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Abstract

Background: Medication safety in pregnancy, puerperium, and perinatal periods is un-
derexplored because these populations are excluded from clinical trials. EudraVigilance
offers post-marketing evidence, but disproportionality analyses focus on isolated drug
event pairs and may miss syndromic patterns. We applied a network- and cluster-based
framework to EudraVigilance reports on antiviral use in pregnancy to improve surveillance
and identify meaningful constellations. Methods: We retrieved all individual case safety
reports (ICSRs) from January 2015 to June 2025, including pregnancy, puerperium, or peri-
natal terms, focusing on suspect antivirals. After parsing terms, disproportionality metrics
were computed as a benchmark. A bipartite drug—event network was built and projected
to event—event co-occurrence networks; Louvain community detection identified clusters.
Clusters were characterized by size, drug mix, seriousness, overlap with disproportionality
signals, and stratification across periods. Results: The dataset comprised 106,924 ICSRs and
232,067 unique pairs. Disproportionality yielded 6142 signals, mainly involving antiretro-
virals (ritonavir, lamivudine, zidovudine, emtricitabine/tenofovir). Network analysis
revealed clusters grouping maternal and fetal /neonatal outcomes (e.g., fetal death, low
birth weight), and transplacental transfer, highlighting structures not visible in pairwise
analyses. Several clusters combined high-frequency exposures with clinically relevant out-
comes, suggesting early-warning potential. Conclusions: Combining disproportionality
with network- and cluster-based pharmacovigilance adds value for monitoring pregnancy
medication safety. Beyond individual signals, this approach reveals meaningful clusters
and “bridge” reactions connecting adverse-event domains, offering a richer framework for
perinatal surveillance. Despite spontaneous-reporting limits, findings generate hypotheses
for mechanistic and pharmacoepidemiologic follow-up and support network methods as
complements to traditional pharmacovigilance.

Keywords: adverse drug reaction; antivirals; cluster analysis; EudraVigilance; perinatal;
perinatal safety; pharmacovigilance; pregnancy; puerperium

1. Introduction

Pregnancy, the puerperium, and the perinatal period represent high-risk windows
for medication safety. Physiological changes during gestation alter pharmacokinetics and
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pharmacodynamics, while fetal and neonatal exposures raise unique safety concerns [1].
Despite these vulnerabilities, pregnant and breastfeeding women are frequently excluded
from clinical trials, resulting in critical evidence gaps on the safety of commonly used
therapies [2]. In this context, post-marketing surveillance becomes the primary source of
data to guide clinical practice and regulatory decision-making [3].

Spontaneous reporting systems such as EudraVigilance provide large-scale pharma-
covigilance data and have been widely used to investigate adverse drug reactions (ADRs)
in pregnancy. The standard analytic framework relies on disproportionality measures
such as the proportional reporting ratio (PRR), reporting odds ratio (ROR), or information
component (IC) [4]. While these methods are foundational for signal detection, they are
limited to isolated drug—event pairs, often missing the broader context of co-occurring
adverse drug reactions (ADRs) and syndromic patterns [5]. This unidimensional approach
can be sensitive to sparse data and may overlook clinically meaningful constellations of
maternal, fetal, and neonatal outcomes [6,7].

Recent advances highlight the value of network-based methods and community
detection algorithms for pharmacovigilance. By mapping drug-event networks, these
approaches reveal hidden structures and “bridge” reactions that connect adverse-event
domains, offering a richer view than pairwise disproportionality alone [8,9]. For example,
Fusaroli et al. report that applying the Louvain algorithm with LASSO filtering to identify
syndrome-like clusters not detected by the reporting odds ratio [8]. While Ji et al. showed
that integrating Bayesian models into pharmacological networks significantly improved
discrimination (area under the curve (AUC) 0.8291 vs. 0.6721-0.7343) [10]. Pétervéri et al.
introduced the NEWS D score, which outperformed ROR across multiple outcomes [11].
Other approaches, including network representation learning [12] and ensemble strate-
gies [13], further enhance sensitivity, robustness, and computational efficiency, in some
cases doubling or tripling signal detection rates relative to standard methods.

Collectively, these studies demonstrate a growing methodological toolkit for moving
beyond disproportionality analysis, yielding quantitative gains and novel insights into
ADR patterns [14,15]. Despite these methodological advances, applications in pregnancy
pharmacovigilance remain limited. Addressing this gap is critical, as regulatory and
structural barriers continue to constrain evidence generation for safe medication use during
pregnancy, puerperium, and the perinatal period [16,17]. To address this gap, we applied
an integrated disproportionality- and network-based framework to EudraVigilance reports
of antiviral use in pregnancy. Our goal was to evaluate how community detection can
complement conventional signal detection, generating clinically meaningful clusters of
maternal, fetal, and neonatal outcomes to support safer medication use during pregnancy,
puerperium, and the perinatal period.

