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Abstract

The application of artificial intelligence technologies is growing in several fields of healthcare settings. The aim of this article
is to review the current applications of artificial intelligence in bariatric surgery. We performed a review of the literature
on Scopus, PubMed and Cochrane databases, screening all relevant studies published until September 2021, and finally
including 36 articles. The use of machine learning algorithms in bariatric surgery is explored in all steps of the clinical
pathway, from presurgical risk-assessment and intraoperative management to complications and outcomes prediction. The
models showed remarkable results helping physicians in the decision-making process, thus improving the quality of care,
and contributing to precision medicine. Several legal and ethical hurdles should be overcome before these methods can be

used in common practice.

Keywords Artificial intelligence - Machine learning - Bariatric surgery - Perioperative medicine - Postoperative

complications

Introduction

Artificial intelligence (Al) is the study of algorithms that
give machines those abilities considered typical of human
thinking, such as problem-solving, object and word recogni-
tion, inference of world states, and decision-making [1]. The
capability of Al algorithms in the quick and accurate exami-
nation of large datasets, and in detection of correlations and
patterns imperceptible for human mind, makes them particu-
larly useful in healthcare setting. The relentless growth of Al
implementation involves that it is of paramount importance

Key Points

e the application of Al technologies influenced each area of
healthcare, including BS.

e ML models play a role in each step of the management of
patients with obesity.

o Several hurdles remain to be overcome before Al could be used
in daily practice.
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to understand how these technologies can be used to deliver
safer, more efficient, and more cost-effective care.

In the context of perioperative medicine, machine learn-
ing (ML) is having great success. Among the different clas-
sifications of ML available in literature, one of the most
popular identifies three main categories: supervised, unsu-
pervised, and reinforcement learning [2]. A supervised
algorithm is a task-driven process where an algorithm is
trained to predict a prespecified output; it requires a train-
ing dataset, to analyze and learn associations between an
input and desired output, and a test dataset, used for the
assessment of the algorithm performance on new data [2].
An unsupervised algorithm refers to algorithms that identify
patterns or structure in an untagged dataset [3]. A reinforce-
ment algorithm has to perform a certain task, learning from
its mistakes and successes. Finally, a special note goes to
deep learning, considered the most advanced class of ML
algorithms, that uses multiple layers to progressively extract
higher-level features from the raw input [4].

Al has different potential uses in modern medicine; in
fact, it can implement and complement human intelligence
by augmenting and democratizing it. Al-algorithms are
increasingly used for genomics, imaging and diagnosis, risk
stratification, and drug discovery [5]. It finds various appli-
cations in surgery [6, 7] and anesthesia [2, 8]. Furthermore,
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it can be applied for the evaluation and optimization of
health conditions to better control and prevent chronic dis-
eases in the idea of precision medicine [9].

The management of the patient candidate to bariatric sur-
gery (BS) is an intricate topic. It requires evaluation by a
multidisciplinary team consisting of internists, psychiatrists,
general surgeons, and anesthesiologists. All physicians are
involved in pre, intra, and postoperative evaluation which is
challenging due to the complexity of the patients suffering
from obesity [10, 11]. Compared to the non-obese patient,
the process is elaborate, and risks-increased [12—14]. Man-
agement of comorbidities related to obesity, such as obstruc-
tive sleep apnea (OSA), diabetes, heart disease, hyperten-
sion, and gastroesophageal reflux disease, requires careful
preoperative evaluation [15, 16]. BS can be more demanding
than common general surgery, due to the intraoperative anes-
thesiologic control, which requires caution for the manage-
ment of airways, ventilation, and hemodynamics [17-19].
Furthermore, the pharmacokinetic of drugs commonly used
in anesthesia is different during bariatric surgical procedures
and keeps being a thorny issue [20]. Pharmacological dos-
ing must be carefully planned; weight-based drug dosing
in patients with obesity can be defined on actual total body
weight (TBW), ideal body weight IBW), lean body weight
(LBW), or adjusted body weight (AdjBW), depending on the
specific drug [21, 22].

For these difficulties, we believe that the management
of patients with obesity candidate for a bariatric procedure

could obtain many advantages from the use of new data min-
ing technologies. In this review, we analyzed the available
literature on the current applications of Al to BS, evaluating
its impact on each phase of the perioperative management,
from presurgical assessment to postoperative period.

Materials and Methods

We performed a narrative review of the literature on the Sco-
pus, Pubmed, and Cochrane databases. All relevant studies
published up to September 2021 were included. The search
string included various combinations of “artificial intelli-
gence,” “machine learning,” “obese patient,” “pathology,”
“risk assessment,” and “bariatric surgery.” Papers concern-
ing children, animals, and studies written in languages other
than English were excluded. Articles of interest that were
cited from the articles identified in the initial search were

also included.

ELINT3 99

Results

The literature search was conducted on 3 scientific databases
(Pubmed, Scopus, and Cochrane) and produced 761 results.
After the screening and removal of duplicates, 36 articles
met the inclusion criteria and were finally included in the
analysis (Fig. 1).
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In detail, considering the design of the report, 28 studies
were retrospective and 8 were prospective; 23 articles were
about single-center research, while 13 were multicenter.

Regarding the temporal distribution, the totality of the
studies has been produced between 2001 and 2021, with a
rising trend in last 3 years (Fig. 2).

All the included articles investigated the different
steps of the management of patients with obesity; in par-
ticular, 9 studies considered the preoperative phase, 3 the

Fig.2 Temporal distribution

of the articles included in our

analysis according to the year of
publication 14

12

10

intraoperative one, 8 the postoperative management and
complications, while 16 studies examined the clinical out-
comes (Fig. 3).

Various types of AI/ML algorithms were tested, from 1
to 19 for a single study. The most frequent.

algorithms were NN (24 articles), followed by logistic
regression (LR) (16 articles), support vector machine (12
articles), random forest (5 articles), and decision tree (6
articles).

Articles/Years of publication
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Fig. 3 Pie chart describing the proportion of the studied involved in the review related to the specific phase of the perioperative pathway
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To assess the efficacy of the algorithms, multiple out-
come measurements were used, specifically area under the
curve (AUC) in 17 cases, accuracy in 7 cases, and sensitiv-
ity/specificity in 4 cases.

