent 
trial was granted by the NHS’s research ethics committee 

(REC 21/WA/0247), and regulatory approval was provided by the 
Medicines and Healthcare products Regulatory Agency (Clinical 
Trial Authorisation 25224/0006/001-0001). The original trial 
consent included permission for participants’ data and samples to 
be used in future ethically approved research. However, an ethics 
amendment was required to enable the transfer of stored blood 
samples from participating NHS Trusts to Oxford for laboratory 
analysis, and this amendment was approved before sample 
movement. All participants provided written informed consent.

Results
Baseline characteristics

A total of 135 participants had paired baseline and follow-up 
samples available for analysis. There were no statistically signifi
cant differences in the baseline characteristics between treatment 
groups (Table 1). Baseline characteristics across treatment 
groups within the subanalysis cohorts were also representative of 
the full PANDA trial cohort. At randomization, ~19% of participants 
(n = 26) were taking iron-containing supplements, with a broadly 
similar distribution across treatment groups (22.2% of daily, 
17.0% of alternate-day, and 18.6% of 3-times weekly), as shown 
in Table 1.

Tablet count adherence

Tablet count adherence data were available for 125 of 135 partic
ipants (10 missing: 6 3-times-weekly, 2 alternate-day, and 2 daily). 
The mean number of tablets taken per week was 5.23 (SD 1.66) in 
the daily arm, 3.20 (SD 0.98) in the alternate-day arm, and 2.94 (SD 
0.90) in the 3-times-weekly arm (supplemental Table 1), corre
sponding to a mean of 74.8%, 91.3%, and 98.1% of expected 
weekly doses taken, respectively. The proportion of participants 
classified as adherent (within ±15% of expected weekly dose) was 
46.5%, 56.8%, and 62.2% in the daily, alternate-day, and 3-times- 
weekly groups, respectively, consistent with adherence patterns 
reported in the full trial cohort.26 Despite lower adherence in the 
daily arm, participants in this group received substantially more iron 
per week, compared with other treatment arms.

Incidence of ID and anemia at follow-up

The proportion of participants meeting biochemical criteria for ID 
increased substantially from baseline to follow-up across all treatment 
groups. Using the current UK ferritin threshold (<30 μg/L), 69% to 
72% of pregnant women in each regimen were classified as iron- 
deficient at 26 to 30 weeks’ gestation, compared with 19% to 
31% at the time of randomization (Figure 1; supplemental Table 2). 
Similar patterns were observed when ID was defined using TSAT 
<20%. When a ferritin threshold of <50 μg/L was applied, an alter
native cut-off proposed in emerging literature,27 the proportion 
classified as iron deficient at follow-up increased to 92.9%, 86.0% 
and 90.5% in the daily, alternate-day and 3-times-weekly groups, 
respectively (supplemental Table 2). The overall agreement between 
ferritin- and TSAT-based classifications was 72.6% at baseline, 
declining to 65.2% at follow-up, indicating increasing discordance 
between biomarkers as pregnancy progressed (supplemental 
Table 3).

Despite these high rates of biochemical ID, Hb concentrations 
remained within the normal range for most participants at follow-up, 
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and the incidence of new-onset anemia (<105 g/L) remained <5% 
across all groups (Table 2).

Maternal iron status biomarkers

Unadjusted biomarker concentrations at baseline and follow-up 
are summarized in Table 2 and Figure 1. Across all treatment 
groups, Hb declined significantly (P < .0001) from randomization 
to follow-up, reflecting expected hemodilution, but not neces
sarily attributable to hemodilution alone. Ferritin concentrations 
also fell by ~50% in each arm, with a statistically significant 
(P < .0001) change seen in all groups, indicating declining iron 
stores across pregnancy. TSAT showed a similar pattern, 
decreasing markedly between baseline and follow-up in all 3 
regimens (P < .001), reflecting both reduced circulating iron and 
increased transferrin concentrations. Hepcidin concentrations 

were markedly reduced at follow-up for every group, with all 
reductions reaching statistical significance (P < .0001), consis
tent with patterns previously reported for hepcidin dynamics 
during pregnancy.28

sTfR concentrations increased significantly over the study period 
in the alternate-day and 3-times-weekly groups (P < .01), indi
cating increasing cellular iron demand. The smaller sTfR rise in the 
daily arm did not reach statistical significance (P = .1223).

