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IMPORTANCE No therapy has been shown to reduce the risk of serious adverse outcomes in
patients with nonalcoholic steatohepatitis (NASH).

OBJECTIVE To investigate the long-term relationship between bariatric surgery and incident
major adverse liver outcomes and major adverse cardiovascular events (MACE) in patients
with obesity and biopsy-proven fibrotic NASH without cirrhosis.

DESIGN, SETTING, AND PARTICIPANTS In the SPLENDOR (Surgical Procedures and Long-term
Effectiveness in NASH Disease and Obesity Risk) study, of 25 828 liver biopsies performed at
a US health system between 2004 and 2016, 1158 adult patients with obesity were identified
who fulfilled enrollment criteria, including confirmed histological diagnosis of NASH and
presence of liver fibrosis (histological stages 1-3). Baseline clinical characteristics, histological
disease activity, and fibrosis stage of patients who underwent simultaneous liver biopsy at
the time of bariatric surgery were balanced with a nonsurgical control group using overlap
weighting methods. Follow-up ended in March 2021.

EXPOSURES Bariatric surgery (Roux-en-Y gastric bypass, sleeve gastrectomy) vs nonsurgical care.

MAIN OUTCOMES AND MEASURES The primary outcomes were the incidence of major adverse
liver outcomes (progression to clinical or histological cirrhosis, development of hepatocellular
carcinoma, liver transplantation, or liver-related mortality) and MACE (a composite of
coronary artery events, cerebrovascular events, heart failure, or cardiovascular death),
estimated using the Firth penalized method in a multivariable-adjusted Cox regression
analysis framework.

RESULTS A total of 1158 patients (740 [63.9%] women; median age, 49.8 years [IQR,
40.9-57.9 years], median body mass index, 44.1 [IQR, 39.4-51.4]), including 650 patients who
underwent bariatric surgery and 508 patients in the nonsurgical control group, with a median
follow-up of 7 years (IQR, 4-10 years) were analyzed. Distribution of baseline covariates,
including histological severity of liver injury, was well-balanced after overlap weighting. At the
end of the study period in the unweighted data set, 5 patients in the bariatric surgery group
and 40 patients in the nonsurgical control group experienced major adverse liver outcomes,
and 39 patients in the bariatric surgery group and 60 patients in the nonsurgical group
experienced MACE. Among the patients analyzed with overlap weighting methods, the
cumulative incidence of major adverse liver outcomes at 10 years was 2.3% (95% CI,
0%-4.6%) in the bariatric surgery group and 9.6% (95% CI, 6.1%-12.9%) in the nonsurgical
group (adjusted absolute risk difference, 12.4% [95% CI, 5.7%-19.7%]; adjusted hazard ratio,
0.12 [95% CI, 0.02-0.63]; P = .01). The cumulative incidence of MACE at 10 years was 8.5%
(95% CI, 5.5%-11.4%) in the bariatric surgery group and 15.7% (95% CI, 11.3%-19.8%) in the
nonsurgical group (adjusted absolute risk difference, 13.9% [95% CI, 5.9%-21.9%]; adjusted
hazard ratio, 0.30 [95% CI, 0.12-0.72]; P = .007). Within the first year after bariatric surgery,
4 patients (0.6%) died from surgical complications, including gastrointestinal leak (n = 2) and
respiratory failure (n = 2).

CONCLUSIONS AND RELEVANCE Among patients with NASH and obesity, bariatric surgery,
compared with nonsurgical management, was associated with a significantly lower risk of
incident major adverse liver outcomes and MACE.
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N onalcoholic steatohepatitis (NASH), the hepatic mani-
festation of the metabolic syndrome, is a leading cause
of cirrhosis and hepatocellular carcinoma, and is also

significantly linked to cardiovascular disease. Diagnosis and
management of NASH are challenging. Liver biopsy is re-
quired for accurate diagnosis and assessment of disease se-
verity. There are currently no drug therapies for NASH ap-
proved by the US Food and Drug Administration or the
European Medicines Agency. Furthermore, no therapy has been
shown to be effective in reducing the risk of major adverse liver
outcomes or major adverse cardiovascular events (MACE) in
patients with NASH.1-5

In patients with obesity and metabolic disease, bariatric
surgery (defined as a procedure that influences metabolism by
inducing weight loss and altering gastrointestinal physiol-
ogy) has substantial and sustained effects on the reduction of
excess body weight and the improvement of hyperglycemia,
hypertension, and dyslipidemia.6-9 Small observational stud-
ies using liver biopsy before and after bariatric surgery sug-
gested that surgically induced weight loss was associated with
improvement in some histological features of NASH (eg, in-
flammation, fibrosis).10-12 Large observational studies have con-
sistently shown bariatric surgery to be associated with lower
risk of MACE and mortality in patients with obesity.13-15

