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Key points
- Non-suicidal cases of serotonin syndrome during regular 
prescription were substantially less serious than cases associated 
with intentional overdose.
- In regular prescription, serotonin syndrome almost always resulted 
from drug combinations, with non-antidepressant medications 
involved in over 90% of cases, challenging the perception of 
serotonin syndrome as a primarily antidepressant-related problem.
- Non-antidepressant agents, particularly several opioids and 
antiparkinsonians, may warrant attention regarding serotonin 
syndrome.
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Abstract
Background  Serotonin syndrome (SS) is a concern for prescribers of serotonergic acting agents and mainly antidepressants, 
yet the implicated drug combinations and associated outcomes across clinical settings remain incompletely characterized.
Methods  We performed a systematic review in PubMed/Embase, searching for SS cases in adults from the database’s incep-
tion until June 2024, and conducted a patient-level and network analysis of drug co-occurrence. The quality of SS diagnoses 
was assessed using the Hunter Serotonin Toxicity and the Sternbach Criteria.
Results  A total of 764 cases were included; 653 (85.6%) and 496 (65.0%) met the Sternbach and the Hunter Criteria, 
respectively. Patients with SS following suicide attempts were more frequently admitted to intensive care units with higher 
mortality rates than patients with SS related to regular prescriptions (79.4% vs 35.6% and 18.0% vs 5.1%, respectively, both 
p < 0.001). Of 645 regular prescription cases, 92.9% were drug combinations (≥ 2 agents). Monotherapy cases were milder 
and often occurred after initiation of a new antidepressant in younger patients. Drug combinations involved non-antidepres-
sants in 90.7%. Network analysis identified trazodone as the most connected antidepressant, and fentanyl and tramadol as 
the most connected non-antidepressant nodes. We identified five SS cases following antipsychotic discontinuation while 
maintaining serotonergic agents.
Conclusions  Non-suicidal cases of SS during regular prescription were less serious than SS cases associated with intentional 
overdose. The emerging role of non-antidepressant agents (e.g., several opioids and antiparkinsonian drugs) as potential 
precipitants support tailored interprofessional medication review in poly-medicated subjects.
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Introduction

Serotonin syndrome (SS) is a potentially life-threatening 
adverse drug reaction resulting from excessive serotonergic 
activity in the central nervous system [1]. Although most 
frequently diagnosed by exclusion, some typical symptoms 
may include altered mental status, autonomic dysfunction, 
and neuromuscular abnormalities, occurring in the context 
of serotonergic drug exposure [2]. Although the incidence 
is rather low, ranging from 0.07% to 0.23% among patients 
exposed to serotonergic agents, it is because of its severity 
that SS represents a major clinical challenge in the prescrip-
tion of antidepressants [3–5]. Specifically, the mortality 
rate varies considerably, reaching 18% in overdose cases, 
while approximately 40% of all cases require intensive care 
unit admission (ICU) [6].The burden of SS deserves more 
attention when considering epidemiological data suggest-
ing increasing polypharmacy, as the SS risk may exponen-
tially increase with the number of serotonergic agents; for 
instance, there are estimates of incidence rate ratio around 
5.5 in patients being co-prescribed five or more serotonergic 
medications compared to those on a single agent [3]. Atten-
tion regarding culprit drugs of SS may have centered around 
serotonergic antidepressants, although non-antidepressant 
medications, including opioids, antibiotics, and over-the-
counter compounds, may also be implicated, especially in 
the context of drug-drug interactions [7–9].

Regarding the diagnosis of SS, several diagnostic criteria 
have been proposed [1, 2, 10], with Sternbach and Hunter 
Serotonin Toxicity Criteria being the most widely clinically 
applied [11]: Sternbach criteria, which include at least three 
of 10 clinical features (mental status changes, agitation, 
myoclonus, hyperreflexia, diaphoresis, shivering, tremor, 
diarrhea, incoordination, or fever) in the context of seroto-
nergic drug combination or dose increase, with exclusion of 
other causes [1], and the Hunter Serotonin Toxicity Criteria, 
including the presence of at least one of the following: spon-
taneous clonus; inducible or ocular clonus with agitation or 
diaphoresis; tremor and hyperreflexia; or hypertonia with 
temperature above 38 °C and ocular or inducible clonus [2]. 
Although both criteria show considerable sensitivity and 
specificity, evidence suggests considerable shortcomings for 
both systems, with only 48.8% of cases meeting all Stern-
bach criteria, whereas applying the Hunter criteria may lead 
to missing of 35.7% of cases with rare presentations, such as 
rhabdomyolysis [11]. The diagnosis may be challenging due 
to the clinical presentation overlapping with other complex 
medication-induced adverse reactions, such as neuroleptic 
malignant syndrome, malignant hyperthermia, and anticho-
linergic toxicity [5].

