ITANEITIZXTHMIO OEXXAATAX gy

EXOAH EHIZTHMON YTEIAX  [E7/40%
TMHMA IATPIKHE ‘@U@

NPOrPAMMA METANTYXIAKQN ZIMIOYAQN
XEIPOYPIIKH NMAXEOZ ENTEPOY-OPOOY

AIITAQMATIKH EPI'AXIA
Emxdpmon ¢ Kapmving ekpddnong otnv AarapocsKomTikn
YEPOVPYIKT TOV TAYXE0S EVTEPOV KL TOV 0pO0V pg T cpappoyn
ONUEWKNG avaAvoNG: 1] eumepio péoa amod £va pn OOpUNUEVO

GUGTI|LO EKTALOEVOIG

[TepBoriwng Kmvotavtivog

["evikdg Xepovpydg

TPIMEAHX XYMBOYAEYTIKH EIIITPOITH
1. Ap. Mraroyravvng lodvvng, Enicovpog Kabnyntg 'evikng Xepovpykng

(Emipiéncov KaOnynting)
2. Ap. Maparovong lmavvng, I'evikdg Xepovpyog (Métog Tpiueiots Emitponng)
3. Ap. TCoBapag I'edpyroc, Kabnyntig IN'evucng Xepovpywkng (Métog Tpiuerois

Emitpornng)

Adproa, Pefpovaprog 2021

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



TepiBordtn Kovotavtivov

ITANEITIZXTHMIO OEXXAATAX
2XOAH EINIZXTHMON YT'EIAX

TMHMA TATPIKHXZ
NPOCPAMMA METAIITYXIAKQN ZIIOYAQN
XEIPOYPTIKH NAXEOZ ENTEPOY-OPOOY

Change point analysis validation of the learning curve in
laparoscopic colorectal surgery: experience from a non-

structured training setting

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



Awmdopatiky Awepn

Table of Contents

EUXOUDLOTIEG cccuuueeeeeenieireenniiinseniniesssnnsissssssssssssssnsssssssssssssssssssssssssnssssssssssssssssnssssssssnsssssssnns 5

TTEPUANIN ceaaeeeeeeveeeeeeeiereeeerenerenssereuesesensesenssesenssssnssesesssessnssesssssssnssessnssssnssesensssssnssssnnnnns 6
TIOTTOG «uuerernnneererenenereerneseseenesessennssessesssssssesnssssssensssssesnsssssssnassssssnnssssssnsssssssnssssssnnasssseanasssssnnnses 6
1Y == Lo T o 6
ATIOTENEOLLOTOL. .. ceeeeeerennnnsenesereeeeernnsssesesseesessanssssssssssessssnsssssssssssssssnnsssssssssssssssassssssesssessnnnnnnnnnns 6
ZUMTUEDOLOLOITOL «.uueeereeeeernnnsssenesaseressssssssssseeessnnnssssssssssssssnssssssssssssessnnsssssssssssnssnssssssssssesssnnnnnssnns 7

/21 £ 1 o 8
INTFOTUCTION . s 8
MEEROMS ... s 8
RESUILS.....ueii s e 8
0o T3 T 11T T T 8

