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Consequences of Perioperative Serotonin 
Reuptake Inhibitor Treatment During 
Hepatic Surgery
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BaCKgRoUND aND aIMS: Platelet-stored seroto-
nin critically affects liver regeneration in mice and humans. 
Selective serotonin reuptake inhibitors (SSRIs) and serotonin 
noradrenalin reuptake inhibitors (SNRIs) reduce intraplatelet 
serotonin. As SSRIs/SNRIs are now one of the most com-
monly prescribed drugs in the United States and Europe and 
given serotonin’s impact on liver regeneration, we evaluated 
whether perioperative use of SSRIs/SNRIs affects outcome 
after hepatic resection.

appRoaCH aND ReSUltS: Consecutive patients un-
dergoing hepatic resection (n  =  754) were retrospectively 
included from prospectively maintained databases from two 
European institutions. Further, an independent cohort of 495 
patients from the United States was assessed to validate our 
exploratory findings. Perioperative intake of SSRIs/SNRIs was 
recorded, and patients were followed up for postoperative liver 
dysfunction (LD), morbidity, and mortality. Perioperative intra-
platelet serotonin levels were significantly decreased in patients 
receiving SSRI/SNRI treatment. Patients treated with SSRIs/
SNRIs showed a higher incidence of morbidity, severe mor-
bidity, LD, and LD requiring intervention. Associations were 
confirmed in the independent validation cohort. Combined 
cohorts documented a significant increase in deleterious post-
operative outcome (morbidity odds ratio [OR], 1.56; 95% 
confidence interval [CI], 1.07-2.31; severe morbidity OR, 

1.86; 95% CI, 1.22-2.79; LD OR, 1.96; 95% CI, 1.23-3.06; 
LD requiring intervention OR, 2.22; 95% CI, 1.03-4.36). 
Further, multivariable analysis confirmed the independent as-
sociation of SSRIs/SNRIs with postoperative LD, which was 
closely associated with postoperative 90-day mortality and 
1-year overall survival.

CoNClUSIoNS: We observed a significant association of 
perioperative SSRI/SNRI intake with adverse postoperative 
outcome after hepatic resection. This indicates that SSRIs/
SNRIs should be avoided perioperatively in patients undergo-
ing hepatic resections. (Hepatology 2021;73:1956-1966).

Liver resection is considered the only poten-
tially curative treatment option for several 
neoplastic entities of the liver.(1) Accordingly, 

hepatectomies are performed for eligible patients 
based on the resection of all radiological and mac-
roscopic detectable tumor while preserving at least 
25% of healthy total liver volume.(2) Despite substan-
tial improvements in surgical techniques and periop-
erative care, postoperative morbidity and mortality 
remain important concerns after liver resection.(3) 
The most significant factor determining morbidity 
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and mortality following hepatectomy is the ability of 
the remnant liver to regenerate. Platelets have been 
found to substantially contribute to liver regeneration, 
likely by releasing their granule content.(4-8) Several 
clinical studies have now documented that circulating 
platelet counts per se are associated with poor clini-
cal outcome after liver resection.(9-11) A well-defined 
mechanism of how platelets affect liver regeneration 
is represented by intraplatelet serotonin. In particular, 
extensive experimental evidence has documented that 
platelet-derived serotonin promotes liver regenera-
tion in rodent models.(12-14) Recently, we were able to 
provide evidence that platelet-stored serotonin is also 
a relevant promoter of liver regeneration in humans, 
by documenting that patients suffering from adverse 
postoperative outcome had significantly lower levels 
of intraplatelet serotonin prior to liver resection.(5)

Serotonin is produced by the enterochromaffin 
cells in the intestine and then taken up and stored by 
platelets, where 95% of biologically available serotonin 
is stored. Of interest, the process of serotonin pack-
ing into platelets is negatively affected by serotonin 
reuptake inhibitors such as selective serotonin or sero-
tonin and noradrenaline reuptake inhibitors (SSRIs/
SNRIs).(15,16) Accordingly, we provided exploratory 
evidence that SSRI-treated patients undergoing liver 
surgery do indeed demonstrate reduced intraplate-
let serotonin levels.(17) To date, SSRIs/SNRIs are 
among the most commonly prescribed medications in 
Western countries. Approximately 12.5% of the US 
population is treated with SSRIs, and within Europe, 
documented SSRI/SNRI intake can reach 15.7% in 
certain countries.(18,19) This makes SSRIs/SNRIs one 

of the most commonly prescribed medications in the 
United States and Europe per se and prior to liver 
surgery.