Discussion

The management of patients suffering from obesity and
candidates for a bariatric surgical procedure is highly
demanding. It assumes the involvement of different spe-
cialists, in a tailored multidisciplinary approach. Many
efforts have been made to facilitate physicians in accurate
risk prediction, selection of the most suitable procedure,
and optimization of the surgical planning, thus granting
high-quality care.

In recent years, new data mining technologies are prom-
ising to be the turning point.

Along with the growing diffusion of Al-based technolo-
gies in several subspecialities of healthcare, their applica-
tion in the field of BS is showing encouraging insights.

Our results are consistent with the recent findings of
the scoping review by Pantelis et al. [23], as ML explored

Fig.4 Role of artificial intel-
ligence (Al) in bariatric surgery.
Al can be used in every aspect
of the perioperative path, from
the presurgical assessment to
the intraoperative phase, up to
the postoperative management

@ Springer

models proved effective and outperformed conventional
statistical techniques.

Al algorithms have been used in each step of the clini-
cal pathway of the patient candidates for BS, from the
presurgical evaluation and intraoperative management to
complications and outcome prediction (Fig. 4).

Preoperative Evaluation and Risk-Assessment

Careful and thorough preoperative evaluation is essential in
patient candidates for BS to assess their individual risk and
prognosis. The aim is to find obesity-related comorbidities
to identify high-risk patients and to minimize the risk of
postoperative complications. Al can represent a useful tool
to achieve this goal, as clearly shown from the number of
studies reported (Table 1).

For its capability to integrate a great amount of infor-
mation, Al could be applicable to all preoperative patients,
especially those suffering from different obesity-related
comorbidities.

Airway assessment must be performed in attempt to
identify possible difficult airway management. Zhou et al.
explored six ML models for predicting difficult intubation in

ARTIFICIAL INTELLIGENCE

IN BARIATRIC SURGERY



2721

Obesity Surgery (2022) 32:2717-2733

%66 KovIndoy

(6801591 °L8°0
Sururen) DNV Ad (260
189) ‘66°( Sururen) DNV DOY

%G L KorInoode ‘oG/
Koyroads ‘o1 ANAnisuag

SL0 DNV
J9 °2L°0 DNV INAS 690
DNV NN 9.0 DNV ¥'1

9.0 DNV AN $L°0 DNV NN

€60
DNV y/siudad ¢1 <1AY-DSd
166°0 DNV U/SIA C I 1AYS

£9°0
DNV Id 19°0-59°0 DNV INAS
99°0-18°0 DNV

wqo [L0-E€L0 DNV 298X

‘TL'0-8L°0 DNV 1PAD *8S°0
~26°0 DNV 49 “09°0-1L°0
DNV UL ‘0L°0-89°0 DNV

AT :dnoi3 Sumnse) sa Sururer],

WAS

A3ojouyo9) Agarn]

(INAS-YD uorsny [9po]A

44
TNAS ‘NN IT ‘N ‘NN

1ay¥ 1s

YAS-1s00gepy “JAS ‘LY

‘NN Y71 “TIN ‘uononput

NI ZND ‘INAS-Isoogepy
INAS ‘¥ 1D ‘NN ‘N ‘AN

wqn
993X a0 ‘Ay YL U1

a3e)s 10D 1091100 Y}
ojurt sjuenjed 9711039380 O,

G1 < xopur eoudodAy

eoude Jo pjoysaIy) [es1uro e

JI0J JOUQQIOS B SB AF0[0ourod)
KPoI1, 9Y) JO Q0UBWLIONI]

SISOUSEIp VSO

SISOUSEIP VSO

SISOUSEIp VSO

K)119A9S
swoipuAks eaude daa[s
9ATIONIISQO JO UONIIpaId

uoneqnul
[eayoeI JNOLFIP JO UOTIIPAI]

33

8¢

VIN

Iee

9LE

cle

S101

souoyd parrred
woIj SIOSUaS uonow Jureq
syndur 9[os IIm S[opow uon
-eOYISse[o paaoxdur Aq uon
-ouny Areuownd Sunorpaig
eoude doors yjim pajeroosse
SYSII Y3[eay pajeraI-doors
Yoe1 0 sjnsaI JurzATeue
uay) pue ‘suraped Jurgiearq
pue dog[s jo Sururuiajeg
[eudis A1ojerrdsax
A} pue [euSIs [BAIOIUI
189q)1B9Y 9} JO SOINIBdJ oY)
Sunoenxs ySQ Jo uonodeq
syuaned
VSO YSU-ySIy uea1os pue
QUIULIS)OP 0) [9POW JS9q Y}
199195 0 VSO Sunorpaid
0} [opow & Jo Juawdorers
sisouSerp ySQ 10§
TIN Aq s1sA[eue pajewoine
ue yim pa[dnoo daars Sur
-Inp SULIO)TUOW JUSWIAOW
Ie[nqIpuew Jo uoneneAq
K)LI9AQS
VSO 101paid 03 ejep a1reu
-uonsonb pue uoneurrojur
oryder3owap uo paseq spo

-pow TN JUSISHIP Jo A1Tiq
-eordde [esruro pue Aoeoyyg

Sp[oy I SnoLIeA
woij soyoeordde x1s Jursn

sjuaned 9s2qo Ul uorRqNIUI
[eayoeI) JNOLFIP JO UOTIIPAI]

191U 9[3urs ‘aandadsorg

191U Q[3urs ‘9Anoadsoig

aAnoadsonay

191U 9[3urs ‘aandadsonoy

1)U 9[3urs
[BUOTIBAIISQO 2AT)OAdS0Id

JLIUSDN[NUW [EUOTIBAIISqO)