2. Results
2.1. Data Characterization

A total of 183,179 adverse event reports were retrieved, of which 100% were sponta-
neous reports (Table 1). Reports were predominantly submitted by healthcare professionals
(53.4%), with the remainder from non-healthcare professionals (46.6%). The majority origi-
nated from non-EEA countries (68.5%), while 31.5% were from the EEA. Literature sources
accounted for 12.9% of reports.
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Table 1. Characteristics of ADR reports overall and by pregnancy-related subgroups. Age groups
such as 0-1 month, 2 months-2 years, or 3-11 years reflect infants or children in reports flagged as
pregnancy-related, not the pregnant individuals themselves. These cases result from mother-infant
pairs or fetal/neonatal adverse reactions captured within the same ICSR.

Variable Category All Reports n (%)  Pregnancy n (%)  Puerperium n (%) Perinatal n (%)
Report type Spontaneous 183,179 (100.0) 6907 (3.8) 14 (0.01) 1987 (1.1)
Healthcare
Primary source NprOflf sslio}?al 97,810 (53.4) 6603 (3.6) 13 (0.01) 1924 (1.1)
ualification on-healthcare
q professional 85,369 (46.6) 304 (0.2) 1 (0.00) 63 (0.03)
Primary source EEA 57,783 (31.5) 2907 (1.6) 5 (0.00) 953 (0.5)
country Non-EEA 125,396 (68.5) 4000 (2.2) 9 (0.00) 1034 (0.6)
From literat Yes 23,621 (12.9) 2023 (1.1) 7 (0.00) 708 (0.4)
rom lterature No 159,558 (87.1) 4884 (2.7) 7 (0.00) 1279 (0.7)
0-1 month 970 (0.5) 583 (0.3) 0 213 (0.1)
2 months-2 years 881 (0.5) 150 (0.1) 0 29 (0.02)
3-11 years 1381 (0.8) 14 (0.01) 0 7 (0.00)
: 12-17'years 1209 (0.7) 50 (0.03) 0 20 (0.01)
Patient age group 18-64 years 85,868 (46.9) 2877 (1.6) 9 (0.00) 977 (0.5)
65-85 years 24,461 (13.4) 4 (0.00) 0 1 (0.00)
>85 years 4253 (2.3) 0 0 0
Not specified 64,156 (35.0) 3229 (1.8) 5 (0.00) 740 (0.4)
Neonate
(preterm/ term) 1006 (0.6) 839 (0.5) 0 244 (0.1)
Infant 512 (0.3) 296 (0.2) 0 66 (0.04)
: Child 529 (0.3) 19 (0.01) 0 0
P(Tsler:rar%e i Adolescent 271 (0.2) 1(0.00) 0 0
perrep Adult 47,219 (25.8) 770 (0.4) 4 (0.00) 191 (0.1)
Elderly 7335 (4.0) 1 (0.00) 0 1 (0.00)
Fetus 203 (0.1) 190 (0.1) 0 12 (0.01)
Not specified 126,104 (68.8) 4791 (2.6) 10 (0.01) 1473 (0.8)
e Yes 4662 (2.6) 2496 (1.4) 0 650 (0.4)
Parent-—child report No 178,517 (97.5) 4411 (2.4) 14 (0.01) 1337 (0.7)
Male 103,361 (56.4) 862 (0.5) 0 238 (0.1)
Patient sex Female 65,314 (35.7) 4913 (2.7) 14 (0.01) 1589 (0.9)
Not specified 14,504 (7.9) 1132 (0.6) 0 160 (0.1)

Patient demographics indicated that most cases involved adults aged 1864 years
(46.9%), followed by unspecified age (35%). Elderly patients accounted for 13.4%, while
pediatric and neonatal reports were rare (<2%). Classification by reporter designation
showed a similar trend, with adults representing 25.8% of reports, the elderly 4.0%, and
neonates/infants <1%. Females comprised 35.7% of reports, males 56.4%, and sex was
unspecified in 7.9%. Parent—child reports were infrequent (2.5%).

Pregnancy-related terms were identified in 3.8% of reports, puerperium in 0.01%, and
perinatal in 1.1%. As expected, pregnancy-related events were most frequently reported
among adult females, whereas perinatal events were concentrated in neonates and fetuses.
However, reports classified as pregnancy-related may include reactions occurring in the
mother or the offspring; age group data, therefore, do not necessarily correspond to
pregnant patients.

Across subgroups, the frequency and type of reported adverse reactions varied sub-
stantially. Overall, the most frequent reaction PTs reported across all groups is tooth loss
(Figure 1). Pregnancy reports were dominated by maternal and fetal exposure events, with
serious outcomes such as premature delivery and congenital anomalies occurring less
frequently (Figure 2). Puerperium reports were extremely limited (n = 14) but dispropor-
tionately serious, with postpartum hemorrhage and Stevens—Johnson syndrome among the
most common events (Figure 3). Perinatal reports (n = 1987) primarily captured neonatal
outcomes such as live birth, low birth weight, and prematurity, often classified as serious
(Figure 4). These differences reflect both underlying biological risk patterns and reporting



Pharmacoepidemiology 2025, 4, 24

40f18

Reaction Preferred Term (PT)

ﬂ[”l ||‘|

Reaction Preferred Term (PT)

.|nn|||[

RENAL IMPAIRMENT

VIROLOGIC FAILURE

PREGNANCY WITH IMPLANT CONTRACEPTIVE

intensity, and they highlight the challenges of signal detection in underpowered subgroups
such as puerperium.
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Figure 1. Top 10 Reported Adverse Reactions Overall. Bar plot showing the most frequent reaction
PTs reported across all groups, stratified by seriousness (Serious/Non-serious). This provides an
overall sense of the most common adverse events and their clinical significance.
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Figure 2. Top 10 Pregnancy-related Reported Adverse Reactions Overall. Bar plot showing the most
frequent reaction PTs reported across all groups, stratified by seriousness (Serious/Non-serious).
This provides an overall sense of the most common adverse events and their clinical significance.