Given the established experimental and transla-
tional evidence that serotonin represents a critical 
regulator of postoperative liver regeneration and that 
SSRIs/SNRIs might critically reduce intraplatelet 
serotonin levels, we set out to define if and to what 
extent perioperative SSRI/SNRI use would negatively 
affect postoperative outcomes in patients undergoing 
hepatic resection.

Patients and Methods
StUDy CoHoRtS

Elective hepatic resections from 2000 to 2018 were 
included in this study from a total of three independent 
institutions (Medical University of Vienna, Vienna, 
Austria; Medical University of Innsbruck, Innsbruck, 
Austria; Mayo Clinic, Rochester, MN). The explora-
tion cohort did represent consecutive patients from the 
two Austrian/European centers. To increase the inci-
dence of postoperative outcome events as well as limit 
heterogeneity and concomitantly increase the power 
of our analyses, the validation cohort from the Mayo 
Clinic only included major resections and only patients 
suffering from one of the three most frequent neoplas-
tic entities (colorectal cancer liver metastasis  [CRLM], 
hepatocellular carcinoma [HCC], or cholangiocellu-
lar carcinoma [CCC]; as summarized in Supporting  
Fig. S1; Current Procedural Terminology codes were 
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used to identify patients in this cohort). In a subgroup 
of 70 patients from the exploration cohort, we assessed 
perioperative intraplatelet serotonin levels with regard 
to SSRI/SNRI intake. Serum and plasma preparations 
were performed immediately prior to surgery and on 
postoperative day 1 (POD1) as well as on POD5 after 
liver resection for intraplatelet serotonin assessment. 
Results of this cohort with respect to the relevance 
of intraplatelet serotonin contents and postoperative 
outcome have previously been reported on by our 
group.(17) Basic characteristics were recorded including 
age, sex, fibrosis grade/cirrhosis, diabetes, obesity (body 
mass index >30 kg/m2), as well as cardiac, pulmonary, 
and renal comorbidities. Extent of resection (accord-
ing to the Brisbane 2000 Terminology),(20) preoper-
ative portal vein embolization (PVE), intraoperative 
intermittent pedicle clamping (Pringle maneuver), and 
intraoperative administration of red blood cell concen-
trations were recorded.

The analysis of blood samples and patient data was 
approved by the institutional ethics committee (no. 
424/2010); all patients gave written informed con-
sent for serotonin analyses. Institutional review board 
approval (Mayo Clinic, Rochester) was obtained for 
the validation cohort (no. 18-011747).

DeFINItIoN oF SSRI/SNRI 
INtaKe

Patients were classified as SSRI/SNRI intake– 
positive if they received preoperative treatment (of 
any duration). If patients only received a postoperative 
treatment, they were not classified as SSRI/SNRI-
positive as for sufficient platelet depletion of serotonin 
preoperative treatment for several days is necessary. In 
the event that SSRIs/SNRIs were paused during or 
immediately after surgery, patients were still classi-
fied as SSRI/SNRI-positive as intraplatelet serotonin 
depletion was still present during the first days after 
surgery.

DeFINItIoN aND 
ClaSSIFICatIoN oF 
poStopeRatIVe oUtCoMe 
MeaSUReS

International Study Group of Liver Surgery 
(ISGLS) criteria were used to define and grade post-
operative liver dysfunction (LD). Accordingly, LD was 

defined by an abnormal serum bilirubin (SB) level and 
prothrombin time (PT) or international normalized 
ratio (INR) on or after POD5 based on the threshold 
values of the local laboratory. If a patient presented 
with abnormal preoperative SB or PT, a postoperative 
aggravation on or after POD5 (compared to the previ-
ous day) was identified as postoperative LD. Of note, 
patients who reached normal SB or PT/INR values 
prior to POD5 (and hence no further blood collection 
was performed on or after POD5) were considered as 
“no LD.” If a patient died in fulminant liver failure 
prior to POD5, the patient was classified as LD.

