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SSummary 
Cardio-thoracic surgery envelops surgery of the heart, lungs, mediastinum, large 
intrathoracic vessels, diaphragm and the thoracic wall. Many operative techniques 
introduced from 1950 to 1980 are still used today. Cardio-thoracic (cardiac) surgery is still 
superior in long-term clinical outcome compared to cardiological interventions. 
However, a perceived drawback is its invasiveness and procedural complications. As a 
result, the number of surgeries is dropping and innovations are mainly focused and 
funded for less invasive approaches like interventional cardiology.  

To further improve clinical outcomes of cardiac surgery, several themes can be defined 
to make cardiac surgery sustainable for the future.  

This thesis focuses on minimally invasive cardiac surgery, technological innovations and 
multidisciplinary approaches to improve surgical outcome for patients. The hypothesis is 
that cardiac surgery remains a first time right strategy for patients when these themes 
are adopted in clinical practice. 

PART I: Minimally invasive cardiac surgery 

Minimising effects of the heart lung machine during heart surgery 

A heart lung machine (cardiopulmonary bypass, CPB) takes over the heart’s pumping 
function and gas transfer of the lungs during open heart surgery. Major drawbacks 
however are the systemic inflammatory response syndrome, acute kidney injury or 
cerebrovascular accidents. Minimally invasive extracorporeal circulation (MiECC) aims to 
reduce the systemic inflammatory response by reducing blood-air contact and priming 
volume, as well as having inert blood contact surfaces.  

In CChapter 2 systemic effects of cardiopulmonary bypass were reduced by using a MiECC 
approach for isolated aortic valve replacement. In a randomised controlled trial with 125 
patients MiECC was compared to an advanced standard extracorporeal circulation 
(AdECC). Although a significant difference in blood loss after 12 hours was found 
between AdECC and MiECC of 58 mL (288 vs 230 mL), this difference has no major clinical 
impact for a general population. There was no difference in blood product use or other 
clinical endpoints. 

Some centres prefer a conventional ECC system due to perceived safety concerns and 
training of dedicated teams. Using an AdECC system can be an alternative for these 
centres, with benefits from fully coated lines, a centrifugal pump and arterial filters. 

Improving intraoperative measurements during coronary artery bypass grafting 

The coronary arteries supply the heart itself with oxygen and nutrients. Narrowing of 
these coronaries (stenosis) might lead to chest pain or myocardial infarction. To improve 
symptoms, quality of life and survival in these patients, myocardial revascularisation by 
percutaneous coronary intervention or coronary artery bypass graft (CABG) is an effective 
strategy. Unfortunately, the degree of coronary stenosis can easily be misjudged and 
impacts short and long-term outcomes of CABG.  

Intraoperative evaluation of graft flow can be performed through transit time flow 
measurements (TTFM), yet clinically relevant cut-off values for graft failure vary between 
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studies and are still debated. In CChapter 3 preoperative angiography findings were 
combined with intraoperative TTFM in 50 CABG patients without the use of CPB (off-
pump CABG, OPCAB). This study investigates the impact of left anterior descending artery 
(LAD) stenosis on competitive flow measured in left internal mammary artery (LIMA) 
grafts. 

Competitive flow is coronary bypass graft flow impaired by native coronary flow. A new 
parameter was developed: the competitive flow index (CFI) as ratio of bypass mean graft 
flow (MGF) with the native coronary artery open and temporarily closed.  

MGF increased from 20 mL/min with open LAD to 30 mL/min with snared LAD and 
differed between severity of coronary stenosis groups. In 26 patients (52%) MGF was 
below clinical relevant TTFM cut-off values with LAD open and increased in 16 patients 
after snaring the LAD. The CFI in patients with a >70% stenosis was much lower compared 
to patients with a <50% stenosis.  

Routine use of CFI can be useful to identify competitive flow in case of intraoperative 
borderline TTFM parameters. Further studies are needed to establish definitive evidence 
regarding the role of Competitive Flow Index and routine snaring of coronary arteries in 
off-pump CABG. 

The radial artery: A reusable blood vessel or only suitable for single use? 

Cardiac catheterisation is used to identify coronary stenosis and predominantly use the 
radial artery for vascular access. However, the radial artery is also recommended by 
European guidelines for use as a conduit for CABG. Transradial coronary procedures 
expose the artery to some degree of vascular trauma and may reduce bypass graft 
patency.  

Yet, it is unknown (1) how often a percutaneous intervention via the left radial approach 
precedes CABG, (2) how cardiologists deal with the problem of having multiple options 
for use of the radial artery that mutually exclude each other, and (3) to what extent 
cardiologists are aware of the new 2018 European guidelines for myocardial 
revascularisation.  

In CChapter 4 a retrospective study and semi-structured interviews were performed with 
50 Dutch cardiologists to investigate their awareness of the outlined potential ‘dilemma’. 

In 3100 CABG patients, left or bilateral transradial access prior to CABG increased from 
0.3% in 2008 – 2015 to 2.4% in 2016 – 2018. One out of nine patients who received a radial 
artery conduit during CABG surgery with prior transradial access experienced radial graft 
dysfunction and resulted in repeating CABG.  

All 50 cardiologists indicated familiarity with the guidelines, yet 56% said not to be 
familiar with the aforementioned dilemma, and 18% stated there was no dilemma at all. 
Interventional cardiologists preferred access via the left radial artery more often (64%) 
than non-interventional cardiologists (23%) when the right radial artery was unavailable. 

While only 10% of all participants indicated that they had personal experience with the 
aforementioned dilemma, 36% said that they would change vascular access after this 
interview in order to preserve the (left) radial artery for CABG in selected patients. 
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Therefore, a flowchart was created for Cath lab use to illustrate how to consider 
preserving the radial artery as a bypass conduit when deciding on a vascular access route 
for percutaneous coronary procedures. 

PPART II: Technological innovations in cardio-thoracic surgery 

Supercritical carbon dioxide treated pericardium for applications in cardio-
thoracic surgery 

Many biomaterials are used in cardio-thoracic surgery with good short-term results. 
However, calcification, structural prosthetic valve degradation, and formation of scar 
tissue are reported. The aim of the research described in Chapter 5 is to characterize 
porcine and bovine pericardium after supercritical carbon dioxide (scCO2) 
decellularisation as an alternative biological material for uses in cardio-thoracic surgery. 
Untreated and commercially available glutaraldehyde treated bovine pericardium were 
used as gold standards for comparison. 