The ferritin index (sTfR/[log10 ferritin]) increased significantly from 
baseline to follow-up in all 3 treatment groups (all P < .0001), 
reflecting the combined effect of rising cellular iron demand (sTfR) 
and declining iron stores (ferritin) across gestation. The magnitude 
of increase was greatest in the alternate-day group and smallest in 
the daily group.

Table 1. Baseline characteristics of participants by supplementation regimen

Daily (n = 45) Alternate (n = 47) 3 times per week (n = 43) Total (N = 135) P value*

Age, median + IQR, y 32 (29-32) 31 (28-35) 31 (28-34) 31 (28-34) .9945

Socioeconomic status, quintile (%) .8985

1 (most deprived) 8 (17.8) 8 (17) 6 (14.0) 22 (16.3)

2 3 (6.7) 8 (17) 8 (18.6) 19 (14.1)

3 5 (11.1) 4 (8.5) 4 (9.3) 13 (9.6)

4 4 (8.9) 3 (6.4) 4 (8.4) 11 (8.1)

5 (least deprived) 3 (6.7) 5 (10.6) 4 (2.3) 12 (8.9)

Gestation, median (range), wk 12.7 (11.9-13.1) 12.7 (12.2-13.1) 12.7 (11.9 -13.0) 12.7 (12.0-13.1) .7418

Ethnicity, n (%) .3463

White 37 (82.2) 42 (89.4) 38 (88.4) 117 (86.7)

Mixed 00 (0) 00 (0) 1 (2.3) 1 (0.7)

Asian or Asian British 7 (15.6) 4 (8.5) 3 (7.0) 14 (10.4)

Black, African, Caribbean, Black British 1 (2.2) 1 (2.1) 1 (2.3) 3 (2.2)

Other 00 (0.0) 00 (0.0) 00 (0.0) 00 (0.0)

Smoker, n (%) 5 (11.1) 2 (4.3) 2 (4.7) 9 (6.7) .4651

Height (cm), median (range) 164 (160-168) 165 (162-169) 165 (161-171) 165 (160-170) .7322

Weight (kg), median (range) 69 (61-82) 76 (64-96) 75 (62-84) 71 (62-88) .5423

BMI (kg/m2), median (range) 26 (23-30) 27 (23-35) 28 (21-31) 27 (23-32) .6592

Parity, median (range) 1 (0-1) 1 (0-1) 1 (0-1) 1 (0-1) .6358

Baseline Hb (g/L), median (range) 130 (123-134) 129 (126-137) 131 (123-137) 130 (125-136) .6480

Iron-containing supplements being taken at baseline, 
n (%)

10 (22.2) 8 (17.0) 8 (18.6) 26 (19.3) .8252

Known hemoglobinopathy trait, n (%) 1 (2.2) 1 (2.1) 2 (4.7) 4 (3.0) .6907

Previous anemia, n (%) .3958

Outside of pregnancy 7 (15.6) 4 (8.5) 6 (14.0) 17 (12.6)

During pregnancy 3 (6.7) 6 (12.8) 6 (14.0) 15 (11.1)

Both 00 (0.0) 1 (2.1) 00 (0.0) 1 (0.7)

Comorbidity, n (%)† 6 (13.3) 8 (17.0) 11 (25.6) 25 (18.5) .3405

At least 1 previous termination, n (%) 3 (6.7) 5 (10.6) 1 (2.3) 9 (6.7) .3257

At least 1 previous miscarriage or still birth, n (%) 10 (22.2) 14 (29.8) 14 (32.6) 38 (28.1) .5343

At least 1 previous PPH (>1L) , n (%) 3 (6.7) 5 (10.6) 7 (16.3) 15 (11.1) .3554

The data are presented as numbers (percentage) for categorical variables and median (Q1-Q3) for continuous variables. Estimated using the participant’s postcode to determine their IMD 
(2019). IMD data were not recorded for 58 participants because consent was not obtained to collect their postcode. Two participants had missing baseline Hb values. 

