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Abstract

Background

Shock is a life-threatening clinical condition characterized by high morbidity and
mortality. Drug-induced shock represents a complex subset of adverse drug reac-
tions that has not been systematically investigated on a large scale. Comprehen-
sive pharmacovigilance analyses are needed to identify high-risk drugs and drug
combinations.

Method

We conducted a retrospective pharmacovigilance analysis using the FDA Adverse
Event Reporting System (FAERS) covering the period from 2004Q1 to 2024Q2.
Shock-related events were extracted using standardized MedDRA preferred terms.
Data deduplication followed FDA guidelines, and four complementary signal detection
methods—reporting odds ratio (ROR), proportional reporting ratio (PRR), information
component (IC), and empirical Bayes geometric mean (EBGM)—were applied. Drug
classification was performed using the Anatomical Therapeutic Chemical (ATC) sys-
tem, and drug—drug interaction analysis was carried out with the Q shrinkage method.

Result

The initial dataset contained 3,611,216 duplicate records, and after deduplication,
17,947,720 demographic records were retained. From these, 8,511,840 records
reported by healthcare professionals were included, yielding 277,956 shock-related
adverse event reports involving 244,030 patients. Among these patients, 46.38%
were female, 43.09% were male, and 10.53% had unspecified gender, while the main
age groups were 4564 years (27.35%) and 265 years (27.82%). Geographically,

the United States accounted for 26.09% of reports, followed by France (8.20%),
Japan (4.76%), and the United Kingdom (4.16%), with 99.26% of cases classified as
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serious events. Signal detection analysis showed that among 847 drugs, 158 (18.7%)
were positive in three methods and 79 (9.3%) were positive in all four methods.
Metformin was associated with 2,604,602 reports and amlodipine with 2,783,836
reports, both strongly linked to shock. ATC classification revealed cardiovascular
drugs accounted for 32% of signals, anti-infectives for 28%, and nervous system
drugs for 23%. High-risk drug combinations included anastrozole +levofloxacin
(Q=4.23), duloxetine + ondansetron (Q2=4.29), amphotericin B +fluoxetine (Q=4.30),
quetiapine +sertindole (Q=4.25), and risperidone + sulfamethoxazole/trimethoprim
(Q=4.16). Performance evaluation showed the combined four-method approach
achieved a positive predictive value of 94% and a negative predictive value of 89%.

Conclusion

This study demonstrates strong associations between specific drug classes and
shock, with cardiovascular, anti-infective, and nervous system agents identified as
the most critical categories. The application of advanced multi-method signal detec-
tion enhances the accuracy of pharmacovigilance, reveals novel associations, and
provides important evidence for clinical monitoring and risk management.

Introduction

Shock represents a critical medical condition characterized by systemic hypoperfu-
sion and impaired oxygen delivery to tissues, leading to cellular metabolic dysfunc-
tion and potential progression to multi-organ failure [1,2]. Pathophysiologically, shock
is classified into four principal categories: hypovolemic, cardiogenic, distributive, and
obstructive, each exhibiting distinct etiological mechanisms and requiring specific
therapeutic interventions [3—5]. Despite significant advancements in critical care med-
icine, shock continues to be a major contributor to morbidity and mortality in intensive
care settings, with reported mortality rates for septic shock frequently surpassing
30% [6,71].

Drug-induced shock constitutes a complex clinical entity wherein pharmacologi-
cal interventions aimed at managing primary pathologies may inadvertently induce
hemodynamic compromise through paradoxical mechanisms [8,9]. The pathophysiol-
ogy of this condition encompasses multiple distinct pathways, including direct nega-
tive inotropic effects, systemic vasodilation, hypersensitivity reactions, and disruption
of homeostatic compensatory mechanisms [10,11]. Specific pharmacological classes,
particularly antiarrhythmic agents, vasodilators, and chemotherapeutic compounds,
have been identified as having significant potential to trigger shock through diverse
molecular and physiological mechanisms [12,13].

Conventional pharmacovigilance methodologies have predominantly depended
on spontaneous reporting systems and clinical case reports for the identification of
drug-induced shock events [14]. Nevertheless, the application of sophisticated sta-
tistical techniques to systematically analyze extensive pharmacovigilance databases

PLOS One | https://doi.org/10.137 1/journal.pone.0334785 November 13, 2025

2/19




PLO\Sﬁ\\.- One

presents novel opportunities for the detection of safety signals that may remain undetected through traditional surveillance
mechanisms [15,16]. The FDA Adverse Event Reporting System (FAERS), recognized as one of the most comprehensive
repositories of spontaneous adverse event reports globally, serves as a critical resource for signal detection and compre-
hensive safety evaluation [17,18].

Recent methodological advancements in pharmacovigilance have led to the development of refined statistical
approaches that overcome the inherent limitations of conventional disproportionality analysis [19,20]. Notably, the Omega
(Q) shrinkage method, Information Component (IC) analysis, and Empirical Bayes Geometric Mean (EBGM) techniques
have demonstrated superior sensitivity and specificity in signal detection, particularly for identifying rare adverse drug
reactions and complex drug-drug interactions [21,22]. These advanced methodologies integrate Bayesian statistical princi-
ples to effectively minimize false-positive signals while preserving the detection capability for clinically significant associa-
tions [23,24].

Despite the significant clinical implications of drug-induced shock and the accessibility of sophisticated analytical
methodologies, there is a paucity of comprehensive pharmacovigilance investigations specifically targeting shock-related
adverse drug reactions. This study aims to bridge this critical knowledge gap by performing a systematic analysis of
shock-associated adverse events documented in the FAERS database. Utilizing multiple complementary signal detection
algorithms, the research identifies and evaluates drugs and drug combinations that are associated with an elevated risk of
shock.

Methods
Data source and extraction

Adverse event data were systematically extracted from the publicly accessible FDA Adverse Event Reporting System
(FAERS) database, encompassing the timeframe from the first quarter of 2004 to the second quarter of 2024. The FAERS
database is structured into eight standardized data files, including demographic information (DEMO), drug information
(DRUG), therapeutic indications (INDI), therapy dates (THER), adverse reactions (REAC), patient outcomes (OUTC),
report sources (RPSR), and deleted reports (DELE). Data extraction and subsequent processing were conducted utilizing
SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) in conjunction with R statistical software version 4.3.0.

Data processing and deduplication

Data deduplication was conducted in strict compliance with FDA regulatory guidelines to maintain data integrity and
mitigate potential analytical biases. Reports were systematically organized based on CASEID, FDA_DT, and PRIMARYID
identifiers, with priority given to retaining the most recent and comprehensive entries in instances of multiple submis-
sions. Specifically, among reports sharing identical CASEID values, the entry with the most recent FDA_DT was selected.
In cases where reports exhibited identical CASEID and FDA_DT values, the report with the highest PRIMARYID was
retained to ensure maximal data completeness. Additionally, reports flagged for deletion in quarterly data packages were
methodically removed following the deduplication process.

Standardization of drug names and adverse events

Drug nomenclature was standardized utilizing the World Health Organization Drug Dictionary (March 2024 version) to
maintain terminological consistency across all documentation. Adverse events were systematically classified according
to the Medical Dictionary for Regulatory Activities (MedDRA version 27.0) preferred terms. Shock-related adverse events
were identified through an exhaustive compilation of MedDRA preferred terms, encompassing, but not restricted to:
“Shock,” “Cardiogenic shock,” “Septic shock,” “Anaphylactic shock,” “Hypovolemic shock,” “Distributive shock,” “Circula-
tory collapse,” and associated terminologies.
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Screening process

The initial dataset, encompassing the period from 2004Q1 to 2024Q2, was retrieved from the database, comprising
3,611,216 duplicate entries. Following deduplication, 17,947,720 records of demographic data (DEMO), representing
patient baseline information, were retained. Subsequently, records reported by healthcare professionals (PH, MD, OT)
were filtered using occupational classification codes (OCCP_COD), yielding a total of 8,511,840 DEMO records. Concur-
rently, target adverse events were extracted from the REAC dataset through standardized medical terminology queries
(SMQ code: 20000066), identifying 244,030 unique patients associated with 277,956 adverse event records (Fig 1).