To address the current knowledge gap, the Surgical Pro-
cedures and Long-term Effectiveness in NASH Disease and
Obesity Risk (SPLENDOR) study was designed to include a
large number of patients with biopsy-proven fibrotic NASH
without cirrhosis using overlap weighting statistical methods
to accurately balance baseline histological severity of liver
injury in patients who underwent bariatric surgery compared
with patients who were medically managed. The goal of this
analysis was to investigate the relationship between bariatric
surgical procedures and development of both major adverse
liver outcomes and MACE during long-term follow-up.

Methods
This was a retrospective cohort study that considered all pa-
tients who underwent liver biopsy at the Cleveland Clinic
health system in the US between 2004 and 2016. Follow-up
ended in March 2021. The Cleveland Clinic institutional re-
view board approved the study as minimal risk research using
data collected for routine clinical practice and the require-
ment for informed consent was waived. The original study pro-
tocol and amendments to the study protocol appear in Supple-
ment 1. Diagnosis and procedure codes appear in eTables 1-5
in Supplement 2.

Study Cohorts and Enrollment Criteria
Available liver biopsy reports were reviewed to identify eli-
gible patients with fibrotic NASH without cirrhosis for pos-
sible inclusion in the study. The histological nonalcoholic fatty
liver disease (NAFLD) activity score was calculated for each pa-
tient based on the cumulative scores of liver steatosis (grade
of 0 to 3), hepatocyte ballooning (grade of 0 to 2), and lobular
inflammation (grade of 0 to 3). Diagnosis of NASH was con-

firmed by experienced pathologists and required having at least
1 point for each of steatosis, hepatocellular ballooning, and
lobular inflammation. Liver fibrosis was staged from F0 (no
fibrosis) to F4 (cirrhosis). Grading and staging of biopsies were
done based on definitions from the Nonalcoholic Steatohepa-
titis Clinical Research Network.16

Among all patients with a liver biopsy (including percuta-
neous, transjugular, or surgical liver biopsy) performed dur-
ing the study period, patients were included only if they met
the following criteria: (1) were aged 18 years to 80 years,
(2) with obesity (defined as a body mass index [BMI; calcu-
lated as weight in kilograms divided by height in meters
squared] ≥30), (3) had a confirmed histological diagnosis of
NASH (based on the Nonalcoholic Steatohepatitis Clinical
Research Network criteria), and (4) had presence of fibrosis
on the baseline liver biopsy (stages F1-F3) (Figure 1).

Patients were excluded if they met any of the following cri-
teria: (1) had evidence of histological (F4) or clinical diagno-
sis of cirrhosis (eg, presence of esophageal varices or ascites),
(2) had a cause of chronic liver disease other than NASH, in-
cluding drug-induced, viral, autoimmune, and genetic dis-
eases (the diagnosis codes appear in eTable 1 in Supple-
ment 2), (3) had a history of excessive alcohol use or any
medical conditions related to alcohol use disorder (the diag-
nosis codes appear in eTable 1 in Supplement 2), (4) had he-
patocellular carcinoma, (5) had received an organ transplan-
tation, (6) had HIV infection, (7) were undergoing dialysis
treatment prior to the liver biopsy, (8) had a history of severe
heart failure (ejection fraction <20%) at any time before the
liver biopsy, (9) had a diagnosis of any type of cancer within 1
year prior to the liver biopsy, or (10) had received total paren-
teral nutrition within the 6 months prior to the liver biopsy.

After application of the inclusion and exclusion criteria,
eligible patients were categorized by whether they under-
went bariatric surgery (Roux-en-Y gastric bypass or sleeve
gastrectomy) or received nonsurgical care (the control
group). Patients who underwent less common bariatric surgi-
cal procedures (the procedure codes appear in eTable 2 in

Key Points
Question Is there an association between bariatric surgery and
major adverse liver outcomes or major adverse cardiovascular
events in patients with nonalcoholic steatohepatitis and obesity in
long-term follow-up?

Findings In this retrospective cohort study of 1158 patients
(including 650 patients who underwent bariatric surgery and 508
patients in the nonsurgical control group) with biopsy-proven
fibrotic nonalcoholic steatohepatitis without cirrhosis, bariatric
surgery was significantly associated with a lower risk of major
adverse liver outcomes (adjusted absolute 10-year risk difference
of 12.4%) and major adverse cardiovascular events (adjusted
absolute 10-year risk difference of 13.9%).

