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Abstract

Background Personalized medicine requires the integration and analysis of vast amounts of patient data to realize indi-
vidualized care. With Surgomics, we aim to facilitate personalized therapy recommendations in surgery by integration of
intraoperative surgical data and their analysis with machine learning methods to leverage the potential of this data in analogy
to Radiomics and Genomics.

Methods We defined Surgomics as the entirety of surgomic features that are process characteristics of a surgical procedure
automatically derived from multimodal intraoperative data to quantify processes in the operating room. In a multidisciplinary
team we discussed potential data sources like endoscopic videos, vital sign monitoring, medical devices and instruments
and respective surgomic features. Subsequently, an online questionnaire was sent to experts from surgery and (computer)
science at multiple centers for rating the features’ clinical relevance and technical feasibility.

Results In total, 52 surgomic features were identified and assigned to eight feature categories. Based on the expert survey
(n=66 participants) the feature category with the highest clinical relevance as rated by surgeons was “surgical skill and
quality of performance” for morbidity and mortality (9.0 + 1.3 on a numerical rating scale from 1 to 10) as well as for long-
term (oncological) outcome (8.2 +1.8). The feature category with the highest feasibility to be automatically extracted as
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rated by (computer) scientists was “Instrument” (8.5 +1.7). Among the surgomic features ranked as most relevant in their
respective category were “intraoperative adverse events”, vital sign monitoring”,
and “difficulty of surgery”.

Conclusion Surgomics is a promising concept for the analysis of intraoperative data. Surgomics may be used together with
preoperative features from clinical data and Radiomics to predict postoperative morbidity, mortality and long-term outcome,

as well as to provide tailored feedback for surgeons.
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Precision medicine

Surgery is an important building block of the treatment for
a multitude of diseases, for example in multivessel coronary
artery disease [1] or solid cancer [2]. At the same time, sur-
gery is dangerous with postoperative death being the third
leading cause of death worldwide [3]. The complexity of
surgical treatment results from a multitude of interactions
between patients, clinical staff members and medical devices
during pre-, intra- and postoperative phases. Optimal surgi-
cal results that can theoretically be achieved are not always
reached in daily practice. Especially during the postoperative
treatment pathway, complications like erosive bleeding from
a pancreatic fistula [4] or mediastinitis after an esophageal
anastomotic leakage [5] can occur. These complications
result in a significant deterioration of the patient’s outcome
or even in the death of the patient. Patient-associated fac-
tors such as age, sex, body mass index (BMI) or comor-
bidities such as cardiac disease or diabetes can have a large
impact on the postoperative outcome and may therefore be
used for outcome prediction [6, 7]. But also surgeon and
hospital experience [8], as well as an adequate treatment of
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major postoperative surgical complications are influencing
the mortality rates in different perioperative care systems
[9]. With regard to the intraoperative setting, increasing
evidence suggests that specific parameters and events are
strongly associated with postoperative complications and
outcome [10]. For example, intraoperative factors like a
staple line bleeding in laparoscopic distal pancreatectomy
can be a potential precursor of a later pancreatic fistula, as
demonstrated using video review-based analysis [11]. Fur-
thermore, it has been proven that surgical skill and technical
performance are strongly associated with postoperative clini-
cal outcome [12-14]. Nevertheless, the predictive accuracy
of surgeons for postoperative complications appears limited,
e.g. in case of anastomotic leakage in gastrointestinal sur-
gery [15].

In non-surgical areas of multimodal treatment espe-
cially for cancer, personalized therapy recommendations
along the treatment pathway have already been pursued
with the approaches of Genomics, Epigenomics, Tran-
scriptomics, and Microbiomics in (tumor) biology [16],
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and with Radiomics in clinical medicine [17]. However,
an omics-approach in surgery that uses intraoperative data
comprehensively, i.e. combines surgical data specific to
the operating room to create a quantitative description of
a surgical procedure is not yet established. This deficiency
may result from the large scale and velocity of multimodal
data in the operating room produced by heterogeneous
sources of raw data, or might also be related to the high
level of variability of surgical processes [18]. To pave the
way for a personalized therapy, which makes use of intra-
operative data, relevant surgical process characteristics
need to be extracted from data sources like endoscopic
videos, intraoperative imaging methods or vital sign moni-
toring using machine learning (ML) methods [18]. First
steps in this endeavor have been made in the preoperative
setting using ML to automatically identify high risk sur-
gical patients [19]. Intraoperatively, ML has been widely
studied for the recognition of surgical phases [20, 21],
for the automatic assessment of the surgeon’s skill level
[22], or for predicting postoperative adverse events and
distractions [23]. With the OR black box, Jung et al. pre-
sented a first comprehensive approach of quantitatively
identifying intraoperative events and distractions by col-
lecting intraoperative data [24]. Based on this work, they
developed an index to measure the severity of intraop-
erative events and thus identified patients at high risk of
developing postoperative complications [25]. However,
their analysis was based on human expert ratings and
not on a computer-based approach, thus requiring a huge
effort and time limiting its scalability. Up until now ML
has not been applied within a comprehensive and con-
crete approach to use intraoperative surgical data to sup-
port surgical decision-making leading to a lack of success
stories in the field of surgical data science [26]. We argue
that the absence of a useful and classified representation
of recorded intraoperative data, which would allow for
the analysis of vast amounts of heterogeneous data is one
major reason in this regard.

The aim of this article is to approach this shortcoming
by defining the concept of Surgomics as a surgical answer
to Genomics and Radiomics. After identifying and catego-
rizing intraoperative surgomic features, this article inves-
tigates which surgomic features are perceived as clinically
most relevant and technically most feasible by surgeons
and (computer) scientists with a focus on the example of
minimally invasive oncological surgery. In contrast to the
general concept of surgical data science, Surgomics will
focus on the intraoperative setting to use and integrate the
rapidly increasing amounts of intraoperative sensor data.
Surgomics may be used together with pre- and postopera-
tive data to improve surgical treatment with surgical data
science methods. Furthermore, Surgomics could enable

@ Springer

digital surgery applications such as decision support sys-
tems, computer-assisted training, and robotics [27].