Mechanical properties and ultrastructure were determined. scCO2 decellularised porcine 
and bovine pericardium maintained their tensile strength compared to untreated native 
pericardium. Tensile strength of glutaraldehyde treated pericardium was significantly 
higher compared to untreated pericardium.  

scCO2 processing preserves initial mechanical and structural properties of porcine and 
bovine pericardium, while glutaraldehyde processing damages the extracellular matrix 
of bovine pericardium. Initial mechanical properties of pericardium are of great interest 
for surgical use and with preservation of these properties using scCO2 decellularisation 
promising scaffolds for applications in cardio-thoracic surgery are expected. 

Increasing the pump function of the heart with smart materials 

Heart Failure is characterised by the “inability of the heart to pump blood at an adequate 
volume” and results in marked limitation of physical activity. Unfortunately, heart failure 
is incurable and 5-year mortality is as high as 50%, exceeding many types of cancer. 
Recently, the use of smart memory alloys (SMA) in the treatment for heart failure in bench 
models generated considerable attention.  

In the demonstrator study in CChapter 6, we investigate which SMA designs, and which 
pulse width modification techniques are able to increase ejection fraction of a mono-
chamber static heart model by at least 5%. SMA wires were applied onto the resuscitation 
balloon in spiral, band, cross and oblique configurations. A 380 μm SMA wire configured 
in a spiral oriented shape activated with a duty cycle of 80%, a frequency of 50/min gave 
the highest volume displacement (stroke volume, 6.2 mL). A maximum ejection fraction 
of 3.5% was achieved. 

Our current setup is not yet likely to reduce dyspnoea symptoms. Future research should 
focus on evaluation of spiral shaped configurations around the heart in dynamic bench 
models or an ex vivo porcine cadaver model. 
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PPART III: Multidisciplinary approaches to improve outcome of heart 
surgery 

Moving is improving! 

Chapter 7 describes a prospective study to improve early mobilisation after heart surgery 
with a mobilisation poster and to increase patient self-control over their rehabilitation. 
Patients were asked to reflect on this approach. Patient activities like lying in bed, sitting 
in a chair, walking to the toilet in the patient’s private hospital room, walking at the ward 
corridor, cycling on a home trainer and walking the stairs were aggregated in a composite 
score from the American College of Sports Medicine (ACSM) and a newly deducted 
Thoraxcentrum Twente (TCT) score. 

ACSM functional score measured day-to-day improvement in mobilisation of patients at 
a cardiac surgery ward, yet no difference in ACSM score between a mobilisation poster 
and usual care group was observed. TCT scores chair, toilet, corridor and home trainer 
did increase in the poster group. However, there was no difference in length of stay or 
survival. Surprisingly, men had higher ACSM scores than women. Patients found this 
poster to be clear, motivating and not pushy and family members were more involved in 
patients’ recovery.  

Functional activities might increase faster with persuasive technology focusing on the 
actual daily activity level. Future work should focus on patient-specific information and 
exercises that match the current functional level of patients recovering from cardiac 
surgery. Differences between gender should be quantified using objective data from 
activity trackers. 

Proficiency before clinical practice 

This thesis ends where (technical) medicine students start their clinical career. 

In CChapter 8 we developed and evaluated a proficiency-based, simulation-based course 
for basic surgical skills at graduate level for Technical Medicine students. Learning 
outcomes were measured at the level of knowledge and skills and students’ reactions to 
the course during their clinical rotations.  

The surgical skills curriculum was anchored to surgical patient route. The course focuses 
on anatomical and physiological knowledge, technical skills and non-technical skills like 
situational awareness and decision making. Also, assessors were trained to prevent 
biased judgments before they assessed students on basic surgical skills. Students often 
performed sterile instrument handling, scrubbing and donning, and suturing skills 
during clinical rotations. The majority of students felt confident during their clinical 
rotations to attend a surgery and stated they could show a professional attitude in the 
operating room. 

Based on this study, we recommend that proficiency-based training using simulation 
should be standard in surgical curricula before students are allowed to practice on 
patients. 
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CConclusion and future perspectives 

Minimally invasive cardiac surgery can improve outcomes for large groups of patients by 
reducing the impact of the heart-lung machine. Here patient and procedural 
characteristics determine decision making for a (minimally invasive) surgical, 
percutaneous or conservative treatment. Technological innovations in cardio-thoracic 
surgery such as improved biomaterials for reconstructive surgery and effective devices 
are necessary to further improve surgical outcome.  

Many factors that are associated with adverse outcomes for OPCAB are related to 
training. Unfortunately OPCAB training in a simulated environment is not available or 
used by residents or junior surgeons. Strong proficiency-based, simulation-based courses 
on all aspects of cardiac surgery should be standard before practice on patients.  

Finally, a multidisciplinary approach with teamwork and shared decision making from 
patients, (technical) medical specialists, nurses, physiotherapists and other professionals 
will optimise treatments in cardio-thoracic surgery.   
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SSamenvatting 
Cardio-thoracale chirurgie of hartchirurgie focust zich op de chirurgische behandeling 
van hart, longen, mediastinum, grote intra thoracale bloedvaten, het diafragma en de 
thoraxwand. Veel operatietechnieken stammen nog uit de periode 1950 tot 1980 en 
worden nog steeds veel gebruikt. Desalniettemin zijn lange termijn uitkomsten van 
hartchirurgie ongeëvenaard t.o.v. cardiologische behandelingen. Een groot ervaren 
nadeel van hartchirurgie is de omvang van de ingreep. Daardoor daalt het aantal 
ingrepen en wordt er voornamelijk geld en aandacht aan andere disciplines zoals de 
interventiecardiologie geïnvesteerd. 

Om de uitkomsten van hartchirurgie te verbeteren en te voorkomen dat hartchirurgie 
een tweederangs behandeling wordt zijn diverse thema’s geïdentificeerd. Dit 
proefschrift richt zich op minimaal invasieve chirurgie, technologische innovaties en een 
multidisciplinaire aanpak om de uitkomsten voor patiënten te verbeteren. De hypothese 
is dat hartchirurgie, met slechts één interventie, een goede behandeloptie voor 
patiënten blijft als deze thema’s worden toegepast in de klinische praktijk. 