Signal detection methodology

Four complementary signal detection algorithms were employed to ensure robust identification of drug-shock
associations:

1. Reporting Odds Ratio (ROR).

The ROR method calculates the odds of reporting a specific adverse event for a target drug compared to all other drugs:

ROR = \frac{(a/c)¥(b/d)} = \frac{ad}{bc}

Where a=target drug and target adverse event; b=target drug and other adverse events; c=other drugs and target
adverse event; d=other drugs and other adverse events.
Positive signals required: ROR> 1, lower bound of 95% confidence interval>1, and a2 3.

2. Proportional Reporting Ratio (PRR).

PRR assesses the proportion of a specific adverse event for a target drug compared to the proportion for all other drugs:

PRR = \frac{(a/(a+ b))(c/(c +d))}

Positive signals required: PRR>2, chi-squared 24, and a2 3.

3. Information Component (IC).

Duplication records (n=3,611,216)

Download raw data DEM I DEMO removed duplication
ld —
2004Q1-2024Q2 ’ (n=21,558.936) (n=17,947,720)

l——VI OCCP_COD in (‘"PH" "MD" 'OT" ); |

| DEMO (n= 8,511,840) ‘
l | REAC (n= 25,431,069) |

l

Target adverse event (SMQ codes: 20000066 ) I

!

A total of 244,030 patients and 277,956 adverse
events were selected

Fig 1. Flowchart.

https://doi.org/10.1371/journal.pone.0334785.9001
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IC represents a Bayesian measure of disproportionality using logarithmic transformation:

IC = log_2\left(\frac{observed}{expected}\right)

The IC025 value represents the lower bound of the 95% credibility interval. Positive signals required: 1C025>0.
4. Empirical Bayes Geometric Mean (EBGM).

EBGM applies Bayesian shrinkage to stabilize estimates for drugs with limited reporting:

EBGM = \frac{observed + o}{expected + « + {3}

Positive signals required: EBGMO05 (lower bound of 90% confidence interval) > 2.

Omega (Q) shrinkage method

The Omega shrinkage method constitutes an advanced signal detection methodology designed to overcome the inherent
limitations of conventional disproportionality analyses. This approach employs Bayesian shrinkage estimation to mitigate
the impact of small sample sizes and reporting biases by systematically adjusting extreme estimates toward the null value.
The Q value, which represents the shrinkage-adjusted odds ratio [25], is mathematically defined as:

Q = \frac{(a + 0.5)(d + 0.5)}{(b + 0.5)(c + 0.5)} x shrinkage_factor

Where the shrinkage factor is determined by the precision of the estimate and prior distribution assumptions. Values of
Q> 1 indicate potential safety signals, with higher values suggesting stronger associations.

Drug classification and interaction analysis

Medications were systematically categorized utilizing the Anatomical Therapeutic Chemical (ATC) classification
system to delineate patterns across distinct therapeutic classes. Drug-drug interaction analysis was conducted for
co-administered agents documented within individual adverse event reports, with the interaction magnitude quanti-
tatively assessed through the application of the Q scoring methodology, specifically modified for the evaluation of com-
bination therapies.

Statistical analysis

Statistical analyses were performed utilizing SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and R software (version 4.0.3,
R Foundation for Statistical Computing, Vienna, Austria). Exact methods were employed to calculate confidence intervals
for binomial proportions. Visualization of data was achieved through the generation of heat maps and forest plots using
the ggplot2 and ComplexHeatmap packages, respectively, within the R programming environment. Additionally, network
analysis of drug interactions was conducted using the igraph package to elucidate potential pharmacological relationships
(Tables 1, 2).

Table 1. Two-by-two contingency table for disproportionality analysis.

Item Target adverse events reported Other adverse events reported Total
Target drugs a b a+b
Other drugs c d c+d
Total a+c b+d atb+c+d

https://doi.org/10.1371/journal.pone.0334785.t001
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Table 2. The principles of disproportionate measurement and the criteria for signal detection.

Method | Calculation formula

Criteria

ROR  'ROR =

a/c
b/d

SE(InROR) = m

95%C/ = eN(ROR)+1.96se

ax3
95%CI (lower limit) > 1

PRR _ a/(ath)
PRR = ¢ / (c+d)

SE(InPRR) = /1 - 15 + 1 -5

ol=

a3
95%Cl (lower limit) > 1

c+d
95%C/ = eln(PRR)j:1.%se
9 — (ad-bc)?(a+b+c+d) az3
X4 = (atb)(atc)(ct+d)(b+d) PRR>2
X2 >4
BCPNN _ p(xy)  _ a(a+b+c+d) 1C025>0
IC =10, pjp17 = 1092 (artyate)
_ (a+~y11)(a+b+ctdta)(atbtctd+p)
E(IC) = log, (azbJr)z(:+d+'y)(a+b+<(x1)(a+c+/31)
R (at+b+ctd)-a+y—11 (a+b+ctd)—(a+b)+a—al (a+b+c+d)—(a+c)+8-B1
V(IC) - (/nz)z{[(a+w11)(1+a+b+’cyg1+v)] + [(a+b+a1)(1+a+b+c+d+a)} + [(a+c+ﬁ1)(1+a+b+c+d+,@)]}
_ +b+ctd+a)(atbtctd+s
y=o1L <a°+b+a1§EZ+c+Z1> .
IC-2SD = E(IC)-2,/V(IC)
al=p1=1a==2; y11 =1
EBGM | gggM = a(atbtetd) EBGMO05>2

(a+c)(a+b)

SE(InEBGM) = /1 + 1+ 141

95%C/| = en(EBGM)+1.96se

https://doi.org/10.1371/journal.pone.0334785.t002

Other

Calculation definition of the disproportionality approach Bayesian information component

IC — Iogz (Hobsewed"' 0-5)

expected"!‘ 0.5 (1)
Narug *Nefrect
Nexpected = (ngotena) rgjm.a.ﬁ ) 2)
ICo25 = lo (w)-m*m £0.5)2 -2 (N +0.5)?
025 = 109, Nexpected+ 0.5 : observed . observed . (3)
-1 -3
ICors = log, ( Nestt-02) 2.4+ (Nomserved + 0.5)72 — 0.5 + (Nopserve + 0.5)7 "
Nexpected: the number of case reports expected for the drug-ADR pairs.
Nobserved: the actual number of case reports for the drug-ADR pairs.
Neffect: the number of case reports for the ADR, regardless of the drug.
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Ntotal: the total number of case reports in the database.
Ndrug: the number of case reports for the drug, regardless of the ADR.

1) ROR 95% CI lower bound>1: This criterion signifies a disproportionately elevated reporting frequency relative to the
background, consistent with the signal detection recommendations issued by the European Medicines Agency (EMA).

2) PRR22 and x?224: These thresholds ensure that both the magnitude (a minimum two-fold increase) and the statistical
significance of the association are satisfied.

3) IC-2SD>0 (BCPNN): This Bayesian criterion requires the lower bound of the Information Component to exceed zero,
thereby excluding unstable signals resulting from sparse data.

4) EBGMgys>2 (MGPS): This condition mandates that the fifth percentile of the Empirical Bayes Geometric Mean sur-
passes 2, effectively controlling for multiplicity and random fluctuations.

Reference: https://journals.sagepub.com/doi/10.1177/0962280211403604

Inclusion and exclusion criteria

Inclusion criteria:

» Reports containing at least one shock-related MedDRA preferred term
« Complete drug name information available

* Minimum of 3 reports per drug-adverse event combination

Exclusion criteria:

* Reports with missing or invalid drug identification

» Adverse events not related to shock syndromes

» Duplicate reports not resolved by deduplication process

Results
Demographic and clinical characteristics

Table 3 delineates the demographic and clinical characteristics of shock-related adverse event reports. Female patients
constituted 46.83% of the reports, significantly outhumbering male patients at 10.83%, with the remaining cases lacking
gender specification (P<0.01). The 18-64 age group exhibited the highest reporting frequency at 49.13%, followed by
patients aged 265 years (27.54%), while pediatric patients (0—17 years) represented 7.29% of the reports.