Materials and methods

We started with the idea to systematically explore intra-
operative data and use methods of feature extraction from
those vast amounts of data similar to Radiomics. In order
to elaborate this raw idea we brought together experts from
multiple surgical and scientific disciplines and came up with
a definition “Surgomics”, i.e. its data sources, methods and
applications. Then, we discussed ideas for surgomic fea-
tures, categorized them, and used what we found to elimi-
nate uncertainties in the definition of Surgomics. Finally,
we validated the ideas for features and their relevance in a
multicenter expert survey.

Definition of Surgomics

We define Surgomics as follows: Surgomics is the entirety
of surgomic features that are process characteristics of a
surgical procedure automatically derived from multimodal
intraoperative data to quantify processes in the operating
room. Surgomics is thus the surgical answer to Genomics
and Radiomics and may be used together with preoperative
features from clinical data science and Radiomics to predict
postoperative morbidity, mortality and long-term outcome
as well as to provide tailored feedback for surgeons.

Based on previous work in surgical data science [18], sur-
gical process models [28], surgical workflow analysis [29],
and health information networks [30], we aim to establish
Surgomics as a concept to collect, process and structure mul-
timodal data in the intraoperative setting (Fig. 1). To reach
this goal, surgical expert knowledge needs to be combined
with ML and data science methods to make effective and
scalable use of the vast amounts of intraoperative data.

Categorization of surgomic features

The aforementioned definition of Surgomics and surgomic
features resulted as a first step in development by a mul-
tidisciplinary team (n=19) consisting of experts from the
fields of colorectal, pancreatic, upper gastrointestinal, robot-
assisted and minimally invasive surgery on one hand, as well
as translational surgical oncology, surgical data science, con-
nected medical devices, medical informatics, medical data
models, clinical decision support, radiomics, and endoscopic
vision on the other hand. In a next step, the multidisciplinary
team discussed the variety of data available in the intraop-
erative setting and their potential relevance for the patient's
short-term surgical outcome (morbidity and mortality), as
well as long-term outcome (survival). In the course of the
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Fig. 1 Concept of Surgomics.

a In surgical data science, pre-,
intra- and postoperative data are
integrated to predict morbid-
ity, mortality and long-term
outcome. b Surgomics focuses
on the intraoperative setting that
comprises data sources like the (
surgical video or anesthesiologi- O
cal vital sign monitoring. ¢ Sur-
gomic features can be extracted
from suitable data sources in an
automated fashion, for example
using machine learning or other
data science methods

(a) Comorbidities,
Radiomics,
Genomics, ...

(b) Sensor Operating Room

o
Laparoscopy
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A i‘ Surgical

Robot & Video

Surgical %
Instruments

discussion, examples of surgomic features were collected
and categorized. Here, we aimed for a broad spectrum of
features using different intraoperative data sources to fos-
ter future discussion on new features. Later on, additional
information for each feature was added, i.e. unit of measure-
ment, source of raw data, specificity for a certain surgical
procedure and literature references if applicable (Table 1).
Regarding the categorization of the surgomic features, the
multidisciplinary team agreed on the following eight feature
categories (Fig. 2):

1. Surgical field
The surgical field category contains surgomic features
which can be derived from the surgical video (for exam-
ple in laparoscopy or thoracoscopy) and directly apply
to the surgical procedure, for example the level of blood
and smoke in the surgical field or imaging methods like
the accumulation of indocyanine green (ICG) as a meas-
ure for the perfusion in an anastomosis.
2. Instrument
The instrument category comprises features related
to surgical instruments, e.g. the instrument location in
the surgical video, the action performed with an instru-
ment or medical device, device settings such as voltage
in electrosurgery, or vacuum and pressure settings for
suction and irrigation. The source of raw data can be the
(endoscopic) video, but data can also be derived directly
from the medical device sensor connected to an instru-
ment.
3. Temporal course of procedure
The category relating to the temporal course of proce-
dure contains characteristics, which describe the surgery

Surgical Data Science

Laboratory values,

Vital sign parameters, Outcome

Medication, ... Prediction

WH WL C’l Morbidity
Long-term
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(c) surg /,smic Features

Data <) (7
Extraction }< <
B &
Vital Signs ,& 9
Monitoring _W\_ %
an

0O @& ®

ey o

S &

5,

™)
8¢/

with respect to its workflow, e.g. the duration and order
of performed surgical steps.

4. Patient

The patient category represents patient-specific char-
acteristics such as the visual texture of lung or liver
derived from surgical video, or the pancreatic duct
diameter. These features are derived directly from the
patient and may also be available preoperatively, e.g.
from computed tomography.

5. Anesthesiological data

Examples for features in the anesthesiological data
category are data of the blood gas analysis or the vital
sign monitoring. The features can be derived from the
(electronic or digitized) anesthesia protocol or from
anesthesiological devices.

6. Surgical skill and quality of performance

The category referring to the surgical skill and quality
of performance contains features, which are specific to
each surgeon. For instance, surgical skill can be objecti-
fied with the GOALS score [31] including features such
as bimanual dexterity or tissue handling. Other features
occurring in the course of surgery, directly depending on
the operating surgeon, are the quality of a suture or the
extent of dissection of lymphatic tissue in oncological
surgery [32].

7. Surgical team

These features depend on the constellation and inter-
action of the surgical team like the position of the dif-
ferent team members around the patient or the quality
of team communication. Additionally, characteristics,
which are individual for each team member, like their
experience in the respective surgical procedure or their

@ Springer



Surgical Endoscopy (2022) 36:8568-8591

8572

[ce]

[9v]

v ‘St ‘el

[ev]

[cy]

[1v ‘o]

[6£]

[8¢]

[L€]

[9¢€]