DEEL I: Minimaal invasieve hartchirurgie 

Verminderen van de effecten van de hart-long machine 

Een hart-long machine (cardiopulmonaire bypass, CPB) neemt de pompfunctie van het 
hart en gasuitwisseling van de longen over tijdens open hartchirurgie. Grote nadelen van 
CPB zijn een systemische ontstekingsreactie, acute nierschade en hersenberoertes. 
Minimaal-invasieve extracorporale circulatie (MiECC) vermindert de systemische 
ontstekingsreactie door het bloed-lucht contact te verminderen, het circulerend volume 
te verkleinen en cel-interacties tussen bloedcellen en contactoppervlakken te 
voorkomen. 

In HHoofdstuk 2 zijn de effecten van CPB verminderd door gebruik te maken van MiECC 
voor geïsoleerde aortaklep vervangingen. In een gerandomiseerde studie zijn 125 
patiënten geloot in de MiECC groep of een geavanceerde conventionele extracorporale 
circulatie (AdECC). Patiënten in de MiECC groep hadden significant minder bloedverlies 
dan de AdECC groep (230 vs 288 mL), maar dit heeft geen klinische impact. Er was geen 
verschil in het aantal bloedtransfusies of andere klinische uitkomsten. 

Sommige hartcentra geven de voorkeur aan een conventioneel systeem door 
vermeende veiligheidsrisico’s bij het gebruik van MiECC en de lange trainingsduur van 
OK-personeel. Een AdECC systeem met inerte contactoppervlakken, een centrifugaal 
pomp en arteriële filters kan dus een goed alternatief zijn voor deze ziekenhuizen. 

Verbeteren van intra-operatieve metingen tijdens coronaire bypass chirurgie 

De kransslagaderen voorzien het hart van zuurstof en voedingsstoffen. Vernauwingen 
(stenosen) kunnen leiden tot pijn op de borst of zelfs een hart infarct. Om symptomen, 
kwaliteit van leven en overleving te verbeteren kan een dotterbehandeling of 
omleidingsoperatie (coronaire bypass grafting, CABG) worden uitgevoerd. Helaas is de 
mate van stenose pre-operatief lastig in te schatten, wat leidt tot suboptimale lange-
termijn resultaten van CABG. 
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Met behulp van Transit Time Flow Metingen (TTFM) kan intra-operatief de bloedstroom 
door de omleiding worden bepaald. Klinisch-relevante afkapwaarden van TTFM 
verschillen erg tussen studies en zijn daarom nog niet in behandelrichtlijnen vastgelegd. 
In HHoofdstuk 3 worden pre-operatieve inschattingen van coronaire stenosen 
gecombineerd met intra-operatieve TTFM in 50 CABG patiënten, zonder gebruik te 
maken van een hart-long machine (off-pump CABG).  

Het doel van de studie is om de impact van stenose in de linker voorste dalende 
kransslagader (LAD) op competitieve flow in de graft (linker borstwand slagader) te 
bepalen. Competitieve flow is verminderde bloedstroom door de graft door teveel 
resterende flow in de kransslagader. In deze studie is tevens een nieuwe parameter 
ontwikkeld: de competitieve flow index (CFI) als verhouding tussen de gemiddelde graft 
flow (MGF) met de kransslagader (tijdelijk) dicht en open. 

Door de LAD tijdelijk dicht te maken steeg de MGF van 20 mL/min naar 30 mL/min. Deze 
stijging was ook aanwezig toen de mate van stenose in drie groepen werd ingedeeld. Bij 
26 patiënten (52%) was de MGF lager dan de klinisch relevante afkapwaarden uit de 
literatuur. De MGF steeg bij 16 van deze patiënten naar een acceptabele waarde bij het 
tijdelijk afsluiten van de LAD. Bij patiënten met een ernstige vernauwing (> 70% stenose) 
was de CFI veel lager dan patiënten met een milde vernauwing (< 50% stenose). 

Routinematig gebruik van de CFI kan helpen om competitieve flow in kaart te brengen 
tijdens de omleidingsoperatie als TTFM geen uitsluitsel biedt. Er is nog meer onderzoek 
nodig om de rol van CFI en het tijdelijk afsluiten van de kransslagader op uitkomsten na 
CABG vast te stellen. 

De pols slagader: geschikt voor eenmalig gebruik of hergebruik? 

Hartkatheterisatie wordt gebruikt om stenosen in de kransslagaders in kaart te brengen. 
Als toegangsweg wordt voornamelijk de polsslagader (a. radialis) gebruikt. Tegelijkertijd 
adviseren Europese richtlijnen de a. radialis als CABG graft. Door hartkatheterisatie loopt 
de a. radialis schade op en kan daardoor niet goed meer open blijven. 

Het is onbekend (1) hoe vaak de a. radialis zowel gebruikt wordt voor hartkatheterisatie 
als CABG, (2) hoe cardiologen in de praktijk omgaan met dit dilemma en (3) of 
cardiologen op de hoogte zijn van de Europese richtlijnen uit 2018. In Hoofdstuk 4 wordt 
dit onderzocht middels een retrospectief data-onderzoek en semigestructureerde 
interviews onder 50 Nederlandse cardiologen. 

Van de 3100 CABG patiënten was minimaal één van de twee aa. radiales tussen 
2008 – 2015 in 0.3% van de patiënten reeds gebruikt voor hartkatheterisatie. Dit 
percentage steeg tot 2.4% tussen 2016-2018. Bij 9 patiënten werd de a. radialis dubbel 
gebruikt, waarvan één patiënt een her operatie nodig had vanwege graft disfunctie.  

Alle 50 cardiologen gaven aan bekend te zijn met de richtlijnen. Maar liefst 56% was niet 
bekend met het klinische dilemma, waar 18% aangaf dat dit überhaupt geen dilemma is. 
Interventiecardiologen hadden vaker (64%) een voorkeur voor de linker a. radialis indien 
de rechter a. radialis onbruikbaar was, dan niet-interventiecardiologen (23%). 

Slechts 10% van de cardiologen gaf aan dit dilemma eerder te hebben meegemaakt. Na 
de interviews zei 36% dat ze de toegangsweg mogelijk gaan aanpassen om de linker 
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a. radialis te bewaren voor een eventuele CABG. Als beslishulp is daarom een 
stroomdiagram met adviezen gemaakt voor op de hartkatheterisatiekamer. 

DDEEL II: Technische innovaties in de cardio-thoracale chirurgie 

Superkritische CO2-behandeling van het hartzakje voor toepassingen in de 
cardio-thoracale chirurgie 

In de cardio-thoracale chirurgie worden veel biomaterialen gebruikt met goede korte 
termijn resultaten. Helaas verkalken deze materialen, er ontstaat littekenweefsel of het 
biomateriaal wordt afgebroken zoals bij kunsthartkleppen.  