To evaluate postoperative morbidity, the classifica-
tion described by Dindo et al.(21) was applied, and the 
severity of postoperative complications was recorded 
as grade I to V. In case of multiple complications 
per patient, the most serious one was considered for 
statistical analysis. Postoperative hemorrhage was 
defined as intervention requiring (surgical or radio-
logical) bleeding episode according to grade C ISGLS 
criteria.(22)

optIMIZeD BlooD SaMple 
pRepaRatIoN to MeaSURe 
INtRaplatelet SeRotoNIN

For a subgroup of 70 patients at the Medical 
University of Vienna, perioperative serum and plasma 
samples were collected. An optimized plasma prepa-
ration technique was applied as described.(23) Briefly, 
blood was drawn into prechilled tubes containing 
citrate, theophylline, adenosine, and dipyridamole; it 
was immediately placed on ice and further processed 
within 30  minutes. After an initial centrifugation 
step at 1,000g and 4°C for 10  minutes, the plasma 
supernatant was subjected to further centrifugation at 
10,000g and 4°C for 10 minutes (to remove remaining 
platelets). The supernatant was stored in aliquots at 
−80°C. Serum samples were retrieved by blood col-
lection without the addition of anticoagulants and by 
centrifugation (at 1,000g and room temperature for 
10 minutes) 30 minutes after collection. The superna-
tant was stored in aliquots at −80°C.

QUaNtIFICatIoN oF 
INtRaplatelet SeRotoNIN

Plasma and serum samples were analyzed by com-
mercially available enzyme-linked immunosorbent 
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assay tests for human serotonin (Serotonin ELISA; 
IBL, Hamburg, Germany) according to the manufac-
turer’s instructions. To calculate the actual intraplatelet 
serotonin pool, plasma serotonin levels, reflecting the 
actual circulating amount of serotonin, were subtracted 
from serum serotonin levels, which contain all serotonin 
released by platelet activation during blood clotting.

StatIStICal aNalySIS
Statistical analyses were carried out with SPSS 20 

Software (SPSS, Inc., Chicago, IL) and R, version 
3.6.1 (R Project for Statistical Computing, Vienna, 
Austria; https://www.R-proje ct.org). Nonparametric 
tests (Wilcoxon rank-sum test) were used to compare 
serotonin levels. The chi-squared test was used to 
evaluate frequencies between two groups (or, where 
stated, Fisher’s exact test for limited sample size with 
expected frequencies smaller than 5), and logistic 
regression was used to calculate odds ratios (ORs) 
and 95% confidence intervals (CIs). P  <  0.05 was 
considered statistically significant. Univariate logistic 
regression analyses were performed in the explora-
tion cohort using baseline parameters as candidate 
variables. A multivariable logistic regression model 
including all variables with P < 0.1 in the univariate 
model was used to assess the effect of the respective 
parameters on LD status. Multicollinearity was ruled 
out by determination of the variance inflation factor 
(R package car), which was for all included variables 
smaller than 2 (Supporting File S1). Subgroup anal-
yses were used to account for potential confound-
ers caused by inclusion of different tumor entities. 
Finally, by performing sensitivity analyses (using R 
package obsSens), we observed that an unmeasured 
confounder would have to be very strongly associated 
with postoperative outcome measures and highly 
imbalanced between SSRI/SNRI users and nonus-
ers (i.e., OR, <0.25 or >4.0, with >40% difference in 
prevalence) to fully attenuate the relationship with 
SSRIs/SNRIs.

Results
patIeNt DeMogRapHICS

A total of 1,249 patients over 18 years of age under-
going elective liver resection from 2000 to 2018 were 
included in this study. Of the 754 consecutive patients 

from two independent Austrian institutions serving as 
the exploration cohort (Medical University of Vienna 
and Medical University of Innsbruck; Table 1), no 
statistically significant differences in baseline char-
acteristics were observed between patients with and 
without SSRI/SNRI treatment, with the exception 
of an increased degree of steatosis in patients with-
out SSRI/SNRI treatment. Subsequently, 495 patients 
were assessed as a validation cohort from Mayo Clinic 
(Rochester, MN; Table 2). To increase the incidence 
of postoperative outcome events, limit heterogeneity, 
and concomitantly increase the power of our analyses, 
the validation cohort only included major resections 
in those with a formal diagnosis of one of the three 
most frequent neoplastic entities for liver surgery 
(CRLM, HCC, and CCC). No statistically significant 
differences in baseline characteristics were observed 
between patients with and without SSRI/SNRI treat-
ment, with the exception of an increased median bili-
rubin levels in patients without SSRI/SNRI treatment 
(Table 2). Details on type of SSRIs/SNRIs are listed 
in Supporting Table S1.

peRIopeRatIVe tIMe CoURSe 
oF 5-HyDRoXytRyptaMINe 
leVelS IN patIeNtS ReCeIVINg 
peRIopeRatIVe SSRI/SNRI 
tReatMeNt