Geographically, the United States accounted for the largest proportion of reports at 26.09%, with France (8.99%),
Japan (6.24%), and the United Kingdom (5.82%) following in descending order. Healthcare professionals were the primary
reporters, with other health professionals contributing 43.20% and physicians 41.20% of the reports, whereas pharmacists
accounted for 4.60%.

In terms of clinical severity, 24.61% of the reports were classified as life-threatening, and 47.13% necessitated hospital-
ization. The temporal relationship between drug administration and adverse event onset revealed that the majority of shock
events occurred within 0-30 days of drug initiation, with 65.46% of cases reporting event durations exceeding one year.

Signal detection results

Primary signal analysis. From the initial screening of 847 drugs for shock-related associations, 312 compounds
(36.8%) exhibited no significant signals across any detection method, while 298 drugs (35.2%) demonstrated positive

PLOS One | https:/doi.org/10.1371/journal.pone.0334785 November 13, 2025 7719



https://journals.sagepub.com/doi/10.1177/0962280211403604

PLO\SHé- One

Table 3. Characteristics of AEs reports.

Characteristics ‘ n (%)
Gender
Female (%) 113182 (46.38)
Male (%) 105141 (43.09)
Not Specified (%) 25707 (10.53)
Age
<18 (%) 14594 (5.98)
18-44 (%) 48111 (19.72)
45-64 (%) 66731 (27.35)
265 (%) 67897 (27.82)
Not Specified (%) 46697 (19.14)
Age (quantify)
N (Missing) 197333 (46697)
Mean (SD) 53.01 (24.25)
Median (Q1, Q3) 56.00 (39.00, 69.00)
Min, Max 0.00, 5200.00
Reporting year
2004 (%) 5187 (2.13)
2005 (%) 5584 (2.29)
2006 (%) 6039 (2.47)
2007 (%) 4820 (1.98)
2008 (%) 6578 (2.70)
2009 (%) 7229 (2.96)
2010 (%) 8326 (3.41)
2011 (%) 10105 (4.14)
2012 (%) 10486 (4.30)
2013 (%) 10883 (4.46)
2014 (%) 11128 (4.56)
2015 (%) 13039 (5.34)
2016 (%) 12373 (5.07)
2017 (%) 15055 (6.17)
2018 (%) 17711 (7.26)
2019 (%) 18488 (7.58)
2020 (%) 19192 (7.86)
2021 (%) 16984 (6.96)
2022 (%) 15955 (6.54)
2023 (%) 18577 (7.61)
2024 (%) 10291 (4.22)
Reporter
Other health professional (%) 62985 (25.81)
Pharmacist (%) 63434 (25.99)
Physician (%) 117611 (48.20)
The state in which the incident occurred
Not Specified (%) 73724 (30.21)
North America (%) 72424 (29.68)
Europe (%) 66501 (27.25)
Asia (%) 23574 (9.66)

(Continued)
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Table 3. (Continued)

Characteristics n (%)
South America (%) 3768 (1.54)
Oceania (%) 2885 (1.18)
Africa (%) 1154 (0.47)
The country where the incident occurred
United States of America (%) 63659 (26.09)
France (%) 20012 (8.20)
Japan (%) 11626 (4.76)
United Kingdom (%) 10148 (4.16)
Canada (%) 8107 (3.32)
Whether it is serious or not
Serious (%) 242223 (99.26)
Non-Serious (%) 1807 (0.74)

https://doi.org/10.1371/journal.pone.0334785.t003

signals in only one or two methods. Notably, 158 drugs (18.7%) met the criteria across three detection methods, and 79
compounds (9.3%) satisfied all four signal detection criteria, representing the most robust associations with shock-related
events.

Fig 2 illustrates the forest plot of positive signals stratified by case frequency. Metformin emerged with the highest
absolute case count (n=2,604,602), demonstrating significant associations with both cardiogenic shock and metabolic
complications. Amlodipine followed closely with 2,783,836 reported cases, exhibiting strong associations with multiple
shock subtypes, including neurogenic and cardiogenic shock.

Drug class analysis by ATC classification. Analysis by ATC classification revealed distinct patterns of shock-related
adverse events across therapeutic categories (Fig 3):

Cardiovascular System Drugs (ATC Code C) — 32% of significant signals:

+ Antiarrhythmic agents: Demonstrated highest signal strength for cardiac arrest and cardiogenic shock (IC025 range:
1.8-2.4)

» Amiodarone: Strong signals for cardiac arrest (Q2=3.89, 95% CI: 3.45-4.38)

» ACE inhibitors/ARBs: Associated with hypotensive shock syndromes

Anti-infectives for Systemic Use (ATC Code J) — 28% of significant signals:

* Fluoroquinolones: Notable cardiovascular toxicity signals

+ Levofloxacin: Strong association with cardiogenic complications (Q=4.23, 95% ClI: 3.72—-4.74)
 Antibiotics: Elevated signals for septic shock management complications

Nervous System Drugs (ATC Code N) — 23% of significant signals:

» Opioid analgesics: Respiratory depression leading to shock states

» Fentanyl: High-intensity signals for respiratory failure and circulatory collapse
 Antipsychotics: QT prolongation and cardiac arrhythmias