Further, a ICU study reported that 7.8% of patients 
met Hunter criteria, suggesting that it remains a highly 

underdiagnosed syndrome [12]. The issue of the SS under-
diagnosis may derive from the limited awareness among 
clinicians; data from general practice in the late 1990 s sug-
gested that up to 85% of general practitioners were unfamil-
iar with the SS diagnostic criteria [13]. Moreover, a 2020 
survey of neurophysicians in India found that only one third 
correctly recognized SS diagnostic criteria, whereas only 
17% identified clonus as its most specific feature [14]. The 
diagnostic challenge is further complicated in multi-drug 
overdose settings, where prescription of antipsychotics and 
antidepressants may obscure the distinction between SS and 
neuroleptic malignant syndrome [11], and concurrent opi-
oid-antidepressant overdose may complicate recognition of 
serotonergic toxicity against the backdrop of opioid-induced 
CNS and respiratory depression [15]. Therefore, despite 
decades of literature and increasing prevalence of serotoner-
gic prescriptions, physician awareness of SS remains poor.

The SS pathophysiology involves complex interactions 
at multiple receptor subtypes: while the 5-HT2A receptor 
seems to be the primary mediator of life-threatening mani-
festations, including rigidity and hyperthermia, the 5-HT1A 
receptors may contribute to milder SS symptoms [5]. Pos-
sible pharmacodynamic mechanisms for the precipitation of 
SS include: a) inhibition of serotonin reuptake, b) decreased 
serotonin metabolism through monoamine oxidase inhibi-
tion, c) increased serotonin synthesis, d) enhanced serotonin 
release, and e) direct serotonin receptor agonism [7]. Apart 
from pharmacodynamics, pharmacokinetic interactions, 
particularly CYP450-mediated inhibition leading to ele-
vated plasma concentrations of serotonergic agents [7, 16] 
or genetic polymorphisms in drug-metabolizing enzymes 
[17] resulting in higher levels of serotoninergic drugs may 
facilitate the SS precipitation.

Current understanding of SS remains limited by several 
critical knowledge gaps. SS exists on a clinical spectrum, 
ranging from mild neuromuscular findings to life-threaten-
ing toxicity with severe hyperthermia and rigidity [7], with 
clinical features and sequelae differing meaningfully across 
this range. Population-based and claims-based studies docu-
ment escalating use of psychotropic medications and high 
symptom burden with polypharmacy in youth and adults, 
underscoring the importance of recognizing combinations 
that may increase SS risk [18–20]. Existing diagnostic cri-
teria were derived primarily from overdose cases and may 
not accurately identify cases where standard doses are pre-
scribed [2]. However, overdose cases usually implicate dif-
ferent drug exposure patterns and, thus, potentially different 
pharmacokinetic as well as pharmacodynamic mechanisms 
underlying SS, than cases with regular antidepressant doses. 
Therefore, comparatively studying clinical outcomes for SS 
in patients with regular antidepressant doses vs, overdoses 
is crucial. Besides, identifying co-prescription patterns 
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in cases of SS related to either therapeutic regimens with 
regular antidepressant doses or overdose is of main clinical 
value. Our systematic analysis of published SS cases with 
patient-level data evaluation aimed to provide a descriptive 
analysis of demographic characteristics and clinical out-
comes for published SS cases, including a subgroup analysis 
of overdoses vs. regular antidepressants prescriptions and a 
sensitivity analysis with monotherapy vs. drug combination 
cases. Last, we also aimed to identify drug-drug combina-
tions associated with SS.

Materials and methods

The systematic review was conducted according to a pro-
tocol prospectively registered and published on the Open 
Science Framework prior to the initiation of data collection 
and analysis [21] and reported using the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [22] (Supplementary table S1), modi-
fied for systematic review of case reports [23, 24].

Search strategy

We searched MEDLINE and EMBASE to identify case 
reports and case series describing serotonin syndrome pub-
lished in English. The search strategy included terms related 
to "serotonin syndrome," "serotonin toxicity," and “seroto-
nergic syndrome” combined with publication type filters for 
case reports and series (Supplementary material S7). Data-
bases were searched last in 06/2024, for publications with-
out restrictions since database inception. Reference lists of 
included articles were manually searched to identify addi-
tional relevant publications not captured by the database 
searches.

Study selection

After removing duplicates from both databases, two authors 
(BB and NK) independently screened titles and abstracts 
using a non-AI version of Rayyan, a web-based platform 
allowing independent parallel paper screening by multiple 
reviewers with blinded comparison of decisions and auto-
mated detection of conflicts [25]. As consensus was reached 
in all cases, no additional co-authors were involved. Screen-
ing was performed by inspecting titles and abstracts. When 
titles and abstracts did not provide information on the inclu-
sion and exclusion criteria, full articles were obtained to 
verify eligibility. Cases from the same authors reporting 
patients with identical demographics (sex, age) and medica-
tion profiles (drugs and doses) were also considered dupli-
cates and excluded. When the same patient experienced 

multiple episodes of SS within a single report, each episode 
was analyzed as a separate case.

Inclusion and exclusion criteria

Study types: Case reports or case series reporting SS were 
included. Studies published on languages other than English 
were excluded.

Participants: Adults (≥ 18  years) with reported SS 
regardless of type of compounds were included. Pediatric 
cases (< 18 years) were excluded given possible substantial 
age-related differences in pharmacokinetics, pharmacody-
namics, and prescribing patterns, as well as the fact that 
both applied diagnostic criteria were validated primarily in 
adult populations.

Exposure: Pharmacological treatment.
Comparator: Not applicable.
Outcome: We summarized demographic and clinical 

characteristics of patients with SS.