Pharmacoepidemiology 2025, 4, 24

50f18

Reaction Preferred Term (PT)

Reaction Preferred Term (PT)

POSTPARTUM HAEMORRHAGE

STEVENS-JOHNSON SYNDROME

WHITE BLOOD CELL COUNT INCREASED

TOXICITY TO VARIOUS AGENTS

TOXIC EPIDERMAL NECROLYSIS

SPLENIC RUPTURE

PUERPERAL INFECTION

Top

10 Puerperium-Related Adverse Reactions by Seriousness

seriousness Il serious

o
3

20
Percentage of Total Reactions

g
=]

Figure 3. Top 10 Puerperium-related Reported Adverse Reactions Overall. Bar plot showing the most
frequent reaction PTs reported across all groups, stratified by seriousness (Serious/Non-serious).
Non-serious reports were included in this top 10. This provides an overall sense of the most common
adverse events and their clinical significance.
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Figure 4. Top 10 Perinatal-related Reported Adverse Reactions Overall. Bar plot showing the most
frequent reaction PTs reported across all groups, stratified by seriousness (Serious/Non-serious).
This provides an overall sense of the most common adverse events and their clinical significance.

In Table 2, we summarize the distribution of suspected drugs across subgroups. In
pregnancy-related reports, the most frequently suspected drugs were ritonavir, lamivudine,
zidovudine, tenofovir combinations, and integrase inhibitors (raltegravir, dolutegravir),
with transplacental exposure being the most common route reported. Puerperium-related
reports were sparse, with nevirapine, abacavir, and dolutegravir appearing alongside
non-antivirals (omeprazole, clemastine, colecalciferol). Indications included HIV infection
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and postpartum conditions. Perinatal-related reports showed predominance of ritonavir
and emtricitabine /tenofovir, reflecting maternal-fetal transmission or neonatal treatment.
Compared to pregnancy reports, drug withdrawal was more frequently documented,
suggesting treatment modifications after neonatal outcomes. Notably, entries labeled as
“unknown” reflect missing or incomplete information in the individual ICSRs.

Table 2. Summarizes the distribution of suspected drugs, indications, routes, and actions taken across

subgroups.
Dimension Pregnancy Puerperium Perinatal
Top drug Ritonavir (n = 2545) Nevirapine (1 = 9) Ritonavir (n = 921)
. . . . . . Emtricitabine/Tenofovir DF,
Other frequent drugs Lamivudine, Zidovudine, Abacavir, Dolutegravir, Lamivudine, Zidovudine,

Tenofovir combos

Omeprazole, Clemastine

Dolutegravir

Top indication

HIV infection, Product used
for unknown indications

HIV infection, Pruritus,
Product used for unknown
indication

HIV infection, Product used
for unknown indications

Top route

Transplacental, Oral,
Unknown

Oral, Unknown

Transplacental, Oral,
Unknown

Top action taken

Unknown, Not applicable,
Dose unchanged

Unknown, Dose unchanged,
Drug withdrawn

Unknown, Not applicable,
Drug withdrawn, Dose

unchanged

Concomitant (not administered) drugs were frequently recorded, though >50% of
entries could not be parsed. Among parsable drugs, common co-medications were parac-
etamol, ritonavir, sulfamethoxazole-trimethoprim, aspirin, and lamivudine. In pregnancy-
related reports, folic acid, iron, zidovudine, and dolutegravir sodium were most frequent,
reflecting both HIV treatment and maternal supplementation. These co-exposures provide
clinical context for maternal-fetal safety assessment but may also act as confounders in
pharmacovigilance analyses.

2.2. Disproportionality Analysis Highlights Strong Pregnancy-Related Signals Compared to
Puerperium and Perinatal Subgroups

Among 680 deduplicated pregnancy reports, 7011 drug—event pairs were evaluated,
of which 470 pairs met signal criteria. Most frequent signals involved antiretroviral agents,
including abacavir, and immune modulators. Example pairs exhibited high PRR values
(up to 62.9), positive IC (>0), and strong statistical significance (—log10 p > 8), indicating
disproportionate reporting relative to the overall dataset.