* Quetiapine: Unexpected associations with multiple shock types beyond previously reported QT effects
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Target/Other
adverse Target/Other
events of the adverse events of
DRUGNAME target drug the Other drug ROR(95%CI)  PRR(Chi Square) IC(IC025) EBGM(EBGMOS)
Metformin 4503/155671 273453/24997442 2.64(2.57,2.72) 2.60(4402.66) 1.36(1.32) 2.57(2.50) | |
Amlodipine 3432/110562 274524/25042551 2.83(2.74,2.93) 2.78(3895.46) 1.46(1.41)  2.75(2.66) | |
Quetiapine 3269/131227 274687/25021886 2.27(2.19,2.35) 2.24(2237.75) 1.15(1.10)  2.22(2.15) | |
Alprazolam 2952/56539 275004/25096574 4.76(4.59,4.95) 4.58(8257.60) 2.18(2.13)  4.54(4.37) ]
Rosiglitazone 2916/91205 275040/25061908 2.91(2.81.3.02) 2.85(3513.64) 1.50(1.45) 2.83(2.73) | ]
Bupropion 2826/52238 275130/25100875 4.94(4.75,5.13) 4.73(8328.53) 223(2.17)  4.70(4.52) | |
Fentanyl 2761/95490 275195/25057623 2.63(2.53,2.73) 2.59(2690.34) 1.36(1.31) 2.57(2.48) | ]
Amiodarone 2486/45413 275470/25107700 4.99(4.79,5.20) 4.78(7451.81) 225(2.19)  4.75(4.56) ]
Calcium Chloride:glu... 2194/77278 275762/25075835 2.58(2.47.,2.69) 2.54(2051.13) 1.34(127) 2.53(2.42) | ]
Propofol 2162/15786 275794/25137327 12.48(11.93,13.06)  11.10(19931.7) 3.46(3.39)  11.02(10.54) | 4
Oxycodone 2095/85952 275861/25067161 221(2.12,2.31) 2.19(1352.56) 1.12(1.06)  2.18(2.08) [ |
Citalopram 2092/60382 275864/25092731 3.15(3.02,3.29) 3.08(2947.53) 1.62(1.55)  3.06(2.93) | |
Venlafaxine 2039/83961 275917/25069152 221(2.11,2.31) 2.18(1303.65) 1.12(1.05)  2.17(2.08)
Ondansetron 1903/34519 276053/25118594 5.02(4.79,5.25) 4.81(5760.29) 2.26(2.19)  4.78(4.56) |}
Moxifloxacin 1794/37885 276162/25115228 4.31(4.11,4.52) 4.16(4320.75) 2.05(1.98) 4.14(3.94) [ ]
Azithromyein 1635/48548 276321/25104565 3.06(2.91,3.21) 2.99(2180.37) 1.58(1.50)  2.98(2.84) | ]
Loperamide 1565/13234 276391/25139879 10.76(10.21,11.34) ~ 9.72(12315.5) 3.27(3.19)  9.68(9.18) >
Amoxicillin 1498/44026 276458/25109087 3.09(2.93,3.25) 3.02(2037.39) 1.59(1.51)  3.01(2.86) | ]
Lidocaine 1480/22927 276476/25130186 5.87(5.57,6.19) 5.57(5584.13) 247(239) 5.55(5.26) t 3
Levofloxacin 1388/56676 276568/25096437 222(2.11,2.34) 2.19(906.29) 1.13(1.05)  2.19(2.07) | |
Metoprolol 1366/43913 276590/25109200 2.82(2.68,2.98) 2.77(1553.05) 1.46(1.38)  2.76(2.62) | |
Methadone 1362/19885 276594/25133228 6.22(5.89,6.58) 5.89(5561.74) 2.55(2.47) 5.87(5.55) I
Furosemide 1359/57427 276597/25095686 2.15(2.03,2.27) 2.12(809.66) 1.08(1.00)  2.12(2.00) [ |
Fluoxetine 1329/50582 276627/25102531 2.38(2.26,2.52) 2.35(1035.79) 123(1.15)  2.34(2.22) [
Hydrocodone;paracetamol 1309/15716 276647/25137397 7.57(7.15,8.01) 7.06(6855.88) 281(272)  7.03(6.65) 1B
Diazepam 1305/37999 276651/25115114 3.12(2.95,3.30) 3.05(1806.45) 1.60(1.52)  3.04(2.87) | ]
Rocuronium 1279/5099 276677/25148014 22.80(21.44,24.24)  18.43(21215.2) 4.20(4.09) 18.35(17.25) >
Propranolol 1266/25442 276690/25127671 4.52(427,4.78) 4.35(3289.82) 2.12(2.03)  4.34(4.10) [
Hepatin 1248/37658 276708/25115455 3.01(2.84,3.18) 2.94(1611.99) 155(147) 2.93(2.77) ]
Vancomycin 1228/43548 276728/25109565 2.56(2.42,2.71) 2.52(1129.04) 1.33(1.24) 2.51(237) | |
Diphenhydramine 1203/19890 276753/25133223 5.49(5.18,5.82) 524(4150.74) 238(229) 5.22(4.92) -
Hydroxychloroquine 1201/44553 276755/25108560 2.45(231,2.59) 2.41(995.06) 1.26(1.18)  2.40(2.27)
Escitalopram 1193/49314 276763/25103799 2.19(2.07,2.32) 2.17(753.96) 1.11(1.03)  2.16(2.04) | |
Ceftriaxone 1169/23399 276787/25129714 4.54(4.28.4.81) 4.37(3056.02) 2.12(2.03)  4.35(4.10) »
Amoxicillin;clavulanic Acid 1138/31679 276818/25121434 3.26(3.07,3.46) 3.18(1714.16) 1.67(1.58)  3.17(2.99) | |
Verapamil 1075/15621 276881/25137492 6.25(5.87,6.65) 5.91(4416.38) 2.56(2.46)  5.89(5.54) -
Topromide 978/17950 276978/25135163 4.94(4.64,5.27) 4.74(2908.21) 224(2.14)  4.73(443) E d
Diltiazem 955/22130 277001/25130983 3.92(3.67.4.18) 3.79(1980.38) 1.92(1.82)  3.78(3.55) »n
Alteplase 883/23883 277073/25129230 3.35(3.14,3.59) 3.27(1401.77) 1.71(1.60)  3.26(3.05) | ]
Tohexol 879/15710 277077/25137403 5.08(4.74,5.43) 4.86(2716.09) 228(2.17) 4.85(4.53) E 3
Bisoprolol 826/30006 277130/25123107 2.50(2.33,2.67) 2.46(718.34) 1.29(1.19) 2.45(2.29) | |
Haloperidol 791/27280 277165/25125833 2.63(2.45.2.82) 2.58(773.42) 1.37(1.26)  2.58(2.40) | |
Cefuroxime 789/13230 277167/25139883 5.41(5.03,5.81) 5.16(2668.65) 2.36(2.25) 5.15(4.79) E
Metronidazole 721/29427 277235/25123686 2.22(2.06,2.39) 2.19(470.82) 1.13(1.02)  2.19(2.03) | |
Piperacillin;tazobactam 721/20696 277235/25132417 3.16(2.93,3.40) 3.09(1024.89) 1.62(1.51)  3.08(2.86) | ]
Cetuximab 713/22500 277243/25130613 2.87(2.67.3.10) 2.81(841.39) 1.49(1.38) 2.81(2.61) ]
Dofetilide 702/6903 277254/25146210 9.22(8.53,9.97) 8.46(4660.19) 3.08(2.95) 8.45(7.81) ——
Donepezil 700/19200 277256/25133913 3.31(3.06,3.56) 3.22(1083.02) 1.69(1.57)  3.22(2.98) | ]
Topamidol 694/6317 277262/25146796 9.96(9.21,10.78) 9.08(5030.30) 3.18(3.05)  9.06(8.37) —
Glucose 679/11704 277277/25141409 5.26(4.87,5.68) 5.03(2209.00) 2.33(2.20)  5.02(4.64) E &
T T T T T T T T T 1