J. GENERAL PART eeeeeiietiiiiieiiiiietisiiiiiisiieeiseaisessssssssssssisssisssisssisssssssssessssssssssssssssnns 9
(ol ] (o) ¢ -Tot | BT U - =T VU 10
The role of Minimal Invasive Abdominal SUIZErY ........ciiieeeiiiiieecciiieererereereerrenseesrennneessennnene 11
Laparoscopy in Colorectal SUIZEIY ... ivuiiieiiieiiiiicreecrencreeetreneereanerenseerasesensersnsessnssesensesenne 12
LEAINING CUIVE ... ieiiieiiieiiteiiieiieiieeieeiieniiesttaseraserasessssssssesesassssssesssesssasssasesasesnssasssasesasesnsssnsssns 14
1% Phase Of the Learning CUIVE.........ccccveverererereresersscsssssssssssessssssssssssssssssssssssssssssssssssssssssssnsnne 15
2" Phase Of the Learning CUIVE..........ccccveererueererueererseeeesseessssseesssesesssesssssesesssssesssssssssssssssessnens 16
3" Phase Of the LEArNiNG CUIVE .........ceccveererueerereeeiesseeeessesesssessssesesssesssssesesssssesssssssssssssssesssnnes 16
Learning CUrVe ANalYSiS...ccccieeuiieeeierenirenereenereaserrnsierenseseasersnsserassssnssssassessassssnsessnsssssnsesnssesanne 17
[T LT 1+ L= 17
Techniques for Evaluating the Learning CUIVEe.......cccceieeeiiriniereeertencienereenserennerensessasessnsssenseeses 19
DS CHIPLIVE ..icuieiiieiciiiireiitittiietteiteet et teseraseraseraserassaseraserasssnssenssesssasssasernssasssaserasernsernsesnssnns 19
Y ] [ o1V« SRS 19
U TV T Y =N (=TT ) N 19
[\ I AV T = = o] L] N 20
[\ I AV T = 1 = (4 =1 U« ) N 20
IVIOVING AVEIAEE...ccuuiiieriiieniiieniiieeertattenerensessasistsssessnssssnsssensessasssssssssensessassssnsssenssssnsssssnsessnne 20
L0 ] 0] 21
Change Point ANalySis ...cccciieuiiiiniiiiiciiieiiiieiiieeieieaeieneerenseteasereassrensesensessnsssssnsessnssssnsssensessnsans 22
Learning Curve APPliCatioNns ......cccciieiiiiiiiiiciiiiiierreie e reneerensrraseseesesenssensssnnssssnsesensassnns 22
Learning Curve Limitations ......cccceiiieeiiiiiiiiiiiiiiiiiiecicscrenereneerensieassssesessasssenssssnnssssnsessnsssenss 24
Learning Curve in Medical Literature .......c.cccciieiiiieiiiiiiiieiiiiiiiieinirccreeessesessnessenssssnsssssasessnns 25
Learning Curve in Open Colorectal SUIZEry .......ccoviiiieeeeiiiiiecerreeeeerreneeesrenasessenassssennssssnenns 26

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



TepiBordtn Kovotavtivov

Learning Curve in Laparoscopic Colorectal SUrgery .......cccecirireercrrerenccerenncereeensereennsssseennssesnens 27
Colorectal SUrgery TraiNinNg .....c.cceccireieneieieieseereeeiereenneereennseesrensssessensssssennssssssenssssssenssssssennes 30
Specialized Colorectal SUrgical TEAMS ......ccceuuiiiieeeiiiiiercirreeee e reneee s reneee s s eenssessrnesessrenessssrennnns 31

[0 =T o1 1 Y-SR 33

Y o 0 (O o 34
W L 1 e 1 1 35
Materials and MeEthOMS..............ccoueeeeeuuuiiiiiirreeieeeiisiiiiiirieiiiiiisiiiirrsreeeeaiiisiiiessseesasssses 36
STUAY DESIN ... eeeeeiiieieiiiiieieeetreeeeerreeeeeesreneeeesrrnnssessrenssssrensssssrennssssrennsssssennssssnensssssrennsssseennnns 36

L0 =T =T 41T T o N 36

L [T= {1 e T1 1 AV o g1 =T o - TP 40
LT3 Lo [T 11 41 X3P 41

[0 1= TN ] =T o oo N 42
StatistiCal ANAIYSIS ..ccuiieniiiiiiiiiiiiierre e rreereeeereaereaseerassensereaseernsserensessnsesenssesnssssnsesenssenen 42
1 43
[0 oVt o N 47
SUMMArY Of @VIdENCE...ccuuiieiiieiiiiicreette e rreeereneereeterensestasesensssensessnssesessesensssenssssnssssnsesansssnen 47
0= {1 =1 Lol =T 52
WYY T=T1 1+ | GOSN 63
LI 1 = 63
FiBUIES . ceeiiiiiiiiitiiiiieiiree et irreseresssteasstesessrasssrasssresssrsssstesessrasssressssasssrsnsssenssssassssansssenssssnss 70

4

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



Authopotikn Awtpipn

Evyopiotisg

Oa nOclo. va. evyoplotnom 0. WEAN THS TPIUEAODS ETITPOTHGS Yio. TNV GOUPOAN KaLl THV

otNpICN OTNY OAOKANPWON THS TOPOVOOS EPEVVITIKNG EPYOTLAG.

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



TepiBordtn Kovotavtivov

Iepiinyn
2KOTOC

2V mopovca epyacio. TopovoldlETol 1 eUmEPio. HOG OYETIKO HE TNV KOUTOAN
EKPAONONG NG AOTOPOCKOTIKNG KOAO-0POIKNG YEPOVPYIKNG, HEGO omd €va pn SOUNUEVO

neplPdAlov ekmaidevong.