The volcano plot (Figure 5) highlights these significant associations, with points in the
upper-right quadrant representing the strongest signals. Heatmaps of IC values further
illustrate the relationships between frequently reported drugs and reactions, showing clus-
tering of signals for specific antiretrovirals (Figure 6). Notably, ritonavir and certain NRTI
combinations (emtricitabine/tenofovir, lamivudine) appear prominently in adverse events
such as fetal death and fluid retention. Several reactions are connected to multiple drugs,
suggesting broader pregnancy risk signals. Full disproportionality results are extensive;
therefore, we report only the 20 most frequent pregnancy signals in Supplementary Table
51, while a summary of the smaller puerperium and perinatal subgroups is shown in
Supplementary Table S2. These tables provide transparency on both the strongest signals
and the rationale for restricting our analysis focus to pregnancy. These patterns provide a
rationale for subsequent mechanistic clustering and pharmacokinetic/pharmacodynamic
(PK/PD) modeling to explore potential clinical implications of these associations.
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Figure 5. A volcano plot for pregnancy highlighted a wide distribution of drug-PT disproportionali-
ties with strong outliers.
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Figure 6. The heatmap emphasized clusters of drugs co-reported with inflammatory conditions and
infections.

The puerperium subgroup included only 11 deduplicated reports, and the perinatal
subgroup included 146 reports. In both cases, no drug—event pairs met signal thresholds,
reflecting limited statistical power. Consequently, no volcano or heatmap visualizations
were generated.
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Regarding the sensitivity analysis, in the Pregnancy subgroup, 470 signals were de-
tected under the base threshold. Applying a stricter threshold reduced the number of
signals to 10, all of which overlapped with the base set, indicating that these represent
the most robust associations. A loose threshold increased signal detection to 1160, re-
flecting weaker associations. Moreover, LOY analyses demonstrated that signal detection
was largely stable across years, with minor variation (452—472 signals) when excluding
most years. However, excluding reports from 2024 or 2025 led to a marked decrease in
detected signals (48 and 28, respectively), suggesting that recent years contributed dis-
proportionately to the overall signal profile. Overall, these results indicate that the base
threshold signals are robust, while LOY analyses confirm temporal consistency except for
very recent data.

2.3. Cluster and Network Analysis
2.3.1. Network Structure

Pairwise co-occurrences of maternal-fetal adverse drug events were used to construct
an undirected network graph. Reactions occurring in at least 5 reports were included
as edges. The Louvain community detection algorithm identified clusters of co-reported
adverse drug events, assigning each reaction to a cluster and calculating node-level network
metrics, including degree and betweenness centrality. Network visualization highlighted
adverse drug events with high centrality, defined as nodes in the 90th percentile for degree
or betweenness. These “important” nodes represent highly interconnected or influential
reactions within the network, potentially serving as sentinel signals for maternal-fetal safety.
The visualization (Figure 7) depicts clusters by color and emphasizes central reactions with
labels, providing an overview of network structure and relative connectivity. Cluster 1
grouped congenital anomalies and medically important conditions; Cluster 2 included
fetal death and drug ineffectiveness; Cluster 3 aggregated pregnancy outcomes such as
spontaneous/induced abortion, prematurity, live birth, and cesarean section; smaller
clusters reflected outcomes such as hepatitis B, stillbirth, HIV transmission, and liver
enzyme elevations.
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§ STIPATION (N/A - FATAL - RESULTS IN DEATH
ATIC ENZYME INCREASED (N/A - FATAL - RESULTS IN DEATH
COELIAC DISEASE (NiAg FATAL - RESULTS IN DEATH L UID RETENTION (VA . FATAL - RESULTS IN DEATH
BURSITI® (NI FATAL - RESULTS IN DEA! ATIGUE (N/A - FATAL - RESULTS IN DEATH
THMA (WA - FATAL - RESULTS IN DEA & HYPERTENSION (N/A - FATAL - RESULTS IN DEATH

3 INFUSION RELATED REACTION (N/A - FATAL - RESULTS IN DEATH
IMMUNODEFICIENCY (WA - FATAL - RESULTS IN mim OETALDEATH (WA - FATAL - RESUEY s IN DEATHD @ q
! @  HYPERHIDROSIS (NA - FATAL - RESULTS IN DEATH P SORIASIS (WA - FATAL - RESULTS IN DEATH

PREIMTURPBABV e O ° - ° n
OTHER MEDICAL ORTANT CONDITION)
° e © . 2 d e °* 25
e B ® ° o o 50
.
» ¢ . 75
U ° . — o
° 03 ° 100
Y .
L o O e Cluster
° ° ° .
X
2
L ] % ¢ 73
°

. 4

°

¢ L BIRTH L ]

¥ 6
HYPQUATRAEMIA ° . ° . 7

INTENTIONAL PRODUCT USE ISSUE OFF LA ® e e ® . * 8
AIN ‘:AE SAREAN SECTION
PATIC ENZYME INCREASED g, Degree
Serrecrve PS * ° ® 2
OFTAL DEATH . °
% " ® 0

. ° o @®

ABORJON INDUCED

& ®

L .

Figure 7. Network visualization of adverse reaction clusters.
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Robustness analyses using multiple clustering algorithms confirmed the stability of
the network structure. Walktrap identified 15 clusters (modularity = 0.53; adjusted Rand
index [ARI] vs. Louvain = 0.51), whereas Infomap produced 16 clusters (modularity = 0.54;
ARI vs. Louvain = 0.81), indicating high concordance across methods and supporting that
these clusters represent meaningful co-reporting patterns rather than random associations.

Most clusters were dominated by serious outcomes. Reports of congenital anomalies,
pregnancy outcomes, stillbirth, and systemic fatal events were nearly exclusively serious,
whereas non-serious reports were largely concentrated in Cluster 2, reflecting routine
clinical management events. Network visualization (Figure 7) illustrates both the intercon-
nectedness of clusters and the centrality of high-impact adverse drug events in shaping
network topology.