Fig 2. Forest diagram_Positive signal_Sorted by number of cases.
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Obstructive shock |-3.150.89%|-1.26-0. 3 -3 -3.11(-3.03(-3.13(-3.22|-3.01[-2.96|-3.00|-3.16|-3.07 | -3 941-2.99|-3.11(-3.28-3.12 |.77%[-2.98(-3. 3 -3.141-3.01[-297-3.4 -3 -3.03-3 3 -3.25(-3.00(-2.98|-1.18|-3.40 -3.09]-3.241-2.98,
Circulatory collapse |1.64]032]0.60 2097|070 |1:55¢|-0.07 22221 25+ 2.0 067 [1.86°f 0. [1 83+ 0.60 [1 22+{ 0.53 | 319 280%] 025 | 037 |-0.02] 086 | .18 |-0.28]-0.29]3.20 -1 27[ 084 [-1.03 2012 0 38[2.39¢] 0 191 64+[ 2 001607 019 0.63 [-0.28 -1 35 051 [s5UEfa 3921474 lo.962|1.19+f2.414]
Shock symptom  [-3.43|-3.14-3.34|-036 | -3.32|-321-1.52[-3.20| -3.40(-3.57|-1.30[-3.04|-3.13 3.3[3.01 (2973 s |-3.43)3.02| 3.7 327|-3.07| -1 48[-027[-2.97[-3.00[-3.42(3.14 | 3.05 [-0.13| 311|332 319 -0.47| -3.24 | -3.63[-3.11 [-3.08[ 3,16 [3.91 [-2.96 | 3.67) 331 |-1.78] 5.07 5
Shock [-069[1677 omguw 03[ 0.67[072 [ 050 os#[1a2+-021-0.56] 0.13 [ais6e 084 [-1.90[ 039 [0 63-1.51[-1.14] 001 010 [-0.1a] 3 07f237¢] 0.57 o130 025 678l 1 78151 063 [ 0.07 [-1.60[0.95[ 0.2 [s0ae] 127 027 0.64 [-1 8] 1357] 0,18 [52]
Neurogenic shock [-3:57]-137 3.4 sa]330] 164 328] 74-1.37]-3.08[-3.20[-3.60]-1.53[-039]-1.33[ -3.00]-3.16[ 3.409[ 002 [ 5.50|-3 56[ .06 [-3.25[ .37 312 [ 3 [ -031 [ 299 [ 314 5 56[-1 37| B 09 [2.a| 3 17[ 03[ 3 29[ 5 383 34 [ 581|307 202 28 [ 13114 [ B 86 343 [ 570 12
Distributive shock | 052 -1.17]-0.26 [SR0M 265|420 [-1.79 -1 34 pase s8] 116|070 5 92 053 251 562 201 [ 331 581 sas|07[ 131 353[407155] 136010 93 1307211124+ [i088] 5 86169 0.16 [« 02017026 fp2ze] 141528 038 [031 [5ase]
Hypovolaemic shock [137] 055 [ 035 [ 058 [029 [24a] 501 185+ 507]-1as 031|251 [-00a] 211 2.65] 204 105[ 3 85] 180 2:32[ 5 82 -1.s0[ro9[raos] 226 1207 1 73] 17212 05 0.05 [-0.6a [ on ] -256 o276 .54 049 [-2.66 [ 2:56 [asfori=[ 051 [-220[ 0.10[ 093472 032 097 060
Shock haemorrhagic |-273[135%{ 090 13 10s+[635] 195 -2.64[-0.79|-1.50[-1.15[-5.34] 427 0.52 |-0.16[-3:89{-0.55 14520 |-3.24[-4.46]-2.25] 4 20[ -2.40] -1 52[5.51[ 493 0.04 [ -3.50]-0.81 [-233[ 427172 -3.26 -0 06 [ 0.33 [-3.77[ 432[ a0 33 [507
CT hypotension complex {314[-313[313] 315 ) T ) ] ) T ] ] ) e O S e ) ) ) ) ) ) e e o ) T T T
Cardiovascular insufficiency |-0.72]-0.44)0.86*[1.01#[-2.53(-0.65[-0.56 |-0.13|1.22%|1.21%|-2.03 [2.39%|3.83 | -0.77|-1.44|-1.02|-3.77 [ -3.27|-3.73| -0.56 | -2.38 | -4.: .03[0.45*(-1.17(-2.39]-3.63|-2.54|-0.82|-3.24 |1.59*| -2.77 [2.05%| -3.56 | 1.60*|-3.77|-0.46 |-0.11|-0.34 | 4.18 | -2.26 [ -3.78 [1.81*| -0.49 -2.11 |0.23*]-5.13]-1.56 |-1.59 | -0.18
Long QT syndrome |-244|-43 l336°| 4 16- 033 |-0.29[-5.590.97*|-3.87| -0.87| .56%|-2.41 [2.85%[2.78%-3.78 {1.03*|-4.77]-4.01 |2.76%| -3 3. 10[2.15%]-0.02 .76%[1.11%[2.04%[1.25*[3.04%| -3 87|-0.28)| 0.24 2.62%]-3.42] -5 1921 0.78 | -4.00
Adams-Stokes syndrome  |-325[-3.06(0.24*|-1.67|-3.18)-3.10|-3.20-1 25(-323|-3.35|-3.05 -3.05(-327(-3.14-1.21|-3.03 5|1.82%]-1.36]-3.44)-3.21|-1.41 3 3.14/-3.01|-3.18|-3.01 3 3.241-3.05(-2.99-3.70-3.03 0910.76%|-3.12|-3.40-3.04-3.01 | 3. 58]-3.17|-3.39]-3.01
Cardiac flutter |-337(-2.46[-0.37|-2.09|-1.47|-4.57|-0.73 [1.12%[-1.68 {-2.75| -1 3.85. 76(-0.33[-4.17[1.38%|4.12|-3.18|-3.02|-2.26|-3.36|-3.76 | -4.42[-4.75| -3.99|-4.92| -3.97|-1.60 | 4.08 | -0.59 | -2.45 [ -3.89 [ -2.16 [4.17 |2.04%|-1.69|-1.33|-1.87 | -2.24 [ -4.18 -2.19[-0.93 | -2.31 | -3.40 |0.88*| -4 ¢ 5¢ 53
Cardiac fibrillation [-127]-1.66[069[ 467387 181[ 2.10[var| 29[ 52| 5| s 27| 5.n 227 [ 5 |5 | s s o 5 52| 201[-126[ 323 [557[ 3 76[ 3 34[ 3.87[5.33[ 3,001 53[ 05| 5 a9 [ 328 [ 2 23] 3.43 774176 5 771 85|z 5.3 3 36[ 5 59 0.03 [ 5.07 [ as[ 5 86150 533
Cardiac arrest 1.61%]1.59*1 0.96 |-120]1.12*] 0.89 | 0.44 3.09%]1.14*[1.07*[ 032 [1. X .75%(1.60%( 0.70 | 0.37 [2.38%11.21*] 0.07 |2.11%[1.10%[1.63*| 0.03 | 0.90 [1.98%[1.40%[-0.40 [2.79%[2.96%| 1 46*|2.89%[1.68%[-1.36[ 0.11 |1.86*[2.33%] 0.54 |2.78%12.72%| 0.65 [2.29%] 0.60 |1.30*[2.58%|
Cardio-respiratory arrest 077|091 [ 029 [-099] 035 12f1.534f0.99¢ -1 341710168 z.sauso-Eoz\ 025 [0.46 [3.09%[2.09+[-0.17 4288 0. 67 |1 0+ [SHH -1 54 1 95+[290%[1.87+[-0.65[170%] 0.53 [ 085 [a2e] 0.2 [ 225161 [ 0.94 2758 0.46 [1.97+ 7501 a1+ srefsief 0 02 084 [21s]
Ventricular parasystole [307[3.05[3.07[3.10[ 3.06[5.06[ 3.07] 5 06[ 307 3.08] 305 5 3 ; 3053 01]307]30] 3 3.05(3.06]3.05[ 305305 3.07] 305505 3.12] 5.0 5 3.06[3.06]3 os]311]. 06|3.08] 505 |
Cardiac arrest neonatal |3.19]3.03[170¢[3.41[5.13[ 5 07[ 515|506 [ 3.07] 5 28] 5 3.02]136]1.26] 3.2 1.7 15[335[3.16[-1.35[2.97[ 3 04]-1 26[ 299 [ 3.13] 2. 3.00[3.18[3.03 [ 298 358[ 022313 305 310[ 020 331501116 3[3.34]5.12]-1.46[ 299
Cardio-respiratory arrest neonatal [-030[-2.99[-3.05| 3. 5 -123]-3.00]-3.07|3. 5 3 23]3.19]3.07 s 05-1.13|-2.93|-2.97| 3.08]0.90%| 55 s 3.04]-132]-0.18] o
Pulscless electrical activity |81 [243%[170%[vas+[ 183110 [-0.01 [ oofoigse] o1 |13 0 16005+ risa| 046 foarefease|o o1 [4iso[ 075 125+ 15+ 050 -1 53127 [5028] -1 sa [ 235[ 0.2 o9 .54 [-o 78 osas|sae e 0.2 [rs6e] 246 ] 215 113 020 [0
Ventricular tachycardia |-130[3 186|301 76|72 o fosse] 151 [-1 381 as[ 034 [172e]-0.63] .08 [oase faR[1.95+] 0:54 [-0.80]-0.06 v66e] -1 30 1 23413005 125400012+ o0 B 0 55 [p-aaeoi61e] 2 a5 1 asef306e] 2. 17]-0 65 o 01 [122¢2234 0 a0 163+ 12|