In a subgroup of 70 patients intraplatelet serotonin 
contents were measured. This included 7 patients 
treated with SSRI/SNRI. Figure 1 illustrates periop-
erative intraplatelet serotonin levels in patients with 
SSRI/SNRI intake. Among patients with SSRI/SNRI 
intake intraplatelet serotonin levels were significantly 
reduced at all perioperative time points (median 
intraplatelet serotonin: preoperative SSRI/SNRI+, 
17.35  ng/mL; preoperative SSRI/SNRI−, 111.49  ng/
mL; P  <  0.001; POD1 SSRI/SNRI+, 14.13  ng/mL; 
POD1 SSRI/SNRI−, 70.38 ng/mL; P < 0.001; POD5 
SSRI/SNRI+, 20.69  ng/mL; POD5 SSRI/SNRI−, 
78.43 ng/mL; P = 0.024).

SSRI/SNRI USe aND 
poStopeRatIVe oUtCoMe 
aFteR HepatIC ReSeCtIoN

Within the exploration cohort, patients periopera-
tively treated with SSRIs/SNRIs had an elevated OR 

https://www.R-project.org
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taBle 1. patient Demographics: exploration Cohort

Parameter

Total (n = 754) SSRI/SNRI+ (n = 71) SSRI− (n = 683)

PMedian (Range), n (%) Median (Range), n (%) Median (Range), n (%)

Gender 0.124

Male 457 (60.6%) 37 (52.1%) 420 (61.5%)

Female 297(39.4%) 34 (47.9%) 263 (38.5%)

Age (years) 63 (20-89) 65 (25-83) 63 (20-89) 0.628

Hepatic resection 0.586

Minor (<3 segments) 363 (48.1%) 32 (45.1%) 331 (48.5%)

Major (≥3 segments) 391 (51.9%) 39 (54.9%) 352 (51.5%)

Tumor type 0.117

CRLM 473 (62.7%) 36 (50.7%) 437 (64.0%)

HCC 99 (13.1%) 10 (14.1%) 89 (13.0%)

CCC 123 (16.3%) 14 (19.7%) 109 (16.0%)

Benign 30 (4.0%) 2 (6.7%) 28 (4.1%)

Other 29 (3.8%) 9 (12.7%) 20 (2.9%)

Cofactors

Steatosis (%) 5.00 (0-100) 0.00 (0-80) 5.00 (0-100) 0.024

Fibrosis 0.304

F0 312 (46.4%) 25 (39.1%) 287 (47.1%)

F1 216 (32.1%) 20 (31.3%) 196 (32.2%)

F2 73 (10.8%) 11 (17.2%) 62 (10.2%)

F3 30 (4.5%) 2 (3.1%) 28 (4.6%)

F4/cirrhosis 42 (6.2%) 6 (9.4%) 36 (5.9%)

Intraoperative RBC 0 (0-28) 0 (0-14) 0(0-28) 0.537

Pringle applied 82 (12.5%) 7 (12.5%) 75 (12.5%) 0.563

PVE 45 (7.3%) 6 (11.1%) 39 (6.9%) 0.260

Comorbidities

Cardiovascular 72 (10.9%) 8 (13.6%) 64 (10.6%) 0.488

Pulmonary 43 (6.4%) 4 (6.5%) 39 (6.4%) 0.994

Renal 13 (1.9%) 3 (4.8%) 10 (1.6%) 0.078

Diabetes 82 (12.0%) 6 (9.5%) 76 (12.2.%) 0.527

Obesity 159 (22.7%) 9 (14.3%) 150 (23.5%) 0.095

Preoperative parameters

SB (mg/dL) 0.62 (0.14-18.5) 0.58 (0.14-2.01) 0.62 (0.15-18.5) 0.215

PT (%) 103 (39-150) 101.5 (61-150) 104 (39-150) 0.441

AP (U/L) 98.5 (14-2,005) 92.0 (38-936) 99.5 (38-936) 0.209

GGT (U/L) 58 (7-2,055) 53.5 (7-1,163) 58 (8-2,055) 0.752

AST (U/L) 30 (5-615) 32 (8-297) 29 (5-615) 0.510

ALT (U/L) 26 (2-497) 30 (5-279) 26 (2-497) 0.367

Albumin (g/L) 42 (21-54) 41.0 (31-48) 42.0 (21-54) 0.175

Platelets (G/L) 201 (43-678) 211 (60-471) 200 (43-679) 0.988

Morbidity

None 445 (59.4%) 37 (52.1%) 408 (60.2%)