ON

oN

ON

SOX

SOX

ON

ON

ON

ON

ON

ON

J0qOI ‘0dPIA

O9PIA

110dar K108
-Ins ‘J000301d BISAY)SAUR ‘09PIA

9o1A9p Surdew fenoadsiadAg

O9PIA

03pIA

O9PIA

O9PIA

O9PIA

O9PIA

O9PIA

juaunasuy

juaunasuy

pIoY [ed13mg

pley [ed15ng

ploy [ea13mg

pley [ed15ng

ploy [ed13mg

ploy [ed15mg

PIoY [eo131ng

pIoy [ea13mg

ploy [ea13mg

Juswnnsur oy Jo uonisod

dg 2U3 STIRYAA (PoIedo] 1odse1d
AU} Y] JUSWINIISUL UB ST QIIYA

{,09PIA Y} UI J[QISIA JO[BIS [9SSOA
Jo J1o17dde-dipo ‘uonons oy st “°3g

(2apadsoad oy} Jurnp

INO20 Op SISOWO0ISEUL Op-9I B 10

Kin[ur [9ssoA Jofewr € oY1] SIUAAD
9s10Ape daneIodoenul YOIy

{, SurSewr [en
-oadsiodAy Aq painseow se uedio
ue Jo uorsnyrad oy SI [[om MOH

{UONB[NWNOIE-D)]
9y uo paseq pasnyiad Awoison

-se3o3eydoso ay) ST [[om MOH
{Te1A 10 9red yoo[ aqmy

o1nses ay) Jo J0[0d Ay} sa0p “3'g
sown
u9) padse1s useq sey Ioppe[qes
oy} “S g (PaLINOd0 UONOE )
sey uo[ Moy I0J IO U)JO MOy
pUE QIMIONIS JIWOJEUR 9}

)i pouriojrad ST UOTOR YOTYA
{2IMONINS drwojeur
oy jo uontsod (¢ Yy ST 1RYM
{Pa1800] 9qN} O1ISES oY) ONI]

QIMONIS OIWOJeU. UB ST QYA
{O9PIA 2} UT J[qISIA UIOA SOF

-Kze oy 10 aqn) o1nses oy St “3g
oyouwrs
JO Junowre 9y} 0} anp AIIQISTA
ou,, wayy Jo auo suondo nojy
39 ‘oreos pauyoepaid e uo paseq

PIoY [eo131ns oY) ST Aows MOH
PIE[NOTED 9q UeD SISE)SOWaY Sur
-1bax s3urpa9yq Jo Iequinu Y}
I UOTJEWLIOJUT JOYIO “DINJeaf
SIY) Uo paseq °,,poo[q Jo junowe
[Teuws,, way) jo auo ‘suondo aAy
39 ‘oreos pauygoepaid e uo paseq

PIoy [eo131ns ay3 st Apoo[q MOH

juswnsur Jo uonedo|

jusuunjsur Jo aduasald

SIUQAQ 3sIaApe dAneIadoenUT
saInjonns

orwojeue jo Surdewr [enoadsiodAg

sarmonns
orwojeue ur uorsnyiod Jo 9AImMd
UOTB[NWNIO. UAIT duIueAd0pu]

$2IN3dNnas druwojeue Jo SI0[0)

2Injonns

srwojeue ym paurioyred uonoy

2IN}oNI}S JIWOJEUR JO UONBIO|

2INn1dNJ)s drwrojeue JO dUIsaAld

ssouDjows

ssourpoorg

I

01

!

QOUQIRJAI JUBAJ[OY

{oyr1oads
mp
-9001d

BJEp MEI JO 90IN0S

K1039180 91MyEo,|

9sed asn pue uondroseqg

Ao ON

saInyedy orwosIng | d|qeL

pringer

Qs



8573

Surgical Endoscopy (2022) 36:8568-8591

[+6 ‘es] ON

[zs] ON

[1¢] ON

ON

[os “ot] ON

[og] ON

l6v] ON

ON

ON

[8¥] ON

[y 1] ON

O3PIA

O9PIA

O9PIA

09pIA

O9PIA

O9PIA

BIRP 901A9(]

O9PIA

J0qOI ‘0dPIA

BJEP 9OTAID ‘09PIA

O3PIA

jueneq

juened

jusned

ampaooid jo os1oo [erodway,

ampaooid jo os1noo [erodway,

mpaooid jo as1noo [erodway,
JuuINNSU]
JuUSWINISUY

juswInISuy

juaunasuy

juowINISuy

Juoneweyur
oruoxyd 1o Aydome jo suJis a1y
are “3-9 ‘readde pue[3 onearoued

9} JO 9INIX) Y} SOOP MO
(Adeaqiowayd e 193je
¢3-9 readde 21X} IOAI] 9Y) SQOp
MOH (SISBISLIAW IO SISOYLIID
MoUs JoAT] s Juened oy seop “Sg
(Juaned oy Jo snjess
Ioyows ay) St jeym <39 ‘readde
Suny 2y Jo 21X} ) SP0p MOH
({oYe) seouanbas aprsino asayy
op Suoy MOY (Apoq s juonjed
9} JO OPISINO BISWIED ) ST USYA
(JopIo
[eULIOU Y} WOIJ SUONBIAID I}
ary ¢ powioyrad sdojs 10 soseyd
[eo13Ins 9y} ore IOPIO YoIyMm U
(93] UoNONIISU0d 9qn) dLses
) '3o ‘sdays pue seseyd eo
-1310S JULISYIpP oY) Op Suo[ MOH
(9ye) K1931ns a3 seop Juo] MOH
(W) JOAO MO
Jojepgnsur oy} 39 st Suons MOH
(£1931ms oy SuLmp poues[d
U99q BISWED 9} SBY USJJO MOH
{Paso[d 10 uado
‘SJ0SSTOS A 'S0 yuawnnsul Ay S|
{Pasn [00) 2Y) ST SJUSWINIISUL
IOUIO YIIM UOTIRUIqUIOD [OTYM
ur JO INDJ0 SAFurYD [00) AUt
MOH (Pasn U23q JUAWNNSUT A}
sey oouanbas yorym ur pue Juog
Moy 10J 3 (Mmoys a3esn juour
-nnsur Yy soop ureped Yorym
uru ()¢ Ioj pasn sI
IO[e9S [9SS0A Y} " (PoIIMOd0
uornoe 9y} sey 3uo| moy Jof
10 UQ1J0 MOH (IUdWNISur )
i pourtojrad ST UOTIOR YOTYA

pue[3 onearoued Jo aIMIXa,

IOAT[ JO QIMIXQ],

sSuny jo 21X,

soouanbas
9pISINO/APISUL JO UOnRIN(

sdoys/saseyd pauwrtojrad jo 19pI0

K1331ns jo uoneing
moy Jo amssaid juawnnsug
SSUTULBATO BISWED JO JOqUINN

ﬂ.@mOT{E@QC juawnasuy

a3esn juawnasuy

juowinnsur yim pautioyred uonoy

(44

1c

0T

61

81

Ll

91

Sl

4!

el

4!