MéBodor

[Mpaypotomombnke avadpopky oviAvon oG TpoonTikng Paong dedopuévav amd to
tprtofdOuto dpopd pag. H yepovpykn opddo amotelodviav amd Vo Yepovpyods ympic
nponyovpevn €kbeon otig Aamapookomikég koho-opOucég eneppdoeig (LCRO). Xe mepintmon
KoKON0€10G, EPAPUOCTNKAY OAEG Ol AMAPOITNTEG OYKOAOYIKES APYEG. ZOUTEPIANPONKAY OAOL
ol eviMkec acBeveig mov vrefAnOnoav ce eKAEKTIKY] N TMU-EKAEKTIKY] AOTOPOGKOTIKN
eméuPaon wayéog eviépov (LCO) 1 0pbov (LRO). Ta dwaypdppoata CUSUM mov emPePaimvay
™V Omapén KapmoAng ekpddnong, avariOnKay TepotTtépm e TNV (PT|OT] CNUEINKTG AVAAVONG

(CPA).

Amoteréouoto

Yvvolkd mpaypoatomomnkav 133 LCO xor 81 LRO. Ocov agopd tov ypodvo
eméupaong, n KopumroAn expddnong otic LCRO anotehodvtav and 3 pdoeic. H CPA vroldyioe
mv 110n enéuPoon wg 10 onueio aAloyng tov 600 mpodtwvV @docwv. Metd 10 1450
TEPIOTATIKO TopatnpnOnke n vVIapén evog mAato. Ilepartépw avaivon tov LCO kot LRO,
vroAdyloe v 58N kot v 52n enépPaorn ¢ onueio aAlayng, ovtictoyo. [aporo mov
emPefordbnke n mapovsios KOUTOANG ekpdOnoNng 6to TOOOAOYOUVOTOUIKE KOTOANKTUKA
onpeta, avtd dev emetedydn Yo TV LETATPOTN GE OVOIKTN EMEUPOAON KO TIG TEPLEYYEIPNTIKES

EMTAOKEC.
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2VUTEPATUATO.

H wxoumodn exudbnong, amovoio &vog peBodkod TPOyPAUUATOS EKTAidELONG,
EMKVPAOVEL TNV CLYKPICIUOTNTA TMOV OTOTEAECUATOV, OKOUO KOl OTIC OPYIKEG QACELS TNG
exmoidevong. Qotdc0 TETOlEG TMPWOTOPOLAIEG &€ivorl amopaitnTeg Yo TNV OGQPOAN Kot

amoteleopotikn epapuoyn twv LCRO.
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Abstract

Introduction

The present study displays our experience regarding the learning curve (LC) status of

laparoscopic colorectal surgery, under a non-structured training setting.

Methods

A retrospective analysis of a prospectively collected database in our tertiary institute was
performed. The surgical team consisted of two surgeons with no previous exposure to
laparoscopic colorectal operations (LCRO). For malignancies, all the appropriate oncological
principles were followed. All adult patients submitted to elective or semi-elective colon (LCO)
or rectal surgery (LRO) were included. CUSUM analysis plots that confirmed a LC pattern,

were further assessed through the change-point analysis (CPA).

Results

Overall, 133 LCOs and 81 LROs were performed. In terms of operative time, our LC in
LCRO consisted of 3 phases. The CPA analysis identified the 110th case as the turning point
of the first two phases. A plateau was reached after the 145th case. Subgroup analysis of the
LCO and LRO, estimated the 58th and 52nd case as the turning points, respectively. Although
we were able to confirm the presence of a LC pattern in the histopathological endpoints, this

was not the case for the open conversion and morbidity outcomes.

Conclusions

The LC in the absence of a methodized training program validate the comparability of
the results, even in the initial learning phases. However, such initiatives are necessary for the

safe and efficient implementation of LCROs.

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



Authopotikn Awtpipn

1. GENERAL PART

Institutional Repository - Library & Information Centre - University of Thessaly
11/06/2024 08:39:19 EEST - 18.117.7.243



TepiBordtn Kovotavtivov

Colorectal Surgery

Colorectal operations are one of the most frequently performed procedures of abdominal
surgery [1-3]. Although a multidisciplinary approach is, nowadays, applied, in both malignant
and benign pathologies, ultimately, the majority of patients will undergo an operation [1-3].
More specifically, for colorectal cancer, it is estimated that 66% of cases will require at least
one major resection [1-3].

However, in contrast to other abdominal operations, colorectal surgery displays a
considerable morbidity and mortality profile. Current literature reports suggest that the
mortality and morbidity rate of colorectal resections can reach the levels of 16.4% and 35%.
Anastomotic leakage, a dreaded complication of GI surgery, is noted in 6.9% of cases [1-3].
In addition to these, reoperation rates in the various series, range between 2 and 5.8% [1-3].
The result of these, is a devastating effect in the survival, functional recovery and quality of
life of the treated patients. Alongside, health care resources are greatly impacted [1-3].