Data extraction

Two authors (BB and MD) independently extracted demo-
graphic and clinical data using a standardized extraction 
form. Data extraction files were cross-checked for incon-
sistencies, with verification performed by a third author 
(NK) on a case-by-case basis. Discrepancies were resolved 
through discussion until consensus was reached. Authors of 
original reports were contacted via email for clarification of 
missing or ambiguous data, with a two-week waiting period 
for responses. Extracted data included: age, sex, diagnoses, 
all medications (including doses and duration), comorbidi-
ties, clinical symptoms, hospitalization, ICU admission, 
and clinical outcomes. Cases were classified as overdose 
when the reported ingested dose of at least one substance 
exceeded the recommended maximum daily dose; when 
dose information was not reported, the precipitation con-
text was recorded as unknown; in other cases the precipi-
tation context was assigned based on explicit reporting in 
the source case report as one of the following categories: 
introduction of a new antidepressant, antidepressant dose 
increase, non-antidepressant introduction or dose increase, 
or other reasons. The clinical context of SS precipitation 
within the suicide attempt or suicide was recorded as explic-
itly reported by the original authors.

Drugs were classified according to Anatomical Thera-
peutic Chemical (ATC) codes; antidepressants were defined 
as substances with an ATC code within the N06A class; all 
other substances were classified as non-antidepressants. 
Substances were classified as serotonergic if they exhib-
ited one or more of the following mechanisms: serotonin 
reuptake inhibition, serotonin receptor agonism, serotonin 
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release, or monoamine oxidase inhibition [7]. Pharmaco-
logical properties, including recommended maximum daily 
dose, serotonergic activity, and blood–brain barrier penetra-
tion, were obtained from the Database of Approved Drugs 
(Drugs@FDA) of the U.S. Food and Drug Administration 
(FDA), European Medicines Agency (EMA) Database of 
Approved Drugs, and DrugBank (drugbank.com). For sub-
stances not listed in these databases, we conducted targeted 
literature searches in MEDLINE/PubMed for pharmacody-
namic data. Given the exploratory nature of our study, we 
adopted following criteria: A compound was classified as 
blood–brain barrier permeable if at least one study reported 
a detectable concentration of the parent drug or an active 
metabolite within the brain parenchyma or cerebrospinal 
fluid after systemic administration under non-pathological 
conditions in any species; A compound was classified as 
serotonergic if at least one study demonstrated its direct 
agonistic properties on any 5-HT receptor subtype, or 
inhibition of serotonin transporter or monoamine oxidase 
(MAO). We accepted any measurable affinity or the near-
est reported potency metric, such as IC50 or pKi. Pharma-
cological agents with mixed serotonergic properties, such 
as second-generation antipsychotics, were classified as non-
serotonergic when their dominant serotonergic action was 
5-HT2A antagonism, considering it being potentially pro-
tective against SS rather than precipitating.

Quality of studies

The quality of studies was assessed using PHARMA check-
list of items for inclusion in an anecdotal report of a sus-
pected adverse drug reaction [26]. The quality of the SS 
diagnosis was assessed using Hunter Serotonin Toxicity 
Criteria [2] and Sternbach Criteria [1]; both criteria were 
retrospectively applied by two authors (BB and MD), inde-
pendently of the diagnostic terminology or criteria reported 
in the original publications. Data that the authors did not 
specify and could not obtain through correspondence were 
reported as missing.

Statistical analysis

Patient-level analysis

All extracted data were pooled into a single dataset. Normal-
ity was assessed using the Shapiro–Wilk test, and homoge-
neity of variance using Levene’s test. Continuous variables 
are presented as median with interquartile range (IQR), 
and categorical variables as frequencies with percentages, 
as well as odds ratios (OR) with 95% confidence interval 
(95%  CI). Benjamini–Hochberg multiple comparison cor-
rection procedure was performed; adjusted p-values were 

reported. A 2-sided p-value of 0.05 was considered statisti-
cally significant. All analyses were performed with R [27]. 
Parameters included in the analysis are listed in Tables 1 
and 2.

Suicide attempts versus regular prescription use (referred 
as “regular prescription”)

As intentional overdoses typically involve higher-than-rec-
ommended doses and different drug combinations than ther-
apeutic use, we compared patients without vs. with suicide 
attempts/suicides (reported as such). Group comparisons 
used the Mann–Whitney U test for continuous variables and 
Pearson’s chi-square or Fisher’s exact test for categorical 
variables.

Sensitivity analysis: monotherapy versus combinations

To focus on standard clinical practice, we performed a 
sensitivity analysis excluding: suicide attempts/suicides, 
cases with the diagnosis of SS during discontinuation of a 
medication, and cases with the diagnosis of SS related to 
non-pharmacological interventions. This sensitivity analy-
sis was performed to reduce heterogeneity considering dis-
tinct mechanisms for SS during medication discontinuation 
or for SS related to non-pharmacological agents; given the 
small number of cases excluded in sensitivity analysis, we 
summarized these cases within narrative synthesis. The 
remaining cases were categorized as monotherapy or drug 
combinations and compared. Comparisons of continuous 
variables were performed using Mann–Whitney U-test. 
Categorical variables were compared using Pearson’s Chi-
square test or Fisher’s Exact, when appropriate.