I9)u9) 9[3uTS 9ATOAdSONIY

L10T O 8usyDd

020C ¥ uolLL

610C dM oBD

00T Z ZIeAvysay|

020z 1f utded

020¢ O Tedusy

120T IND noyz

doueuriofrod uonoIpald

TIN Jo dAT,

sQwoonQ 1I10Yod [eUl]

oAno0lq0

u3isap Apms

sIeak ‘royny

SISATRUE INO UI PapN[oul Judwssasse aaneradoard 1noqe s1oded jo mararoaQ | 3jqelL

pringer

A's



Obesity Surgery (2022) 32:2717-2733

2722

K1331ns oinerreq gg ‘eoude doors

QATIONINSQO VSO ‘SAUIYORW SUNSO0q JUAIPRIS SFOX “JI0MIAU [BINAU JUALINOAI A/ATY YI0MISU [BINSU [RUONN[OAUOD AN YT Sunsooq aandepe y7 1soogopy ‘uondesrad rekeninuw g7y ‘siskfeue
JUBUTWLIOSIP oneIpenb (o ‘SIsA[eue JUBUTWLIOSIP JBAUI] V(77 ‘SSHOMIOU [BINAU [eIohNIe SNV [[e091 UoIstoard yg ‘sonsiiejoereyo Sunerado I0A10001 HDOY ‘sekeq oATeN gN “[OMIOU [eInau AN
9sBasI( SunT 2A1ONNSqQ d1UoIY)) 10 dANRNIU] [BqQO[D J70H ‘®aude dog[s 9AONNSQO SO Xopul 2oueqIn)sIp A10JeI1dSaI PIALIOP-WISAS ISLIUNS JTY LS “YAS Funsooq aandepe YAS-1soog
-DPY ‘UOISSaIZAI 103094 J10ddns YA S ‘9on uoIssaISar 7y ‘Suruied] auryorw 77 ‘INAS Sunsooq aandepe A S-1soogopy ‘ounyoew 103024 11oddns jyAS ‘9913 UONBIYISSR[D 1) ‘10qUSIou JSIeu-y
NN-Y ‘sekeq oATeN gN ‘@10A Ajuiofew Ay ‘NGO WSI] wgoH ‘3unsooq JUAIPeI3 JWANXd IgSY ‘99I) UOISIOAP Funsooq JUAIPeIS pgo ‘1S9I0) WOPUEI Jy ‘99I) UOISIOAP Y7 ‘UOISSITax onsISo] y7

uonorpaid Apnis mo[rems
0} paredwod 9,7°09 03 dn A1
-AT}ISUQS PISBAIOUT S[OpOW
TN “A10y102ds %676 pue
AIATISULS 956°8¢ SUIAAIYDY
86°0 uoistoald NNYD-paren
weI3030ads 9N ¢£6°0 UOIS
-1001d NND DDA werdojoads
PN $96°0 uoistoald Sunsoog
juatpeln) weidoyoads o
96" uorstoard Ty wei3oy
-0ads [9N ‘€6°0 uorstoard
(71 8oy SoT weadoyoads
PN “+6°0 uorstoaxd (17)
3oy So1 wei3ojoads [o]N
‘v6°0 uorstoard NN-Y weid
-0300ds [9]N 08’0 uorsoaxd
soAeq aATeN wei3oyoads [N

S ¢ 10J sarepipued syuaned
ur BIuIoY [eeIy Jo sisouSerp
[opou 931} UOISIOAp TN BIWIAY [eIeIY JO SIsouserq 8¢ aaneradoard oaordwr o, 10Judd 9[Surs ‘oanoadsonay 120T d Jessy

3orqPa9y oneWwoINE SUIPIA

NNED-peDH -o1d suoydirews prepuels

NND DOA 3unsoog jud e Jo ouoydoIoru oy} woij

-1peIn ‘Y ‘(71) 89 8071 ®yep orpne ay) A[uo Sursn
(171 39¥ 80T ‘NN-T ‘AN uonouny Kreuowng G0SOZ 159 Anowoxnds e Suruioyrod Io)uednnuw ‘0Andadsold 8107 A YIBUBMSIA

doueuriofrod uonoIpald

)

50

=

TIN Jo dAT, sQwooInQ 1I0Y09 [eUL] aAn2[qO u3isap Apms sIeak ‘royIny 5,
x

|

(ponunuod) | 3jqeL



Obesity Surgery (2022) 32:2717-2733

2723

patients suffering from obesity and found three approaches
that can successfully predict it. One of these, the Xgbc algo-
rithm, has an accuracy over 80% and precision up to 100%
[24].

Risk assessment of OSA is one of the aspects mostly
considered for an accurate presurgical evaluation. Poly-
somnography (PSG) is traditionally considered an estab-
lished and effective diagnostic tool providing information
on the severity of OSA and the degree of sleep fragmenta-
tion. Several publications demonstrate how Al can be used
to predict OSA risk. Mencar et al. tested the efficacy and
clinical applicability of different ML methods based on
demographic information and questionnaire data to predict
OSA severity and found out that these can be useful to
identify a priority level for assigning patients to the PSG
test [25]. Pepin et al. evaluated if mandibular movement
monitoring during sleep coupled with an automated analy-
sis by ML was appropriate for OSA diagnosis and found
that it provided reliable performance in respiratory distur-
bance index [26]. Keshavarz et al. used a dataset contain-
ing self-reported variables obtained by utilizing the cross-
industry standard process for data mining instruction, a
methodology for medical data mining project. They found
out it has a good efficacy to predict OSA and it might be
a fast and cost-effective auxiliary tool [27]. Furthermore,
Gao et al. studied an OSA detection algorithm based on
electrocardiogram where sleep apnea-related features are
obtained by extracting the time-domain and frequency-
domain components of ballistocardiogram and respiratory
signals over fixed time intervals. Then ML classification
algorithm is used to detect OSA. This model has moderate
complexity, high spatial complexity, and high sensitivity
and can be used for OSA screening at home [28]. Finally,
Tiron et al. presented a hybrid acoustic smartphone App
that uses a signal processing technology and Al algorithms
to identify sleep stages, respiration rate, snoring, and OSA
patterns. It performed both reliably and accurately in the
detection of clinically significant OSA, and in the estima-
tion of apnea hypopnea index when compared to a PSG
gold standard [29].

Patients with obesity often suffer from lung disfunc-
tion, in particular chronic obstructive pulmonary disease
(COPD), chronic lung disease, and asthma, that can be usu-
ally detected by spirometry. It is of utmost importance to
investigate these potential conditions during the preoperative
evaluation, and Al proved to be equally effective in this area.
Cheng et al. showed that improved classification models can
accurately predict pulmonary function, with inputs being
motion sensors from carried phones. The trained model per-
fectly computed the Global Initiative for Chronic Obstruc-
tive Lung Disease level 1, 2, and 3 [30]. Viswanath et al.
analyzed and estimated the quality of smartphone spirometry
efforts. They found that NN can extract more information

from potentially muddled signals than traditional methods
using domain-specific, expert-designed features. Indeed, it is
possible to provide the necessary expert level validity feed-
back for smartphone-based spirometry efforts [31].