1L, 1 litre; BMI, body mass index; IMD, Index of Multiple Deprivation; IQR, interquartile range; PPH, postpartum hemorrhage; Q, quartile.
*Between-group comparisons were performed using the Kruskal-Wallis test for continuous variables and Fisher exact test for categorical variables.
†Including hypertension, cardiac disease, thyroid disorders, renal disease, preexisting diabetes, clotting disorders, and anticoagulant therapy.
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No statistically significant differences between treatment groups 
were detected at baseline or follow-up for any of the biomarker 
examined. Similarly, when comparing the magnitude of change 
between groups, no significant differences were observed in 
unadjusted analyses. All 3 regimens demonstrated broadly similar 
biomarker trajectories, and the direction of change in each 
biomarker was consistent across groups.

CRP concentrations were generally low across all treatment 
groups at both time points. Mean CRP concentrations did not 
differ significantly between groups at baseline (Welch’s ANOVA, 
P = .2121) or at follow-up (P = .2568). Although a higher pro
portion of participants in the alternate-day group had CRP con
centrations >5 mg/L at baseline (supplemental Table 4), the 
distribution of CRP categories (≤5 mg/L vs >5 mg/L) did not differ 
significantly between treatment groups at baseline (Fisher exact 
test, P = .2431) or at follow-up (P = .9218).

Inflammation adjustment with linear mixed-effects 
models

To account for repeated measures in each participant and the 
potential influence of inflammation, linear mixed models adjusting 
for log10 (CRP) were fitted for each biomarker. Adjusted baseline 

and follow-up estimates, along with within-group contrasts, are 
presented in Table 3.

In adjusted analyses, ferritin, TSAT, and hepcidin decreased 
significantly (P < .01), whereas the ferritin index increased signif
icantly (P < .01) from baseline to follow-up across all 3 dosing 
regimens. The adjusted direction and magnitude of change were 
consistent with unadjusted findings. sTfR increased significantly in 
the alternate-day (P = .003) and 3-times-weekly (P < .001) groups 
in the CRP-adjusted models, whereas the change in the daily 
group did not reach statistical significance (P = .084), mirroring 
the pattern observed in the unadjusted analyses (Figure 2).

Between-group comparisons of adjusted change values (group- 
time interaction) are summarized in Table 4. After adjusting for 
inflammation and repeated measures, biomarker trajectories were 
largely similar across the 3 dosing regimens. Ferritin, TSAT, and 
sTfR showed no significant differences in the change between 
groups, indicating that dosing frequency did not materially alter the 
overall direction or extent of biomarker change. The only significant 
between-group difference observed was that the alternate-day 
group exhibited a greater decline in hepcidin from baseline to 
follow-up than the daily group (P = .027). Other between-group 
differences were small and not statistically significant, potentially 
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Table 2. Maternal iron status biomarkers (unadjusted) at baseline and follow-up by supplementation frequency group, with within- and 
between-group comparisons

Biomarker Time point Daily (n = 45) N* Alternate-day (n = 47) N* 3 times per week (n = 43) N* P value†

Hb (g/L) Baseline 129.2 ± 8.3 131.4 ± 8.1 130.1 ± 8.9 .4645

Follow-up 118.7 ± 8.9 121.5 ± 7.8 118.1 ± 9.8 42 .1488

Δ Change −10.5 ±8.0 −9.9 ± 8.0 −11.8 ± 8.2 42 .5405

P value‡ <.0001**** <.0001**** <.0001**** -

MCV (fL) Baseline 88.4 ± 5.2 88.5 ± 4.2 88.8 ± 4.9 .9026

Follow-up 91.8 ± 5.7 91.7 ± 5.3 90.6 ± 4.5 42 .5045

Δ Change +3.38 ± 3.2 +3.19 ± 4.3 +1.71 ± 4.6 42 .1002

P value‡ <.0001**** <.0001**** .0108* —

MCH (pg) Baseline 29.8 ± 1.8 29.9 ± 1.6 29.6 ± 1.8 .6601

Follow-up 30.9 ± 2.0 30.8 ± 1.9 30.3 ± 1.9 42 .2750

Δ Change +1.11 ±1.2 +0.89 ±1.1 +0.69 ±1.2 42 .2574

P value‡ <.0001**** <.0001**** .0008*** —

Ferritin (ug/L) Baseline 50.0 (26.0-79.5) 44.0 (29.8-72.5) 46 47.0 (30.8-77.3) 42 .5250