Subsequently, quality improvement programs and audits (e.g. NSQIP, SCOAP, etc.)
have been designed and implemented. Primarily these programs attempted to record the current
trends in colorectal surgery and provide an exact estimation of the perioperative results. The
next step included improving the results of all suboptimal endpoints [1, 3].

In order to enhance these outcomes, the quality of all components of the provided care
should be individually assessed and optimized. The quality of the provided surgical care is
based on the Donabedian model [3]. This theoretical model suggests that the overall quality is
affected by three and interrelated components, structure (i.e. hospital and surgeon volume,
nursing ratios, etc.), process (i.e. interventions, medications, etc.) and outcomes (i.e. morbidity,
mortality, survival, quality of life, etc.) [3].

As a result, the protocols (ERAS, ERP) that have been introduced in colorectal surgery

implement a holistic approach and address all potential risk factors of suboptimal postoperative
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performance [1, 3]. These protocols include early identification of frailty and sarcopenia,
nutritional support, prehabilitation, early postoperative mobilization and feeding, reduced
opioid-related analgesia and restricted fluid resuscitation and antibiotic chemoprophylaxis. A
major component, though, is the minimization of the surgical trauma, through adoption of

minimal invasive techniques.

The role of Minimal Invasive Abdominal Surgery

The introduction of the minimal invasive principles in abdominal surgery is considered
as one of the most important breakthroughs of modern-day surgery [4-9]. The completion of
standard procedures through small ports reduces postoperative pain, complications and
enhances cosmesis. The smaller incisions, alongside the favorable pain profile and the lower
analgesia requirements contribute to a shortened recovery period [4-9]. As a result, the benefits
deriving from a minimal invasive approach in abdominal surgery have been displayed in both
an acute and an elective setting.

A meta-analysis of RCTs by Cirocchi et al. [10] compared a minimal invasive approach
versus the standard open laparotomy for perforated duodenal ulcers. Laparoscopy was
associated with significantly lower postoperative pain scores and SSI risk. A benefit is also
identified in elderly patients [5]. An interim analysis of the FRAILESEL study confirmed a
safe profile of laparoscopic peptic ulcer treatment and suggested a lower blood loss volume
and a shorter LOS. Interestingly the operation duration open surgery was longer.

A Cochrane meta-analysis by Jaschinski et al. [11] reported a lower rate of postoperative
pain and SSIs for laparoscopic appendicectomy. Although minimal invasive appendicectomy
increased the risk of intraabdominal abscesses, LOS and return to normal activities were
significantly shortened. These were also confirmed in an umbrella review by Poprom et al. [4].

A large multicenter trial (LASSO), applying a laparoscopic approach in adhesive small

bowel obstruction resulted to a decreased hospitalization period and a lower morbidity rate [8].
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A recent meta-analysis [9] highlighted a multidimensional benefit from laparoscopy in small
bowel obstruction, including reduced mortality, LOS, operative time, return of bowel function,
morbidity and reoperation rate.

The superiority of laparoscopic abdominal surgery has been also documented in the
elective oncological operations. A typical example is the LEOPARD trial [7], where a minimal
invasive resection was associated with a significantly shorter functional recovery, blood loss
volume and delayed gastric emptying complications. Similarly, the KLASS-01 trial [6]

validated a lower rate of overall complications and SSIs.

Laparoscopy in Colorectal Surgery

Several RCTs and meta-analyses provided evidence regarding the comparison of open
and laparoscopic colorectal cancer surgery.

In the JCOG0404 trial [12], the laparoscopic and open approach of colorectal surgery
were assessed during the 3 investigating periods. In the rectal groups, only rectosigmoid tumors
were included. The study confirmed a decrease in intraoperative blood loss during the latter
periods. Although a gradual decrease in the complications rate of the open approach was noted,
the laparoscopic group displayed a favorable morbidity profile. There was no difference
between the two techniques in terms of 5 year OS or RFS [12].

The ACOSOG Z6051 [13] RCT compared the two modalities in terms of stage II/I11
rectal cancer. The initial report could not reach a statistical non inferiority threshold for the
minimal invasive technique regarding pathological outcomes. Moreover, the two techniques
were equivalent in recurrence rates and DFS. These significance of these results, though, was
questioned due to an underpowered sample [13].