Furthermore, ML prediction models were utilized to
predict preoperative hiatal hernia diagnosis. Assaf and col-
leagues utilized three optional ML models to improve preop-
erative contrast swallow study (SS) prediction, thus finding
that the implementation of ML algorithms to include patient
data increases the sensitivity of preoperative SS and may
lower the need for hiatal exploration in a large number of
patients undergoing BS [32].

ML algorithms are effective in the risk definition and
are promising for the future, representing a valuable help
for the clinician, increasing the efficacy of the preoperative
evaluation.

However, we were not able to find any randomized trial
comparing Al to standard perioperative evaluation; recently,
the Wuerzburg University Hospital proposed Artificial Intel-
ligence-augmented Perioperative Clinical Decision Support
(KIPeriOP) (NCT05284227), a trial investigating a novel
anesthesiologic clinical decision support (CDS) application,
that integrates risk evaluation tools and updated clinical
guidelines guided by artificial intelligence in the setting of
preoperative anesthesiologic assessment. It will be compared
to the current standard preoperative assessment workflow
with participants being actual patients, and the recruitment
will be starting in April 2022.

Intraoperative Phase

There are several possible applications of Al in the intraop-
erative period. It could be used in the management of phar-
macotheraphy, in hemodynamic optimization, in monitoring
of neuromuscolar block, and of anesthesia depth [33, 34].
Despite this, its use in BS has not yet been fully explored.
To our knowledge, the available literature on the use of ML
in this phase is limited (Table 2).

One the most significant report concerns predicting the
early distribution kinetics of propofol. In fact, the volume
of distribution of drugs in patients with obesity is modified;
the blood volume is increased, as well as the cardiac output,
and there are alterations in the plasma transport proteins.
In the study by Ingrande et al., Al has been used to man-
age induction-phase kinetics by means of a high-resolution
pharmacokinetic dataset. A classic 4-compartment model
was compared to a recirculatory model and to a gated recur-
rent unit NN. They found out that a recirculatory model and
a gated recurrent unit artificial NN had similar performance
and were both superior to a compartmental model in describ-
ing high-resolution pharmacokinetic data of propofol [35].

Al algorithms were successfully used also for accurate
surgery duration estimation and quality-improvement.

@ Springer
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Final cohort Outcomes Type of ML Prediction performance

Objective

Study design

Table 2 Overview of papers about intraoperative phase included in our analysis

Author, years

@ Springer

Direct comparison of observed

4-compartment model,

Prospective, single center ~ Modeling inductionphase 30 Drug concentrations

Ingrande J 2020

versus predicted concentra-

tions

recirculatory model, gated

recurrent unit neural

network

kinetics using a high-resolu-

tion pharmacokinetic dataset

The proposed network

Deep Learning- a convolu-

Remaining surgery duration

290

Twinanda AP 2019  Retrospective, single center Intraoperative accurate sur-

significantly outperforms a

tional neural network and

estimation

gery duration estimation by

traditional method of estimat-
ing surgery duration without
utilizing manual annotation

a long-short term memory

network

using only visual informa-
tion from laparoscopic

videos

SleeveNet demonstrated a mean

Automatic extraction of quan- Deep Learning

88

Hashimoto DA 2019 Retrospective, single center To identify operative steps

classification accuracy of

titative surgical data from
operative video of laparo-

in laparoscopic sleeve

gastrectomy

classification accuracy of 73%

and a maximum classification

82% + 4% with a minimum
accuracy of 85.6%

scopic sleeve gastrectomy

Twinanda et al. proposed a deep learning pipeline, referred
to as RSDNet, which automatically estimates the remaining
surgery duration (RSD), by using only visual information
from laparoscopic videos of 120 cholecystectomies and 170
gastric bypasses. The proposed deep learning network sig-
nificantly outperformed a traditional method of estimating
RSD [36].

Furthermore, deep learning was utilized to automati-
cally identify steps in laparoscopic sleeve gastrectomy from
operative video with a high degree of accuracy, suggesting
that advances in Al may translate to healthcare applications,
future analyses of surgical cases, quality improvement, and
education [37].