{oyroads
amp
QOUIAJAT JUBAI[IY -9001d

BJep MEI JO 90IN0S

K1089180 91MmyBo,|

9seo asn pue uondroseqg

2Injeaq

ON

(ponunuoo) | sjqey

pringer

a's



Surgical Endoscopy (2022) 36:8568-8591

8574

[1€ 211 91008-STVOD ON

[1€] 81005-STVOD ON

[1€] 21008-STVOD ON

[L¢] ON

[9¢] ON

ON

ON

SOX

[v<] LN

SOX

[s¢] SO

O9PIA

O9PIA

O9PIA

‘3UIPIOJAI PUNOS ‘09PIA

901A3p ‘J000j01d BISAYISOUY

[000301d ®BISOYISAUY

[090301d eISOU)SOUY

O9PIA

O9PIA

09PIA

[00030xd A3ofoyeq

QoUBWLIOY
-12d jo Kypenb pue [[13s [o13Ing

QouBULIOY
-12d yo Aypenb pue [[Is [eo13Ing

Q0oUBWLIO}
-12d jo Kypenb pue [[13s [o131Ng

Q0UBWLIOY
-12d jo Kyenb pue [[13s [eo13Ing

BJEP [BOIS0[OISAYISAUY

BJEp [e0130]01SYISouY

eep [ed150[01sayIseuy

juened

jusned

jusneq

jueneq

({I2YIOUE 0) UONIISSIP
JO BaIE QUO WOIJ YOIIMS US}JO
u0a3Ins 9y} so0p 59 ‘suonoe Joy
10 SIY Ul uod3ns Ay s1juany Moy
({puey JuBU
-Twopuou o} 210uS1 Ayuanbary
9ys Jo 9y soop 'S0 ‘spuey yjoq
9sn uod3INs 9y} S0P [[om MOH
Jsuaunnsur
) Jo sTunooysIaAo0 Juanbaiy
Q1Y) a1k 39 ‘wasAs [eondo
onoqoi 10 drdossoreder ay) yim
9erodo uoaSims oy SE0p [[oM MOH
{SUOTSAYpE [eUNUOpPqE JO 10]
© 910U} d1e JO Ju0saId S[OSSA Juel
-19qe 219y} a1 39 ‘adk) swes
9y} Jo sor1a3Ins 19y10 03 pared
-wod A1931INnS Y} SI JNOLYIP MOH
{2AIND 21nssaid poojq [er)re oy)
*3-9 ‘A1081ns oy) Surmp juoned
oY) Jo sugJIs [eIIA AY) I8 MO
(A1031ms
SuLmp sISopIoe d[0qeIoW ©
dotaasp "9 juaned ay) seoq
({,A1931ns Surmp jusned ay) 03
POISISIUTIIPE ST UOTIEOIPAW YOTY A\
({A1931ms onearoued
® JO pua 2y} Je pue[3 onearoued
9y} Jo ownjoA 9y} ST 95Ie] MOH
{ Aroatyerado
-eIUI pajewnss Jonp onearoued
dy) JO IJoWRIp AY) SI IPIM MOH
(Awo3oa3eydose ue Surmp Aoan
-erodoenur pejewunse aqn) oLnses
) JO J9)oWeRIp OY) ST OPIM MOH
(yuasaxd
S[[99 JURUSI[RW [[S 2JB IO 931J
Jown) (NSl UOTIOAS USZOIJ oY) ST

Kouaroyyq

KII19)Xap [enuewirg

uondoorod pdog

K1331ns Jo Kynoig

ejep SULIO)IUOW USTIS [BIIA

sisA[eue seS poorg

uonensupe 3niq

PUB[S JUBUWAL JO QWINJOA

Jajowrelp jonp odneardued

IajoWeRIp 9qN) OLNSED)

J[NSal uoI}33s UZO0IJ

€e

[43

I

0¢

6¢

8¢

LT

9T

194

¥C

€C

{oyroads
mp
QOUQIAJAT JUBAI[IY -9001d

BJep MEI JO 90IN0S

K1089180 21MyBo,|

9seo asn pue uondroseqg

ameo] ON

(ponunuoo) | sjqey

pringer

Qs



8575

Surgical Endoscopy (2022) 36:8568-8591

(A1931ns

Surnp 93ueyd UOT)R[[AISU0D
) Soop MOY (woor Funerado
9} Ul PIBOO] SIOQUIdW WE?)

[8¢] ON BIOWED YO wres) [eorsIng [eo13INS JUSIOYIP A} OTe AIOYA SIOQUIOW WEd) JO UONISod T
(s1oyj0 Surmp uey) sdays
[eo131ns oyroads Surmp juosard
9rdoad 210w o1y (W) J9AO
oSueypd s1oqUEW Wes) Jo JaquInu
9} SO0p MOH (Wed) [ed1Sns oy
Jo 11ed ore oym pue wool June
[¥2] OoN BISWED JYO wed) [eording  -1odo oy ur are ojdoad Auewr mofy SIQQUIOW Wkd) JO IoqunN  [§
({ Awrojoageydoso
Q0OUBWLIOJ ue ur dn [[nd-yoewols oy} Surmp
SOX 019 -12d yo Kypenb pue [[Iys [eo131Ing Pasn 2210J 9AISSIIXD sem “'Tq dn-qind yoewois jo 90104 (f
£RIqIsIA
Q0URWLIO] ‘Kwojsonsedogeydoso ue <30
[z€] SOk o140 -1od jo Kyirenb pue [[Dfs [eOISING  ‘SISOWO)SBUE UE JE UOISUQ) Q1Y) S| SISOWO)SBUR JO UOISUSL, 6E
(onssn oneydwA] paAowax
JO JU9IX2 3 SI a31e] MOH
Q0UBWLIOY {P9103SSIP U99q ©JIOR dU) oI
43 ON 0op1A  -1od jo Kyirenb pue [[Dfs [BOISING  SAINJONIS OTWOJEUR JARY [[oM MOH UO[}09SI/UONIISSIP JO PUAIXT 8¢
QOUBWLIOJ (9rendoidde sainyns
[z€] SO 09PIA -1od Jo Kyipenb pue (s [eo13ng 9y jo uonewrxoidde ayj st “3'g sisowojseue Jo A)fenb axmng /¢
({ Au03o31sK091010
ur K)9§es JO MIIA [eoNLId Ay} 30
Q0UBWLIOJ ‘uonoe [es13Ins pawroyrad oy
[z1] OoN 09pIA -12d jo Kypenb pue [[3ys [o13Ing  10J pasodxe ansst oY) ST [[oM MOH amsodxa anssI], 9¢
(uone1ado oy 10A0 aYe) 0} SpIsu
u093Ins paouarradxa aow Ay}
sQ0p "3'9 ‘paau uoagdins Junerado
Surp10091 punos Q0UBWLIOY Q3 S0P uoagins pasusrradxo
[1€] 2109S-STVOD oN ‘0OPIA -12d jo Ayenb pue [[13s [eo13Ing QI0W © JO 90uepINg yonuw MOH Awouony  G¢
oBqpa”y
9[noe) jo ssof 2y 0} 1depe ays
10 9y seop “39 ‘grerrdordde
SjuawINISuI o130qoI J0 91dods
QOUBWLIO} -oxedey Jo asn oy} SI pue A[juo3
[1€ ‘2T 211 21008-STVOD ON ooptpA  -Tod jo Ayrenb pue (s [eo1Smg onss1) 9[puLy U0ATINS Y} SA0(] Surpuey onss1], ¢
{oyroads
mp
QOUQIAJAT JUBAI[IY -9001d BlEp MBI JO 90IN0S K1030180 21N)BO ased asn pue uondrroseg amyes] ON