Network analysis of drug combinations

For patients receiving ≥ 2 medications we conducted a 
network analysis using Gephi version 0.10.1 [28] to iden-
tify drug-drug interaction patterns. Network analysis was 
employed to capture the relational structure of drug co-
occurrences across all cases simultaneously, identifying 
central and bridging medications that conventional fre-
quency tables or pairwise comparisons cannot detect. In the 
network, nodes represented medications and edges repre-
sented co-occurrence within the same patient. Edge weights 
reflected co-occurrence frequency. We applied a minimum 
threshold of five cases per medication for network inclu-
sion. All pairwise drug combinations within each case were 
analyzed. We calculated three well-established centrality 
measures: i) the degree centrality, which refers to the num-
ber of direct connections, ii) the betweenness centrality, 
which refers to the role in connecting different medication 
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groups, and iii) the eigenvector centrality, which reflects the 
connections to other highly connected drugs.

Results

The systematic review process yielded 707 publications 
containing 764 eligible cases (Fig. 1; Supplementary table 
S5). An additional search in PsycINFO and CINAHL (from 
inception to 5/2025) during manuscript review did not 
identify any further studies of interest. Most publications 
fulfilled the PHARMA checklist criteria (Supplementary 
Table S6); missing data are reported in Table 1. The median 
publication year was 2012 (IQR: 2004–2018). Geographic 
distribution showed North America as the primary source 
(49.6%), followed by Europe (24.1%). Descriptive data are 
summarized in Table 1.

Demographic and clinical characteristics

The 764 patients had a median age of 46.0 years (IQR: 32.0–
62.0), with 339 (44.5%) being male. Mood disorders were 
the predominant psychiatric diagnosis (n = 510, 66.8%), 
followed by stress-related disorders (n = 145, 19.0%) and 
substance use disorders (n = 79, 10.3%). Common medical 
comorbidities included cardiovascular diseases (n = 146, 
19.1%), endocrine disorders (n = 106, 13.9%), and neu-
rological conditions (n = 103, 13.5%). Diagnostic crite-
ria fulfilment varied considerably: 653 cases (85.6%) met 
Sternbach criteria, 496 cases (65.0%) met Hunter criteria, 
and 489 cases (64.1%) satisfied both. Notably, 103 reported 
cases (13.5%) failed to meet either of the diagnostic crite-
ria. Most patients (n = 676, 88.8%) required hospitalization, 
with 315 (41.5%) requiring ICU admission. The overall 
mortality rate was 6.8% (n = 51).

Suicide attempts versus regular prescription

Among the 764 cases, 103 (13.5%) involved suicide attempts 
or completed suicides, while 661 (86.5%) occurred during 
regular prescription (Table 1). Suicide attempt patients were 
significantly younger (median 35.5 vs. 48.0 years, p < 0.001) 
and had lower rates of medical comorbidities, including 
endocrine (1.9% vs. 15.7%, OR = 0.10, 95% CI: 0.02–0.42, 
p < 0.001), neurologic (5.8% vs. 14.7%, OR = 0.36, 95% CI: 
0.15–0.84, p = 0.05), and cardiovascular diseases (5.8% vs. 
21.2%, OR = 0.23, 95% CI: 0.10–0.53, p < 0.001). The dis-
tribution of psychiatric diagnoses between suicide attempts 
and regular prescription patients showed no differences 
(p > 0.05). However, suicide attempts resulted in mark-
edly worse outcomes than regular prescriptions: nearly all 
suicide attempt cases required hospitalization (99.0% vs. 
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87.2%, OR = 14.29, 95% CI: 1.97–103.65, p < 0.001), with 
the majority requiring ICU admission (79.4% vs. 35.6%, 
OR = 6.96, 95% CI: 4.14–11.69, p < 0.001). Mortality was 
over three times higher in suicide attempts (18.0% vs. 5.1%, 

OR = 4.08, 95% CI: 2.15–7.73, p < 0.001). Overdose precip-
itated SS in 99.0% of suicide attempt cases versus 2.0% of 
regular prescription cases (p < 0.001). In contrast, in regu-
lar prescription cases, SS was more frequently triggered by 

Table 2  Pharmacological characteristics of serotonin syndrome cases precipitated within suicide attempt/suicide vs. regular prescription
Variable Total sample

(n = 764)
Suicide attempt
(n = 103)

Regular prescription
(n = 661)