Postoperative Management
Complications

Postoperative possible complications after BS could be
divided in surgical (fistula, bleeding, herniation, anas-
tomotic stenosis, gastric erosion, intestinal small bowel
obstructions), pulmonary (deep vein thrombosis, pulmonary
embolism, post-operative pneumonia), nutritional, hepato-
biliary, gastrointestinal (gastric ulcers, dumping syndrome,
mesenteric vein, or portal system thrombosis), and neuro-
logical (neuropathy, myopathy, encephalopathy). A tailored
risk assessment could modify the perioperative manage-
ment and reduce them significantly. Al can be considered
a valuable help to achieve this goal (Table 3). Sheikhtaheri
et al. developed a clinical decision support system to predict
the early complications of one-anastomosis gastric bypass
surgery. They developed different artificial neural networks
(multilayer perceptron network) for prediction of 10-day,
1-month, and 3-month complications using age, body mass
index (BMI), smoking status, intra-operative complica-
tions, comorbidities, laboratory tests, sonography results,
and endoscopy results as factors for predicting early com-
plications. They found out that the prediction system has a
good accuracy, specificity, and sensitivity [38]. Similarly,
Cao et al. aimed to find a useful ML algorithm to predict
the risk for severe complication after BS. They trained and
compared 29 supervised ML algorithms and observed that
most of the ML algorithms showed high accuracy (>90%)
and specificity (>90%) in both the training and test data
but none of them achieved an acceptable sensitivity in the
test data. Overfitting was the overwhelming problem even
though some algorithms showed both high accuracy and
an acceptable AUC for the training data. However, they
recognized that deep learning neural networks (DLNNs)
have the potential to improve the accuracy [39]. Cao et al.
also published another study regarding the use of DLNNs
to predict serious complications after BS. The aim was to
examine whether serious postoperative complications of BS
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48 = § $9E 5 could be predicted preoperatively using DLNNs based on the
U < 2] . . . . . .
& 273 g < & =<9 E 2 information available from a national quality registry. Three
@7 = 42~ .2 E . . .
8|3 § 2 ax <8 e e‘) 5.8 supervised DLNNs were applied and compared: multilayer
cEg I o~ 2 2 @25 .
é g 2 ks S84 g as g E b é perceptron (MLP), convolutional neural network (CNN), and
5} == == =
B §<Zt 2%3%22°5¢ 28 0ERX recurrent neural network (RNN). They concluded that MLP
g ;D“g E go S Z g2 5 QZ: £E%E E and CNN showed improved, but limited, ability for predict-
AEEERERE LR IR P ing the postoperative serious complications after BS, while
Z|sESs 8L &% dgséé g p p p >
Slzcgglazles| 528 i
= E é 5 Eﬁ@[\/ 3 E g éﬂ S ) the RNN manifested t.h.e worst performance.[40]. 1'\Iud.el
& = 228%% et al. compared the ability of two ML strategies, artificial
.gg S “gé neural networks (ANNSs), and gradient boosting machines
E 58 ; g (XGBs) to conventional models using LR in predicting leak
o = .
= ‘*: 227% and venous thromboembolism after BS. They proved that
QEQ § é g c%_" ANN and XGB outperformed traditional LR in predicting
. O L= &3 leak and could prove useful in preoperative screening [41].
= & )
§ % —EDE S8 Comparable results about the effectiveness of Al algo-
— = = . . . . .
s |2 5 D{g £ rithms to predict morbidity and mortality after BS were
g\ O %D S é‘ E obtained by other groups. Recently, Wise et al. used an ANN
i 250 4 E model to optimize the prediction of 30-day readmission,
g E § § % reoperation, reintervention, or mortality after laparoscopic
5 ; 45 i g 5 sleeve gastrectomy, compared to standard LR modeling [42].
=] =] . . .
g S E3E 3 Similarly, the results by Razzaghi and colleagues demon-
- N v 332 . .. . .
% 53 0 2> strated the potential of ML tools as clinical decision support
%" g E g E = in identifying risks/outcomes associated with BS and their
o/ e S . . . . . .
g |s Swn g =¥ effectiveness in reducing the surgery complications and in
O3 ISR S o = O . . .
g 53 § £2 g g improving patient care [43].
g £ Sl >°<°§ S 5: ; Furthermore, Al models can help and facilitate physi-
e $o £= 5 cians in the prevention and management of metabolic com-
= 8= 2 p g
&5 . . . . . .
% £ &= bt = plications after BS. In fact, a computerized intelligent deci-
- - 2 § g § % sion-making support system for nutritional diagnoses was
£ |= < s 3% specifically developed and validated, thus assisting health
2 By % “;1 § professionals in the nutritional monitoring of patients sub-
% .
vZ .5 & Ssziz mitted to BS [44].
2 o S 4 . . .
B :g % o g ; ;% §2C ANN might be as well a useful tool to predict the risk
T 5 £ % % '-°.§ $ 25 - factors and prevalence of gallbladder disease and gallstone
(=" = =5 . . . . .
2 % e 52 z &2 3 g2 development in patients suffering from obesity on the basis
S 5B o 5 €9 5F . . .
2 E é%ﬁ 3 § § EZ5 ¢ of multiple variables related to laboratory and pathological
7] = QO
2 ggeg % = =2 ; %“'; features [45].
% 3 g g § Fg,n_“.; 5 ® 3 E '§ In conclusion, ML methods can offer clinically meaning-
o 2 = g 2 . . . . .
o (&= 3 Z ?'% ful improvements in risk stratification, even for uncommon
8 '§ 5 é % 3 events that are difficult to predict using traditional statistical
= < 8
3 =S 2823 method.
o 25303
oy - S
= g IR
2 gEs8 Outcomes
- s =2 ..
5| £ s5xSEE
% |5 28> 227 . o
glg g é 2 o @é Al based models found wide space in clinical outcome pre-
1) R = . . . . . .
—§‘ g : g2 § 8“_08) diction after BS, especially regarding weight loss, obesity
= Q —_ 2 = . o« e . . .
» | = °8xm 2E related diseases remission, and postoperative quality of life
5 E995E 2 (Table 4).
o 7] o= 2 w»n . .
E gﬁé &2 E 32 Effectiveness of BS, by means of the forecast of weight
£18 lé g é‘) T g E S loss, is one the fields in which AI was mainly implemented,
g S x o . . .
=159 222 E 4 "'g thus assisting in personalized diagnosis for treatment of obe-
m | g |& 89237 . . . .
2 £ l= 2 gz g g sity, and in the selection of the best candidates for surgery
g £ 5
21213 SIs28% [45-48].

@ Springer



2727

Obesity Surgery (2022) 32:2717-2733

uononpar Jysrom
[nJss200ns Jo uonorpaid ayy
UT UOTSSQIFaI O1SISO[ uey)
19Y31y ST NNV Jo Koeinooe
aano1paid [[e1aAo oy,

(A1oAanoadsar ‘y4¢ pue %99
"SA 9(0€ PUB %()L) S9IeI Uon
-BOYISSB[O-SIW pUE AoBINdoe
10§ s1oyowrered oqerfar a1ow
pop1aoid pue (A[oanoadsar
‘pauredxo doueLIRA %] "SA
9%9¢) SUmY eIep Je 13q 3q
0) PAI[NSAI [OPOUL JEQUI[UON]

NNV pue 7

NNV

AreAnoadsarx
‘PO'0F €80 PUB CO'0F8L0
QI9M 1S UONEPI[BA PUR 108
Sururen oy 10§ NNV J0 DNV
wyode
jpaenbrej-319quoAdT 10§
IopeolIq 9Ie pue WILIOS[e
uonezrre[n3ar uersokeq 10y
IO[[eWS 9JoM S[BAISIUT JOLIF
‘Swy)LIoS[e 9[qelns jsouw Y}
aIe uoneZLIB[NTAI URISIARY
pue jprenbre]N—310qUoAd]

NNV

uonezie[n3al uersokegqg

JI0MIQU [RINAU ‘INAS
[opoul [[n} 3Y) SE [[oMm Se
swiI0j1od [opowr paonpar ayJ,
‘SISATeue Q) UnI 0) papaou
Qwir} 9Y) puB BIep Y} JO own
-[0A 9y} SUTONPAI UT 9ATIOLS
A3y sem Ayrfeuorsuawiip
ejep Suronpar 1oy yoeordde