Meaning Among patients with nonalcoholic steatohepatitis and
obesity, bariatric surgery, compared with nonsurgical
management, was associated with a significantly lower risk of
incident major adverse liver outcomes and major adverse
cardiovascular events.
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Supplement 2) were excluded. As a routine practice, simulta-
neous core needle biopsy from the left lobe of liver under di-
rect laparoscopic visualization was performed for all patients
who underwent bariatric surgery and that was used as a base-
line liver biopsy in the bariatric surgery group. The date of
bariatric surgery and liver biopsy was considered as the index
date for patients in the bariatric surgery group. The date of first
liver biopsy on which all selection criteria were met served as
the index date for patients in the nonsurgical control group.

Race data were obtained from the electronic health rec-
ords and were based on patient self-report selected from fixed
categories. Race was collected because it could be associated
with both exposure and study end points.

Primary End Points
The prespecified primary end points were the incidence of
major adverse liver outcomes and MACE. Major adverse liver
outcomes as a composite end point was defined as first occur-
rence of progression to clinical (eg, development of esopha-
geal varices, ascites, or hepatic encephalopathy) or histologi-
cal (F4 on repeat liver biopsy) cirrhosis, development of
hepatocellular carcinoma, liver transplantation, or liver-
related mortality after the index date (definitions and diagno-
sis codes appear in eTable 4 in Supplement 2).

MACE as a composite end point was defined as first
occurrence of coronary artery events (unstable angina, myo-
cardial infarction, or coronary intervention or surgery),

Figure 1. Identification of Eligible Patients and Development of Cohorts in the Study

25 828 Patients had liver biopsy for various
reasons between 2004 and 2016

18 598 Excluded
9648 BMI <30

1574 Cancer diagnosis
402 Other criteriaa

239 Underwent uncommon bariatric
surgical procedureb

4249 Liver disease other than NAFLD

223 Aged <18 y or >80 y

2263 Missing BMI data

5521 Excluded (did not meet histological
diagnostic criteria of NASHc)

1158 With obesity and biopsy-proven fibrotic NASH
without cirrhosis included in analysisd

551 Excluded
374 Did not have liver fibrosis (fibrosis stage 0)
177 Had cirrhosis (fibrosis stage 4)

462 Underwent bariatric surgery
and included in the propensity
score–matched sensitivity analysis

650 Underwent bariatric surgery and
included in the primary comparison
537 Underwent Roux-en-Y gastric

bypass surgery
113 Underwent sleeve gastrectomy

508 Nonsurgical control included
in the primary comparison

462 Nonsurgical control included in
the propensity score–matched
sensitivity analysis

7230 Adults with BMI ≥30 and evidence
suggesting NAFLD

1709 With obesity and biopsy-proven NASH

Diagnoses and procedure codes appear in eTables 1-5 in Supplement 2.
BMI indicates body mass index (calculated as weight in kilograms divided by
height in meters squared); NAFLD, nonalcoholic fatty liver disease;
NASH, nonalcoholic steatohepatitis.
a History of excessive alcohol use or any medical conditions related to alcohol

use disorder, organ transplantation, dialysis, HIV infection, severe heart
failure (ejection fraction <20%), and received total parenteral nutrition prior
to liver biopsy.

b Gastric banding, gastric plication, or biliopancreatic diversion.
c According to criteria from the Nonalcoholic Steatohepatitis Clinical Research

Network,16 which awards at least 1 point for each of the following to establish a
diagnosis: steatosis, hepatocellular ballooning, and lobular inflammation.

d Selection criteria resulted in a total of 650 patients who underwent bariatric
surgery and 508 patients in the nonsurgical control group with biopsy-proven
fibrotic (fibrosis stages 1, 2, or 3) NASH without cirrhosis and BMI of 30 or
greater for primary comparison using overlap weighting. The date of bariatric
surgery and liver biopsy was considered as the index date for patients in the
bariatric surgery group. The date of first liver biopsy on which all selection
criteria were met served as the index date for patients in the nonsurgical
control group.
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cerebrovascular events (ischemic or hemorrhagic stroke, tran-
sient ischemic attack, or carotid intervention or surgery), heart
failure, or cardiovascular death after the index date (defini-
tions and diagnosis codes appear in eTable 5 in Supple-
ment 2). Any conditions or events that a patient had before
liver biopsy were omitted from the analysis of MACE during
follow-up. For example, if a patient had a history of heart failure
before the liver biopsy, any hospitalization for heart failure af-
ter the liver biopsy was not considered an event for MACE.
However, occurrence of stroke after the liver biopsy would be
included in the composite end point.