Adjusted p-value

N of drugs, median (IQR) 3 (2–4) 2 (1–4) 3 (2–4) 0.002
N of drugs penetrating BBB, median (IQR) 3 (2–4) 2 (1–4) 3 (2–4) 0.01
N of serotoninergic drugs, median (IQR) 2 (1–3) 1 (1–2) 2 (1–3)  < 0.001
Serotoninergic mechanism
SRI, n (%) 699 (91.5) 91 (88.3) 608 (92.0) 0.3
Serotonin receptor agonists, n (%) 340 (44.5) 34 (33.0) 306 (46.3) 0.02
Serotonin releasers, n (%) 106 (13.9) 15 (14.6) 91 (13.8) 0.8
MAO inhibitors, n (%) 209 (27.4) 20 (19.4) 189 (28.6) 0.1
AD, n (%) 687 (89.9) 89 (86.4) 598 (90.5) 0.2
N of AD, median (IQR) 1 (1–2) 1 (1–2) 1 (1–2) 0.2
NSMRI, n (%) 89 (11.6) 6 (5.8) 83 (12.6) 0.1
SSRI, n (%) 428 (56.0) 48 (46.6) 380 (57.5) 0.1
SSNRI, n (%) 181 (23.7) 30 (29.1) 151 (22.8) 0.2
Non-selective MAO inhibitors, n (%) 35 (4.6) 2 (1.9) 33 (5.0) 0.3
MAO-A inhibitors, n (%) 29 (4.6) 10 (9.7) 19 (2.9) 0.002
Other AD, n (%) 148 (19.4) 19 (18.4) 129 (19.5) 0.8
Non-AD, n (%) 631 (82.6) 70 (68.0) 561 (84.9)  < 0.001
N of non-AD, median (IQR) 2 (1–3) 1 (0–3) 2 (1–3) 0.005
N of non-AD penetrating BBB, median (IQR) 1 (1–2) 1 (0–2) 1 (1–3) 0.1
Bold font indicates significant differences after Holm-Bonferroni multiple comparison correction
AD antidepressant; BBB blood brain barrier; MAO Monoamine oxidase; NSMRI Non-selective monoamine reuptake inhibitor; SRI serotonin 
reuptake inhibitor; SSNRI selective serotonin-noradrenalin reuptake inhibitor; SSRI selective serotonin reuptake inhibitor

Fig. 1  Prisma Flowchart. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: 
an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. https:​​​//d​oi.​or​g/10​.11​​36/bmj.n71
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new antidepressant initiation (30.3% vs. 4.9%, p < 0.001), 
antidepressant dose increase (8.0% vs. 0.0%, p = 0.002), or 
non-antidepressant medication addition/dose increase, when 
compared to suicide attempts (56.0% vs. 0.0%, p < 0.001). 
Higher number of substances (median 3 vs. 2, p = 0.002), 
blood–brain barrier penetrating substances (median 3 vs. 
2, p = 0.01), serotonergic drugs (median 2 vs. 1, p < 0.001), 
and non-antidepressants (median 2 vs. 1, p = 0.005) were 
involved in regular prescription cases compared to suicide 
attempt cases. Among antidepressants, only MAO-A inhibi-
tors were more frequently involved in suicide attempts 
(9.7% vs. 2.9%, OR = 3.62, 95% CI: 1.60–8.21, p = 0.002), 
while there were no differences for other antidepressant 
classes, when compared to the cases with regular prescrip-
tion (Table 2).

Sensitivity analysis: monotherapy versus drug 
combinations

After excluding suicide attempts (n = 103), drug discon-
tinuation cases (n = 5), and non-pharmacological precipi-
tants (n = 12), 645 cases remained for analysis. Of these, 46 
(7.1%) involved monotherapy and 599 (92.9%) involved 
drug combinations (Supplementary Table S2). Monotherapy 
patients were younger (median 34.0 vs. 49.0 years, p = 0.02) 
with lower rates of cardiovascular comorbidities (4.3% vs. 
22.9%, OR = 0.15, 95% CI: 0.04–0.61, p = 0.01). No signifi-
cant differences emerged between psychiatric diagnoses or 
SS diagnostic criteria fulfilment. However, monotherapy 
cases demonstrated milder clinical courses, with lower hos-
pitalization rates (73.9% vs. 87.9%, OR = 0.39, 95% CI: 
0.19–0.82, p = 0.02) and a trend toward fewer ICU admis-
sions (21.7% vs. 36.6%, OR = 0.48, 95% CI: 0.23–1.00, 
p = 0.09). Mortality rates were similar between groups (4.3% 
vs. 5.2%, p = 1.0). The initiation of new antidepressant(s) 
was reported in 65.2% of monotherapy cases compared to 
28.4% of combination cases (OR = 4.71, 95% CI: 2.52–8.79, 
p < 0.001). Conversely, a dose increase of a non-antide-
pressant medication precipitated 61.1% of drug combina-
tion cases versus 8.7% of monotherapy cases (OR = 0.06, 
95% CI: 0.02–0.17, p < 0.001). Monotherapy cases less 
frequently involved serotonin receptor agonists (13.0% 
vs. 48.4%, OR = 0.16, 95% CI: 0.07–0.39, p < 0.001), sero-
tonin releasing agents (2.2% vs. 15.0%, OR = 0.13, 95% CI: 
0.02–0.93, p < 0.001), and MAO inhibitors (6.5% vs. 30.9%, 
OR = 0.16, 95% CI: 0.05–0.52, p < 0.001). Strikingly, 90.7% 
of drug combination cases involved at least one non-antide-
pressant medication versus only 4.3% of monotherapy cases 
(OR = 0.004, 95% CI: 0.001–0.02, p < 0.001; Supplementary 
Table S3).

Network analysis of drug combinations

We included 599 SS cases with drug combinations in our 
network analysis, which revealed four clusters of drug 
co-occurrence patterns (Fig.  2, Supplementary Table S4). 
The main cluster encompassed most medications and rep-
resented the core drug interaction network. The degree 
centrality analysis identified trazodone (16 connections), 
fentanyl (14 connections), and tramadol (14 connections) as 
the most frequently co-prescribed medications. SSRIs and 
SNRIs showed intermediate connectivity: fluoxetine and 
venlafaxine (11 connections each), paroxetine (10 connec-
tions), citalopram, duloxetine, and sertraline (8 connections 
each; Supp. Table 2). Betweenness centrality, indicating a 
drug’s role in bridging different medication groups, revealed 
trazodone as the primary connector, followed by venlafax-
ine, fluoxetine, and tramadol. Despite having fewer con-
nections than trazodone, fentanyl demonstrated the highest 
eigenvector centrality, indicating its connections to other 
highly connected drugs.