In the ALACART study [14], the researchers attempted to examine, whether the
implementation of a minimally invasive technique in rectal cancer would have a negative

impact on tumor clearance. The primary endpoint of this study was the non-inferiority of
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laparoscopic surgery in an adequate resection. The latter incorporated parameters such as a
complete mesorectal excision and a clear CRM and DRM. Analysis of the accumulated data
could not support the non-inferiority hypothesis [14].

In contrast to these the COREAN RCT [15] set the primary outcome of 3 years DFS,
with a 15% non-inferiority margin. The sample size of the study consisted of mid and low
rectal tumors after a neoadjuvant scheme. The conclusion of the trial was that the non-
inferiority of laparoscopic rectal surgery was validated [15].

Moreover, the COLOR II study [16] confirmed that laparoscopic colorectal surgery was
associated with longer operative duration, less blood loss volume, earlier return of bowel
function and LOS. Pathological outcomes and morbidity and mortality rates were equivalent
[16]. Analysis of the long-term follow-up outcomes confirmed a similar risk for bowel
obstruction, incisional and parastomal hernia [17]. In addition to these, the DFS, OS and
recurrence rated did not differ between laparoscopic and open colorectal approach [17]. These
results were in concordance with the respective findings of the CLASSIC study, where survival
and recurrence rates were comparable [18].

Based on these studies, subsequent meta-analyses attempted to confirm the safety and
efficacy of the laparoscopic colorectal surgery. Liang et al. [19] could not confirm a superiority
of the open approach in overall, local, distant or wound recurrence rates. Liu et al. [20]
suggested a lower postoperative complication rate of laparoscopic colorectal surgery, with a
similar pathological and survival outcomes. Finally, a recent meta-analysis by Wu et al. [21]
attributed to the minimal invasive resections a pooled lower blood loss volume, faster bowel
recovery, fewer adverse events and a shorter LOS. Intraoperative adverse events, mortality and
leakage rates were similar to the open approach [21].

Besides malignancy, the advantages of the laparoscopic approach in colorectal surgery

have been also displayed in benign pathologies, such as diverticular disease.
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Senagore et al. [22], performed a cost structure comparison of laparoscopic and open
sigmoidectomies for diverticular disease. In this study, all consecutive patients submitted to an
elective resection for diverticular disease during the 1999-2000 period were included. Although
the operative time was similar, LOS was significantly lower in the laparoscopic group.
Pulmonary and wound complications were also less frequent when a minimal invasive
approach was introduced. The open conversion rate was estimated to be 6.6%. Readmission
and mortality rates were comparable. An interesting finding was that an open approach led to
a significantly higher, overall, procedure cost [22].

Similar were the findings of Dwivedi et al. [23]. Blood loss volume, onset of liquid diet
and LOS were significantly reduced when laparoscopy was applied in simple sigmoid
diverticular disease. In contrast to the previous results, this study suggested that open
sigmoidectomy was faster and the open conversion rate of laparoscopy was 19.7% [23].

In a prospective single blind RCT by Gervaz et al. [24], the longer operation duration of
laparoscopic sigmoidectomy for diverticulitis was confirmed. It was also shown that
postoperative pain and time to first bowel movement were significantly higher when
laparotomy was applied. These resulted to an increased need for hospitalization, compared to
laparoscopic surgery [24].

As a result, these advantages of laparoscopic colorectal surgery in benign pathologies
were further validated in a recent meta-analysis by Cirocchi et al. [25]. In this review,
laparoscopy was associated with a significantly lower rate of overall complications. However,
an improved performance in LOS, primary anastomosis rate, operative time, reoperation rate

and mortality was not confirmed [25].

Learning Curve

Due to the complexity of laparoscopic procedures, the notion of the learning curve has

been introduced in the setting of minimal invasive surgery [26—28]. Learning curve is defined
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as the graphical representation of the learning effort and the respective learning outcome [27].
More specifically, the deliberate practice or the consecutive number of repetitive tasks is
considered as the learning effort (x-axis), whereas the learning outcome is usually displayed in
the form of measured performance (y-axis) [26—28]. The graphical representation of the
learning curve is usually not linear and takes the form of an S-shape, thus suggesting that the
learning rate is not steady throughout the learning period [26-28].

LCs have been extensively used in the industrial setting for the description of the output
performance on the basis of the production quantity [27]. Correspondingly, LCs were
incorporated in healthcare, upon the introduction of complex interventions, such as minimal
invasive procedures [27]. Several LC evaluating studies have been published, thus highlighting
the role of the learning status in aspects of medicine, such as RCT design, training program
design and assessment of surgical performance [27].