Follow-up 23.0 (15.8-32.3) 42 22.0 (15.0-32.0) 43 21.5 (11.8-31.0) 42 .9046

Δ Change −18.5 (−39.0 to −5.75) 42 −23.5 (−47.5 to −12.8) 42 −29.0 (−56.0 to −14.5) 41 .0995

P value‡ <.0001**** <.0001**** <.0001****

Serum iron (μmol/L) Baseline 18.5 (14.7-23.7) 43 18.1 (13.6-23.4) 45 20.2 (12.83-25.2) .8583

Follow-up 15.3 (12.12-21.35) 44 15.48 (12.0-20.5) 45 14.9 (9.55 -22.0) .6162

Δ Change −1.19 (−6.57 to 1.32) 42 −1.01 (−6.83 to 3.00) 43 −1.42 (−12.9 to 5.82) .7792

P value‡ .1447 .2210 .1053

Transferrin (g/L) Baseline 2.97 ± 0.53 43 2.92 ± 0.43 45 2.93 ± 0.49 .9090

Follow-up 3.56 ± 0.60 44 3.62 ± 0.50 45 3.73 ± 0.80 .5573

Δ Change +0.61 ± 0.48 42 +0.72 ± 0.45 43 +0.80 ± 0.65 .2948

P value‡ <.0001**** <.0001**** <.0001****

TSAT (%) Baseline 26.1 (18.7-32.5) 43 24.7 (18.3-33.9) 45 28.5 (17.9-36.8) .9282

Follow-up 18.4 (14.2-26.4) 44 17.7 (12.6-23.6) 45 16.3 (10.3-24.7) .5118

Δ Change −6.78 (−11.9 to 0.72) 42 −5.80 (−13.1 to −0.72) 43 −5.69 (−21.0 to 0.44) .6152

P value‡ .0002*** .0001*** .0004***

sTfR (mg/L) Baseline 1.71 (1.25-2.23) 1.63 (1.29-2.03) 1.60 (1.22-2.15) .8672

Follow-up 1.81 (1.35-2.32) 2.00 (1.66-2.53) 2.07 (1.45-3.13) .4665

Δ Change +0.13 (−0.27 to 0.56) +0.19 (−0.14 to 0.89) +0.38 (−0.07 to 0.89) .4625

P value‡ .1223 .0041** .0003***

Ferritin index§ Baseline −1.39 ± 0.39 45 −1.46 ± 0.43 42 −1.45 ± 0.32 46 .6481

Follow-up −1.08 ± 0.34 42 −1.00 ± 0.45 42 −1.06 ± 0.39 43 .6876

Δ Change +0.29 ± 0.43 42 0.47 ± 0.33 41 0.44 ± 0.35 42 .0660

P value‡ <.0001**** <.0001**** <.0001****

Hepcidin (ng/mL) Baseline 6.66 (3.40-13.10) 9.97 (4.29-20.98) 9.39 (4.89-17.37) .3201

Follow-up 2.96 (1.71-4.34) 1.97 (1.21-4.26) 2.38 (1.02-5.65) .3184

Δ Change −3.89 (−11.1 to 0.09) −7.73 (−18.8 to −2.22) −5.13 (−11.8 to −1.39) .0810

P value‡ <.0001**** <.0001**** <.0001****

CRP (mg/L) Baseline 3.10 (1.84-7.21) 5.07 (2.21-9.00) 3.60 (1.90-9.11) .2121

Follow-up 3.34 (1.64-6.96) 4.06 (2.31-6.95) 4.20 (2.31-9.40) .2568

Δ Change −0.07 (−0.92 to 0.88) −0.54 (−1.92 to 0.32) +0.11 (−2.90 to 1.21) .2877

P value‡ .8516 .1117 .5814

Values are mean ± SD for normally distributed data or median (interquartile range) for skewed data. Δ = follow-up - baseline. Log-transformation applied to skewed variables (ferritin, 
hepcidin, sTfR, CRP, TSAT). Significance: ns ≥ .05; *P < .05; **P < .01; ***P < .001; ****P < .0001. 

MCH, mean corpuscular Hb; MCV, mean corpuscular volume; ns, not significant.
*N where n differs from the group total. Missing data (<10%) handled by complete-case analysis.
†Between-group (daily vs alternate vs 3× weekly) P values from 1-way ANOVA.
‡Within-group P values from paired t tests.
§Ferritin index was calculated as log10 (sTfR/ferritin).
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reflecting limited power to detect modest dose-related effects, 
despite directionally consistent trends favoring daily dosing across 
biomarkers (Figure 2).