Het doel van HHoofdstuk 5 is om het hartzakje van varkens en runderen te ontdoen van 
dierlijke cellen met superkritisch CO2 en de goede eigenschappen te behouden voor 
toepassingen in de cardio-thoracale chirurgie. Verse en met glutaaraldehyde-
behandelde hartzakjes zijn met elkaar vergeleken op mechanische- en structuur 
eigenschappen. 

Hartzakjes behandeld met superkritisch CO2 behouden hun treksterkte, terwijl de 
treksterkte van hartzakjes behandeld met glutaaraldehyde juist steeg. Hetzelfde geldt 
voor de structuur eigenschappen van het hartzakje, waar glutaaraldehyde de 
extracellulaire matrix beschadigde en deze bij superkritisch CO2 intact bleef.  

De initiële eigenschappen van het hartzakje zijn zeer bruikbaar voor toepassingen in de 
cardio-thoracale chirurgie. Het behoud van deze eigenschappen na een superkritische 
CO2 behandeling is daarom veelbelovend. 

Verbeteren van de pomp functie van het hart met slimme materialen 

Bij hartfalen is het hart niet meer in staat voldoende bloed rond te pompen. Dit leidt tot 
klachten van benauwdheid bij inspanning. Helaas is er geen genezing van hartfalen 
mogelijk. De 5-jaarssterfte ligt op 50% en is daarmee hoger dan vele soorten kanker. 

Recent zijn in het lab smart memory alloys (SMA) in de context van hartfalen onderzocht.  

In HHoofdstuk 6 wordt onderzocht of de pompfunctie van het hart met 5% kan worden 
verbeterd in een ventilatieballonmodel door diverse SMA configuraties en met 
pulsbreedtemodulatie. De SMA-windingen zijn zowel als spiraal, band, kruislings en 
schuin aangebracht. Een 380 μm SMA draad in een spiraalvorm met een duty cycle van 
80% en een frequentie van 50/min gaf de hoogste volume verplaatsing van 6.2 mL. 
Hiermee werd een pompfunctie van 3.5% behaald. 

Het huidige ontwerp geeft nog geen klinisch relevante verbetering van 
benauwdheidssymptomen. Toekomstig onderzoek moet de spiraalvormige ontwerpen 
om het hart gaan testen in dynamische modellen of op een ex vivo varkens hart. 

DEEL III: Multidisciplinaire aanpak ter verbetering van hartchirurgie 

Bewegen is herstellen! 

Hoofdstuk 7 beschrijft een prospectieve studie waarbij ziekenhuismobilisatie na 
hartchirurgie wordt verbeterd met een mobilisatieposter. Patiënten krijgen hierdoor 
meer regie over hun eigen herstel en zijn gevraagd om feedback op de poster te geven. 
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Activiteiten zoals in bed liggen, zitten, lopen naar de eigen badkamer, lopen op de gang, 
fietsen op een home trainer en traplopen zijn onderzocht in een samengestelde maat 
van de American College of Sports Medicine (ACSM) en een zelf ontworpen 
Thoraxcentrum Twente (TCT) score.  

De ACSM functionele score toonde dagelijkse ontwikkeling van mobilisatie op de 
verpleegafdeling na hartchirurgie. De interventieposter gaf hier geen verbetering op. De 
TCT scores zitten, lopen naar de badkamer, lopen op de gang en fietsen verbeterden wel 
met de interventieposter. Er was geen verschil in ziekenhuisduur of overleving. 
Verrassend genoeg hadden mannen hogere ACSM-scores dan vrouwen. Patiënten gaven 
aan de poster helder, motiverend en niet opdringerig te vinden. Familieleden waren met 
de poster meer betrokken bij het herstel van patiënten. 

Bovenstaande activiteiten kunnen nog sneller ontwikkelen als er patiënt- en dag 
specifieke oefeningen worden aangeboden middels persuasieve strategieën. Het 
verschil tussen mannen en vrouwen moet worden onderzocht met objectieve 
meetmethoden zoals met draagbare technologie. 

Heel kundig handelen vóór patiëntenzorg 

Dit proefschrift eindigt daar waar (technische) geneeskunde studenten hun klinische 
carrière starten.  

In HHoofdstuk 8 wordt een chirurgisch vaardigheidscurriculum voor masterstudenten 
Technische Geneeskunde ontworpen en geëvalueerd op basis van bekwaamheid in een 
gesimuleerde beroepspraktijk. Leeruitkomsten als kennis en vaardigheid zijn onderzocht 
alsook reacties van studenten tijdens de klinische stages. 

In het chirurgisch vaardigheidsonderwijs staat de patiëntroute tijdens een chirurgische 
opname nu centraal. Het vak richt zich op anatomische en fysiologische kennis, 
technische vaardigheden en professionele vaardigheden zoals besluitvoering en 
leiderschap. De beoordelaars van het praktijkexamen werden getraind om subjectieve 
beoordelingen te voorkomen.  

Tijdens de klinische stages hanteerden studenten steriel instrumentarium, gebruikten ze 
steriele technieken op- en rond de operatiekamer en voerden ze hechttechnieken uit. De 
meerderheid van studenten voelde zich zelfverzekerd tijdens (het bijwonen van) 
operaties en gaven aan een professionele houding aan te kunnen nemen.  

Op basis van dit onderzoek bevelen we aan dat een chirurgisch vaardigheidscurriculum 
op basis van bekwaamheid in een gesimuleerde beroepspraktijk standaard zou moeten 
zijn voordat studenten de patiëntenzorg in gaan. 

Algemene conclusie en aanbevelingen 

Minimaal invasieve hartchirurgie kan voor grote patiëntengroepen leiden tot betere 
uitkomsten door het verminderen van de effecten van een hart-long machine. Het 
combineren van patiëntkarakteristieken en operatietechnieken moet de beslisvorming 
voor een (minimaal invasieve) hartoperatie, katheter behandeling, of afzien van 
behandeling nog verder gaan ondersteunen. Technische ontwikkelingen zoals 
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verbeterde biomaterialen voor reconstructieve hartchirurgie en slimme materialen gaan 
de resultaten van hartchirurgie voor patiënten verder verbeteren.  

Veel potentiële nadelen aan off-pump CABG zijn gerelateerd aan het aanleren hiervan. 
Vaak is off-pump CABG training niet aanwezig voor arts-assistenten of hartchirurgen, 
richt het zich puur op de handeling zelf of wordt het überhaupt niet gebruikt. Daarom 
moet een chirurgisch vaardigheidscurriculum op basis van bekwaamheid in een 
gesimuleerde beroepspraktijk een vereiste zijn voordat technieken in de patiëntenzorg 
worden toegepast.  