The LC consists of 3 distinct phases. The initial phase of rapid learning is followed by a
diminishing returns phase. Further proceeding in the LC results to an unlearning phase [26—

28]. More specifically:

I*" Phase of the Learning Curve

In the first phase of the LC, a rapid accumulation of skills and competence is achieved.
Through deliberate practice and active feedback, the subject improves the results of assessed
outcome, thus optimizing performance. The notion of a steep learning curve is widely applied
in medical literature, suggesting difficulty in achieving competency in a specific task [26-28].
In fact, the graphical representation of a steep learning curve is synonym to acquiring a simple
and not complicated skill [27].

A heterogeneity in the learning rates regarding a specific intervention among individuals
is expected and justified. Factors that affect the slope of the initial LC phase include

technological innovations, alterations in the guidelines algorithms, previous experience,
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formation of specialized teams and subject-related characteristics [27]. Among these individual
characteristics are traits such as personal attitude, natural talent, motivation, and the ability to

adopt and adapt to new skills [26-28].

2" Phase of the Learning Curve

Once the initial phase of the LC has been completed, a ‘plateau’ is reached. It is
considered, thus, that this phase is associated to mastering the studied intervention [27].
However, this does not necessarily translate to achieving expertise, but rather, a termination of
the learning process [26—28]. Characteristically, in the graphical representation of the LC it is
shown that the uptake of additional learning tasks does not lead to any improvement in the
measured performance outcome. Therefore, in order to further increase the competency of an
individual, alternative or additional learning strategies should be implemented [27].

In most studies, mastery is considered as the optimization of the evaluated endpoint.
However, achieving competence includes the augmentation of several parameters, including
technical, theoretical, cognitive, communicational and integrative skills [27]. The holistic,

though, evaluation of LC is, still, not widely applied in current studies [27].

3" Phase of the Learning Curve

A decline in the competency of the assessed individual can be seen once the performance
of the repetitive tasks is resumed after the expert plateau [27]. This decline is subgrouped in
two categories. The first one includes cases, where the subject displays a characteristic
overconfidence in undertaking challenging tasks [27].The second etiology of this decline is the
physiological process of ageing, where the evaluated individual displays a deterioration of the

required cognitive and motor skills [26-28].
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Learning Curve Analysis

The analysis of a learning curve can be performed in either an individual or group based
level [26]. In the former, a linking equation is usually applied, whereas in the latter
multivariable analyses attempt to identify confounders and perform group-based comparisons
[26].

The characteristic of individual-based learning curve analysis, is the variance in the
reported results [26]. This heterogeneity is the result of different starting levels and progression
rates. Indeed, the morphology of a learner’s curve allows the extraction of valuable information
regarding the initiation, the progression and the stalling of the learning process [26]. An
interesting finding in some individuals is that they may display a negative slope, especially,
during the first phases of their curves. This is suggestive of an ineffective and malfunctioning
learning process. Moreover, experienced individuals may also display flattened or even
decreasing curves [26].

Group-based learning curve analysis allows the estimation of the average turning points
of the learning process for a subgroup of individuals [26]. Since this method summarizes the
results of several subjects, it provides a pooled evaluation of the learning curve [26]. This is
specifically important for designers of educational programs, allowing the educator to adapt
the training plan based on the estimated curve slopes. Furthermore, the use of regression
techniques provides information regarding the parameters that, modified, will accelerate the
skill transfer procedure. Finally, the pooled LC can be used as a benchmark upon which all

future individual learners will compare their performance [26].

Variables

The validity of an LC is, primarily based on the use of proper and meaningful variables.
Although it is suggested to use clinically significant indicators, many researchers base their
analyses on the availability of data.
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Several variables have been proposed for the x-axis of a learning curve [26-28].
Theoretically, the applied variable is a countable repetition or time measure that is directly
related to the desired learning outcome [26—28]. It must be noted, though, that time is,
generally, a low-quality variable for the x-axis, since it does not reflect the number of the
repeated learning processes. The reasoning behind this is that the number of learning events
over a unit of time may vary. Another factor that should be acknowledged prior to interpreting
an LC is that the learning effect of each exposure in an intervention may vary due to different
learning opportunities and heterogeneity in the complexity of case [26—28].

The variable that is applied in the y-axis of a LC graph is a representative measure of the
learning process. Before selecting the appropriate variable for the learning curve analysis,
researchers proceed in assessing the validity of their construct hypothesis [26]. Confirming the
construct hypothesis is based on the identification of the following evidence: a) content
evidence that consists of data displaying a test development behavior, b) relation evidence,
where the association of data with other variables is displayed, c) response evidence, examines
the fit between the construct and the performance, d) internal structure evidence that includes
reliability, factor analysis and item analysis, and e) consequence evidence, where the intended
or the unintended effects of the intervention are evaluated [26]. The two last types of evidence
are specifically important, since they are frequently adopted as nominators of the learning
process [26].