Other End Points
Changes from baseline in body weight and hemoglobin A1c

(only for patients with diabetes at baseline) were compared be-
tween patients in the bariatric surgery group and patients in
the nonsurgical control group. Major complications of bariat-
ric surgery were recorded.

Statistical Analysis
Continuous measures were summarized as median (IQR) for
all samples. Categorical measures were reported as fre-
quency and percentage for crude and matched samples and
as percentage only for the weighted samples.

To minimize the effects of confounding factors, doubly ro-
bust estimation combining the overlap weighting and out-
come regression was used to compare outcomes in the bariat-
ric surgery group and in the nonsurgical control group. Overlap
weighting is a propensity score method that attempts to mimic
important features of randomized clinical trials. Weights are
assigned to each patient that are proportional to the probabil-
ity of that patient belonging to the opposite treatment group,
resulting in inclusion of all available patients and exact bal-
ance for the mean of all covariates included in the model. Over-
lap weighting also has been shown in simulations to have im-
proved precision relative to other weighting options.17,18 Six
a priori–identified potential confounders (age at index date,
sex, smoking status, presence of type 2 diabetes, histological
NAFLD activity score, and histological liver fibrosis stage) were
used for overlap weighting.

Subsequently, confounding factors also were addressed
during the analytic phase by using statistical adjustment of the
weighted samples. The Firth penalized method in the fully ad-
justed Cox proportional hazard framework19 was used by ad-
justing the models for the index date and for the following vari-
ables at baseline: BMI; race; annual zip code income; Cleveland
Clinic location (Ohio vs Florida); Charlson Comorbidity Index
score; presence of hypertension, dyslipidemia, heart failure,
coronary artery disease, or cerebrovascular disease; levels of
serum bilirubin, albumin, international normalized ratio, and
creatinine; and use of insulin and noninsulin diabetes medi-
cation. The proportional hazards assumptions for the treat-
ment variable were assessed visually through evaluations of
the survival plots and the log minus log survival plots and
through assessing the correlation between the Schoenfeld re-
siduals and time.

For major adverse liver outcomes and MACE, cumulative
incidence estimates (Kaplan-Meier method) and unadjusted

absolute risk differences were calculated for 10 years after
the index date. The adjusted absolute risk differences at 10
years were estimated for the composite end points using
adjusted Cox models. The 95% CIs for the difference in
10-year risk were obtained by the percentile method from
2000 bootstrap iterations.

Overall, there were limited data missing. Data on demo-
graphics, comorbidities, medications, and liver biopsies were
complete (Table 1), whereas annual zip code income and most
laboratory values were available for more than 90% of pa-
tients. Only the lipid panel and the international normalized
ratio had missing data for more than 10% of patients. To ad-
dress missing values, 5 imputation data sets were created using
all variables from Table 1 and the outcome variables. A regres-
sion-based imputation model with predictive mean match-
ing was used. Imputation-corrected SEs of model estimates and
comparisons were obtained using the Rubin formula.20,21

A 4-knot restricted cubic spline for time × treatment
interaction within a linear mixed-effects model with random
intercept for patients was used for comparing mean changes
in weight and hemoglobin A1c over time.

A significance level of .05 for 2-sided comparisons was con-
sidered statistically significant. Hazard ratios (HRs) with 95%
CIs are reported. Because of the nature of the study and the
potential for type I error due to multiple comparisons, all find-
ings should be interpreted as exploratory. All analyses were per-
formed using SAS version 9.4 (SAS Institute Inc) and R ver-
sion 4.0 (R Foundation for Statistical Reporting).

Sensitivity Analysis
To adjust for baseline differences, matching with a conven-
tional propensity score method was used for the sensitivity
analysis instead of overlap weighting. To create matched
samples, a nearest-neighbor propensity score–matching
method was performed based on the 6 baseline variables that
were used for the overlap weighting (described above) with the
MatchIt program in the R software using a caliper width equal
to 0.2 of the SD of the propensity score logit.22 After match-
ing, multivariable-adjusted Cox regression analysis was used
to investigate time-to-incident major adverse liver outcomes
and MACE using the Firth penalized method.

Furthermore, to assess the robustness of the identified as-
sociation between bariatric surgery and the primary end points
to potential unmeasured confounders, E-values were calcu-
lated using the methods of VanderWeele and Ding.23

Results
Among 25 828 patients with liver biopsy data, a total of 1158
adult patients (740 [63.9%] women; median age, 49.8 years
[IQR, 40.9-57.9 years]; median BMI, 44.1 [IQR, 39.4-51.4]), in-
cluding 650 patients in the bariatric surgery group and 508 pa-
tients in the nonsurgical control group, were analyzed
(Figure 1). Bariatric surgical procedures included Roux-en-Y
gastric bypass (n = 537; 83%) and sleeve gastrectomy (n = 113;
17%). Among the patients in the overlap-weighted analysis,
the median follow-up time for the entire cohort was 7 years
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(IQR, 4-10 years), including 7 years (IQR, 3-10 years) for pa-
tients in the bariatric surgery group and 7 years (IQR, 4-11 years)
for patients in the nonsurgical control group.