CRP was included in all models to assess the independent 
contribution of inflammation to biomarker behavior, and the esti
mated effect of log10 (CRP) on each biomarker was calculated 
(supplemental Table 5). Adjustment for CRP did not materially alter 
biomarker trajectories across treatment groups, and the absence 
of a statistically significant rise in sTfR in the daily dosing group 
persisted after CRP adjustment, indicating that differences in 
inflammatory status were unlikely to explain between-group dif
ferences. Although the alternate-day group demonstrated a 
greater decline in hepcidin compared with the daily group in 
adjusted analyses, CRP was not independently associated with 
hepcidin concentrations in the mixed models, suggesting that this 
difference reflects physiological or dosing-related factors rather 
than baseline inflammation. CRP was not independently associ
ated with ferritin, hepcidin, ferritin index, or sTfR concentrations in 
the mixed models. By contrast, TSAT demonstrated a modest 
negative association with CRP, consistent with inflammation- 
related reductions in circulating serum iron.

Discussion
In this subanalysis, our key findings were that (1) ferritin, TSAT, 
and hepcidin declined significantly from randomization to follow-up 
across all dosing groups; (2) sTfR increased significantly in the 
alternate-day and 3-times-weekly groups but not in the daily group; 
(3) biomarker trajectories were consistent after adjustment for 
inflammation; and (4) most participants met the biochemical 
criteria for ID at follow-up irrespective of regimen, despite Hb 
remaining within the normal range and incidence of anemia being 
<5% in all groups. Taken together, these findings indicate that 
pregnancy physiology exerts a dominant influence on iron 
biomarker trajectories and that none of the evaluated supplemen
tation regimens were sufficient to overcome the pregnancy- 
associated decline in iron status.

The observed biomarker trajectories broadly align with other lon
gitudinal studies describing declining ferritin, hepcidin, and TSAT 
across gestation, alongside a progressive rise in sTfR, reflecting 
increased maternal-fetal iron demand, plasma volume expansion, 
and coordinated iron regulation.3,17,21,29 A recent large-scale 
longitudinal study of over 300 000 pregnancies demonstrated 

Table 3. Adjusted baseline and follow-up mean for iron biomarkers, with absolute and percent within-group change (CRP-adjusted linear 
mixed-effects models, back-transformed to original units)

Biomarker Treatment arm
Baseline, adjusted 

mean, (95% CI)
Follow-up, adjusted 

mean (95% CI) Absolute change
Percent 

change (%)
P value 

(within-group)

Ferritin (μg/L) Daily 42.05 (34.38-51.42) 23.19 (18.88-28.49) −18.86 −44.8 <.001***