Ten laatste zal alleen een multidisciplinaire aanpak met gezamenlijke besluitvoering 
tussen patiënten (technisch) medisch specialisten, verpleegkundigen, fysiotherapeuten 
en andere aanverwante beroepen leiden tot betere uitkomsten van hartchirurgie.







CHAPTER 1
GENERAL INTRODUCTION
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IIntroduction and scope 
As late as in 1880 surgical treatment of heart disease was generally disapproved. The 
Austrian influential surgeon prof. Theodor Billroth stated that “No surgeon who wished 
to preserve the respect of his colleagues would ever attempt to suture a wound of the 
heart” [1]. His English colleague Stephen Paget wrote in his 1896 book The Surgery of the 
Chest: “Surgery of the heart has probably reached the limits set by Nature to all surgery: 
no new method, and no new discovery, can overcome the natural difficulties that attend 
a wound of the heart” [2].  

After World War II cardiac surgery truly developed with commissurotomy/valvuloplasty 
of the mitral valve in 1948 [3, 4] with initial high mortality rates. In the early 1950s, 
hypothermia and the development of cardiopulmonary bypass resulted in open heart 
procedures. Coronary artery bypass grafting (CABG) was developed in the 1960s to treat 
ischaemic cardiac disease.  

Now, cardio-thoracic surgery envelops surgery of the heart, lungs, mediastinum, large 
intrathoracic vessels, diaphragm and the thoracic wall. Many operative techniques from 
1950 to 1980 are still used today in cardio-thoracic surgery. 

Trends in treatment of cardiovascular diseases: 
Coronary artery disease 

Next to developments in Optimal Medical Therapy, such as “Golden 5” medication for 
Acute Coronary Syndrome patients, minimal invasive and percutaneous techniques were 
developed. Myocardial revascularisation by percutaneous coronary intervention (PCI) or 
CABG improves quality of life of patients and increases exercise capacity [5]. Also, drug 
intake, death and myocardial infarction are reduced.  

A major disadvantage of cardiopulmonary bypass is the Systemic Inflammatory Response 
Syndrome, where compliment and coagulation cascades are activated and oxidative 
radicals are produced [6]. Minimal invasive extracorporeal circulation (MiECC) was 
introduced in the 1990s to reduce these effects. The main goal of these developments is 
to reduce air-blood contact and therefore reduce coagulopathies and an inflammatory 
response. Despite many theoretical advantages, clinical benefit of this innovation is 
limited to reduced inflammatory markers or shorter intensive care unit stay or is 
determined in retrospective studies [7, 8].  

For CABG, cardiopulmonary bypass can be abandoned by performing off-pump coronary 
artery bypass grafting (OPCAB) where the heart keeps beating during surgery. Here, 
initial results were promising with respect to lower cerebral vascular accidents and 
improved renal function, yet long term outcome is regarded as non-superior to CABG in 
many studies due to incomplete revascularisation or conversions to on-pump surgery. 
Furthermore, a steep learning curve reduces beneficial effects of OPCAB for the first 150 
patients [9], making surgeons not eager to learn this technique.  

Continuous use of aortic side-clamps for proximal anastomoses fail to match no-touch 
aorta techniques with respect to cerebral vascular accidents, although specified 
operative techniques are often lacking from large randomised studies. Furthermore, 
residents might perform OPCAB as primary surgeon [10] and the use of saphenous vein 
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grafts with low patency rates increase revascularisation rates [11]. Contrary, using no-
touch aorta OPCAB techniques without manipulating the ascending aorta give similar 
good results as PCI with respect to neurological outcome [12]. 

Choosing optimal conduits as graft material is still subject of many studies. Where 
autologous veins are easy to harvest and to use as bypass graft, in-situ mammary arteries 
are superior in long-term graft patency and freedom from myocardial infarction, death 
or reintervention. With proper handling, complete arterial revascularisation with internal 
mammary, radial or gastroepiploic arteries proves to be superior to saphenous vein grafts 
[13-15] and is depicted in Figure 1.  

Figure 1 In-situ arterial conduits used for arterial revascularisation of the heart. RIMA/LIMA = 
Right/Left internal mammary artery; LAD = Left anterior descending artery. Adapted from [16]. 

With 115 randomised trials, many expert opinions and strategies for conduit use, optimal 
revascularisation for patients remains under debate [17]. 

Technological advancements came not only with benefits. Balloon angioplasty, first- and 
second generations of drug eluting stents came with high rates of major adverse cardiac 
and cerebrovascular events (MACCE). Newer bioresorbable vascular scaffolds turned out 
to have higher rates of stent thrombosis [18, 19]. Unfortunately, long-term follow-up after 
percutaneous procedures is still scarce and follow-up ends after 5 years [20]. Direct 
comparison in long-term follow-up after percutaneous or surgical revascularisation is 
thus unavailable for large groups of patients.  
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TTrends in treatment of cardiovascular diseases: 
Aortic valve disease and heart failure 

Surgical aortic valve replacement (SAVR) remains largely unchanged since the 
introduction of mechanical and porcine heart valves in the 1960s and bovine pericardial 
valves in the 1970s. Prosthetic aortic valves developed into lifelong enduring mechanical 
prostheses with anticoagulation use for patients, or biological prosthesis with a limited 
lifespan due to structural valve degradation and no need for anticoagulation. 
Cardiopulmonary bypass-related complications persist. 

Transcatheter aortic valve implantation (TAVI) was developed as an alternative to SAVR 
for inoperable or octogenarian patients. However, in TAVI a two-fold increase of 
permanent pacemaker implantations (22% vs 12%) and a three-fold increase in vascular 
complications (6% vs 2%) are observed in a direct comparison to SAVR [21].  

Patients with previous cardiac interventions are getting older due to successful 
treatment, yet experience more chronic cardiac diseases such as heart failure. Heart 
failure already affects over 6.5 million Americans and is expected to increase by 30% in 
2030 [22]. Unfortunately, heart failure is incurable and 5-year mortality is as high as 50%, 
exceeding many types of cancer [23]. 

A healthy lifestyle and use of beta blockers and ACE-inhibitors decrease mortality of heart 
failure and increase quality of life temporarily. To prevent sudden cardiac death, an 
internal cardioverter defibrillator can be implanted. For a small patient group, cardiac 
resynchronisation therapy is indicated, with over 30% of these patients still being non-
responders [24]. While treatment options become limited (Figure 2), very few patients 
receive left ventricular assist devices or heart transplantation, and death awaits.  