Distribution of baseline covariates between the study
groups was well-balanced after overlap weighting for age, sex,
smoking status, presence of diabetes, histological NAFLD ac-
tivity score, and histological liver fibrosis stage (Table 1). Among
the patients in the overlap-weighted analysis, the mean age was
49 years, 62.9% were women, 40.6% had type 2 diabetes, and
8.4% were current smokers in both groups. Of the patients at
baseline, 18.5% had a NAFLD activity score of 3, 30.7% had a
score of 4, 29.2% had a score of 5, 16.5% had a score of 6, 4.8%
had a score of 7, and 0.4% had a score of 8. Of the patients at
baseline, 50.8% were categorized as histological liver fibrosis
stage 1, 29.2% as stage 2, and 20.0% as stage 3. These frequen-
cies were precisely similar after overlap weighting for the bar-
iatric surgery group and the nonsurgical control group. For
other covariates, patients in the bariatric surgery group had a
higher risk profile at baseline than patients in the nonsurgical
control group, including a higher BMI (45.7 vs 36.0, respec-
tively) and more comorbidities.

Major Adverse Liver Outcomes
At the end of the study period in the unweighted data set,
5 patients in the bariatric surgery group and 40 patients in the
nonsurgical control group experienced major adverse liver out-
comes. The frequency of major adverse liver outcomes com-
ponents in the crude (unweighted) data set appears in eTable 6
in Supplement 2.

Among the patients in the overlap-weighted analysis, the
cumulative incidence of major adverse liver outcomes at 10
years was 2.3% (95% CI, 0%-4.6%) in the bariatric surgery group

and 9.6% (95% CI, 6.1%-12.9%) in the nonsurgical group (un-
adjusted absolute risk difference, 7.3% [95% CI, 3.2%-11.4%];
adjusted absolute risk difference, 12.4% [95% CI, 5.7%-
19.7%]; adjusted HR, 0.12 [95% CI, 0.02-0.63], P = .01)
(Figure 2A and Table 2).

MACE
At the end of the study period in the unweighted data set, 39
patients in the bariatric surgery group and 60 patients in the
nonsurgical control group experienced MACE. The fre-
quency of MACE components in the crude (unweighted) data
set appears in eTable 6 in Supplement 2.

Among the patients in the overlap-weighted analysis,
the cumulative incidence of MACE at 10 years was 8.5%
(95% CI, 5.5%-11.4%) in the bariatric surgery group and 15.7%
(95% CI, 11.3%-19.8%) in the nonsurgical control group (un-
adjusted absolute risk difference, 7.2% [95% CI, 2.0%-12.3%];
adjusted absolute risk difference, 13.9% [95% CI, 5.9%-
21.9%]; adjusted HR, 0.30 [95% CI, 0.12-0.72], P = .007)
(Figure 2B and Table 2). The proportional hazards assump-
tion was satisfied for the composite outcomes.

Status of Obesity and Diabetes Over Time
At 10 years, mean body weight was reduced by 22.4% (95% CI,
21.7%-23.0%) in patients in the bariatric surgery group and by
4.6% (95% CI, 3.9%-5.4%) in patients in the nonsurgical con-
trol group (mean between-group difference, 17.7% [95% CI,
16.7%-18.7%], P < .001). Bariatric surgery also was associated
with a significant reduction in hemoglobin A1c level in pa-
tients with diabetes (mean between-group difference for
change from baseline to 10 years, 1.6% [95% CI, 1.3%-1.9%],
P < .001) (Figure 3 and eTable 7 in Supplement 2).