When evaluating an interventional learning curve, the y-axis can be a continuous (e.g.
procedure duration, blood loss, LOS, etc.) or a dichotomous variable (success, reintervention,
morbidity and mortality rates, survival outcomes, etc.) [26].

Two significant effects in LCs that may influence the estimated outcomes are the floor

and the ceiling effect. These consist of a reduced variance of scores at the low and high end of
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performance scale, respectively [26]. These result to a vertically compressed learning curve

[26].

Techniques for Evaluating the Learning Curve

A great variety of techniques have been used for the evaluation of the learning curve

status [28]. The following are the most, commonly, used methods:

Descriptive

This technique does not include the performance of any statistical test. Instead, the data
are tabulated over gradually increasing experience. Moreover, a graphical representation of the
measured variable and the case sequence is plotted and inspected. The drawback of this

technique is that results can be misleading in cases of data with increased variability [27, 28].

Split Group

In this approach, the evaluated data are divided in two or more consecutive chronological
periods and compared on the basis of the assessed outcomes [27, 28]. The hypothesis in this
method is to detect significant differences between the periods that would confirm the presence
of a learning effect. The groups are compared through the application of univariate tests (t test,
chi-square test, Mann-Whitney U test, ANOVA) [27, 28]. Since this approach is easy to use
and does not require specialized statistical experience, it is widely used. However, the results
of this analysis may be prone to bias and can be affected by several factors, including the
arbitrary group size. Additionally, although a learning effect can be confirmed, the exact

learning curve slope and turning points cannot be estimated [27, 28].

Univariate (trend)

In univariate trend analysis of the provided data, specialized statistical computations are

performed in order to confirm the presence of a specific trend by experience. In some cases,
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the provided data may be spit in subgroups [27, 28]. The performed statistical analyses include
chi-square test, repeated measures ANOVA, Spearman’s correlation coefficient, Kolmogorov-
Smirnov test and curve fitting analyses (e.g. least-squares regression, Monte Carlo simulation)
[27, 28]. The curves that have been used for the description of the LC relationship between the
two assessed two variables are the linear, the logarithmic, the negative exponential, the double
negative exponential, the power form, the reciprocal, the quadratic and the cubic [27, 28].

It must be noted, though, that although high order functions may be fit a LC curve, they
do not provide evidence regarding the learning rate or the plateau turning point [27, 28].
Moreover, fitting a function curve in a LC does not exclude the fact that another function may
provide a better fit. As a result, novel studies suggested a mathematical algorithm of comparing

the fit of the various proposed models [27, 28].

Multivariate (split)

In this approach the provided data are divided in groups based on experience and a
multivariate testing is performed in order to adjust for other confounding variables. The

statistical methodology includes logistic regression and Cox regression [27, 28].

Multivariate (trend)

In this method, the evaluated experience variable is adjusted for confounding variables.
The applied statistical tests are logistic regression, multiple regression and generalized linear

mixed models [27, 28].

Moving Average

A moving average function is frequently used for the determination of changes in
measured data. Plotting a moving average over an evaluated variable allows the detection of
changes on the rate of the experience accumulation. There are several types of moving

averages, including simple, weighted and exponential. Special consideration should be made
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on the time interval that will be applied, since it alters the sensitivity of the moving average

[27, 28].
CUSUM

The cumulative sum (CUSUM) technique is one of the most frequently applied
techniques in assessing the presence of LC. It is a statistical method of detecting cumulative
changes, thus confirming deviations from the expected course. The gradual accumulation of
small changes results to the decrease of the data variance, thus highlighting a significant
difference in the assessed individual’s expected performance [27, 28].

The CUSUM plot displays the cumulative deviation from the expected performance. As
a result the actual performance is estimated by the plot gradient for each specific timepoint [27,
28].

The CUSUM plot for continuous variables is calculated by the following equation [29]:

Sn=%(Xi-p), where, as Xi is defined the value of each case and p the mean

The CUSUM plot for categorical variables is calculated by the following equation:

Sn=%(Xi-X0), where Xi=0 for success and Xi=1 for failure and X0 is the reference of the
target value.