Any grade 304 (40.6%) 34 (47.9%) 270 (39.8%) 0.188

Severe 163 (21.8%) 22 (31.0%) 141 (20.8%) 0.048

Posthepatectomy hemorrhage

ISGLS C 24 (3.5%) 3 (4.8%) 21 (3.4%) 0.380

LD ISGLS

No LD 661 (87.7%) 56 (78.9%) 605 (88.6%)

All grades 93 (12.3%) 15 (21.1%) 78 (11.4%) 0.018

Grade C 29 (3.8%) 6 (8.5%) 23 (3.4%) 0.034

Bold indicates significance.
Abbreviations: ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; GGT, gamma-glutamyl trans-
peptidase; RBC, red blood cells.
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of 2.08 for developing postoperative LD (95% CI, 
1.09-3.77), of 2.65 for developing grade C LD (95% 
CI, 0.95-6.36), of 1.39 for developing any grade mor-
bidity (95% CI, 0.85-2.27), and of 1.73 for developing 
severe morbidity (95% CI, 0.99-2.92) (Fig. 2A; abso-
lute incidences are illustrated in Table 1). Grade C 
bleeding complications did not seem to be associated 
with SSRI/SNRI intake (OR, 1.63; 95% CI, 0.38-
4.92). Table 3 illustrates the results of multivariable 
analysis, demonstrating an independent association of 
SSRIs/SNRIs with postoperative LD.

ValIDatIoN oF ReSUltS oF SSRI/
SNRI USe aND poStopeRatIVe 
oUtCoMe

After explorative analysis on the association of 
SSRIs/SNRIs and clinical outcome, we aimed to val-
idate our results in an independent cohort. Figure 1B 

demonstrates that in our validation cohort SSRIs/
SNRIs were again associated with an increased OR 
of 1.82 for developing postoperative LD (95% CI, 
0.89-3.52), of 1.76 for developing grade C LD (95% 
CI, 0.50-4.86), of 1.99 for developing any grade mor-
bidity (95% CI, 1.00-4.33), and of 2.09 for developing 
severe morbidity (95% CI, 1.07-3.96) (Fig. 2B; abso-
lute incidences are illustrated in Table 2). In analysis 
of combined cohorts, a very strong association with 
clinical outcome parameters was observed: an OR in 
SSRI/SNRI patients of 1.96 for developing postoper-
ative LD (95% CI, 1.23-3.06), of 2.22 for developing 
grade C LD (95% CI, 1.03-4.36), of 1.56 for develop-
ing any grade morbidity (95% CI, 1.07-2.31), and of 
1.86 for developing severe morbidity (95% CI, 1.22-
2.79) (Fig. 2C). Similar results were obtained when our 
three major subgroups (CRLM, HCC, and CCC) were 
assessed separately (Supporting Fig. S2) as well as when 
we assessed SSRI therapy alone (Supporting Fig. S3).

taBle 2. patient Demographics: Validation Cohort

Parameter

Total (n = 495) SSRI/SNRI+ (n = 50) SSRI− (n = 445)

PMedian (Range), n (%) Median (Range), n (%) Median (Range), n (%)

Gender 0.445

Male 258 (52.1%) 23 (46.0%) 235 (52.8%)

Female 237 (47.9%) 27 (52.9%) 210 (47.3%)

Age (years) 62 (18-84) 60 (28-79) 62 (18-84) 0.628

Hepatic resection

Major 495 (100%) 50 (100%) 444 (100%)

Tumor type 0.180

CRLM 188 (38.0%) 22 (44.0%) 166 (37.3%)

HCC 122 (24.6%) 15 (30.0%) 107 (24.1%)

CCC 185 (37.4%) 13 (26.0%) 172 (38.7%)

Preoperative parameters

SB (mg/dL) 0.60 (0.10-25.5) 0.50 (0.10-7.70) 0.60 (0.10-25.5) 0.003

INR 1.0 (0.8-4.0) 1.0 (0.8-4.0) 1.0 (0.8-2.0) 0.694

ALT (U/L) 51 (10-2420) 40 (10-301) 52 (13-2420) 0.0.71

Albumin (g/L) 41 (23-45) 41.0 (31-48) 42.0 (21-54) 0.665

Platelets (G7l) 244 (29-969) 255 (78-649) 243 (29-969) 0.234

Morbidity

None 151 (33.0%) 10 (20.0%) 141 (31.7%)