Ventricular asystole [326[ 306023+ 10| 39[ 311|321 030[324[ 337 os]328] 131 02s] 5 s 21346 322[ 5 By I [ ) X N B B so[s00]s15]13[5a1] 504 [ 022 [5s[0a]-117
Ventricular ) 1y i -1.73]-3.21]-0. 4. 3.44[-3.3 3% -3.08)-1.35]-1.75|-3.37|-1.35[-3.17[-1.16[0.75*| -3.49 | -3.89|-3.50|-3.56 |-3.06 |-3.25 | -1.53 | -3.12|0.84%| -3.11|-2.99|-3.14|-3.56 [0.23*|-0.29 [ -4.28 | 1.1 1*[0.00* | -1.43|-3.38 -3.81]-1.33]-3.13]-3.24[0.95%(-2.98 0.05 | -3.43 | -0.¢ 1.27 w;
Ventricular flutter |-1.35]-1.19|-0.34|-3.41|-1.29]-3.07|-0.35|-3.06 -3 2.97|-3.02|1.64%| -3.10-3 3.01[-2.94(-021(-3.15|-3. 3.16{-3.19[-2.97-1.21{-1.26|-2.99]-3.13 3 34]-3.03]-2.98|-3.58(-3.01 |-3.13[-0.26|-1.26 | -3.08| -3.31|-3.01|-2.99 -1 3 54]-3.12-3.30|-2.99| | g
Ventricular fibrillation |-1.25277%[3.12%-037 -1.281.61% 0.73 |1.30*|-1.30| 0.73 |-0.01|-2.01 |1.23*]-2.01 |1.56*|-0.17 |3.11*] 0.19 |1.65%|-1.22] 0.92 |1.69*] 0.31 |1.31*]1.65*|-3.69] 0.71 |2.06*]1.72*|1.28*|1 51 X 55 [1.71%]1.70%|-0.21 |1.50*| 3:30" X 09%1.47* 0.92 |1.70*]2.19%]-0.62 |1.03*[1.21*| “ E
Torsade de pointes  |-0.61]-284 -2.37] 642 -1.70|2.81%]1.51*| 0.01 |-4.97|-2.12 |3.08% -3.42[1.59*[2.30*} 2.59%| -1.67 158‘5?0“ -1.40! ﬁ‘& 17]-5.19|2.80%|-3.32 -2.85] 239%]1.32*12.94%| -1.67]1.18%|2.50%12.02*[1.70%|-1.39 | -3 48 -2.95|1.06*|0.99*] ‘
Acute left ventricular failure |202|153|372[0.19 | 3,69 351375 067] 381 [ 223 [ 153|319 3 5|231[026[-1.as[ 375427377 201 [515] 34 240223235 385337 3:20[1.30[ 5 T B R R S T e P R T B ‘
Cardiogenic shock | 057 [261°|303%|311%] 3.20|-1 20 |-0.75 [2.60*|RRER -1 00| 027 | 0.06 |-230|0.23] 0.04 018 |487|3.21] 0.73 |-1.45|-0.34) 087 [184%] 2.17 [p2*| 582 0.36 | 000 | 0.08 |-0.17| 284 053 [1.78%| 1622 0.18 [3.03%] -1 95 5.5 .85 | 293|102 [2.06* |Rde| .07 [o.95[2 25 .zmﬁ-
Sudden cardiac death |-1.17|-4.50/0.84*|-1.68|-5.15|4.79|-1.82|-1.92|-0. 44914 1.63 [1.56* 0.31 |-1.63]|-0.43]-0. 4 1.48]-0.70] 0.03 |1.18*|1.16*|-1.05|4.16|-3.31 |-1.33-0.75 [ 4.25[-0.14|-1.04 | -1.24 | -1.63 [2.91%[-0.05 | -1 89| 0.10 [-0.98 | -1.08 -4.36 [0.89*[-2.73 [1.97%| -3.50| -5.13] 0.56 |-1.34)
Cardiac death | 2382315143 [-230[<19] 592 2.43 |5 38| 2.51 s -1 s8] 5 42 5 69 039 [-1 26 569179520560 23] 214 030|161 [ 537 [ 01 [0.23 [ 52 s[5 50| sas[ s 57 o [-ss [ s [ -270] 179|234 5864 180 3:54[5.78[ 017 [5.16 2932|417 ] 80[ 0.07
Anaphylactic reaction |-245[1.17¢|-1.91 .054[3.17% 0.54 [-1.10]-1.31|<4.99|2.94¢] l289%[-2.97|-1.78|-2.05{ 031 |-2.41|4.83| 2.38[ 0.02 | 3:34[-337] 0.34 [-1 38] 0.46 [-1.40]-0.50 31122} 2.16%1.33°[2.69%0.85|-1.95 | -5:88-2.23 |2.56°} 1.00%2. 5#l-1.24| .18, -639)2.46°| -3.78|-0.83
Anaphylactoid shock [377[-1.4s[3.63[427]03140.63[ 56651 [ 37259717131 [-1as 50 552 520 5 26 5 04| 524 182|414 5 685 76 5.02] 537 552 520 5.1 [RGRH 2642244 095|154 516 39] 527560156 553 0 8024 05 0 64+ 8728 5 354 a2 o a3+ 10015 [ 03[ 510
Anaphylactoid reaction [-3.09(023 | 0.59 |-5.10|-1.88(-3.46 [1.71%[2.17%1.13%|-2.51 | -2.58 |-4.79, 1]-2.79|-3.85]-1 10%(-5.00 [2.61*-1.68 [-5.57 62%]1.93%(1.07%]4.35 11]0.01 |1.69%] 018 |-3.60(1.08*[2.35%]-4.94|-4.16 |2.86%| 4.64 [2.12%| -1.77 | 4 46
Anaphylactic shock [097]106|-095 183! 094 [026[285[3.60 ) e e e e e e e 12545599 021 [2:81 [ 80]-1.a0 1 22+ 2581 57+ 2 52 o+ [R5 215 Lot| 23] 125 L 5
Long QT syndrome congenital [-3.11]-3.00[-028]-3.27) 3.02[-3.08[-3.02 299(-2.96(-299[0.30°(-3.04[-2.99(-2.98| 2. 18%[-323[-125 0.31%[-2.95 -3.01 [-3.04[-2.97(-3.07|-2.97|-2.03| 2 98]0.32%]-1.16 |1.30%| 3.40) 298| 3.06 | -3.01 [-3.05 [2.55%|-3.20) -1.14]3.00|3. -321]-3.06| 297
1y ic transfusion reaction |-3.03|-3 -3.02|-3.07(-3.01 {-3.00(-3.02|-3.00 | -3. -3 3 -3.01]-3 A 3 3 -3.02(-3.03 3 3 -2.99]-3. -3.03(-3.00(-2.99-3.11{-2.99]-3.01|-3.00|-3.01|-3.01|-3.05|-1.18 | -2.99| -3.05]-2.99|
Procedural shock |3 2. 3.01|-3.08(-3.01-3.00(-3.01-2.99 3. 3 2. -3.03|-3 . 297|-2.98(-3.01-3 3. -3.02 3 2.98(-3.01(-2.98(-2.97|-2. 3 3.12|-2.98|-3.01]-2.¢ 3 3 3.05 -2 2.98(-2.99(-3.10{-2.97|-3.06|-3.01 -2.98)
Pulse absent  [-028(0.59 [ 0.40 | 0.25|-0.11]-0.11 0.08 [0.92%] 0.65 |-1.431.59*]-0.( X -0.12-0.2110.92*1.26*| 4.65|-0.24/0.95*|-1.46 | -1.99| 0.08 |-0.42 |2.82%]-2.65 |-0.73 |2.40*| 1.03 [2.96%11.68*-1.31[1.55*/0.98%|-1.19|1.31%]1.48%| 0.65 [-0.81 [2.65%] 0.33 |-0.53| 0.20 |-1.65]1.58%|-0.48 |2.54*|
Electrocardiogram QT interval abnormal (3593 R s e e e e ) s s I e ) e T e e e e Y e R e S T e e R e D D i
Electrocardiogram QT prolonged [0.77 [68[335 091 [-2.22[-1.66[317%[1.67+[3.22+ |88 .61 -2 57 [ 75 [pase] .12+ 08+ o774 o e R e e e e R T e S e [ o s ) e o ) o Y s e e
Toxic shock syndrome staphylococeal [303[-297[-301[3.11[-3.01-299]3.02] 298 296|297 2972 3 96301 3.03|297]-296[5.18] 297|501 |2 307|297] 296 298] 3.08[024]1.24] 296
Toxic shock syndrome streptococcal |324]305[ 318350317 510]5:20] 5 09] 322 334|121 299 5 04 ] 5.26[ 5 20[ 343 320[ 5. N EI e 2l 17]124] 504 5.2 5 38[ 5 03[ 5 01 [ 51061 133|338 3.0
Endotoxic shock |3.08 298305521 5.01[ 501 5.05[ 5 00[ 5.06[ 515115 [ 2.05[ 298] 5 08] 5 17]3.06[ 507 19]-2.965 3|297|5.07] 115|296 [ 532[2.97] 5 04[5 00[-119[ 502 5151 1] 296|299 326|293 .16 5 04] 514 2961
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Fig 3. The top 50 positive drug cases_IC025 The asterisk indicates that the four methods of signal detection are met.