2.3.2. Drug—Cluster Associations

Associations were first assessed at the individual drug level. Monte Carlo chi-square
tests with 10,000 simulations. Standardized residuals identified drugs disproportionately
contributing to specific clusters. For example, zidovudine and nevirapine were overrep-
resented in congenital anomaly and fetal death clusters, while integrase inhibitors such
as dolutegravir and bictegravir were more frequent in pregnancy outcome clusters. A
heatmap of standardized residuals (Figure 8) visualized these associations across all an-
tivirals, highlighting both shared and drug-specific safety signals. This drug-level analysis
preserved distinctions within ARV classes and revealed heterogeneous reporting patterns
not visible from disproportionality alone.
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Figure 8. Standardized residuals from the Monte Carlo Chi-square analysis are shown for each
drug—cluster pair. Drugs are grouped along the y-axis by their International Nonproprietary Name
(INN) stem, highlighting pharmacological class structure as outlined by Balocco et al. [18]. Red
cells represent positive standardized residuals (over-represented associations), blue cells negative
residuals (under-represented associations), and gray cells indicate null or missing values. This
visualization enables rapid identification of class-specific enrichment patterns among pregnancy-
related safety signals.
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2.3.3. Sensitivity Analyses

A temporal dynamics analysis shows the reporting patterns shifted markedly over
time. Before 2017, ICSRs were dominated by legacy ARVs. From 2018 onwards, newer
drugs rose sharply, reaching >70% of maternal-fetal ADR reports by 2021-2025. This
trajectory mirrors evolving clinical guidelines and prescribing practices. Additionally,
aggregating drugs into “Legacy”, “Newer”, and “Other” groups revealed differential
cluster associations. Standardized residual analysis indicated that legacy ARVs were
overrepresented in clusters 1 and 6, whereas newer ARVs were more evenly distributed,
with slight enrichment in cluster 3. Cluster 2 showed negative residuals for legacy
drugs, suggesting underrepresentation. Legacy agents were significantly enriched in
Cluster 1 (congenital anomalies, where standardized residual ~ +4.6), consistent with
historical safety concerns. Newer agents were enriched in Cluster 3 (pregnancy outcomes,
residual ~ +4.7), particularly with dolutegravir and bictegravir reports. Other drugs (out-
side predefined ARV groups) showed enrichment in Cluster 2 (general drug issues) and
Cluster 4 (hepatitis-related events).

Seriousness criteria were applied based on outcomes such as death, life-threatening
events, hospitalization, congenital anomalies, or medically important conditions. Across
clusters, the proportion of serious reports varied markedly: clusters 1, 3, and 5 were
predominantly serious, reflecting congenital anomalies, abortions, or fatal events. Other
clusters included a higher proportion of non-serious adverse drug events, such as elevated
liver enzymes or less critical reactions.

Drug co-reporting analysis identified frequently co-reported events, including riton-
avir, raltegravir, darunavir, and lamivudine. Multinomial logistic regression modeling
the probability of cluster membership by drug confirmed the enrichment patterns ob-
served in chi-square analyses. Coefficients indicated that specific drugs strongly predicted
membership in distinct clusters, consistent with known pharmacologic profiles and risk pat-
terns. The model converged successfully after 100 iterations, with convergence diagnostics
indicating stable estimates across clusters.

Regarding regional variation, cluster profiles differ between regions. Pregnancy
outcome-related reports (Cluster 3) were over-represented in EEA countries, while hepatitis-
related events (Cluster 4) and stillbirth/placental disorders (Cluster 6) appeared more
frequently in non-EEA submissions.

3. Discussion

This pharmacovigilance study provides a panoramic view of maternal-fetal adverse
drug events associated with antiretroviral therapy (ART) in Europe, based on over a decade
of EudraVigilance reports. Since the analysis relied on spontaneous reports without formal
causality assessment, findings represent associations between reported drugs and events
rather than confirmed adverse drug reactions. By integrating classical disproportionality
metrics and reaction co-reporting networks, we were able to quantify potential signals
and assess their clinical coherence. Together, these complementary approaches situate our
findings at the intersection of pharmacovigilance, clinical pharmacology, and maternal
health, while also pointing toward the translational potential of linking safety surveillance
to pharmacokinetic/pharmacodynamic (PK/PD) modeling.