(ponunuoo) | sjqey

pringer

a's



Surgical Endoscopy (2022) 36:8568-8591

8576

[+l

[6¢]

[09]

[6€]

[v2l

ON

ON

ON

ON

ON

ON

ON

01A9(

3urp1oda1 puno§
0140

1A

qrdures poorg

so[npayds YO Ised

so[npayds YO Ised

3urp10o91 puno§

Surp1oda1 punog

(woor 3unerado

JuowoIrAug oY) ur axnjerodwey ay st ySIy Moy

JUSWIUOIAUY
we9) [Bo13Ing

wed) [Bo13Ing

wed) [eo13Ing

wed) [ed13Ing

wed) [Bo13Ing

wed) [eo13Ing

we9) [eo13Ing

a3en3ue ysiey 1oyjel e

PUB SISIOU JIOW 1M PIJISUUOD

PALINOI0 JUIAD ISIOAPE UE IO)Je

9su9) 9q 21oydsoune ay) p[nod

“3q ¢woo1 Sunerado oy ur
aroydsowuje [euonowa 9y} ST MOH

(SToquiaw wed) [ed13Ins Y}

Jo Aouanbaiy 90104 913 ST YITY MOH

(SIoqUIW Wea) [ed13Ins
oy} Jo 9JeI J1eay oY) ST YSTY MO
[9AQ] [0ST}I0D
oY} Aq paInseaw oq p[nood SIy [,
(SIoquIAW We) [ed2131ns oy}
JO [9A9] $soms oy} ST YSTY MO
({ paurroyrad
ApealI[e Joquiow wed) [ed13Ins
® sey] sarwo)oa3eydoss pajsisse
-10qo1 3" ‘A1081ns juasard
U} Apoexa Jo sonagins Auew
MOH ¢, A1931ns ordoosoreder 10

9110qOI YIIM JOqUIdW WEd) AY) JO

90UQLIAd XD [BI9A0 9Y) ST JRYM
(powojaad Apearfe roquiow
wred) [ed13Ins © sey SAL1a3Ins

ordoosoredef 10 onoqor Auew Moy

{UONB[[ISU0D

STy} ur pawrojrad wea) [eo13ins
Y sey SaLIv3INS Auew MOH

A

-100p B OYewW Wea) [ed131ns oy}

SO0p 1S MOY PUB MOY ‘SINOO0
JUSAQ 9SIOADE 2ATIeIddORIIUT UR J]

{AN220 suon
-OBI)SIP OP SJUSWOW YOTyM UT

10 SSUIpUL)SIOPUNSIU UA)JO 1Y)

are “3°9 “TOYI0 OB YIIm d)edIU
-NUIWOD PUE JORINUI SIOQUISW
wed) [eo13INS JUAIAJIP Op MOH

MO ur amjerodway,

MO ur a1oydsowe [euonowyg
Kouanbaiy 90107

Qre1 1B

[9A9] ssang

K13310s s douarradxyg
/ pau1oyrad So11a3Ins Jer[rue,|

wed) e se powriojrad soreging

SUIYBW-UOISIOAP JO SSOUISE]

UoNEIIUNWIWOD Wed) Jo Ajend)

IS

0¢

6v

8

Ly

9

Sy

144

(34

Q0OUQIRJAI JUBAJ[OY

{oyroads
mp
-9001d

BJep MEI JO 90IN0S

K1089180 21MyBo,|

9seo asn pue uondroseqg

ameo] ON

(ponunuoo) | sjqey

pringer

Qs



Surgical Endoscopy (2022) 36:8568-8591 8577

current stress level as measured by cortisol level or heart
rate, are included in this category. Furthermore, team
aspects such as the number of procedures that two or
more members of the surgical and/or anaesthesiologi-
cal team have performed together prior to the operation,
can be considered within this category. However, data
sources to collect intraoperative information on the team
like a microphone or a room camera in the OR have to
be used with caution considering data privacy concerns.
8. Environment

Features regarding the environmental setting of the
OR containing metadata of the surgery are summarized
in this category. Examples are the emotional atmos-
phere, the noises, or the temperature in the operating
room. Again, a microphone or a room camera could be
used for data acquisition.

Relevant reference

[59]

Proce-
dure
specific?

No

Multicenter expert survey

Source of raw data
Sound recording

In the next step a questionnaire presenting all surgomic fea-
ture categories and their respective features was developed to
validate and rate them. The questionnaire was implemented
and analyzed with the online tool LimeSurvey (LimeSurvey
GmbH, Hamburg, Germany) hosted by Heidelberg Univer-
sity (Heidelberg, Germany). We sent out the questionnaire to
the departments of general and visceral surgery at three Ger-
man university hospitals, six German research groups from
computer science, the section for computer and telematic
assisted surgery of the German Society of Surgery (DGCH),
and participants of the endovis-challenges HeiChole 2019
and HeiSurf 2021 (https://endovis.grand-challenge.org/).