https://doi.org/10.1371/journal.pone.0334785.9003

High-risk drug combinations. Drug interaction analysis identified several high-risk combinations with significant Q
values (Fig 4):

1. Anastrozole +Levofloxacin (Q2=4.23, 95% CI: 3.72—-4.74): Previously unrecognized interaction potentially involving
QT prolongation and hormonal effects

2. Duloxetine+Ondansetron (Q2=4.29, 95% CI: 3.69-4.90): Serotonergic interaction with cardiovascular implications
3. Amphotericin B+ Fluoxetine (Q2=4.30, 95% CI: 3.65-4.95): Nephrotoxicity and electrolyte disturbances
4. Quetiapine + Sertindole (2=4.25, 95% CI: 3.62—4.88): Additive effects on cardiac conduction

5. Risperidone + Sulfamethoxazole/Trimethoprim (Q2=4.16, 95% CI: 3.52—4.81): Metabolic interaction affecting cardiac
rhythm
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Fig 4. Summarizes ATC1_ROR according to ATC classification. The asterisk indicates that the four signal detection methods are met.

https://doi.org/10.1371/journal.pone.0334785.9004
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Novel findings and discrepancies with existing literature

Our analysis identified several findings that either contradicted established literature or unveiled previously unrecognized
patterns:

Metformin: Contrary to its well-documented cardiovascular protective effects, our analysis detected significant signals
for cardiogenic shock, particularly in elderly patients with renal impairment. This observation may be attributed to the pro-
gression of lactic acidosis in susceptible populations.

Quetiapine: Beyond its well-characterized association with QT prolongation, our findings revealed broader shock
associations, including distributive shock patterns potentially mediated by a-adrenergic blockade and histamine receptor
antagonism.

Drug Combination Interactions: The interaction between Levofloxacin and Anastrozole emerged as a novel finding
with potential clinical significance, particularly for cancer patients undergoing concurrent hormonal therapy and antibiotic
treatment.Predictive Performance Analysis

The signal detection methods demonstrated varying performance characteristics:

- Sensitivity: ROR (78%), PRR (71%), IC (82%), EBGM (69%)
- Specificity: ROR (84%), PRR (89%), IC (87%), EBGM (92%)

Positive Predictive Value: Combined four-method approach (94%)
» Negative Predictive Value: Combined approach (89%)

The integration of all four methods (asterisk-marked signals) provided optimal balance between sensitivity and specific-
ity for clinically relevant shock associations.

The analysis identifies the top 30 drug interactions based on their frequency of occurrence, quantified by odds ratios
(Q) and corresponding 95% confidence intervals (Cl). Fig 5 presents drug pairs demonstrating significant interactions,
with Q values reflecting the magnitude of these associations. The data reveal several drug combinations with pronounced
interaction signals, strongly associated with specific adverse reactions and characterized by elevated Q values, suggest-
ing substantial pharmacological interactions. These include: Anastrozole and Levofloxacin (2=4.23, 95% Cl: 3.72-4.74);
Duloxetine and Ondansetron (Q2=4.29, 95% CI: 3.69—4.90); Amphotericin B and Fluoxetine (2=4.30, 95% CI: 3.65-4.95);
Quetiapine and Sertindole (2=4.25, 95% CI: 3.62—4.88); Risperidone and Sulfamethoxazole/Trimethoprim (Q=4.16, 95%
Cl: 3.52—4.81); Ciprofloxacin and Posaconazole (2=4.12, 95% CI: 3.49-4.76); Alimemazine and Escitalopram (Q=4.19,
95% ClI: 3.48-4.90); Anastrozole and Clomifene (Q2=4.00, 95% CI: 3.35-4.65); Levetiracetam and Lorazepam (Q=3.63,
95% CI: 3.27—-4.00); and Cimetidine and Levofloxacin (Q=3.95, 95% CI: 3.25-4.66). These combinations exhibit robust
interaction signals, underscoring a heightened risk of adverse effects.

Discussion

This study systematically analyzed adverse drug event (ADE) data spanning from the first quarter of 2004 to the second
quarter of 2024. The initial dataset comprised 3,611,216 duplicate records, which were subsequently deduplicated to
retain 17,947,720 patient demographic (DEMO) records. Further screening yielded 8,511,840 DEMO records reported
exclusively by healthcare professionals (PH, MD, OT). Utilizing a standardized medical terminology query (SMQ code:
20000066), 277,956 shock-related adverse event records involving 244,030 patients were extracted from the adverse
reaction dataset (REAC).

Demographic analysis revealed that females constituted 46.38% of the cohort, males 43.09%, and 10.53% had unspeci-
fied gender. Age distribution was predominantly concentrated in the 45-64 and 265 age groups, accounting for 27.35% and
27.82%, respectively. Geographically, the United States reported the highest number of cases (26.09%), followed by France
(8.20%), Japan (4.76%), and the United Kingdom (4.16%). Notably, 99.26% of the adverse events were classified as serious.
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DrugName A

Anastrozole
Duloxetine
Amphotericin B
Quetiapine
Risperidone
Ciprofloxacin
Alimemazine
Anastrozole
Cilostazol
Levetiracetam
Cimetidine
Sulfamethoxazole/Trimethoprim
Levofloxacin
Ranitidine
Albumin Human
Gabapentin
Atenolol
Carvedilol
Clarithromycin
Fluvoxamine
Flunitrazepam
Alprazolam
Nicotine
Ketorolac
Citalopram
Escitalopram
Bisoprolol
Baclofen
Ethanol
Clobetasol

Fig 5. Interactions_Top 30 preferred terms for frequency of target drugs.

DrugName B

Levofloxacin
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Fluoxetine
Sertindole
Sulfamethoxazole/ Trimethoprim
Posaconazole
Escitalopram
Clomifene
Duloxetine
Lorazepam
Levofloxacin
Vorinostat
Ondansetron
Tramadol
Ranitidine
Venlafaxine
Vortioxetine
Paroxetine
Olanzapine
Hydrochlorothiazide
Zolpidem
Diamorphine
Paracetamol
Ondansetron
Pipamperone
Haloperidol
Mirabegron
Lamotrigine
Gabapentin
Mycophenolic Acid

nlll

3l
22
19
20
19
20
16
19
26
59
16
10
26
14
25
58

10

10
51
15
61
16
18
10
18
17
11

Q (95% CI)

423 (372-4.74)
429 (3.69 - 4.90)
430 (3.65 - 4.95)
425(3.62-4.88)
4.16 (3.52-4.81)
4.12 (3.49 - 4.76)
4.19 (3.48 - 4.90)
4.00 (3.35 - 4.65)
3.89 (3.34 - 4.44)
3.63 (3.27 - 4.00)
3.95 (325 - 4.66)
3.94 (3.04 - 4.83)
3.57(3.02-4.13)
3.68 (2.93 - 4.44)
348 (2.92-4.05)
323 (2.86-3.60)
373(273-4.73)
3.61(2.71-4.50)
3.66 (2.66 - 4.66)
3.59 (2.65-4.53)
3.53 (2.64-4.43)
3.03(2.63-3.42)
335 (2.62-4.09)
291(2.55-328)
324 (2.53-3.95)
3.19 (252 -3.86)
3.40 (251 - 4.30)
3.17(2.50-3.83)
3.16 (2.48 - 3.85)
3.31(2.45-4.16)

https://doi.org/10.1371/journal.pone.0334785.9005

Signal detection analysis identified 158 out of 847 drugs (18.7%) that exhibited positive signals across three detection
methods, with 79 drugs (9.3%) showing positive signals in all four methods. Metformin (2,604,602 cases) and amlodipine
(2,783,836 cases) were significantly associated with shock. Anatomical Therapeutic Chemical (ATC) classification analy-
sis revealed that cardiovascular system drugs (ATC C) constituted 32% of the cases, with antiarrhythmic drugs and ACE
inhibitors demonstrating the strongest signals. Anti-infective drugs (ATC J) accounted for 28%, with fluoroquinolones such
as levofloxacin significantly linked to cardiogenic shock. Nervous system drugs (ATC N) represented 23%, with opioids
and antipsychotics associated with various types of shock.
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Drug interaction analysis identified several high-risk combinations, including anastrozole +levofloxacin, duloxe-
tine + ondansetron, amphotericin B +fluoxetine, quetiapine + sertindole, and risperidone + trimethoprim/sulfamethoxazole,
all exhibiting high Q values (>4), indicative of significant cardiovascular risks. Additionally, the study uncovered novel
findings that diverge from existing literature, such as the association of metformin with cardiogenic shock and the broad
association of quetiapine with multiple types of shock.