3.1. Data Characterization and Disproportionality Analysis

This study represents one of the largest pharmacovigilance analyses of maternal—fetal
adverse drug events associated with ART in Eudravigilance. Maternal-fetal ADRs are
detectable in large-scale pharmacovigilance data. Pregnancy-related reports provided suffi-
cient statistical power, whereas puerperium and perinatal reports were underpowered. Our
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data characterization revealed patterns that align with clinical expectations: ART backbones
and boosters were the most frequently implicated, often accompanied by supportive medi-
cations (e.g., analgesics, PPIs, corticosteroids) and drugs for chronic conditions (e.g., statins,
antihypertensives). Comparable patterns have been described in pregnancy pharmacovigi-
lance studies, emphasizing the high prevalence of both pregnancy-related medications and
background therapies in spontaneous reports [19]. These patterns, consistently observed in
pregnancy pharmacovigilance and exposure registry studies, reinforce the internal validity
of our extraction pipeline while reflecting real-world prescribing behavior during preg-
nancy. At the same time, >50% of concomitant entries could not be parsed into structured
drug names, reflecting known limitations of EudraVigilance and similar databases [20,21].
As highlighted in Good Pharmacovigilance Practice (GVP)-VI and ICH E2E guidance,
such data quality gaps necessitate cautious interpretation and underscore the importance
of structured medicinal coding for perinatal safety surveillance. Our disproportionality
analysis confirmed that ART-related pregnancy reports generate statistically robust signals,
consistent with prior evidence that highlighted increased reporting for antiretrovirals and
immunomodulatory drugs in maternal populations. Puerperium and perinatal subsets
remained underpowered. There is clinical alignment of these findings with current Eu-
ropean AIDS Clinical Society (EACS) and WHO pregnancy guidelines, supporting their
translational credibility: both recommend continued ART with regimen selection guided by
fetal safety, treatment history, and resistance profile [22,23]. Sensitivity analyses revealed
minimal single-suspect pregnancy reports and substantial overlap with supplementation
therapies (iron, folic acid), illustrating that many entries represent exposures rather than
event-driven adverse drug events. This highlights structural confounding by indication
and co-medication, a known constraint in pharmacovigilance datasets. Complementary
methodologies—such as prospective registry studies, PK/PD modeling, and linked EHR
databases—remain essential for causal validation and dose-response assessments. Notably,
the predominance of 2024-2025 reports in the signal pool likely reflects contemporaneous
introduction of novel integrase inhibitors and evolving post-authorization safety monitor-
ing. Such temporal dependencies emphasize the continuous nature of signal refinement
throughout the pharmacovigilance cycle.

3.2. Network Analysis and Clustering

By extending analysis beyond isolated drug-event pairs, network methods provided
a more comprehensive view of maternal-fetal ADRs. Eight biologically and clinically
coherent clusters emerged, encompassing congenital anomalies, pregnancy complications,
placental disorders, and vertical infections. These clusters broadly correspond to clinical
syndromes recognized in maternal pharmacotherapy, enhancing interpretability for bed-
side application. Similar network-based pharmacovigilance approaches have previously
facilitated mechanistic hypothesis generation in obstetric pharmacology [8]. Exclusion
of exposure-only terms was essential; otherwise, the network would be dominated by
artefactual co-reporting. The identified clusters persisted across sensitivity thresholds,
supporting analytical robustness.

Mechanistically, legacy nucleoside reverse transcriptase inhibitors (NRTIs) were dis-
proportionately associated with congenital anomalies, consistent with mitochondrial toxic-
ity mechanisms hypothesized in preclinical studies and incorporated into EMA pregnancy
labeling [24]. In contrast, integrase inhibitors showed enrichment for pregnancy outcome
clusters, raising questions about uterine/placental pharmacodynamics or altered drug-
drug interactions in maternal care. These patterns align with emerging clinical observations
prompting enhanced neonatal growth monitoring in women receiving integrase-based
ART regimens. Going forward, such phenotype-level clustering can directly inform PK/PD
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and placental transport model design, linking data-driven pharmacovigilance to mechanis-
tic pharmacology.

Regional variation in signal composition reiterates that ADR patterns are partly deter-
mined by local prescribing practices and reporting behaviors. Harmonized implementation
of pregnancy pharmacovigilance guidance (EudraVigilance, VigiBase, FAERS) will be es-
sential to understand geographical heterogeneity and ensure guideline applicability across
care settings [25,26]. The predominance of serious outcomes across clusters emphasizes the
clinical importance of signals even when causal inference is not possible.

3.3. Limitations and Methodological Implications

This study illustrates the methodological complementarity of disproportionality and
network-based analytics. Traditional pairwise disproportionality is strong at detecting
early signals but often generates long lists divorced from biological plausibility. Network-
based clustering, by contrast, enhances interpretability by aggregating related events into
clinically intelligible constellations, mirror-ing syndromic reasoning in clinical pharmacol-
ogy. The combined framework thus advances post-marketing maternal safety evaluation
beyond signal lists toward actionable hypotheses that can inform regulatory updating,
labeling decisions, and the design of mechanistic or epidemiologic follow-up studies. The
absence of formal causality assessment constitutes a key limitation, as our analysis cannot
distinguish between suspected and concomitant drug contributions. Some ICSRs listed mul-
tiple suspected drugs, which may confound event attribution and lead to overestimation
of associations.

The limitations inherent to spontaneous reporting still persist and include: under-
reporting, selective reporting, lack of denominator or treatment prevalence data, and
occasional misclassification of pregnancy status or age [27,28]. Notably, while EudraVigi-
lance provides a large-scale, multinational dataset with broad drug coverage and outcome
diversity, it represents only one perspective in the pharmacovigilance landscape. Other re-
sources, such as the FDA Adverse Event Reporting System (FAERS), VigiBase, and national
pregnancy exposure registries, offer complementary strengths [29,30]. FAERS contributes
high-volume U.S.-origin data, VigiBase aggregates reports from over 130 countries, and
registries or claims/EHR linkage studies provide granular, prospectively collected maternal
and infant outcomes. Each source has trade-offs regarding coverage, accessibility, and
data completeness. Triangulating findings across these datasets can strengthen confidence
in signals and clusters, and highlight areas where EudraVigilance findings may be aug-
mented or contextualized [31]. Integrating analyses across these sources aligns with current
EMA pharmacovigilance planning (ICH-E2E) recommendations and would strengthen the
clinical generalizability of observed safety signals.