Alternate day 48.69 (39.94-59.35) 22.02 (17.99-26.96) −26.67 −54.8 <.001***

3 × weekly 51.09 (41.55-62.83) 21.36 (17.37-26.27) −29.73 −58.2 <.001***

Serum iron (μmol/L) Daily 17.8 (15.5-20.0) 15.8 (14.1-18.2) −2.0 −11.2 .210

Alternate day 17.8 (15.8-20.0) 15.8 (13.8-17.8) −2.0 −11.2 .096

3 × weekly 18.2 (15.8-20.4) 15.5 (13.5-17.4) −2.7 −14.8 .047*

Transferrin (g/L) Daily 2.97 (2.80-3.14) 3.58 (3.41-3.74) +0.61 +20.5 <.001***

Alternate day 2.90 (2.74-3.07) 3.62 (3.46-3.79) +0.72 +24.8 <.001***

3 × weekly 2.92 (2.75-3.09) 3.72 (3.55-3.88) +0.80 +27.4 <.001***

TSAT (%) Daily 23.85 (20.74-27.44) 17.98 (15.65-20.65) −5.87 −24.6 .001**

Alternate day 24.65 (21.5-28.26) 17.41 (15.19-19.95) −7.25 −29.4 <.001***

3 × weekly 24.92 (21.66-28.66) 16.93 (14.71-19.48) −7.99 −32.1 <.001***

sTfR (mg/L) Daily 1.74 (1.54-1.96) 1.93 (1.71-2.18) 0.19 11 .084

Alternate day 1.66 (1.48-1.87) 1.99 (1.77-2.23) 0.33 19.6 .003**

3 × weekly 1.73 (1.53-1.96) 2.13 (1.88-2.41) 0.4 23 <.001***

Ferritin index Daily 1.25 (0.99-1.51) 1.64 (1.37-1.91) +0.39 +31.4 .006**

Alternate day 1.09 (0.83-1.35) 1.73 (1.46-1.99) +0.64 +58.5 <.001***

3 × weekly 1.20 (0.93-1.47) 1.97 (1.71-2.24) +0.78 +64.6 <.001***

Hepcidin (ng/mL) Daily 6.54 (4.92-8.7) 2.81 (2.11-3.73) −3.73 −57.1 <.001***

Alternate day 8.79 (6.65-11.61) 2.18 (1.65-2.87) −6.61 −75.2 <.001***

3 × weekly 8.66 (6.47-11.58) 2.49 (1.86-3.33) −6.17 −71.3 <.001***

Values represent adjusted means (95% CI) derived from linear mixed-effects models. sTfR, hepcidin, ferritin, TSAT, and serum iron were modelled on the log10 scale and back-transformed to 
original measurement units for presentation. Transferrin, mean corpuscular volume, mean corpuscular Hb, and ferritin index were modelled on their original scales. Models included fixed effects 
for treatment group, time (baseline vs follow-up), group-time interaction, and log10-transformed CRP, with a random intercept for participant ID. Absolute and percent changes represent 
adjusted within-group changes from baseline to follow-up. Percent change is not reported for ferritin index, which represents a log10-transformed ratio. P values correspond to within-group 
contrasts (follow-up vs baseline) estimated using Satterthwaite’s approximation for degrees of freedom. 

Significance: ns ≥ .05; *P < .05; **P < .01; ***P < .001. 
CI, confidence interval; ns, not significant.
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coordinated shifts in metabolic, inflammatory, and hematological 
biomarkers across pregnancies,30 reinforcing that these trajec
tories may represent physiological adaptation, not greatly modified 
by treatment effects. Ferritin declined in all arms, reflecting 
hemodilution, mobilization of stores, and increased iron use,3,27,31

with possible contribution from pregnancy-related immunomodu
lation.32 TSAT fell consistently, in line with rising transferrin and 
redistribution of iron toward maternal and fetal needs.3 Hepcidin 
suppression across all groups was consistent with the profound 

suppression that occurs in healthy pregnancies to facilitate iron 
absorption and placental transfer.3,4,21 The slightly greater hepci
din decline in the alternate-day group may reflect greater physio
logical iron demand, but regimen-related differences are small 
relative to the overall pregnancy-driven suppression. Our sTfR 
findings align with previous studies showing a progressive rise 
across gestation,33-35 reflecting increased cellular iron demand 
and erythropoietic activity.29,36 Importantly, the rise in the daily 
group did not reach statistical significance (P = .084), suggesting 
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Figure 2. Adjusted within-group changes in iron 

biomarkers by supplementation regimen. Adjusted 

within-group changes (follow-up - baseline) in ferritin, TSAT, 

sTfR, hepcidin, and ferritin index by oral iron supplementation 

regimen (daily, alternate-day, and 3-times-weekly). Estimates 

were obtained from CRP-adjusted linear mixed-effects 

models with a participant-level random intercept. Ferritin, 

TSAT, sTfR, and hepcidin were modelled on the log10 scale 

and back-transformed for presentation, whereas ferritin index 

was analyzed on its original scale. Points show adjusted mean 

changes with 95% confidence intervals, and the dashed line 

indicates no change.
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that cellular iron supply was more adequate, and that daily dosing 
may better meet the increasing erythropoietic demands of preg
nancy. The ferritin index (sTfR/log10ferritin), which integrates 
cellular iron demand with iron stores,20 increased in all groups but 
showed the smallest increase in the daily arm, providing further, 
complementary support for this interpretation.