Any grade 307 (67.0%) 39 (78.0%) 268 (60.2%) 0.048

Severe 95 (20.7%) 17 (34.0%) 78 (17.5%) 0.011

LD ISGLS

No LD 410 (82.8%) 37 (74.0%) 373 (84.0%)

All grades 85 (17.2%) 13 (26.0%) 71 (16.0%) 0.040

Grade C 25 (5.1%) 5 (10.0%) 20 (4.5%) 0.102

Bold indicates significance.
Abbreviation: ALT, alanine aminotransferase.
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CoNSeQUeNCeS oF 
poStopeRatIVe lD oN  
oVeRall DISeaSe oUtCoMe

Given the significant increase in postoperative LD, 
we aimed to define long-term clinical effects of this 
outcome variable in our combined cohort. We found 
that patients with postoperative LD had significantly 
worse postoperative outcome in terms of postopera-
tive morbidity (OR, 3.73; 95% CI, 2.60-5.47), severe 
morbidity (OR, 4.29; 95% CI, 3.05-6.02), particularly 
90-day mortality (OR, 9.11; 95% CI, 4.91-17.2), and 
1-year overall survival (OR, 2.56; 95% CI, 1.69-3.82) 
(Fig. 3).

Discussion
Patients undergoing hepatic resection, while being 

on SSRI/SNRI treatment, are depleted of intraplate-
let serotonin, leading to an increase in postoperative 
LD, grade C LD, morbidity, and (severe) morbidity, 

FIg. 1. SSRI/SNRI intake reduces intraplatelet serotonin during the 
perioperative period. Perioperative time course of intraplatelet serotonin 
levels with respect to SSRI/SNRI intake. Optimized plasma and serum 
preparation was performed 1 day prior to surgery, on POD1, and on 
POD5. **P < 0.005, *P < 0.05. Abbreviation: Pre Op, preoperative.

FIg. 2. Risk of postoperative adverse outcome according to SSRI/SNRI intake. ORs and 95% CIs are presented to show the risk of any grade 
LD, grade C liver dysfunction, morbidity, and severe morbidity among patients with perioperative exposure to SSRIs/SNRIs compared to the risk 
among patients without such exposure. (A) Exploration cohort, (B) analysis of the validation cohort, and (C) analysis of the combined cohorts.

A

B

C

Exploration Cohort (n=754)

SSRIISNRI

SSRIISNRI

SSRIISNRI

Odds Ratio (95% Cl)

Odds Ratio (95% Cl)

Odds Ratio (95% Cl)

Validation Cohort (n=495)

Entire Cohort (n=1249)

LD

Grade C LD

Morbidity

Severe Morbidity

LD

Grade C LD

Morbidity

Severe Morbidity

LD

Grade C LD

Morbidity

Severe Morbidity

2.08 (1.09-3.77)

2.65 (0.95-6.36)

1.39 (0.85-2.27)

1.73 (0.99-2.92)

1.82 (0.89-3.52)

1.76 (0.50-4.86)

1.99 (1.00-4.33)

2.09 (1.07-3.96)

1.96 (1.23-3.06)

2.22 (1.03-4.36)

1.56 (1.07-2.31)

1.86 (1.22-2.79)
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even after adjustment through multivariable analy-
sis. The observed 10% increase in postoperative LD 
additionally impacted postoperative mortality as well 
as 1-year overall survival. Thus, we document a sub-
stantial effect of perioperative SSRI/SNRI intake on 
postoperative outcome after hepatic resection, which 

indicates that SSRIs/SNRIs should be paused in 
patients undergoing hepatic surgery.

Clinical and preclinical studies suggest that plate-
lets critically regulate the process of liver regener-
ation.(9,12) In particular, serotonin has indisputably 
been shown to act as one of the major effectors 