The novelty of this work lies not only in its scale, the largest EV-based evaluation
of maternal-fetal adverse drug events with ART to date, but also in its methodological
integration of disproportionality analytics and network clustering. By mapping drug—event
relationships into biologically coherent clusters, these analyses bridge pharmacovigilance
and PK/PD research, enabling the formulation of testable hypotheses that extend be-
yond traditional safety signal lists. For example, signals implicating legacy NRTIs in
mitochondrial-mediated congenital anomalies and integrase inhibitors in prematurity risk
now provide actionable candidate pathways for further mechanistic study, such as in vitro
placenta transport models or maternal-fetal PK/PD simulations.

Crucially, the linkage of post-marketing safety surveillance with mechanistic model-
ing supports the proactive refinement of clinical guidelines; clusters identified herein can
inform risk stratification and closer monitoring of outcomes (e.g., congenital anomalies or
preterm birth) by ART drug class. This translational framework strengthens both regulatory
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and real-world evidence: it moves pharmacovigilance beyond signal detection, toward pre-
dictive risk assessment, drug labeling updates, and tailored monitoring recommendations
for pregnant women living with HIV.

3.4. Future Directions and Clinical Integration

Improving maternal—fetal drug safety requires uniting real-world pharmacovigilance
data with mechanistic and clinical insights. The next step could look like: prospective
triangulation, linking EudraVigilance signals to registry cohorts, EHR-based studies, and
PK/PD models. Combining longitudinal exposure data with statistical modeling will
clarify dose-response and temporal associations in line with GVP-XVI signal management
principles. Rigorous integration of these clusters into European and WHO perinatal phar-
macology frameworks will support more nuanced, evidence-based guidelines (especially
for newer ART classes).

Implementation should focus on: (1) Embedding ADR cluster findings into clinical
assessment protocols, such as targeted fetal monitoring when initiating ART in pregnancy;
(2) Incorporating scenario modeling (virtual trials, dose adjustments) to anticipate risk in
populations underrepresented in clinical studies; (3) Collaborating across pharmacovigi-
lance systems (EV, FAERS, VigiBase) to validate and contextualize findings, strengthening
global applicability.

Ultimately, linking spontaneous reporting data to PK/PD modeling and decision-
support algorithms will facilitate predictive, learning-health approaches to maternal—fetal
drug safety. This supports both individualized care and regulatory adaptation, advancing
the safe use of ART in pregnancy across diverse clinical contexts.

4. Materials and Methods
4.1. Data Source and Scope

We conducted a retrospective pharmacovigilance study using EudraVigilance (EV),
the European Medicines Agency’s spontaneous reporting database. All Individual Case
Safety Reports (ICSRs) submitted between January 2015 and June 2025 were retrieved.
Reports were filtered for pregnancy, puerperium, and perinatal contexts using MedDRA
Preferred Terms (PTs) containing keywords such as pregnancy, fetal, neonatal, Labor, peri-
natal, placenta, and breastfeeding. Because EV reports may include both the mother and
the offspring (e.g., fetus, newborn, or child), some cases classified under the pregnancy
group reflect adverse reactions in the infant or fetus, rather than the pregnant individual.
No formal causality assessment algorithm (e.g., WHO-UMC, Naranjo) was applied because
EudraVigilance does not provide causality scores. Therefore, reports were analyzed as
events associated with suspect drugs as identified by the primary reporter. When multi-
ple suspected drugs were listed within a single ICSR, each drug-event pair was treated
independently, consistent with standard pharmacovigilance signal detection procedures.
However, we acknowledge that co-medication and drug—drug interactions may contribute
to reported events.

To assess data quality, we evaluated completeness across key metadata fields (e.g.,
patient sex, patient age group, report type, primary source, and reaction characteristics)
and identified ICSRs with uncertain patient age or mother—child relationship. Cases where
the patient age was missing, recorded as fetus/newborn/child, or flagged as a parent-
child report were considered uncertain. These uncertain ICSRs accounted for 14.8% of all
pregnancy-related reports.

To improve interpretability, exposure-only PTs (e.g., maternal exposure during preg-
nancy) were excluded from the main analyses to avoid clustering artifacts. However, they
were reintroduced in sensitivity analyses. All analyses were performed in R (version 4.2.2).
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4.2. Data Processing and Deduplication

EV reports are stored in long format, with multiple rows per ICSR if more than
one drug or reaction is reported. The unique identifier EU.Local. Number was used to
deduplicate records. When multiple versions of the same case were available, only the
latest version was retained.