Cluster 2 comprised antiparkinsonian medications 
(amantadine, levodopa, rasagiline, ropinirole), forming 
an isolated subnetwork with minimal connections to the 
main cluster. Cluster 3 contained only clomipramine and 
moclobemide, while Cluster 4 included buprenorphine and 
naloxone (Supplementary Table S2).

Cases excluded from the sensitivity analysis

Five patients developed SS following antipsychotic dis-
continuation (clozapine n = 3, olanzapine n = 2) while con-
tinuing serotonergic medications [29–33]. Patients’ age 
ranged from 22–62  years, with symptom onset occurring 
from < 24 h to 15 days post-discontinuation. Two met Hunter 
criteria, all met Sternbach criteria, required hospitalization, 
and recovered completely after discontinuing serotonergic 
agent(s) with supportive care and treatment with cyprohep-
tadine (n = 3). In four patients, antipsychotic treatment was 
restarted.

Seven patients (six females, age range 31–70  years) 
developed SS during electroconvulsive therapy (ECT) 
while on stable serotonergic medications. Symptom onset 
varied from immediately after the first ECT to the thirteenth 
ECT session. Five patients met Sternbach criteria, and three 
met Hunter criteria. Additional features included rigidity 
in four cases, while one patient presented with hypersali-
vation and verbigeration consistent with catatonic features. 
Further unique cases were precipitated by repetitive tran-
scranial magnetic stimulation (TMS; n = 1), spinal cord 
stimulation (SCS; n = 2), hemodialysis (n = 1), and extreme 
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heat exposure (n = 1). All patients were on stable serotoner-
gic regimens prior to the precipitating event and recovered 
with the discontinuation of serotonergic medications and 
supportive care.

Discussion

Our systematic review of 764 SS cases reveals distinct 
patterns challenging traditional considerations. Suicide 
attempt cases with intentional overdoses led to markedly 
severe outcomes with 79.4% requiring ICU admission 
and 18.0% mortality, compared to only 35.6% ICU admis-
sion and 5.1% mortality in cases with regular prescription. 
This practically implies that SS may be less serious when 
occurring in patients receiving regular doses of antide-
pressants. These findings suggest that SS occurring in the 

context of therapeutic dosing may generally follow a less 
severe course than SS associated with intentional over-
dose, though individual patient factors, including suicide 
risk, should always be considered. Importantly, the 94.9% 
survival rate in regular prescription cases suggests that SS, 
when occurring at therapeutic doses, may follow a benign 
course with appropriate supportive care [2]. Interestingly, 
MAO-A inhibitors were disproportionately represented in 
overdose cases (9.7% vs. 2.9%), which may partly reflect 
their known potential for severe toxicity due to irrevers-
ible enzyme inhibition and prolonged duration of action 
[34], though prescribing pattern differences between groups 
cannot be entirely excluded. Further, the younger age of 
overdose patients and their lower burden of medical comor-
bidities also suggest that the outcome of SS may depend 
on the serotonergic excess and is less affected by patient 
vulnerability factors.

Fig. 2  Network of co-occurring drug combinations in serotonin syn-
drome cases. A minimum inclusion threshold of ≥ 5 co-occurrences 
was applied. Nodes represent drugs; edges indicate co-occurrence 
within the same case. Edge thickness scales with co-occurrence fre-
quency. Node size scales with degree centrality. Node color denotes 
drug mechanism: blue: SRI; red: SRI and SRA; yellow: SRA; black: 
SR, orange: SRA and MAOi; violet: SRA and SR; green: MAOi; white: 
not serotonergic. AMA amantadine; AMI amitriptyline; ARI aripip-
razole; BPR bupropion; BUP buprenorphine; BUS buspirone; CIT 
citalopram; CMP clomipramine; CZP clonazepam; DON donepezil; 

DOPA levodopa; DUL duloxetine; DZP diazepam; ESC escitalopram; 
ETH ethanol; FEN fentanyl; FLU fluoxetine; GAB gabapentin; LAM 
lamotrigine; LIN linezolid; LIT lithium; LZP lorazepam; MAOi mono-
amine oxidase inhibitor; MB methylene blue; MDZ midazolam; MOC 
moclobemide; MOR morphine; MTZ mirtazapine; NAL naloxone; OLA 
olanzapine; OND ondansetron; OXY oxycodone; PAR paracetamol; 
PRX paroxetine; QUE quetiapine; RAS rasagiline; RIS risperidone; 
ROP ropinirole; SER sertraline; SR serotonin releaser; SRA serotonin 
receptor agonist; SRI serotonin reuptake inhibitor; TCP tranylcypro-
mine; TRA tramadol; TRZ trazodone; VEN venlafaxine; VPA valproate
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In patients developing SS within regular prescription, 
our analysis revealed distinct patterns between monother-
apy- and drug combination-induced syndromes; monother-
apy cases represented a small proportion, 7.1% of regular 
prescription cases; these cases occurred predominantly in 
younger patients following antidepressant initiation, sug-
gesting an idiosyncratic reaction. The milder clinical course 
with lower hospitalization rates and ICU admissions 
observed in monotherapy cases supports the hypothesis that 
single-mechanism serotonergic excess may produce less 
severe toxicity than multi-mechanism synergistic effects 
[35]. By contrast, cases involving drug combinations were 
usually the result of adding non-antidepressants to regimens 
that included multiple serotonergic mechanisms, such as 
receptor agonism (48.4%), serotonin release (15.0%), and 
MAO inhibition (30.9%). This mechanistic diversity in 
drug combination cases may explain their greater clinical 
severity; thus, we assume a simultaneous activation of mul-
tiple pathways, which may produce synergistic rather than 
additive serotonergic effects [36]. The striking finding that 
90.7% of drug combination cases involved non-antidepres-
sant medications, i.e. medications licensed for the treatment 
of major depression, challenges the traditional conceptu-
alization of SS as primarily an antidepressant-related phe-
nomenon and highlights the need for an interprofessional 
approach, including team-based medication review [37].