The opening page of the questionnaire explained the
concept of Surgomics and mentioned the different partners
involved in the project.

The participants were then asked for their gender, pro-
fessional background (general or visceral surgeon, other
surgical specialty, computer scientist, scientist from other
discipline, other) and years of professional work experience
since graduation (for surgeons since beginning of residency).

In the next step the participants were asked to rate the
eight feature categories on a numeric rating scale from 1 to
10 (1 =not relevant/feasible; 10 =extremely relevant/feasi-

Feature category
Environment

the procedure and how loud are

Which noises do occur during
those noises?

Description and use case

List of possible surgomic features with description, use case, and category for each feature. Additionally, the source of raw data and the specificity for a certain surgical procedure is shown for

each feature. If applicable, a reference is added describing a possible method to assess and/or use the feature, or closely related work

ble) regarding their:

o (1) Clinical relevance for morbidity ("patient suffers post-
) 2 operative complications") and mortality ("patient dies
Z E within 90 days after surgery"),
g © = (2) Clinical relevance for the long-term oncological out-

5] . . .
i’ % 2 come ("survival, e.g. postoperative survival 10 years
@ [ & A after surgery"),
R o
- | Z n
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Fig.2 Categories of surgomic
features. A team of multidis-
ciplinary experts defined eight
feature categories to classify
surgomic features

Surg%mics ‘

Temporal course
of procedure
Surgical skill and
quality ofiperformance

(3) Technical feasibility of automatic recognition with
machine learning ("Artificial Intelligence").

Each feature category was displayed with at least one
example. If the participant needed more information about
a category, there was the option to hover over the category
and get a more detailed description displayed.

Finally, participants were asked to rank the 52 available
surgomic features within their respective category (Table 1)
via drag and drop regarding their overall priority. Again, if
the participant needed more information about a specific
surgomic feature, there was the option to hover over the fea-
ture and display a more detailed description. Additionally,
participants were invited to add missing surgomic features
in a free text field.

Statistical analysis

The results of the survey were analyzed using descriptive
statistics with Python 3.10 using pandas 1.4, scipy 1.8 and
seaborn 0.11, (Python Software Foundation [33]). For the
surgomic feature categories mean and standard deviation
were calculated for clinical relevance and technical feasi-
bility. For the priority ranking of the surgomic features in
each category mean + standard deviation of the rank were
calculated. Results were calculated separately for surgeons
and (computer) scientists. A test for normal distribution was
performed with the Shapiro—Wilk-test [34] and results were
compared with Welch's unequal variances # test [35].

Results

Overall, 52 intraoperative surgomic features have been iden-
tified in the multidisciplinary panel discussion. Table 1 gives
an overview of the surgomic features and their properties.
Most features were assigned to the “surgical skill and quality
of performance” category (n=11). The categories “temporal

@ Springer

2 1 AAnesthesiblogicars
Surgical team__ ~ data

Environment

LEINNT

course of procedure”, “anesthesiological data” and “envi-
ronment” had the least features (n =3 each). The categories
“surgical field” and the “surgical team” (n=9 each) as well
as “instrument” and “patient” (n="7 each) had intermedi-
ate numbers of features. Overall, n=9 (17%) features were
procedure specific, meaning that they cannot be derived and
analyzed in every surgery like the ICG-accumulation curve
of an anastomosis.

The anonymous expert survey was then conducted with
n==606 participants from multiple centers. This included
34 surgeons, all working in general or visceral surgery, 8
(24%) were female and 26 (76%) were male. They had been
working in their professional field since the beginning of
residency for a mean of 11.9+7.0 years. Furthermore, 28
scientists participated, 23 of them computer scientists (82%),
7 (25%) of them were female and 21 (75%) male. They had
been working as scientists since graduation for a mean of
7.6 +7.8 years. Participants with “other” professional back-
grounds were excluded from analysis (n=4).

Clinical relevance for morbidity and mortality as rated
by surgeons was highest for the feature category “surgical
skill and quality of performance” (9.0 + 1.3) with an average
rating of 6.8 + 1.1 over all categories and also for long-term
outcome (8.2 +1.8) with an average rating of 5.8 +1.2 over
all categories. Technical feasibility of automatic recognition
with ML as rated by scientists was highest for the “Instru-
ment” category (8.5 + 1.7) with an average feasibility rating
over all categories of 6.8+ 1.3. Figure 3 gives an overview
of the ratings for all categories.

Surgeons and scientists gave the highest ranking of overall
relevance within their respective category to the same sur-
gomic features “intraoperative adverse events” (surgical field
category), “action performed with instrument” (instrument
category), “vital sign monitoring data” (anesthesiological
category), “difficulty of surgery” (surgical skill category),
“familiar surgeries performed / experience with surgery”
(surgical team category), and “emotional atmosphere in OR”
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Fig.3 Rating of surgomic

feature categories. Ratings are

displayed in each subplot per

feature category for clinical

relevance regarding morbid- o
ity and mortality, clinical E
relevance regarding long-term
(oncological) outcome and

technical feasibility. Colors

depict ratings of surgeons and

Morbidity and Mortality

HH

scientists, respectively. The only
significant difference between
surgeons and scientists was in
the category “surgical skill and
quality of performance” regard-
ing the relevance for morbidity
and mortality (p=0.002)

Rating

Long-term Outcome

| | |
73 8.2 | Profession
: BN Surgeon
Scientist

(environment category). Table 2 gives an overview of the
ranking for all surgomic features.

In the free text answers for new surgomic features a total
of n=34 new features were mentioned. Most ideas for new
features were given in the “anesthesiological data” category
and the “surgical field” category. Here, eight new feature
ideas were added each, e.g. “degree of relaxation/depth of
narcosis” and “anastomosis technique (in general which
techniques were used)”, respectively. In the “anesthesiologi-
cal data” category “ventilation parameters” were mentioned
by n=3 participants. The “instrument” category followed
with five new feature ideas, e.g. “movement of instrument
(trajectory)” (n=2 participants). In this category one par-
ticipant also suggested an intraoperative assistance based on
the surgomic features, i.e. the “visual highlight of potentially
dangerous instruments when inserted”. In category “tem-
poral course of procedure” n =6 participants suggested the
duration of certain phases as a new feature, which was origi-
nally listed by us as part of the feature “duration of surgery”,
but should be a separate feature. The full list of the free
text answers for new surgomic feature ideas can be found
in supplement 1.