Figure 2. Cumulative Incidence Estimates (Kaplan-Meier) for 2 Composite End Points in the Overlap-Weighted Analysis
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HR indicates hazard ratio. The date of bariatric surgery and liver biopsy was
considered as the index date for patients in the bariatric surgery group. The
date of first liver biopsy on which all selection criteria were met served as the
index date for patients in the nonsurgical control group.
a Composite end point that was defined as the first occurrence of progression to

clinical or histological cirrhosis, development of hepatocellular carcinoma, liver
transplantation, or liver-related mortality after the index date. The median
observation time was 84.6 months (IQR, 37.1-118.5 months) in the bariatric

surgery group and 85.3 months (IQR, 48.5-127.4 months) in the nonsurgical
control group.

b Composite end point that was defined as the first occurrence of coronary
artery events, cerebrovascular events, heart failure, or cardiovascular
mortality after the index date. The median observation time was 81.6 months
(IQR, 34.9-116.0 months) in the bariatric surgery group and 80.6 months (IQR,
46.2-126.1 months) in the nonsurgical control group.
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Major Adverse Events After Bariatric Surgery
Within 30 days after bariatric surgery, 62 patients (9.5%) de-
veloped major adverse events, including postoperative sep-
sis (n = 23; 3.5%), gastrointestinal leak (n = 14; 2.2%), pulmo-
nary adverse events (n = 14; 2.2%), bleeding (n = 11; 1.7%),
venous thromboembolism (n = 9; 1.4%), acute kidney injury
(n = 8; 1.2%), small bowel obstruction (n = 4; 0.6%), and car-
diac adverse events (n = 3; 0.5%).

Within the first year after bariatric surgery, 4 patients
(0.6%) died from surgical complications, including gastroin-
testinal leak (n = 2) and respiratory failure (n = 2). Subse-
quently, 3 additional patients died during long-term follow-up
from conditions that could be attributed to their history of bar-
iatric surgery, including intestinal obstruction and perfora-
tion (n = 1), possible suicide (n = 1), and a death possibly re-
lated to alcohol use disorder (n = 1). All 7 patients had
undergone gastric bypass.

Sensitivity Analysis
Using conventional propensity score matching, 462 patients
in each group were used for the analysis (eTable 8 in Supple-
ment 2). Overall, the differences in HRs comparing the risk of
major adverse liver outcomes and MACE in patients in the
bariatric surgery group vs patients in the nonsurgical control
group and the adjusted absolute risk differences were negli-
gible between the overlap weighting (primary comparison)
and conventional matching (sensitivity analysis) (Table 2 and
eFigure in Supplement 2).

Examining the E-values for major adverse liver outcomes
and MACE and comparing these E-values with the HR esti-
mates of known risk factors for these end points (eTable 9 in
Supplement 2) indicates that it would be unlikely that an un-
measured confounder exists that could account for the ob-

served association between bariatric surgery and risk of ma-
jor adverse liver outcomes and MACE.

Discussion
In this observational study, bariatric surgery, compared with
nonsurgical management, was associated with a signifi-
cantly lower risk of incident major adverse liver outcomes and
MACE among patients with NASH and obesity.

NASH in patients with obesity is associated with major
adverse liver and cardiovascular outcomes. Ideal manage-
ment requires a comprehensive approach to reverse liver
injury and minimize the risk of both major adverse liver out-
comes and MACE. To our knowledge, this is the first study
reporting a treatment modality that is associated with
decreased risk of major clinical end points in patients with
biopsy-proven NASH. Given the large sample size, accurate
histological diagnosis of NASH, statistical adjustments based
on histological severity of liver disease by using overlap
weighting statistical methods, and long duration of follow-up
(median, 7 years), the current study provides evidence that
bariatric surgery is associated with lower risk of major
adverse liver outcomes and MACE in patients with NASH and
obesity. The findings from this observational study suggest
that bariatric surgery can be considered as a therapeutic
option for patients with NASH and obesity.

Because sufficiently powered randomized clinical trials
using liver biopsy and adequate follow-up duration to assess
rare clinical end points in this slowly progressive disease
are unlikely to be conducted in the near future, carefully
designed observational studies (with adjustment for patient
characteristics across treatment groups) can be useful to

Table 2. Major Adverse Liver Outcomes and Major Adverse Cardiovascular Events Among Patients Who Underwent Bariatric Surgery
vs a Nonsurgical Control Group at 10 Years

Bariatric surgery Nonsurgical control
10-Year absolute risk
difference, %
(95% CI)b,c

Hazard ratio
(95% CI)b P valuebNo. at risk

Cumulative incidence
at 10 years, %
(95% CI)a No. at risk

Cumulative incidence
at 10 years, %
(95% CI)a

Major adverse liver outcomesd

Primary comparisone 650 2.3 (0-4.6) 508 9.6 (6.1-12.9) 12.4 (5.7-19.7) 0.12 (0.02-0.63) .01

Sensitivity analysisf 462 2.2 (0-4.7) 462 10.7 (6.8-14.5) 13.5 (6.0-22.4) 0.09 (0.02-0.35) <.001

Major adverse cardiovascular eventsg

Primary comparisone 650 8.5 (5.5-11.4) 508 15.7 (11.3-19.8) 13.9 (5.9-21.9) 0.30 (0.12-0.72) .007