New technologies are required to move forward. A non-development or even stasis of 
developments in cardio-thoracic surgery is a potential threat to future patient care. 

Figure 2 Typical heart failure progression and treatment options. Inspired from [25]. 
CRT = Cardiac resynchronisation therapy; LVAD = Left ventricular assist device 
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Together everyone achieves more 

Team efforts with patients, (technical) medical specialists, nurses, physiotherapists and 
other professionals can bring treatments in cardio-thoracic surgery further. This starts 
with educational training for students.  

Training in healthcare education ultimately gives better outcomes in direct patient care. 
Often only a reaction on educational content and increase in skills or knowledge is 
observed with limited use in daily practice. Unfortunately, many students learn their 
clinical or technical skills on patients with damage to patients and a negative patients 
perspective on young healthcare professionals. In the United Kingdom, mortality rates 
are 6% higher on the first day of junior medical doctors [26].  

Simulation in healthcare aims to decrease these effects during mastering of these clinical 
and technical skills. A well-defined clinical situation is demonstrated in a safe 
environment where mistakes do not lead to disastrous effects (Figure 3).  

 
Figure 3 Surgical Skills simulation at University of Twente (Photo by Arthur Veugelers) 

Often, only limited simulation time is still present in (post-)graduate and continuous 
professional medical education. Furthermore patients (should) have a more prominent 
role in decision making and control of their own recovery. A well informed patient 
experiences less complications after surgery. Also pre-operative optimisation on diet, 
smoking cessation, increase of exercise tolerance improve surgical outcome [27]. Even 
after surgery, patients are able to improve their recovery with active mobilisation 
strategies. Contrarily patients in daily practice are afraid to be active after major surgery, 
being afraid to damage muscles and wounds or do not know why active recovery is so 



 24 

important to them. Shared decision making and what really matters to patients remain 
undiscussed. 

Finally, joint efforts of surgeons, cardiologists, technical physicians and other 
professionals should determine optimal treatment and diagnostic procedures for 
individual patients. Geriatricians determine operability of elderly patients, medical 
microbiologists advice optimal antibiotic treatment and anaesthesiologists suitability for 
narcosis.  

Where heart team discussions already proved to increase patient outcome [5], additional 
experts for specific cases are increasingly becoming more important for more complex 
patients.  

AAim and structure of this thesis 
Cardiac surgery is unmatched on long-term clinical outcome by cardiological 
interventions. However, a perceived drawback is its invasiveness. As a result, numbers are 
dropping and developments are mainly funded for interventional cardiology at the 
expense of cardiac surgery.  

To prevent cardiac surgery becoming a secondary treatment, several themes can be 
defined to make cardiac surgery future sustainable. The hypothesis is that cardiac surgery 
remains a first time right strategy for patients when these themes are adopted in clinical 
practice. This results in this thesis: “Innovations in cardio-thoracic surgery: Predicting and 
optimising outcome with state of the heart technology” 

This thesis is divided into three parts, preceded by this introductory CChapter 1 and 
followed by a conclusion and discussion. 

PART I: Minimally invasive cardiac surgery 

By reducing the impact of cardiopulmonary bypass, outcomes for large groups of 
patients might improve whereas other patient groups might even be unsuitable for 
cardiac surgery with cardiopulmonary bypass.  

In CChapter 2 systemic effects of cardiopulmonary bypass are reduced by using a minimal 
invasive extracorporeal circulation approach for aortic valve replacement. In a 
randomised controlled trial effects of this approach on blood loss are described.  

Coronary artery bypass grafting (CABG) of the left internal mammary artery to the left 
anterior descending artery is superior to percutaneous interventions with respect to graft 
patency. Furthermore, off-pump CABG (OPCAB) proves to offer peri-operative evaluation 
of technical quality of the anastomosis.  

Chapter 3 describes a prospective study of these peri-operative measurements using 
transit time flow measurements to reduce early graft failure with respect to competitive 
flow of the native coronary arteries. 

Large randomised trials comparing OPCAB to CABG fail to show superior results. Reasons 
are a steep learning curve, side clamping of the aorta and use of venous grafts instead of 
complete arterial revascularisation. As a second or third arterial graft the radial artery is 
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recommended. However, previous vascular access during coronary angiography 
damages the radial artery and limits its use as graft for CABG. 

In a semi-structured interview and retrospective study, CChapter 4 gives an overview how 
Dutch cardiologists cope with this clinical dilemma and determines the scope of the 
clinical problem in a high volume transradial access and radial artery graft centre. 

PART II: Technological innovations in cardio-thoracic surgery 

Technological innovations in cardio-thoracic surgery are necessary to further  improve 
surgical outcome. A major drawback of biological prosthesis is structural valve 
degradation and calcification. Unfortunately, reoperation is associated with higher risks 
for patients.  

Chapter 5 describes a biomechanical analysis of supercritical carbon dioxide treatment 
for pericardium for potential use as bioprosthetic heart valve or for other applications.  

As heart failure will increase in the general population and limited treatments options 
exist for patients with advanced heart failure, new treatments should be developed.  

Chapter 6 describes the first efforts to develop such a device. Here in vitro experiments 
demonstrated the possibility of increasing the ejection fraction and potentially increase 
quality of life of patients and mortality. 

PART III: Multidisciplinary approaches to improve outcome of heart 
surgery 

Using a multidisciplinary approach with efforts from patients, (technical) medical 
specialists, nurses, physiotherapists and other professionals can bring treatments in 
cardio-thoracic surgery further.  

Chapter 7 describes a prospective study to improve early mobilisation after heart surgery 
and increase patient self-control of their rehabilitation. Patients were asked to reflect on 
this approach. 

A multidisciplinary approach also includes advanced simulation specialists and 
deliberate practice in a simulated environment before practicing on patients.  

Chapter 8 discusses the design of a new course on graduate surgical skill simulation, 
including assessment development and validation of practical skills and theoretical 
knowledge. Here, we asked students during their clinical rotations how they value this 
new course. 

Chapter 9 is a general discussion and conclusion on the findings of this thesis, followed 
by an outlook on future directions of cardio-thoracic surgery. 