Drug names were parsed and harmonized against a manually curated reference list.
Structured variables such as indication, route of administration, and action taken were
extracted when available. Reaction terms were split into unique PTs, and seriousness was
retained as a binary classification (serious vs. non-serious). Each ICSR contributed at most
one unique drug—event pair to avoid within-case inflation.

4.3. Disproportionality Analysis

Disproportionality analyses were performed on the deduplicated dataset at both
global and subgroup levels (pregnancy, puerperium, perinatal). For each drug-PT pair, a
2 x 2 contingency table was constructed, and standard disproportionality metrics were
computed (Table 3): Proportional Reporting Ratio (PRR), Reporting Odds Ratio (ROR) with
95% confidence interval, Information Component (IC) with 95% credibility interval, and
Empirical Bayesian Geometric Mean (EBGM).

Table 3. Structure of the 2 x 2 contingency table used to evaluate the association between a given
drug and an adverse event.

Event of Interest (R) Other Events (—R)
Drug (D) a b
Other drugs (—D) C d

A continuity correction (0.5) was applied to all zero cells. Signals were defined as
PRR > 2, ROR lower 95% CI > 1, and IC > 0, consistent with European Medicines Agency
(EMA) guidance. To ensure robustness, we required >3 cases per drug-PT, >30 reports per
drug, and >10 reports per PT. Sensitivity analyses included (i) stricter vs. looser thresholds
for minimum counts, and (ii) a leave-one-year-out (LOY) procedure to assess temporal
stability of signals.

4.4. Network Construction and Clustering

A reaction co-reporting network was built using filtered PTs as nodes. Edges repre-
sented the co-occurrence of two PTs within the same ICSR. To reduce noise, only edges
reported in >5 cases were retained.

Communities were identified with the Louvain algorithm, and clusters were annotated
according to clinical coherence and their top-contributing PTs. Drug—cluster associations
were assessed at the individual drug level using Monte Carlo—simulated chi-square tests
(10,000 permutations). Standardized residuals were computed to flag clusters dispropor-
tionately enriched for specific drugs. Drugs were grouped according to their International
Nonproprietary Name (INN) stem, reflecting pharmacological class structure as described
by Balocco et al. [18].

Additionally, antivirals were grouped into legacy agents (zidovudine, nevirapine,
lopinavir, efavirenz, atazanavir) and newer agents (dolutegravir, bictegravir, raltegravir,
cabotegravir, elvitegravir) in sub-analyses exploring temporal and regional patterns. Sub-
analyses examined temporal patterns (pre- vs. post-2017 guideline changes), regional patterns
(European Economic Area (EEA) vs. non-EEA), and serious vs. non-serious outcomes.
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4.5. Sensitivity and Quality Control

To assess potential confounding by concomitant medications and indication, we con-
ducted a series of sensitivity analyses. First, we restricted the dataset to reports listing
a single suspect drug. Second, we excluded reports mentioning common pregnancy
supplements such as iron or folic acid among concomitant drugs. Third, we restricted
analyses to reports that explicitly referenced HIV infection as the indication for use. Finally,
we explored an adjusted case—non-case logistic regression model (aROR) controlling for
patient sex, age group, reporter qualification, and year of report. These analyses were
performed using the same disproportionality pipeline as the main analysis. Following
exclusion of artefactual pregnancy-related exposure terms (e.g., “maternal exposure during
pregnancy”), no valid pregnancy-specific adverse reaction reports remained within the re-
stricted datasets, reflecting the inherent sparsity and multi-exposure structure of pregnancy
pharmacovigilance data.

To ensure reproducibility and minimize artifacts, we implemented several quality
control steps: (1) Exclusion of purely exposure-related PTs for the main analysis (with
sensitivity inclusion); (2) Deduplication of multiple ICSR versions and restriction to unique
drug—-event pairs; (3) Filtering out extreme outliers (ICSRs with unusually high numbers of
drugs or events).

5. Conclusions

This study demonstrates that combining disproportionality analysis with network-
and cluster-based approaches provides a richer understanding of antiretroviral safety in
pregnancy, puerperium, and perinatal periods. Robust disproportionality signals confirmed
established risks for legacy agents, while network clustering revealed biologically coherent
outcome groups and identified novel patterns with newer drugs such as dolutegravir and
bictegravir. Temporal and regional analyses captured the dynamic nature of prescribing
and reporting, highlighting both evolving safety signals and the importance of contextual
interpretation. By mapping drug-event associations into interpretable clusters, this work
establishes a translational bridge between pharmacovigilance and PK/PD research. These
findings not only inform regulatory risk assessment but also lay the groundwork for
mechanistic studies that can optimize maternal-fetal therapy in real-world settings.
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EV EudraVigilance

ICSR Individual Case Safety Report

PRR Proportional Reporting Ratio

ROR Reporting Odds Ratio

IC Information Component

EBGM  Empirical Bayesian Geometric Mean
PK/PD Pharmacokinetics/Pharmacodynamics
ADRs Adverse Drug Reactions

ART Antiretroviral Therapy

ARV Antiretroviral

NRTI Nucleoside Reverse Transcriptase Inhibitor
LOY Leave-One-Year-Out

EEA European Economic Area

ARI Adjusted Rand Index

FAERS FDA Adverse Event Reporting System
LASSO  Least Absolute Shrinkage and Selection Operator
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