taBle 3. predictors of postoperative lD

Explanatory variable n

Univariate Logistic Regression Multivariable Logistic Regression

OR 95% CI P OR 95% CI P

Treatment

SSRI|SNRI 754 2.08 1.09-3.77 0.020 2.40 1.00-5.40 0.040

Aspirin 752 1.83 0.87-3.56 0.090 0.97 0.35-2.43 0.950

Patient characteristics

Gender (female vs. male) 754 0.87 0.55-1.36 0.551 — — —

Age (years) 754 1.02 1.00-1.05 0.021 1.03 1.00-1.06 0.074

Resection (major vs. minor) 754 8.49 4.63-17.13 <0.001 8.38 3.90-20.86 <0.001

Tumor CRLM 754 0.76 0.18-2.27 0.222 — — —

HCC 754 1.20 0.19-2.37 0.558 — — —

CCC 754 1.48 0.99-1.19 0.150 — — —

Benign 754 0.78 0.82-3.02 0.692 — — —

Other 754 0.81 0.83-4.28 0.740 — — —

Intraoperative RBC (no.) 749 1.09 0.99-1.19 0.056 1.05 0.93-1.15 0.369

Pringle maneuver 658 1.62 0.82-3.02 0.146 — — —

PVE 616 1.99 0.83-4.28 0.097 0.97 0.36-2.28 0.943

Steatosis (%) 680 1.00 0.99-1.01 0.985 — — —

Cirrhosis 673 1.51 0.60-3.32 0.344 — — —

Comorbidities

Cardiac 662 2.26 1.15-4.20 0.013 1.80 0.76-4.06 0.166

Pulmonal 671 0.79 0.23-2.03 0.658 — — —

CKD 678 2.59 0.57-8.71 0.156 — — —

Diabetes 684 1.17 0.54-2.28 0.669 — — —

Obesity 701 1.09 0.62-1.86 0.758 — — —

Bold indicates significance.
Abbreviations: CKD, chronic kidney disease; RBC, red blood cells.

FIg. 3. Risk of postoperative adverse outcome according to postoperative LD. ORs and 95% CIs are presented to show the risk of 
postoperative morbidity, severe morbidity, 90-day mortality, and 1-year overall survival among patients suffering from postoperative LD. 
Abbreviation: OS, overall survival.

Entire Cohort

LD Odds Ratio (95% Cl)

Morbidity

Severe Morbidity

90 Days Mortality

1 Year OS

3.73 (2.60-5.47)

4.29 (3.05-6.02)

9.11 (4.91-17.2)

2.56 (1.69-3.82)
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of platelet-mediated liver regeneration.(12,14,24) In 
recent years, we have been able to document that 
platelet-derived serotonin seems to play a role 
in human liver regeneration and found that it is 
closely associated with postoperative LD and mor-
bidity after partial hepatectomy.(5,7,17) In particular, 
reduced intraplatelet serotonin levels, preoperatively 
as well as on POD1 and POD5, were found to 
be associated with poor postoperative outcome.(7) 
Given the fact that SSRIs/SNRIs are capable of 
reducing serotonin in platelets, we now document 
that SSRI/SNRI-treated patients did indeed have 
significantly lower intraplatelet serotonin levels 
during the entire perioperative period. This strik-
ing reduction of intraplatelet serotonin by SSRIs/
SNRIs might account for the association we found 
with increased postoperative LD and morbidity. 
However, serotonin depletion in platelets also affects 
platelet function per se.(16) Accordingly, SSRI/SNRI 
intake has been associated with an increased periop-
erative bleeding risk in experimental as well as 
human settings. In a retrospective analysis of more 
than 530,000 patients undergoing major surgical 
procedures, SSRI treatment was found to increase 
the risk of adverse events.(25) It is important to note 
that only 3.5% of the patients underwent gastroin-
testinal surgery, so the minority of these patients 
underwent liver resections. Further, in their pro-
pensity score–matched analysis the risk of bleeding 
increased from 2.51% to 2.66%, suggesting that the 
actual increase in bleeding complications is probably 
minimal. Indeed, when we assessed the incidence of 
bleeding complications requiring intervention in our 
cohort, we did not observe a significant increase in 
bleeding-associated complications with SSRI/SNRI 
treatment. Given the very low incidence of this 
complication, there is a risk that we were underpow-
ered to detect this difference. However, it is import-
ant to note that the increase of postoperative LD 
far exceeded bleeding complications. Indeed, SSRI/
SNRI treatment doubled the likelihood of all grades 
of LD; and the rate of severe, intervention-requiring 
LD increased even more, which in turn was associ-
ated with 100% severe morbidity and an increase in 
90-day mortality from 2% to 38% in our exploration 
cohort (validation cohort, 3.9%-44.4% including 
only major resections). This renders postoperative 
LD and grade C LD clinically very relevant outcome 
parameters in patients undergoing liver surgery and 

suggests that the negative effects of SSRIs/SNRIs 
on liver function recovery might be the prime mech-
anism of action for adverse postoperative outcome 
after hepatic resection.