Feasibility
| | [
8.3 | |
7.3
NS
& & R S & <
& o\o"’ & N ooé\ v\\Q}
2 S 5¢ N
& & ° <
vs\

Discussion

Conceptualizing Surgomics

With Surgomics we coined a neologism to comprehensively
describe a surgical procedure based on automatic analysis of
intraoperative data. This is in analogy to Radiomics, where
the mere idea that “images are more than pictures, they are
data” is far from new [61]. The specific challenge of surgical
data is taking temporal data and the whole surgical team into
account. Here, the representation of temporal data is far from
trivial and actually an open research question. Data has been
systematically collectedin the operating room to improve
patient care [24], ML has been used for surgical skill assess-
ment [62]. However, with Surgomics our aim is to go beyond
assessment of an individual surgeon’s skill. The aim is to
approach the massive amount of data that is generated daily
in the operating rooms with a holistic perspective on all pos-
sible sources of data and provide a conceptual framework
for future developments of automatic analysis of this data
keeping the improvement of surgical patient care in focus.
Thereby, Surgomics can also add a fine granular, objective
analysis to previous approaches that proved the importance
of intraoperative adverse event classification [44, 45].

@ Springer
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We thus gathered a group of 19 specialists from both
surgery and (computer) science to flesh out the concept of
Surgomics. As a result we came up with a first collection of
52 surgomic features that may serve as surrogate parameters
for the quality of patient care and defined eight categories to
group them (Table 1).

When validating this conception with a broader audience
of surgeons and (computer) scientists we found the rating
of relevance for morbidity and mortality for the category
“surgical skill and quality of performance” as the only one
with a significant difference between surgeons and scientists
(»=0.002). In contrast to surgeons, scientists rated the cate-
gory “anesthesiological data” as most relevant for morbidity
and mortality and not “surgical skill and quality of perfor-
mance”. We assume this surprising agreement to result from
a selection bias, because the participating (computer) scien-
tists are members of surgical-technical societies and/or have
a long track record of scientific work in computer-assisted
surgery. This highlights that a close scientific exchange
between clinicians and computer scientists is beneficial or
even mandatory to ensure optimal planning of the next steps
to differentiate and develop individual surgomic features.

Surgeons rated the category “surgical skill and quality
of performance” highest in relevance for morbidity and
mortality as well as for long-term (oncological) outcome.
The feasibility of this category, however, was rated penulti-
mate by scientists. Interestingly, the surgomic feature rated
with highest overall priority in this category was “difficulty
of surgery” far beyond sub-dimensions of the established
GOALS-score such as “tissue handling”, “tissue exposure”
and “efficiency”.

A better relation between clinical relevance and technical
feasibility was found for “anesthesiological data” with high
ratings for morbidity and mortality, but not for long-term
(oncological) outcome. At the same time this category had
the second highest rating for feasibility, rendering it a good
candidate for further investigation. When rating the features
surgeons and scientists agreed on “vital sign monitoring”
having the highest relevance. Here it would be interesting
to investigate which parameter(s), such as heart rate, arte-
rial blood pressure, central venous pressure or ventilation
parameters are of highest relevance.

Another promising category is “patient” with the second
highest rating in long-term (oncological) outcome and third
in morbidity and mortality. Whereas the technical feasibil-
ity was rated lower, surgomic features that could be easily
obtained with computer vision from laparoscopic video such
as “texture of liver”, “texture of lungs” and “texture of pan-
creatic gland” had high relevance ratings.

Other feature categories that have been of high interest in
the scientific literature on computer vision for laparoscopic
surgery, namely “surgical field”, “instrument” and “tempo-
ral course of procedure” received only medium ratings for

@ Springer

clinical relevance, but comparatively high technical feasibil-
ity. Because of that high technical feasibility these categories
should also be a matter of future investigations, in order to
create a success story of the Surgomics concept that would
boost motivation to tackle more challenging features for
example from the category of “surgical skill and quality of
performance”. Good feature candidates would be the highly

ELINT3

rated “intraoperative adverse events”, “bloodiness”, “action
performed with anatomic structure”, “action performed with
instrument”, and “instrument usage”.

The category “environment” was neither rated high in
clinical relevance nor in technical feasibility and will thus
have a low priority for future investigations.

Although many surgomic features have been identified
and described, our list is far from complete. The free text
questions for more surgomic feature ideas already revealed
34 new features. Furthermore, a relevant proportion of our
52 surgomic features is to be extracted from surgical video
in minimally invasive surgery. More surgomic features from
various sources of raw data will be identified in surgical
and scientific discussions as well as during the development
process of other features. Either way, the suitability of every
surgomic feature for a certain application has to be validated
thorougly before introduction into clinical practice.

A limitation of our study is that in our group only gen-
eral and visceral surgeons participated, potentially missing
features that would be important for other specialties such
as cardiac or thoracic surgery. Also, other parts of the OR
team such as anesthesiologists and scrub nurses have not
been involved in our study, but probably will come up with
other surgomic features in future discussions.

Furthermore, some definitions of features and their cat-
egories can be hard to distinguish. The instrument category
could be perceived as part of the surgical field category,
but we chose to define a different category to distinguish
what happens in the surgical field and which instruments
perform these activities integrating data that is not derived
from the video, but from connected medical devices (e.g.
electrocautery).Other surgomic features like the “emotional
atmosphere in the OR”, which was assigned to the “environ-
ment” category, could as well be assigned to the “surgical
team” category.

Pre-, intra- and postoperative use

Based on the idea of using intraoperative data for improve-
ment of patient care, numerous potential applications for
Surgomics along the whole treatment path arise. Preopera-
tive information about the patient (comorbidities, previ-
ous surgeries) as well as their disease (tumor stage, lymph
node involvement) is routinely collected. It is obvious that
this information will influence the intraoperative course.
For example, previous surgeries may result in more or less
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severe abdominal adhesions and some surgical centers may
limit minimally invasive oncologic surgery to T2/T3 can-
cers. Antithrombotic medication may turn a straightforward
procedure into a more demanding one. Whereas established
metrics such as overall procedure time or intraoperative
blood loss can hint towards those correlations, surgomic
features such as bloodiness or length of certain key steps
of a procedure can give deeper insights into correlations or
even causality.