CRP had little independent association with most biomarkers, 
likely reflecting the cohort’s low overall inflammatory burden and 
the dominant physiological suppression of ferritin and hepcidin 
across pregnancy.3,4,17,21 Consistent with Biomarkers Reflecting 
Inflammation and Nutritional Determinants of Anemia data, sTfR 
was insensitive to CRP,29,36,37 and CRP adjustment did not 
explain between-group differences in hepcidin or sTfR trajectories. 
TSAT retained its expected negative association with CRP, 
consistent with inflammation-mediated reductions in circulating 
serum iron.4 Overall, CRP appears to have limited value for 
adjusting iron biomarkers in healthy pregnancies.

Despite prophylactic supplementation, most participants met 
biochemical criteria for ID at follow-up. In the daily group, this 
occurred without a significant rise in sTfR, suggesting erythropoietic 
iron demands may have remained adequately met despite declining 
ferritin and TSAT. This discordance highlights the challenge of 
interpreting iron status biomarkers in late pregnancy, where it is 
difficult to determine which biochemical thresholds reflect true 

functional ID. Current cut-offs are largely derived from nonpregnant 
populations and longitudinal studies consistently demonstrate a 
physiological decline in ferritin across gestation.3,17,27,31,32 Recent 
analyses support the need for physiologically informed, trimester- 
specific thresholds,27,38,39 to better distinguish normal gestational 
adaptation from clinically meaningful ID.

The parent PANDA trial demonstrated broadly similar Hb out
comes across all 3 regimens, with daily dosing achieving the most 
consistent Hb maintenance and comparable adherence and side- 
effect profiles.26 Adherence in this subcohort was consistent with 
the parent trial,26 although rates achieved within a trial setting and 
real-world adherence are likely to be lower. The low incidence of 
anemia across all arms (~4%-5%) was consistent with a protective 
effect of prophylactic supplementation, although there is growing 
recognition that ID without anemia carries clinical consequences40

and that Hbn is poorly sensitive and poorly specific for ID.41 The 
present subanalysis provides mechanistic support for the direc
tional advantage of daily dosing beyond Hb, including the absence 
of a significant sTfR rise and the smaller ferritin index increase, in 
the daily arm both suggest that daily dosing better sustains 
erythropoietic iron supply across pregnancy. This contrasts with 
the findings of a recent systematic review42 showing similar effi
cacy between alternate-day and daily iron; however, that review 
focused on treatment of established anemia with Hb as the primary 
outcome, whereas this subanalysis addressed prophylactic dosing 
in nonanemic women. Although our results favor daily prophylactic 
dosing, larger adequately powered outcome-focused studies are 
needed, supporting the rationale for the main PANDA trial, a large 
pragmatic study that has started enrolling the 11 020 women to 
compare once-daily oral iron with placebo (ISRCTN16425597).

The question of which biomarker thresholds should guide treat
ment decisions in pregnancy has direct clinical relevance. Ferritin 
<30 μg/L is increasingly used to justify treatment escalation in 
pregnancy, including decisions around IV iron.17 Although an early 
study suggested sTfR outperforms ferritin for detecting ID,43 its 
diagnostic use remains unclear, particularly given that the pro
posed diagnostic thresholds are assay-dependent and vary widely 
across contexts.44-46 If ferritin decline partly reflects physiological 
adaptation rather than complete functional deficiency in late 
pregnancy, there is a risk of over-treatment. At the same time, a 
recent randomized trial47 using ferritin <30 μg/L as eligibility 
criteria for IV iron in nonanemic women reported a significant 
reduction in fetal growth restriction; however, this was not a pri
mary outcome and requires confirmation in larger trials. This 
finding nonetheless highlights that the clinical consequences of ID 
in pregnancy extend beyond Hb. Taken together, these findings 
highlight the need for pregnancy-specific, functionally validated 
thresholds that can meaningfully distinguish physiological adap
tation from true deficiency and guide treatment decisions 
appropriately.

Strengths of this analysis include the randomized design of the 
parent trial, comparability of baseline characteristics, and a 
comprehensive biomarker panel. Assays were conducted in an 
accredited laboratory, with sample pairs measured on the same 
plate to minimize interassay variability. The use of linear mixed- 
effects models allowed appropriate handling of repeated mea
sures and adjustment for inflammation. This subanalysis was 
exploratory and underpowered for between-group comparisons, 

Table 4. Between-group differences in adjusted within-group 
changes in biomarkers