Our network analysis provides the first systematic map-
ping of drug-drug interaction patterns in SS, revealing cen-
tral roles for medications beyond traditional antidepressants. 
While SSRIs and SNRIs were predictably common, trazo-
done emerged as the most highly connected node among 
interactions. This likely reflects its widespread off-label use 
for insomnia in patients already receiving other antidepres-
sants, with prescriptions as a sleep aid exceeding those for 
depression [38, 39]. This finding has clinical implications, 
as trazodone’s complex pharmacology, with its 5-HT2A 
antagonism at low doses, but essential serotonin reuptake 
inhibition at higher doses, as well as the active metabolite 
m-chlorophenylpiperazine, which acts as a non-selective 
5-HT receptor agonist, may have been underappreciated 
as a SS risk factor, when combined with other serotonergic 
substances [39, 40].

The central role of several opioids in our network, with 
fentanyl showing the highest eigenvector centrality despite 
fewer direct connections, highlights that patients receiving 
opioids may be particularly exposed to the SS risk. This 
observation is worrisome given the increasing co-prescrip-
tion of opioids with antidepressants for chronic pain; in fact, 
epidemiological studies suggest that up to 60% of chronic 
opioid users receive concurrent antidepressant therapy [41]. 
The serotonergic properties of opioids vary considerably; 
oxycodone may inhibit the serotonin reuptake [42], whereas 

tramadol is a serotonin and noradrenaline reuptake inhibi-
tor [43, 44]. In vitro data suggest that fentanyl may inhibit 
serotonin reuptake at clinically relevant concentrations and 
may also indirectly increase serotonin release through com-
plex receptor interactions [45, 46]. The high centrality of 
fentanyl in our network may be due to use in perioperative 
and critical care settings. Additionally, the opioid crisis, 
with fentanyl now involved in over 70% of opioid overdose 
deaths in the United States [47], points out another dimen-
sion of SS risk: the concurrent use of fentanyl with recre-
ational drugs possessing serotonergic properties, such as 
MDMA, amphetamines, and cocaine, has been increasingly 
documented, with polysubstance abuse present in approxi-
mately half of fentanyl-related fatalities [48]. In our dataset, 
such co-occurrences were observed below the predefined 
threshold of five cases, likely because fentanyl overdoses 
often result in fatal respiratory depression before SS can 
develop [49]. Nevertheless, given the high prevalence of 
antidepressant prescriptions in individuals with substance 
use [50, 51], the SS risk may be elevated in both emergency 
and addiction medicine settings. Our finding that some opi-
oids were reported as part of interactions between diverse 
medication classes suggests they may act as pharmacologi-
cal amplifiers, increasing the risk of SS even in combina-
tions generally considered safe.

However, in contrast to tramadol and fentanyl, buprenor-
phine appeared in an isolated cluster alongside its combi-
nation partner naloxone. This pattern is consistent with 
buprenorphine’s limited serotonergic profile: unlike other 
common opioids, which demonstrate clearer serotoner-
gic mechanisms or stronger clinical associations with SS, 
buprenorphine is generally considered to carry lower seroto-
nergic toxicity risk [52, 53]. Rare cases involving buprenor-
phine with serotonergic co-medications indicate that this 
risk is not absent, but its network isolation supports it being 
a less prominent driver of SS compared to other opioids.

Besides, the network structure revealed that medications 
with MAOI properties, including linezolid and methylene 
blue, showed high interconnectivity, consistent with their 
well-documented potential to precipitate severe SS when 
combined with any serotonergic agent [54, 55].

Of note, antiparkinsonian medications may be involved 
in SS in a distinct network cluster, disconnected from 
antidepressant nodes. This pattern highlights a previously 
underrecognized risk group. While antiparkinsonian drugs 
primarily target dopaminergic pathways, they possess inher-
ent serotonergic properties: rasagiline and selegiline can 
inhibit MAO-A at higher doses or in poor metabolizers [56], 
and amantadine inhibits serotonin reuptake and enhances 
release [57] Levodopa may increase acute serotonin release 
[58], and serotonergic neurons may decarboxylate levodopa 
to dopamine [59], while experimental data also report 
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levodopa-associated chronic serotonergic depletion [60], 
suggesting it may contribute to SS through complex per-
turbation of serotonergic-dopaminergic networks. These 
properties become clinically relevant given that depres-
sion affects 35–40% of Parkinson’s disease patients, often 
requiring antidepressant therapy [61]. Furthermore, the SS 
diagnosis in this patient population may be complicated 
by symptom overlap: parkinsonian tremor, rigidity, and 
autonomic dysfunction may mimic SS features, with only 
inducible clonus being a reliable distinguisher [12]. These 
findings emphasize that several antiparkinsonian medica-
tions, such as levodopa, rasagiline and ropinirole, should be 
considered potentially serotonergic, particularly when initi-
ating antidepressant therapy in this population.