Sensitivity analysisf 462 7.9 (4.4-11.2) 462 16.3 (11.6-20.8) 14.6 (6.6-23.4) 0.25 (0.12-0.49) <.001
a Unadjusted estimates. Analysis treating death as a competing risk was

also performed and provided similar estimates. The date of bariatric
surgery and liver biopsy was considered as the index date for patients in the
bariatric surgery group. The date of first liver biopsy on which all selection
criteria were met served as the index date for patients in the nonsurgical
control group.

b From fully adjusted Firth penalized Cox regression models (using the variables
of liver biopsy index date, baseline body mass index, race, annual zip code
income, location [Florida or Ohio], and Charlson Comorbidity Index score;
presence of hypertension, dyslipidemia, heart failure, coronary artery disease,
or cerebrovascular disease; baseline levels of serum bilirubin, albumin,
creatinine, and international normalized ratio; and use of insulin and
noninsulin diabetes medication).

c The 95% CIs for the difference in 10-year absolute risk (nonsurgical control

group − bariatric surgery group) were obtained by the percentile method from
2000 bootstrap iterations.

d A composite end point that was defined as occurrence of progression to
clinical or histological cirrhosis, development of hepatocellular carcinoma, liver
transplantation, or liver-related mortality. The frequency of events in the
crude (unweighted) data set appears in eTable 6 in Supplement 2.

e Balancing the bariatric surgery and nonsurgical control groups with overlap
weighting.

f Balancing the bariatric surgery and nonsurgical control groups with propensity
score matching in the sensitivity analysis.

g A composite end point that was defined as occurrence of coronary artery events,
cerebrovascular events, heart failure, or cardiovascular mortality. The frequency
of events in the crude (unweighted) data set appears in eTable 6 in Supplement 2.
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inform treatment decisions. Overlap weighting can repro-
duce many aspects of randomized clinical trials and avoids
some of the limitations associated with classic propensity
score matching.17,18 In the current study, overlap-weighting
techniques were used to adjust for differences in major risk
factors between patients in the bariatric surgery group and
patients in the nonsurgical control group for MACE (age, sex,
smoking status, and presence of diabetes) and major adverse
liver outcomes (presence of diabetes, histological NAFLD
activity score, and histological liver fibrosis stage), which led
to precise balance on these critical variables at baseline.
Instead of relying on imaging or available clinical risk scoring
systems, liver biopsy data were used to characterize and
quantify histological features of steatosis, hepatocyte bal-
looning, lobular inflammation, and liver fibrosis to accurately
diagnose NASH and statistically adjust the study groups
based on severity of liver disease, particularly liver fibrosis, at
baseline. Liver fibrosis is a key prognostic marker for devel-
opment of major adverse liver outcomes and mortality in
patients with NASH.1-5 During the second step of statistical
adjustment, models were further adjusted based on several
other covariates (eg, hypertension and dyslipidemia) by
using the Firth method, which can increase the precision of
estimates in Cox proportional hazards models. Comprehen-
sive hepatology and bariatric surgery programs with liberal
performance of liver biopsy for patients with NAFLD in medi-
cal and surgical settings during the last 2 decades were essen-
tial in identifying a large number of patients despite having
strict clinical and histological selection criteria.

Although several drugs targeting improvement in histo-
logical features of NASH are in various stages of develop-

ment, there is currently no drug therapy for NASH approved
by regulatory authorities. A few small randomized clinical trials
with short-term follow-up using liver biopsy before and after
treatment have shown modest histological benefits for a small
number of medications including vitamin E,24 pioglitazone,24

obeticholic acid,25 liraglutide,26 and semaglutide.27 Histologi-
cal benefits after treatment, including resolution of NASH or
improvement of liver fibrosis, are considered as surrogate mark-
ers for major clinical outcomes. Even if a medication is ap-
proved based on improvement in surrogate markers in the near
future, it will be challenging to examine the effects on major
clinical outcomes, including major adverse liver outcomes and
MACE, that often take a decade to develop. Furthermore, some
medications such as vitamin E and obeticholic acid are un-
likely to improve cardiovascular risk.1,28,29

Obesity is the main pathophysiologic driver of NASH.
Although losing weight, regardless of how it is achieved, is
the current primary treatment of NASH,1-4 bariatric surgery is
the most effective available therapy for obesity. Accumula-
tion of ectopic fat, immune system activation, and insulin
resistance are the key initial steps that trigger development
of NASH in patients with obesity.1-5 Substantial and sustained
weight loss after bariatric surgery and subsequent improve-
ment in metabolic dysfunction and inflammatory state can
potentially reverse histopathological changes and spare the
liver from progressive damage. In a prospective study includ-
ing 64 patients with repeat liver biopsy 5 years after bariatric
surgery, NASH was resolved in 84% (95% CI, 73%-92%),
fibrosis stage decreased in 70% (95% CI, 57%-82%), and
fibrosis disappeared in 56% (95% CI, 42%-69%).10 It is
estimated that about 20% of patients with NASH develop