This thesis concludes with a list of publications and activities. 
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AAbbreviations and acronyms 
AdECC Advanced extracorporeal circulation 
AVR  Aortic valve replacement 
CK  Creatine kinase 
ECC  Extracorporeal circulation 
Hb  Haemoglobin 
ICU  Intensive care unit 
MiECC  Minimal invasive extracorporeal circulation 
MiECTiS Minimal invasive Extra-Corporeal Technologies international Society 
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Abstract 
Background  

Complications related to extracorporeal circulation remain serious. Although a minimal 
invasive extra corporeal circulation (MiECC) system was developed to cope with these 
complications, its effectivity on patient-related outcomes such as blood loss remain 
uncertain. Therefore, the aim of this study is to compare MiECC to an advanced standard 
system with respect to blood loss. 

Methods  

A total of 128 adult patients undergoing elective isolated aortic valve replacement were 
enrolled in a randomised clinical trial. Patients who had undergone previous heart 
operations and with pre-existing kidney failure were excluded.  

The primary end point was postoperative blood loss after 12 hours and at drain removal. 
Secondary end points included intensive care and total length of stay and intubation 
time. After 1 hour and 12 hours after surgery, clinical laboratory data were determined. 
Early clinical outcomes and long-term survival were determined. 

Results  

MiECC patients (n = 63) had a significant lower blood loss (230 mL, 95% confidence 
interval: [203 to 261 mL]) than regular patients (n = 62) after 12 hours (288 mL, 95% 
Confidence Interval : [241 to 344 mL], p = 0.04). A preservation of haemoglobin levels 
1 hour and 12 hours after surgery in the MiECC group were observed (p < 0.001). No 
difference was found in early clinical outcomes and long-term survival. 

Conclusions  

This randomised controlled trial compares MiECC and an advanced system for aortic 
valve replacement with blood loss as primary endpoint. We conclude that using MiECC is 
clinically equal for short- and long term follow-up regarding blood loss.  

Clinical trial registration: NTR3378. 
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IIntroduction 
Since the introduction of cardiopulmonary bypass or extracorporeal circulation (ECC) in 
the 1950s, mortality from cardiac surgery dropped to low levels. In the 1990s however, 
complications related to ECC remained serious such as the systemic inflammatory 
response syndrome [1]. 

To reduce systemic effects of ECC, a primitive minimal invasive ECC (MiECC) was 
developed. The main goal of these developments is to reduce air-blood contact and 
therefore to reduce coagulopathies and an inflammatory response. In the early days of 
MiECC major concerns existed for possible air embolisation, yet adequate team 
management, continuous carbon dioxide field flooding and a venous air bubble trap 
resolved most of the safety concerns [2-4]. 

The Minimal invasive Extra-Corporeal Technologies international Society (MiECTiS) set 
standards to describe a MiECC and categorizes MiECC systems in four categories [5]. Main 
components of these systems are listed in Table 1.  

Table 1 Characteristics of minimal invasive extracorporeal circulation as defined by the Minimal 
invasive Extra-Corporeal Technologies international Society [5] 
Characteristic  
Closed cardiopulmonary bypass circuit Heat exchanger 
Biologically inert blood contact surfaces Cardioplegia system 
Reduced priming volume Venous bubble trap 
Centrifugal pump Shed blood management system 
Membrane oxygenator 

Many theoretical advantages exist about the use of MiECC for isolated aortic valve 
replacements (AVRs). Still, in 2013 MiECC was used in only 20% of all isolated AVRs in 
Germany [6]. 

A meta-analysis on short-term outcome of MiECC found a significant (p = 0.04) reduction 
of blood loss of 114 mL and was pooled from four small early MiECC studies [7], yet these 
studies had blood loss as secondary endpoint. Thus far, only small cohort studies and 
poorly constructed small randomised controlled trials were conducted for MiECC use in 
isolated AVR patients [2, 3, 8]. Moreover, these studies used roller pumps that are an 
important factor in haemolysis and platelet activation [9]. Furthermore, these studies 
demonstrated equipoise on safety end points such as clinical laboratory data and in-
hospital mortality and morbidity, yet they did not include blood loss as a primary end 
point. Finally, since the introduction of MiECC, some conventional systems advanced into 
less-invasive systems by decreasing blood-air contact. 

Therefore, the aim of this study is to compare MiECC with an advanced ECC (AdECC) with 
respect to blood loss in patients undergoing isolated AVR. 
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Patients and methods 
Trial design and study population 

This was a single centre, 1 : 1 intention-to-treat parallel-group study conducted at Thorax 
Centrum Twente (Medisch Spectrum Twente Hospital, Enschede, The Netherlands), a 
tertiary non-academic teaching hospital. Patients were included from 
April 2012 to January 2016. During the trial, the original protocol was amended to extend 
the study period from January 2014 to January 2016 after a delay in recruiting because of 
unavailability of the MiECC system.  

This study is reported as per the consolidated standards of reporting trials guidelines [10] 
and standards for publishing randomised controlled trials in the Annals of Thoracic 
Surgery [11]. Eligible participants were all adults aged 18 or older undergoing elective 
isolated AVR for moderate-severe aortic valve stenosis or aortic regurgitation and eligible 
for MiECC perfusion (Body mass index [BMI] 20 – 50). Exclusion criteria were previous 
heart surgery and pre-existing kidney failure. Patients were recruited at the day of 
admission to the hospital. 

Four cardiothoracic surgeons participated in the study. All team members were 
previously trained for MiECC for at least 1 year and 50 patients. Ethical approval was 
acquired from a local Medical Ethical Committee (NL39386.044.12) and institutional 
review board. Written consent was obtained according to the Declaration of Helsinki. 

Anaesthesia management and surgical approach 

All eligible patients received standard preoperative care as determined by the attending 
physician. Anaesthesia was standardized when possible and was induced by sufentanil 
(0.5 to 1 μg/kg), combined with etomidate (0.2 – 0.3 mg/kg), rocuronium (0.6 mg/kg) and 
dexamethasone (1 mg/kg). Anaesthetic management was maintained with propofol 
infusion (2 mg/kg/h), sufentanil perfusion (0.5 μg/kg/hr) and sevoflurane, according to 
the patient’s needs and bispectral index (target values: 40 to 50).  

Surgical access was achieved through a full median sternotomy and central cannulation 
was established after heparinisation (400 IU/kg). In all patients a target activated clotting 
time of 440 seconds was achieved and normothermia (35 to 37°C) was applied. 
Intermitted blood cardioplegia was given after cross clamping the aorta and repeated 
every 15 min after total cardiac arrest.  