The following is the standard CUSUM function [29]:

So=0
Sn+1 = max{{]: Sﬂ + Ty — w?l)

Moreover, the LC-CUSUM function is displayed below [29]:

S} =min(0, L, +W,)), S4=0

i)

§? =max(0, 7 | +W2), $=0

where S' and S? are the test statisitics of the X; observation and W are the rsepective
weights. These are estimated based on the following equations for continuous and categorical

functions, respectively:
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W' = (X, —po)/o—g/2
W = (X, —pg)/o+g/2

where Lo the mean and o the expected standard deviation.

| Py (L—po)
W, =log X SNI—X
(po+0)*(1—pop—o)y "

Where p, the probability of failure when performance is adequate.

A risk adjusted LC-CUSUM can be also estimated, if the acceptable deviation is
expressed in terms of odds ratio instead of an absolute risk difference. In that case, the
following change should be considered [29]:

| [log(1=por+05 por) if X, =0 (success)

a log(1—por+0spor)—logls if X, =1 (failure)

Change Point Analysis

Change point analysis [30] is based on an iterative application of CUSUM charts and
bootstrapping techniques that aim to identify changes in a consecutive series of data. This
technique is based on the mean-shift model and assumes the presence of independent and
identically distributed residuals. Bootstrap analysis allows the estimation of Cls and p values.
The bootstrap techniques that can be used include the centile, bias-corrected, accelerated and

jackknife methods [30].

Learning Curve Applications

Learning curve analysis has been extendedly applied in randomized controlled trials. In
order to enlist in an RCT, the individual performing an intervention, should provide evidence
of his competence and the relevant learning curve status. Although the retrieval of historical
data for every participating individual can be a tedious and difficult to complete task, several
large scaled RCTs consider specific skills and experience prerequisites [27]. In addition to this,

during the analysis phase of an RCT, some researchers apply Bayesian Hierarchical models in
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order to adjust for the confounding factor of learning curve heterogeneity. However, this
approach is associated with a reduced statistical significance, especially in cases of high data
variability [27].

Education in health sciences applications have greatly benefited from the implementation
of learning curves. LCs are considered as the optimal way of assessing an individual’s learning
status since they depict the relation of learning effort and gradual transition from incompetency
to proficiency [26]. LC educational analysis provides both individual and group-based benefits.
During an educational program, using LC will allow the coordinator to receive crucial
information regarding the number of the required training repetitions, the presence of a latent
phase and the turning point of the plateau phase. Moreover, it allows the direct comparison of
the efficiency of different training methods. Furthermore, monitoring the various LCs allows
the tutor to early identify and remedy any individual-based learning deficiencies [26].

Learning curves are a significant part of a self-learning process. In self-learning the
individual undergoes a continuous cycle of learning, skill acquisition and constant appraisal of
the competency status and learning efficacy. Based on this cycle, the individual, accordingly,
adapts the learning strategy and methods [26]. Learning curve, through visual representation
allow the individual to self-monitor the skills acquisition slope and reflect upon the learning
process effectiveness. Additionally, the confirmation of a degrading LC phase, rationalizes the
enrollment in a skills refreshing training program, in order to ensure the quality and safety of
the provided care [26].

The effect of the various training protocols in shortening the required number of learning
periods for a certain competency level can be characteristically depicted in a learning curve.
Besides the design and monitoring of formal structured training programs, LCs enable the

efficacy evaluation of novel techniques such as individual courses, labs and simulations. These
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latter allow the care provider to increase his exposure in the examined technique, thus
enhancing skill acquisition, without compromising, though, the safety of the patients [27].
The staged transition from a incompetent novice to a reflective specialist with optimal
efficacy and improving rate has been extensively described in the Dreyfus and Dreyfus model
[26]. Ericsson et al., extended this model by suggesting the presence of a plateau upon which,
only a purposeful training process allows further improvement [26]. The importance of these
theoretical models has been acknowledged, and the monitoring of outcomes during the
repetitive performance of a medical intervention has been widely accepted in daily practice.
However, current medical education community question whether a time-based curriculum or
competency-based curriculum should be applied in medical training [26]. In the former, student
undergo a pre-specified training period and graduate with different competency levels [26].
However, in the latter, colleagues accumulate an equivalent amount of skills, but with different

training time requirements [26].

Learning Curve Limitations

Despite these, LCs display several limitations, that should be acknowledged prior to the
appraisal of their results. Overall, bias can be present in both the effort and performance
assessment and the statistical technique applied. First, since LCs is based on the fit of daily
practice data to a statistical model, a certain amount of bias should be expected. More
specifically, the use of a non-fitting model will result to misleading results. Another bias
introducing factor is the exclusion of significant effort-related factors from the structured
model. Therefore, the effect of these factors in the learning process is not depicted in the
statistical calculations. Typical examples include the motivation, rewards, emotional status 