ONUBWIAS Paseq-o[nl Ay, NN PU® ‘UoIssaIsar [,

¥8°0 30 DNV
pue %8/ °¢8 Jo AoeInooe ue

PaAdIYOR NNM-9SOWRIS oYL, INAS "4 ‘NNJ-osowers

gOV'T 01 S9JepIPuEd 353q0

juowssasse aaneradoard
[entur oy Surnp J[qe[reAe
uon uonewIojur Suisn §g 101y

-onpar JySrom Jo uonoIpalg 67 uononpaIySIom den[ead 0,  Iudd d[3urs ‘9anoadsolg

L00T DA 9971

gOVT 4q pajean

sjuaned ur ssof JySrom
jo1paxd 03 eyep [eorsAyd pue
eor3oroyoAsd uo paseq

ur uorjorpaid Ssof YSTopn ZL1  [epoul [edonspels e p[inq o],  Juaod 9[3urs ‘0anoadsord 010z d 133e1g

s1o3o1paxd

aaneradoard juopuadapur

Jo uonesynuapt £q DAY

a0 ordoosorede] 19336 ssof

ordoosoredey 10jye ssof TN $S99%2 101paid 0}
JYSTOM SSOOX0 JO UOTIOIPAI] [¥9 00} PISeq-qom B 9STAQD O, JIoJuad o[Surs ‘oanoadsonoy 910Z S 9SIM

SSO[ JYIrom

Kwoyoanses 91} 1SBI9I0J 0] PUE SJUSIOY

QA99[s ordoosorede 1038 -J902 9AJI[S UO SSO[ JY31om
SSO[ JYSIoM JO uondIpAId €9  Jo oouopuadop oy) AJLI0A 0], I93u00 J[Iuls ‘VAndadsonoy 0202 S 12D

syosejep [eorur]od a5re|

0} senbruyo9) Jururw eyep
Jo uonjeordde juaronye pue
JseJ J0J MO[[e O} pue ejep
9y} Jo AyrfeUOISUSWIP UL

SOWI0JIN0 S JO UONOIPAI] 000°07T  uononpar oSie[ € 9[qEUS O],  JAIUAdNNUW ‘9A10adsonay 6107 JN PEYZOUSQIEPOI
Sg 1sod syjuowr 9
Je o[ 1yS1om [ewndo
-qns pue fewmndo ym S I9)Je SYIUOW g SSO|
sjuaned jo uoreoyisse) L€ JySrom rewndo jotpaxd o],  I0Jued o[3urs ‘@ansadsoig 1202 M Sueyz

Qouewioyrod uonoIpaIg TIN Jo dA],

sowIooIN(Q 1I0Y09 [BUL] aAn2lqO uSisop Apmg sIeak ‘royny

SISATRUR INO UI PIPN[OUT SAWOIINO [BIIUI]d Inoqe sioded Jo mIIAIAQ § 3|qel

pringer

a's



Obesity Surgery (2022) 32:2717-2733

2728

UOISSIWAT S9)JOqEIp SIedk-G
Sunorpaid 18 9,68 = Aoex
-N29 %06 =D0ANV
9)BINOOE Sem 9109S A,
(€0'0=d ‘Aoanoadsar
‘68L°0 SA 178°0 PUB 968°0
SA 116°0) WaYRIQ YPIm
paredwos AoeInooe aANOIp
-o1d pue HOYNV paaoxdur
pake[dstp woyeIq-py
(9L°0 PUB €£°0 DNV)
Ayredoydau pue ‘(g7 pue
€L°0 DNV) 21nrey 11esy
(L9°0 PU® 99°0 DNV) SIUAAD
K19)1e A12U0100 ‘(18°() PUR

6L°0 DNV) Afeirow asned
-[[e 218D [ensn SNSIdA A193Ing

%106 Sem [9pOll NNV 93
JO 9JeI UOTJBOYISSE[D 10110
oSeI0A® 9], ‘9%6°GY Sem UOIS
-so1321 o13S130] JO 9JBI UOT)
-BOISSE[O 1091100 95eIoAL Q]
(6SL°0=DNV
[eUIIXQ) AJIfIqelrodsuen
pue (82,L°0=DNV) Aoemdoe
QATIRUTWILIOSID [EUINUT
poo3 passassod [opowr oy ],

od£y K1331ns pue Jurd

-wres Jo Aep sso[pIesai ‘oje)s

yireay orjoqelows s juened

JLIJELIEQ B JO JUQWISSISSE QAN

-03[qo Surqeus ‘Ayrprqrowod
JO KJ1I0ADS $109]JaI Xopul Y],

9%¢€6 UBL) 210Ul JO UONBOYIS

-SE[0 J091109 JO 9Bl [[eIOA0
ue paonpoid sar1o3o9fen

QOURIJAI YIIM UOTJBOYISSE[D)

Suruuiq 9A1921109 A[[ng

uors
-so131 o1ISIS0] AJRLIBATI[NIA

A ‘uoIssaI3ay

NNV pue 7

dl

qd1

SISATRUR J9)SN[O [BOIYOICITH

UOISSTWAT S9JOqRIP
wLI9)-3U0[ JO UondIpaId

Sg 1sod 1eak 1 uors
-STWAI $9JgRIp JO UOTOIPAI]

uono9lep
uoneordwos uedio pug

uors
-STWAI SAJAQRIP JO UONIIPAI]

K1931ns

S1j0qeIou 19)Je sAep ¢/ O}

G9¢ WOIJ JUSWILAT} UOTIED
-1pawr JTwRIA[31adAynue oN

sjuoned ornerreq

PaJeaI] JO snyels yifeay

orjoqelaul Y} Ul Jusul

-onoxdur oty AJnuenb ueo
Xopu] Yi[esH OI[OqeIsIAl 9L

uon
-NJOA? JYS1om JO UOTIOIPAI]

SLI

[4%3

L8CT

88

LTS91

S6ST

SoL

aDAY
SuIMO[[0] UOISSTWIAI
s9joqeIp WiId)-3uof Sur
-jorpaid 10J woysAs Jurioos
paaoxdur ue dojaaap of,

aDAY
Surmor[oy
UOISSTWAI SA)aqeIp Jul
-jo1paid 10J woysAs Jurioos
paaoxdur ue dofaaap of,