The integration of four signal detection methods (ROR, PRR, IC, EBGM) demonstrated robust predictive performance,
with the combined method achieving a positive predictive value of 94% and a negative predictive value of 89%.

Clinical implications of drug class patterns

The systematic pharmacovigilance analysis identifies critical patterns in drug-induced shock, demonstrating that cardio-
vascular medications account for a substantial proportion (32%) of shock-related adverse event signals. This observation
is consistent with the established pathophysiology, as pharmacological agents modulating cardiac function and vascular
tone inherently predispose patients to hemodynamic instability. Notably, the pronounced signal associated with antiar-
rhythmic agents, particularly amiodarone, underscores the intricate risk-benefit considerations in the management of
cardiac arrhythmias. These findings emphasize the necessity for stringent monitoring protocols, especially in patients with
hemodynamic instability or multiple comorbid conditions.

Cardiovascular medications have been associated with the induction of shock, as evidenced by multiple studies
demonstrating the significant cardiovascular risks associated with drug overdoses. Manini et al. [26] elucidated the
incidence of acute cardiovascular events (ACVE) following drug overdose, revealing that patients exposed to such
toxicities frequently exhibit hemodynamic instability, including shock, arrhythmias, and other severe complications. Their
findings highlight the critical need for prompt clinical intervention and continuous monitoring, emphasizing the essential
role of pharmacovigilance in assessing the safety profiles of cardiovascular drugs, particularly in overdose and toxicity
scenarios.

Novel insights from anti-infective analysis

Pharmacovigilance data analysis reveals that anti-infective agents, particularly fluoroquinolones, account for a significant
proportion of signals linked to drug-induced shock. They have been consistently associated with a spectrum of severe
adverse events, including cardiovascular complications.

Fluoroquinolones, particularly levofloxacin, have been extensively documented in the literature as potential contribu-
tors to severe cardiovascular complications. A comprehensive population-based study by Lapi et al. (2012) and Liu et al.
(2017) [19,27] demonstrated a significant association between fluoroquinolone administration and an increased risk of
serious arrhythmias, emphasizing the necessity for vigilant monitoring in high-risk patient populations, especially those
receiving concurrent antibiotic therapies. Furthermore, the U.S. Food and Drug Administration (FDA) has issued warnings
regarding the association between fluoroquinolone use and critical cardiovascular events, including aortic dissection, as
corroborated by Liu et al. (2017) [27].

The pharmacological interactions between fluoroquinolones and concomitant therapeutic agents present significant
clinical concerns. The identification of potentially hazardous drug combinations, particularly the co-administration of Anas-
trozole and Levofloxacin, underscores the intricate challenges associated with polypharmacy in oncological populations.
Cancer patients undergoing hormonal therapies may exhibit heightened vulnerability to cardiovascular complications
when concurrently administered with fluoroquinolone antibiotics [28]. Emerging research has elucidated mechanisms
extending beyond QT interval prolongation, proposing that fluoroquinolones may interfere with essential enzymatic
processes, including topoisomerase function, potentially inducing mitochondrial dysfunction and subsequent cardiotoxic
effects [29].
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Methodological advantages and innovation

The implementation of four complementary signal detection methodologies marks a substantial progression in pharma-
covigilance research, with particular emphasis on the Omega shrinkage method. This approach effectively mitigates
critical limitations inherent in traditional disproportionality analyses, especially when evaluating drugs with sparse reporting
histories. By generating more stable and reliable estimates, the Omega method facilitates the detection of interactions
among infrequently prescribed medications and the identification of rare adverse event combinations, thereby significantly
enhancing the robustness and precision of pharmacovigilance initiatives [16].

The incorporation of Bayesian signal detection components, specifically the Information Criterion (IC) and the Empirical
Bayes Geometric Mean (EBGM) methodologies, significantly enhances analytical rigor. These approaches leverage prior
information to generate credibility intervals that more precisely quantify uncertainty in signal strength estimation [30]. As
highlighted by Harpaz et al., such advanced computational techniques play a pivotal role in optimizing drug safety signal
detection through sophisticated data mining strategies and the effective implementation of probabilistic models [31]. The
systematic integration of these methods ensures that detected signals satisfy established criteria, thereby improving spec-
ificity while preserving sensitivity for clinically meaningful associations. This balance is particularly crucial in pharmacovig-
ilance, as it reduces the likelihood of false positive outcomes and strengthens the overall reliability of research findings
[32,33].

The imperative for implementing diverse methodological approaches in signal detection is critically important. The
research conducted by Caster et al. [16] underscores the inherent limitations of traditional disproportionality analysis,
specifically its reduced efficacy in distinguishing genuine safety signals from background noise within pharmacovigilance
datasets. Furthermore, the development of comprehensive reference standards for assessing emerging safety concerns
significantly augments this methodological framework, thereby facilitating a more nuanced understanding of drug safety
mechanisms and their complex interactions [16,33].

Limitations and considerations

The analysis of pharmacovigilance databases is subject to several inherent limitations that warrant careful consideration.
The voluntary reporting system of the FAERS database introduces potential biases, including underreporting and selective
reporting, particularly for well-established adverse effects that may be perceived as expected and thus less likely to be
documented. Furthermore, the observational and spontaneous nature of these data precludes the establishment of defini-
tive causal relationships between drug exposure and adverse events.

A notable limitation is confounding by indication, wherein medications prescribed for conditions that predispose patients
to shock may appear associated with shock events due to the underlying disease pathology rather than direct drug tox-
icity. For instance, observed signals associated with cardiovascular medications may reflect the severity of pre-existing
cardiac conditions rather than drug-induced effects.

The database’s lack of granular clinical information, including drug dosages, administration routes, concomitant thera-
pies, and patient comorbidities, significantly constrains the ability to comprehensively assess risk factors for drug-induced
shock. Future investigations integrating electronic health records or claims databases may provide enhanced clinical
context to supplement and validate these pharmacovigilance findings.

Clinical risk management recommendations

Key strategies encompass the implementation of advanced hemodynamic monitoring protocols for high-signal med-
ications, the incorporation of comprehensive risk factor assessments into clinical decision support systems, and the
establishment of standardized guidelines for dose optimization or alternative therapeutic interventions in high-risk patient
populations. Educational initiatives should focus on enhancing healthcare provider awareness, integrating evidence-based
findings into pharmacy consultations, and providing structured patient counseling. Regulatory interventions may include
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the revision of drug labeling, the deployment of targeted post-marketing surveillance programs, and the strategic applica-
tion of Risk Evaluation and Mitigation Strategies (REMS) where warranted.

Future research directions

Future investigations should elucidate the underlying mechanisms of drug-induced shock associations, corroborate
identified signals through well-designed prospective clinical trials, and evaluate both healthcare utilization patterns and
economic implications. The integration of international pharmacovigilance databases would facilitate the identification of
potential regional disparities and enhance the robustness of global drug safety surveillance systems.

Conclusions

This investigation constitutes the most comprehensive systematic assessment of drug-induced shock to date, employ-

ing an integrated analytical framework that combines Omega shrinkage, multi-method disproportionality analysis, and
Bayesian inference to optimize signal detection precision. Through rigorous application of these methodologies, 79
pharmaceutical agents met all four predefined detection criteria, with cardiovascular therapeutics and anti-infective agents
accounting for the predominant proportion of significant signals. In addition to validating established risk profiles, our
analytical approach revealed previously unrecognized associations, including unexpected signal patterns for Metformin,
expanded toxicity profiles of Quetiapine, and high-risk drug combinations such as Anastrozole—Levofloxacin. These find-
ings underscore the methodological significance of advanced pharmacovigilance analytics in enhancing both the sensi-
tivity and specificity of safety signal detection, while simultaneously providing critical insights for evidence-based clinical
monitoring and risk management protocols.
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