Last, the identification of SS following antipsychotic 
discontinuation represents a potentially novel mechanism 
that expands the traditional paradigm [7]. We identified 
five SS cases after stopping olanzapine or clozapine while 
continuing stable serotonergic medications. This phenom-
enon likely reflects the potent 5-HT2A receptor antago-
nism of these antipsychotics, which may have “protected” 
from the serotonergic toxicity during co-administration 
with antidepressants [62]. The pathophysiology seems to 
involve receptor adaptation, as chronic 5-HT2A blockade 
may lead to receptor upregulation and hypersensitivity, such 
that removal of the antagonist unmasks latent serotonergic 
excess from ongoing antidepressant therapy [63, 64]. The 
clinical implications are substantial, as the combination of 
antipsychotics with antidepressants occurs in up to 50% of 
patients with treatment-resistant depression or bipolar disor-
der [65]. This highlights the need for monitoring when dis-
continuing antipsychotics with strong 5-HT2A antagonism 
in patients prescribed serotonergic medications, with con-
sideration for gradual tapering over abrupt discontinuation.

We also observed that non-pharmacologic interventions 
such as ECT, TMS and SCS may be associated with SS if the 
patient’s serotonergic system is primed by medication. While 
the mechanisms remain unclear, all three interventions are 
known to acutely alter neurotransmitter dynamics and may 
increase serotonergic activity acting in synergy [66–68].

The 13.5% of cases fulfilling neither the Hunter nor the 
Sternbach criteria likely reflect multiple factors such as 
known shortcomings of both diagnostic systems [69]; for 
instance, the Sternbach criteria are more prone to false posi-
tives through its broader thresholds [2], whereas the Hunter 
criteria may miss atypical presentations [70]. Moreover, 
incomplete clinical documentation may have also played a 
role, given that unreported symptoms were treated as absent. 
A minority of these cases may also represent genuine mis-
diagnoses, further underscoring that SS remains a clinical 
diagnosis of exclusion highly dependent on documentation 
quality and clinician awareness [7, 69].

We acknowledge several limitations inherent to analyzing 
case reports. Publication bias may skew data toward severe 
cases, potentially overestimating SS severity and mortal-
ity; on the other hand, mild SS cases that resolve without 
intervention or remain unrecognized may be underrepre-
sented in our analysis. The retrospective, descriptive design 
precluded determination of incidence rates or prospective 
risk assessment. Incomplete reporting was common, with 
missing data on doses, symptom onset timing, and the appli-
cation of diagnostic criteria. Furthermore, the comparison 
between suicide attempt and regular prescription cases may 
be subject to residual confounding by unmeasured baseline 
differences, including psychiatric symptom severity, which 
cannot be systematically captured by case report data. We 
assumed unreported symptoms as being absent, which may 
not precisely reflect clinical reality. Diagnostic criteria varied 
across the decades spanned by our review, potentially affect-
ing case inclusion. Our network analysis cannot establish 
causality. High centrality of drugs may reflect prescription 
frequency rather than inherent SS risk. Further, collinearity 
presents another challenge, as drugs may co-occur due to 
common prescribing patterns rather than specific pharmaco-
dynamic/pharmacokinetic interactions, which could not be 
systematically assessed due to insufficient data in the source 
case reports. Particularly, for pharmacokinetic interactions, 
the lack of data regarding medication concentrations as well 
as cytochrome P450 metabolism and pharmacogenetic vari-
ability was a main limitation. Lastly, as this topic continues 
to attract clinical research interest, future reviews will need 
to update patient-level analyses, given that approximately 
20 new SS-related papers are published annually.

Thus, our network findings should be considered as 
hypothesis-generating and not as proof of drug-drug inter-
actions. Finally, restriction to English-language reports and 
exclusion of pediatric cases limits generalizability. Despite 
these caveats, the large number of cases provides robust 
descriptive data.

In conclusion, our analysis suggests that SS arising 
during the standard prescription may be substantially less 
worrisome than in the context of the suicidal overdose. 
Prescription of at least two medications was dominant 
among SS reports and led to more severe clinical courses 
with higher hospitalization rates compared to monotherapy-
related SS. The predominance of non-antidepressant medi-
cations, particularly several opioids, challenges traditional 
conceptualizations of SS as primarily an antidepressant 
phenomenon. Additionally, the involvement of non-antide-
pressants suggests the need for interprofessional medication 
review. A novel precipitation mechanism, including the dis-
continuation of antipsychotics, expands the clinical scenar-
ios related to SS. Despite limitations inherent to case report 
analysis, our comprehensive characterization provides an 
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evidence-based framework for preventing this potentially 
fatal but largely avoidable adverse drug reaction.
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