Biomarker Comparison Effect (95% CI) P value

Ferritin 3 × weekly vs alternate day −0.034 (−0.158 to 0.090) .587

3 × weekly vs daily −0.120 (−0.245 to 0.004) .057

Alternate day vs daily −0.086 (−0.209 to 0.037) .169

Serum iron 3 × weekly vs alternate day −0.012 (−0.104 to 0.081) .802

3 × weekly vs daily −0.025 (−0.118 to 0.068) .597

Alternate day vs daily −0.013 (−0.105 to 0.079) .778

Transferrin 3 × weekly vs alternate day 00.076 (−0.156 to 0.307) .518

3 × weekly vs daily 00.189 (−0.043 to 0.422) .110

Alternate day vs daily 00.113 (−0.118 to 0.345) .334

TSAT 3 × weekly vs alternate day −0.017 (−0.114 to 0.081) .735

3 × weekly vs daily −0.045 (−0.143 to 0.053) .364

Alternate day vs daily −0.028 (−0.126 to 0.069) .565

sTfR 3 × weekly vs alternate day 00.012 (−0.061 to 0.085) .740

3 × weekly vs daily 00.045 (−0.028 to 0.118) .228

Alternate day vs daily 00.033 (−0.039 to 0.105) .370

Ferritin index 3 × weekly vs alternate day −0.14 (−0.53 to 0.25) .500

3 × weekly vs daily −0.38 (−0.78 to 0.02) .060

Alternate day vs daily −0.25 (−0.64 to 0.14) .136

Hepcidin 3 × weekly vs alternate day 00.065 (−0.150 to 0.279) .552

3 × weekly vs daily −0.174 (−0.390 to 0.042) .114

Alternate day vs daily −0.239 (−0.450 to −0.027) .027*

Between-group contrasts represent differences in adjusted within-group changes (follow- 
up - baseline) between dosing regimens. Models included treatment group, time, group × 
time interaction, and log10(CRP) as fixed effects, and a random intercept for participant. 
Estimates are expressed on the log10-transformed scale. 

CI, confidence interval.
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as the sample size was determined by feasibility and cost con
straints rather than a formal power calculation, and between-group 
findings should be interpreted as hypothesis-generating. Our 
cohort was predominantly White British (86.7%), nonanemic at 
enrolment, and managed within a structured trial setting with active 
adherence support; findings may not be generalizable to more 
diverse populations or to anemic women, in whom effects on iron 
status may be more pronounced. Ferritin was measured locally at 
each participating site as part of routine antenatal blood testing; 
specific analyzer models were not centrally recorded, and inter-site 
variability cannot be excluded. The reliance on CRP alone limited 
the ability to fully characterize inflammatory effects. Biomarker 
variation related to the timing of iron dosing and diurnal patterns 
could not be controlled. The timing of blood sample collection 
relative to oral iron dosing was not standardized, which may have 
contributed to variability in iron-sensitive biomarkers. This is likely 
to be particularly relevant in the 3-times-weekly group and given 
the known circadian variation in serum iron. Multiple statistical 
comparisons increase the potential for type I error. Maternal and 
neonatal outcome data were not linked to this subanalysis 
because the parent trial showed no difference in clinical outcomes 
and this subanalysis was not powered to detect them. Finally, the 
absence of anemic women in this subanalysis results in a relatively 
homogeneous cohort that reduces variability and aids interpreta
tion, but limits generalizability to anemic pregnant populations, who 
remain understudied despite their global prevalence, and it is likely 
that effects on iron status and iron response may be more pro
nounced in this group.

Conclusion

Our findings demonstrate that pregnancy-associated declines in 
iron status occur despite oral iron supplementation and are 
observed across dosing regimens, indicating that pregnancy phys
iology exerts a dominant influence on iron biomarker trajectories. 
The absence of a significant rise in sTfR in the daily supplementation 
group is consistent with better support for rising cellular iron 
requirements, although this subanalysis was underpowered for 
between-group comparisons and these findings require confirma
tion in larger, adequately powered studies. Notably, a high propor
tion of participants met the biochemical criteria for ID at follow-up 
despite preserved Hb concentrations, suggesting that iron deple
tion may develop during pregnancy in the absence of overt anemia 
and irrespective of supplementation frequency. These findings 
highlight the need for pregnancy-specific, functionally validated 

approaches to assessing iron status and for further evaluation of 
strategies to address ID during pregnancy, including among anemic 
women, as well as their associated clinical outcomes.
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