Intraoperatively, assistance-systems based on Surgom-
ics may support learning surgeons with real time analysis
and a recommendation of what other surgeons would do in
the same situation. Furthermore, Surgomics may help with
intraoperative decision-making for individual patients by
correlating quantitative measurements such as gastric tube
width or indocyanine green (ICG) perfusion quantification
with other procedure or postoperative outcome parameters.

Postoperatively, the aim of Surgomics is to predict life-
threatening complications. Even if the blood loss as esti-
mated by the anesthesiologist is low, the “bloodiness” of
an operation may be high in a specific part of the procedure
leading to postoperative hematoma and infection. Even if the
subjective impression of ICG perfusion of an anastomosis
seems good, the accumulation of the perfusion in combi-
nation with an ruptured suture may result in anastomotic
insufficiency. By applying the concept of Surgomics, clinical
researchers may find correlations that can be used to develop
clinical decision support systems based on those surgomic
features. Here, the aim would be to predict complications of
the individual patient before they become clinically apparent
and to warn surgeons accordingly [56] to reduce the rate of
“failure to rescue” [63].

On an individual surgeon level, Surgomics may be used
as a foundation for an objective quantitative metric of sur-
geon performance. By incorporating not only audiovisual
data from the OR but other sensors from medical devices,
vital sign monitoring, etc. Surgomics is a more comprehen-
sive concept than surgical sabermetrics. Here, Surgomics
may be used for regular assessment of surgical residents to
objectify their progress and tailor their training accordingly.
For experienced surgeons, Surgomics may help to estab-
lish data-driven morbidity and mortality analysis and bring
up hypotheses for performance improvement by providing
deeper insights into correlation of intraoperative activities
with postoperative outcomes. Also, in contrast to global
scores of overall performance, Surgomics again may help
surgeons by breaking down potential reasons for a case
being exceptionally difficult by giving insights into factors
of patient, surgeon, team, and environment. In this manner,
Surgomics can be a methodological approach to use ML for
automatic surgical quality assessment, or to better classify
and compare procedures in a learning curve.

Furthermore, Surgomics may become a tool to automate
the comprehensive description and classification of a surgi-
cal procedure, similar to TNM in pathology, going beyond
already promising approaches to categorize intraopera-
tive adverse events [44, 45]. Surgomics thus may serve to
improve comparability of clinical performance and proce-
dures in surgical trials.

Ethical considerations

When introducing a concept that provides comprehensive
insights into the intraoperative course and might even pro-
duce objective data of inadequate surgeon performance, dif-
ficult ethical questions arise. Here, we are having the same
situation as e.g. in aviation with flight recorders (black box)
or with CIRS (critical incident reporting systems) in hospi-
tals. If in analogy further approaches regarding the assess-
ment of the surgeon’s skill and the quality of performance
are to be made, ethical considerations are extremely impor-
tant. There is no doubt that performance data needs to be
collected objectively [14] with the surgical team members
being fully aware of the recording, the further use of the
data and the possible consequences of inadequate surgical
performance. Moreover, concerns regarding privacy and
litigation need to be addressed as investigated in a study on
perception of the OR blackbox® [64]. However, nowadays
some authors consider a routine video recording of surgeries
an ethical duty and a standard of care with potential benefits
for e.g. safety, fairness and candor [65]. Already in 2011, the
American Board of Medical Specialties (ABMS) defined
requirements that a systematic tracking of the surgeon’s per-
formance is necessary [12]. Furthermore, in case there are
legal implications, it might even be helpful to have proper
documentation of the performed activities to protect sur-
geons. Apart from the legal aspects, video-based coaching
sessions with senior surgeons focusing on the operative tech-
nique have already been successfully introduced [66]. Using
Surgomics for an automated assessment of surgical skills
with anonymous, constructive feedback based on expert
knowledge may even be less intimidating than personal
feedback from a surgical supervisor a surgeon is dependent
on. Nevertheless, we are convinced that objective data of
performance can open the room for discussion and improve-
ment. This way, a positive culture regarding mistakes is to be
established with surgeons being aware of their own perfor-
mance level, strengths and room for improvement.

Next steps
The next step to realize the concept of Surgomics would be
the automatic recognition of features. Here, our work not

only introduces a concept, but provides a conceptual frame-
work for future research that can help to shape the process
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of intraoperative data analysis and provides guidance for sur-
geons and computer scientists alike. Surgeons with ideas for
new surgomic features find the technical feasibility of feature
categories rated by (computer) scientists and (computer) sci-
entists that want to apply their technology to surgery find
the clinical relevance of surgomic feature categories rated
by surgeons. Based on the analysis of our survey with expe-
rienced professionals from surgery and (computer) science,
surgomic features like “vital sign monitoring” (‘“‘anesthesio-
logical data” category) as well as texture of liver, lung, and
pancreas (“patient” category) have a suitable combination of
expected clinical relevance and technical feasibility. Further-
more, the surgomic features “intraoperative adverse events”,
“bloodiness”, “action performed with anatomy” (“surgical
field” category), “action performed with instrument”, and
“instrument usage” (“instrument” category), should be
investigated. Because of their high technical feasibility and
the already active scientific community in the field of laparo-
scopic computer vision, they represent “low hanging fruits”
to create success stories for Surgomics.

This success also depends on open source availability of
annotated surgical data and ML models. Annotated surgical
data can be used in international ML challenges to validate
algorithms for automatic extraction of surgomic features
from surgical data. The openly available ML models could
then be used by surgical researchers at different centers to
investigate the use of surgomic features as new parameters
in clinical research. This in turn would stimulate discus-
sions within surgical societies to investigate more surgomic
features and their application to clinical problems similar
to current developments in Radiomics and Genomics for
precision medicine.

Conclusion

The aim of Surgomics is to predict a patient's morbidity,
mortality and long-term outcome using ML to derive per-
sonalized information from comprehensive intraoperative
sensor data and combining it with pre- and postoperative
information. With a multidisciplinary group of experts, we
defined this concept, and came up with 52 features in eight
categories that were rated by experienced professionals
from surgery and (computer) science. This is a first step to
establish Surgomics as the surgical answer to Radiomics and
Genomics for improving surgical patient care.
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