SSRIs/SNRIs are among the most frequently 
prescribed drugs in the United States and Europe. 
Among the first 25 most commonly prescribed med-
ications in the United States, four are SSRIs,(19) lead-
ing to an overall prevalence of 12.5% of SSRI intake 
in the United States.(26) In Europe, SSRI/SNRI pre-
scription rates vary significantly between countries, 
averaging about 9% in Austria.(18) In line with these 
results, we found that 10.1% of the US and 9.4% of 
the European patients undergoing hepatic resection 
took SSRIs/SNRIs. With this incidence, SSRIs/
SNRIs are among the most commonly encountered 
medications in patients undergoing hepatic resections.

Despite the significant impact on clinical outcome 
after hepatic resection, SSRI/SNRI-induced excess 
morbidity will also have significant impact on health 
care resource use. Per a recent cost–effectiveness anal-
ysis, a major complication after liver resection added 
a mean of $33,855 (USD) per patient,(27) illustrat-
ing the substantial financial burden caused by a 10% 
increase of major complications. Given the fact that 
in the United States about 10,000 liver resections 
are performed per year, an increase of 10% in severe 
complications after hepatic resection generates a total 
of almost $34,000,000 each year, exemplifying the 
magnitude of financial consequences of perioperative 
SSRI/SNRI treatment.

Cessation of SSRI/SNRI prior to surgery might 
not be without side effects. Indeed, abrupt discontin-
uation of SSRIs/SNRIs might cause anxiety, agitation, 
nausea, irritability, sleep disturbances, and decreased 
energy levels.(28) While incidences vary between 
reports, they seem to reach up to 27%. However, 
these symptoms are often mild, and the benefit from 
pausing SSRI/SNRI treatment prior to hepatic sur-
gery seems to clearly outweigh the risks of discon-
tinuation syndrome. The more challenging question, 
however, remains how long SSRIs/SNRIs should be 
stopped prior to surgery. While released serotonin in 
the circulation is rapidly metabolized within minutes, 
the half-life of intraplatelet serotonin equals that of 
platelets.(29) Accordingly, given the median half-life 
of platelets of 8-9 days,(30) a 2-week cessation period 
should represent a sufficient time frame to allow 
intraplatelet serotonin levels to recover until hepatic 
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resection. However, it should be mentioned that some 
SSRIs/SNRIs, such as fluoxetine and norfluoxetine, 
have a longer half-life, which should be taken into 
account when timing surgery to allow for sufficient 
recovery of intraplatelet serotonin levels.(28) Of note, 
this time frame usually equals the required planning 
period of elective hepatic surgery and can therefore 
easily be integrated into clinical practice.

Besides the proregenerative effects of platelet- 
derived serotonin, it has also been documented 
as a potent inducer of tumor cell growth. Indeed, 
we recently provided evidence that the absolute 
intraplatelet serotonin content did correlate with early 
disease recurrence also in humans.(17) Accordingly, 
while we observed a trend toward reduced rates of 
early tumor recurrences in patients receiving SSRI/
SNRI treatment, we were unable to confirm this trend 
in our validation cohort (data not shown). One pos-
sible reason for this lack of association is the hetero-
geneity of tumor types, stages, and molecular tumor 
subtypes included, which might significantly affect 
tumor recurrence. Furthermore, neoadjuvant as well as 
adjuvant treatment schedules (including systemic and 
local treatments) and their duration might have intro-
duced a relevant bias that we are unable to account 
for within our analyses. While we still consider the 
detected trend in our exploration cohort an interest-
ing and promising observation suggesting a potential 
benefit of SSRI/SNRI treatment to reduce postopera-
tive early disease recurrences, we are unable to provide 
conclusive evidence to support this hypothesis. Further 
studies in larger patient cohorts, with detailed onco-
logical information and more clearly defined patient 
groups, will be necessary to provide high-quality evi-
dence concerning perioperative/postoperative SSRI/
SNRI treatment and an associated decrease in early 
tumor recurrences.

Based on strong experimental as well as translational 
evidence that intraplatelet serotonin affects postopera-
tive liver regeneration in rodents and humans, we have 
demonstrated that SSRI/SNRI treatment not only 
effectively reduces perioperative intraplatelet sero-
tonin concentrations but also significantly increases 
postoperative LD and morbidity. Accordingly, given 
the risk versus benefit profile of SSRI/SNRI cessation 
prior to liver resection, we recommend cessation of 
SSRI/SNRI treatment prior to liver resection to avoid 
postoperative LD, morbidity, and associated mortality 
and ultimately to decrease health care costs.
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