Figure 3. Trend Curves of Mean Change in Body Weight and Hemoglobin A1c Level Over 10 Years of Follow-up in the Overlap-Weighted Analysis
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shaded areas indicate 95% CIs. The mean between-group differences at 10
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surgery and liver biopsy was considered as the index date for patients in the
bariatric surgery group. The date of first liver biopsy on which all selection
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Supplement 2.

a The median observation time was 74.9 months (IQR, 27.6-110.2 months) in the
bariatric surgery group and 77.3 months (IQR, 38.4-123.1 months) in the
nonsurgical control group.

b The median observation time was 41.2 months (IQR, 7.1-85.3 months) in the
bariatric surgery group and 81.9 months (IQR, 43.7-120.0 months) in the
nonsurgical control group. The shorter observation time in the bariatric
surgery group is likely due to less need for regular testing in patients with
improved diabetes after surgery.
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cirrhosis during their lifetimes,30 and the findings of the cur-
rent study suggest that bariatric surgery is associated with an
88% lower risk of progression to major adverse liver out-
comes during long-term follow-up.

NASH and cardiovascular diseases share numerous risk
factors because both represent end-organ damage caused
by metabolic derangements. In addition, NASH indepen-
dently increases the risk of atherosclerosis, cardiomyopathy,
and cardiac arrhythmia.5 Bariatric surgery leads to a substan-
tial and sustained weight loss, and effectively improves car-
diometabolic risk factors6-9 and quality of life.6,31 Large
matched-cohort studies have shown that bariatric surgery is
associated with reduction in risk of MACE in patients with
type 2 diabetes and obesity, presumably by its positive effects
on cardiac risk factors, metabolism, function, workload, and
geometry.13-15 Therefore, it was not unexpected in the current
study to observe a lower risk of MACE among patients with
NASH in the bariatric surgery group.

Limitations
This study has several limitations. First, even though estab-
lishing a histological diagnosis of fibrotic NASH and balanc-
ing the study groups based on the histological grade and stage
of liver disease were unique features of this study, challenges
in interpreting liver biopsies including sampling bias and
interobserver variability are well-known problems in histo-
logical assessments of NASH.1-3

Second, although overlap weighting created precise bal-
ance for certain critical covariates,17,18 there was imbalance
on other baseline variables, albeit mostly favoring the non-
surgical control group. In the doubly robust estimation
approach used in this study, the intention of the regression
adjustment using the Firth penalized models was to control
any imbalances that remained after the overlap-weighting
process. Nevertheless, residual measured or unmeasured
confounders, such as the healthy user effect (ie, patients who
chose to undergo bariatric surgery could be more health con-
scious and partake in other healthy behaviors), can bias

results in this observational study. No matching or statistical
adjustment was performed based on the severity of other
medical conditions at baseline. As a sensitivity analysis to
assess the robustness of the observed associations in the
presence of potential unmeasured confounders, E-values
were calculated. The estimated E-values for major adverse
liver outcomes and MACE were larger than the magnitude of
the associations between these end points and their known
risk factors, indicating that it is unlikely that an unmeasured
confounder exists that can eliminate the favorable associa-
tion between bariatric surgery and major adverse liver out-
comes or MACE (eTable 9 in Supplement 2).

Third, the modest number of major adverse liver out-
comes and MACE resulted in relatively wide 95% CIs. How-
ever, the statistical comparisons consistently reached signifi-
cance both in the primary comparison and in the sensitivity
analysis. Individual analysis of the components of the com-
posite end points was not possible due to the small number
of individual events.

Fourth, although the Firth penalized likelihood methods
(instead of standard Cox models) were used to reduce the small
sample bias and allow models to be fit,19 given the small num-
ber of events and the large number of predictors included in
the models, the fully adjusted results should be interpreted
with caution.

Fifth, there may have been coding errors, misclassifica-
tion, and misdiagnosis in the electronic health records. Sixth,
even though sleeve gastrectomy is currently the most com-
mon bariatric surgical procedure,32 only 17% of patients in the
current study underwent sleeve gastrectomy.

Conclusions
Among patients with NASH and obesity, bariatric surgery, com-
pared with nonsurgical management, was associated with a
significantly lower risk of incident major adverse liver out-
comes and MACE.
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