K11s9qo0 pue $9)9qeRIp

7 2dK) i syuened ur Ay

-reyzowr pue suonesrdwos

ue3I0-pud WId)-3Uo] JO

YSLI 9y} AJBWNS 0) S[opoul

uonorpaid Junepiea
A[[euIoul pue Junonnsuo))

UOISSTWAI $9JOqEIP UO SSO[
Jy31om paonpur A[[eordins
Jo KoroyJe o) SUMUEX? O],

K1331ns o1]0qRIoW I2)jE
UONBSSID UONEIIPAW JTW
-00A[310dAynyue jo [opowr

aanorpaxd e dofaasp o,

Sq 10je syuoned
JO SmeIs yi[eay orjoqelow
) Ajnuenb Ajoanoalqo o,

ure3ar Jy3rom

Jo uonorpaxd A[res 10§

. SOI[TWe) 9AIND,, AJNUSPI

0] pue sar10309fen JyIrom
aaneradolsod oy 9zATeue of,

I9)u9d J[3urs ‘eAandadsonoy

810C [1®p2g2d

J9JUQD Q[3Uls ‘9ATOAdSONY £ 10T [ AISMAUSIA\-UOTY

I9)u2d J[3urs ‘aAandadsonay

I9)u0 9[3urs ‘aAndoadsonay

IQJUAOINW “9AT0Ads0NoY

19)u0 9[3urs ‘9Andadsonay

I19)u0 9[3urs ‘oAndoadsonay

020¢ V ueluiury

C10C M 39T

610¢C S§S uosuyor

00T IN'IS uooT uea

020z D orSawiq

Qouew1of1od uonoIpalg

TIN Jo 2dAT,

sawodInQ

110409 [eur]

GINsREIle[o)

u3isap Apmsg

sIeak ‘royIny

(ponunuoo) ¢ sjqey

pringer

Qs



2729

Obesity Surgery (2022) 32:2717-2733

Surpueq ornses d[qeisnlpe ordoosorede] = goy7 ‘ssedAq ornsesd x-us-xnoy goAY ‘Xopul ssewr Apoq Jg ‘A1o3
-Ins OLIeLIeq §F ‘SAUIYORW SUNS00q JUAIPLIS SgOY “YI0MIQU [eINSU JUALINOAI ANNY SHOMISU [BINSU [BUOIIN[OAU0D NN T Sunsooq aandepe y7 1soogvpy ‘uondsoied 1ekemnu J7py ‘sisk[eue
JUBUTWLIOSIP oneIpenb (@@ ‘SIsA[eue JUBUIWLIOSIP JEAUI] V(77 ‘SSHOMIOU [BINSU [eIohNIe SNV [[8991 UoIsIoard yg ‘sonsiuiejoereyo Sunerodo I0A10001 DOY ‘sekeq oATeN gN “[I0MISU [eInau AN
@seasI(] Sun 9AONISqQ OIO0IYD) 10J dANBNIU] [BqO[D) 70O ‘edude doo[s 9AnONISQO VSO ‘Xopul aoueqInisip A10JeIidsol PIALIOP-WAISAS asLIuns 77y 4§ “YAS Sunsooq aandepe yAS-1soog
-DPY ‘UOISSaISaI 103094 110ddns YAS ‘9o1) UOISSAISAI Yy ‘SUrIed] Suryorw 77 ‘INAS Sunsooq sandepe A S-1Soogupy ‘ounyoew 103094 110ddns jyAS ‘9913 UONBOYISSE[O 1) ‘I0qUSIoU JSIeau-y
NN-Y ‘sekeq aAateN gN ‘@10A Auofew Ay ‘NGO WSI wgoH ‘Funsooq JUAIPeI3 AWANXd 2GSy ‘99I) UOISIOIp Funsooq JUAIPeIs jpgoH 1S9I0) WOPUEI Y ‘99I) UOISIOAP Yy ] ‘UOISSAITaI onsI3o] 7

(0$L'0=DNV)

uorssaxdop 1eak-g 10§ A1
-[1qe 11eJ pue ‘(A[eAnoadsar
‘P€8°0 PUB 168'0=DNV)
uwiorpuAs voude dog[s pue
uorsualredAy 1eak-g 10§
Apiqe poos “(Ajeanoadsax
‘L16°0 PUB T6'0=DNV)
erwapidifsAp pue sajoqeip ¢
ad£) 1eak-¢ 103 ANTIqE QAT

Sg 19y3e sjuoned ur uon

Ssd
19)je JuowoFeuew juaned

10} 20UdpIA? 9piaoid pue
stsousoxd Sunorpaid 10§

-o1pa1d JU[oox0 pamoys Ng T MeleAnnA ‘NND ‘Nd  -o1paid swoojno widl-Suo ws9 SpPOYIoW 19)J9q puy 0,  IOJUAON[NW ‘VANdsonoy 0202 X 08D
SoInseaw UonRULIOJUT
9J11 Jo Ayfenb pajefar-yireay aaneradoaid o[qerreae ay)
A [re Sunorpaid ur oSe) N:i uo paseq A1931ns oLneLIRq
-UBADPE SUTW[AYMIIAO UB 193 syuanjed ur uonorpaxd 19136 9J1] Jo Ayifenb pajerar
pamoys [apowr NND Y.L NND 9J11 Jo Ayfenb wie)-Suog L899 -aeay eah-g 101paid o, Ioyuonnu ‘9ansedsonay 610T A 0D
asuodsar sty ur
901 jueyrodwi Ue dARY JBY)
S1030BJ AJ1IuapI 0) pue ‘K193
UOISSTWAI -Ins 0} asuodsaI o1aqeIp
$9JoqeIp paonpur-A1o3ins II9Y) QUIWLISIOP By} SI0JOR]
noyIm pue yim sjuaned OIWOUa3 pue [eSIUI[D UO
18°0=D0NV ‘%¥L=Aoeimnooy NNV U99M}9q UOTJRUTWLIOSI(] LSy Poseq S[enpIAIPUI AJnens 0],  JOJUdn[NW ‘0anoadsonay 9702 SH UesIopad
Qouewrroyrad uonoIpaig TIN Jo 2dAT, SQWI0oINQ 1I0YOD [BUL] aAn22[qO u3isap Apmsg sIeak ‘royIny

(ponunuoo) ¢ sjqey

pringer

a's



2730

Obesity Surgery (2022) 32:2717-2733

ANN modeling was used to provide an optimized estimate
of expected postoperative weight loss at 6 and 12 months
after laparoscopic Roux-en-Y gastric bypass (LRYGB) using
only known preoperative patient variables [49]. Similarly,
ANN models were successfully applied for prediction of
weight loss in women with obesity treated by laparoscopic
adjustable gastric banding (LAGB) [50], and laparoscopic
one anastomosis gastric bypass (LOAGB) [51].

In the recent paper by Dimeglio et al., a hierarchical clus-
ter analysis was used to identify four profiles of weight tra-
jectories associated with clinical expertise. Interestingly, the
authors reported that patients who were the most successful
were those who lost weight regularly, and patients who lost
the least had difficulties in the initial phase or had a second-
ary weight regain [52].

Moving to prediction of obesity related comorbidi-
ties improvement, ML was applied to develop an ordinal
LR model, using 4 clinical and 32 laboratory input vari-
ables, and the output was then mathematically transformed
into a continuous score for intuitive interpretation, ranging
from 1 to 6. In analogy with BMI as index for weight, the
Metabolic Health Index (MHI) is developed as objective
quantification of metabolic health status, to objectively
express improvement of comorbidity [53].

We found several papers investigating the application of
Al in the prediction of diabetes remission, proving that it
could be helpful for personalized management of individuals
with obesity and diabetes candidates for BS, contributing
ultimately to precision medicine.

The application of ML techniques to real-world health-
care data can yield useful predictive models to assist the
selection of patients more responsive to surgery-induced
diabetes remission [54, 55].

Aminian et al. aimed to construct and validate prediction
models to estimate the risk of long-term end-organ compli-
cations and mortality in patients affected by type 2 diabetes
and obesity. The prediction models were programmed to
construct user-friendly web-based and smartphone applica-
tions of individualized diabetes complications (IDC) risk
scores for clinical use. They analyzed all-cause mortality,
coronary artery events, heart failure, and nephropathy, show-
ing that these major adverse cardiovascular events are pre-
dictable outcomes in patients with diabetes and obesity who
undergo metabolic surgery or received diabetes care. They
concluded that the IDC Risk Scores can provide personal-
ized evidence-based risk information for patients with type
2 diabetes and obesity about future cardiovascular outcomes
and mortality with and without metabolic surgery based on
their status of obesity, diabetes, and related cardiometabolic
conditions [56].

Aron-Wisnewsky et al. described the development of the
Ad-DiaRem scoring system for predicting diabetes remis-
sion following RYGB in individuals with obesity and type 2

@ Springer

diabetes. They demonstrated the ability of the score to better
separate between individuals predicted to achieve remission
and those who will not, and the score improved predictive per-
formance over the traditional scoring system [57]. The same
group validated the score even with a long-term follow-up of
5 years [58]. Furthermore, similar findings on the discrimi-
nation of patients with and without surgery-induced diabetes
remission were reported in the study by Pedersen et al. [59].

Bayesian networks provide useful tools for predicting
long-term health-related quality of life in patients after BS,
based on their preoperative health and disease status, and
outperformed CNN and multivariable LR, in the recent
paper by Cao et al. [60, 61].

We were not able to find any paper exploiting the use of
Al in the determination of the most proper surgical procedure
for each patient. Nevertheless, we do believe that, in the near
future, the use of data mining technologies will be extremely
useful to select out the best operation for a given patient. In
fact, in past years, the number of surgical cases of each bari-
atric center did not allow the analysis to adequately answer
this key topic of BS. Currently, with the introduction of elec-
tronic medical records and the availability of large datasets
from different centers, we will enter a new era of clinical
research, possibly giving a solution to open questions.

Future Perspectives and Limitations

As reported for other medical subspecialties, along with the
application of data mining technologies, the use of telemedi-
cine in the field of BS could be one the explorable area in the
future. To date, available literature is limited [62].

Despite the promising results of the use of Al-models in
each phase of the perioperative management of the patients
with obesity, some concern remains about legal and ethical
aspects.

In fact, these technologies assume the availability of high-
quality datasets, and the collection and utilization of medi-
cal data should fulfill regulation criteria, as the ones of the
General Data Protection and Regulation (GDPR), that has
been issued by the European Union [63, 64]. Unfortunately,
most of the time, these existing regulations do not specifi-
cally deepen the issue of new technologies and even less
they do not give precise and transparent legal instruction for
the processing of health data by Al techniques.

Furthermore, separate consensus guidelines are needed
to report inherent studies, thus increasing transparency and
accuracy of results [65].

Moreover, as clearly inferable from the geographical
distribution of the studied included in our analysis, the
accessibility to Al and ML methods is not equally avail-
able worldwide, contributing to the exacerbation of social
inequities. This is a phenomenon opposite to that for which
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they were born, that is, the smoothing out of differences.
In the near future, it will therefore be important to create
international networks capable of bypassing national limits
and favoring technological access. Similarly, the non-equal
access to these technologies, due to substantial costs and
economic discrepancy, is still a concern. Indeed, to date,
the use of AI could be considered more expensive and
not cost-effective, when compared to standard evaluation.
Actually, with the continuous application, over time and
on large scale, the use of Al-based technologies could lead
to a maximization of resources, especially in the accurate
and proper plan of surgical procedures, and thus in the
optimization of operating rooms efficiency.

Finally, all healthcare professionals should be properly
educated and trained on these techniques, granting the full
development of Al-instruments potential [66]. In fact, the
equipment and instrumentation that are commonly avail-
able make Al-tools widely accessible, but the education
and culture of the involved physicians can guarantee the
specific competence, necessary to extrapolate the maxi-
mum use for patients’ care.

Conclusions

Al algorithms have been used in each step of the perio-
perative path of the patient candidates for BS, from the
presurgical evaluation and risk-assessment to postopera-
tive complications and outcomes prediction.

ML models are promising encouraging results helping
physicians in the decision-making process in the manage-
ment of the patients with obesity candidates for BS, thus
improving the quality of care and contributing to the goal
of precision medicine.

Nevertheless, a number of legal and ethical hurdles
remain to be overcome before these methods can be really
integrated in common practice.
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