Heparinisation was reversed with protamine sulphate (1 mg per 100 UI of heparin) to 
reach an activated clotting time within 10% of baseline level in both groups. A cell saver 
device (Sorin Electa, Sorin Group, Mirandola, Italy) was used in all patients to reinfuse 
pericardial shed blood and to remove activated platelets and coagulation factors.  

All patients were admitted to the intensive care unit (ICU) after surgical procedures. 
Postoperative care and rethoracotomy policy were at the discretion of the attending 
physician. Patients received a packed cell transfusion with haematocrit levels less than 
25%, and according to the 6 – 5 – 4 transfusion policy [12].  
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AAdECC (Control) 

We used an advanced conventional extracorporeal system characterized as a MiECTiS 
type IV-like circuit [5] with a Bioline-coated circuit (Maquet Cardiopulmonary, Rastatt, 
Germany), diffusion membrane oxygenator (Quadrox-iD, Maquet) with integrated 
arterial filter and heat exchanger, a centrifugal pump (Rotaflow, Maquet), a soft-shell 
reservoir for systemic blood and a cardiotomy reservoir for shed mediastinal blood 
suction, aortic root, and left heart venting. A suction vent was positioned in the aortic 
root and right superior pulmonary vein. We name this our gold standard group and refer 
to it as the AdECC group.  

The circuit was primed with 1500 mL of Ringer’s lactate, 200 mL of mannitol 15%, 200 mL 
of albumin, 30 mL of sodium carbonate 8.4%, and 75 mg of porcine heparin (7500 IU); 
850 mL retro priming was applied to reduce priming volume.  

MiECC 

The MiECC system (MECC, Maquet) was a MiECTiS type II closed miniaturized circuit with 
no blood–air contact and no open venous reservoir. The system components included a 
centrifugal Rotaflow pump (Maquet), a diffusion membrane oxygenator (Quadrox-i, 
Maquet) with integrated heat exchanger and a venous bubble trap (VBT160, Maquet) 
located between the venous line and the centrifugal pump. A suction vent was 
positioned in the aortic root and pulmonary artery. All components were Bioline coated 
(Maquet). The MiECC circuit was primed with 800 mL physiological saline solution and 
retro priming was used.  

Study design and variable definition 

The primary end point was postoperative blood loss measured after 12 hours or at drain 
removal if earlier than 12 hours. Secondary endpoints included ICU length of stay, length 
of total hospital stay and intubation time. Plasma loss was measured as plasma separated 
from pericardial blood after cell saver centrifugation. After 1 hour and 12 hours after 
surgery, haemoglobin, haematocrit and thrombocytes levels were determined. After 
12 hours after surgery, leukocytes, C-reactive protein, urea, creatine kinase (CK), CK-
myocardial band and creatinine were also determined.  

Further clinical relevant secondary end points were determined as follows. 
Periprocedural myocardial infarction was based on CK-myocardial band values 10 times 
CK and new alterations in electrocardiography or transthoracic echocardiography, and 
postoperative acute kidney injury was based on estimated glomerular filtration rate 
reduction greater than 50% within 48 hours after surgery and was calculated by using the 
modification of diet in renal disease formula.  

We recorded rethoracotomy during hospital admission, postoperative atrial fibrillation 
and calculated major adverse cardiac and cerebrovascular events as composite endpoint 
of Periprocedural Myocardial Infarction, stroke and 30-day mortality. Thirty-,120-, and 
365-day and overall mortality were determined as survival proportions.

Patients were allocated by using sealed envelopes in block randomisation for 
intervention and were equally distributed among surgeons. Random allocation sequence 
was done by an independent researcher with a 1 : 1 allocation using a block size of 5. 
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Envelopes were opened after surgeons acquired informed consent from patients the day 
before surgery. Because of the nature of intervention, patients, surgeons and researchers 
were aware of the allocated arm of treatment.  

Statistical analysis 

To detect a reduction in blood loss with the use of MiECC, we used 66 MiECC/AdECC AVRs 
from our own centre. With a one-sided 5% significance level and power of 80%, a sample 
size of 55 patients per group was necessary. Statistical analysis was performed with SPSS 
version 23.0 (SPSS Inc, Chicago, IL). A p-value of less than 0.05 was set as statistical 
significance.  

All continuous variables were tested for normality with the Kolmogorov–Smirnov and 
Shapiro-Wilk test and visual inspection of histograms. Non-normal data were log-
transformed. Variables were analysed with t-tests for independent samples or with the 
analysis of variance (ANOVA) for repeated measures. For unsuccessful log-transformation 
the Mann-Whitney U test was applied and with overdispersion we used a negative 
binomial regression.  

Categorical variables were compared with the χ2 test. A Kaplan-Meier analysis estimated 
survival over time. Imbalances in baseline characteristics were assessed using univariate 
analysis for influence on blood loss, including variables with p less than 0.10. Results are 
reported as mean ± SD when normally distributed and median with interquartile range 
in non-normal distributions. 

Results 
One hundred twenty-eight patients were included in this study, with MiECC and AdECC 
evenly distributed between the groups. Three patients were excluded after being 
randomly assigned because of BMI less than 20 (n = 2) and concomitant elective planning 
for coronary artery bypass graft surgery (n = 1). Therefore, 125 patients were included in 
this analysis: 63 in the MiECC-group and 62 in the AdECC group. Eligible patients were 
included from April 2012 to January 1st 2016. Follow-up on mortality was 100% for this 
analysis and ended February 12th 2018. 

Baseline characteristics 

Baseline demographic and clinical characteristics of this study are shown in Table 2. No 
significant differences were found between the study groups, except for BMI (MiECC: 
29 ± 4.1 kg/m2; AdECC: 27 ± 3.6 kg/m2, p = 0.008). Both BMI and ECC type were used in an 
univariate analysis for influence on blood loss. Tests of between-subjects effects showed 
no influence of BMI on blood loss (Supplementary Figure 1).  
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TTable 2 Baseline characteristics 
VVariable  MMiECC (n = 63)  AAdECC (n = 62)  pp value  
Sex (male) 48% (30) 53% (33) 0.59 
Age, years 71 ± 8.4 72 ± 8.8 0.35 
BMI, kg/m2 29 ± 4.1 27 ± 3.6 0.008 
NYHA class … … 0.89 

I 13 15 … 
II 30 28 … 
III 20 19 … 
IV 0 0 … 

CCS class … … 0.74 
0 26 22 … 
1 14 18 … 
2 22 20 … 
3 1 2 … 
4 0 0 … 

Aortic valve area, cm2 0.82 ± 0.18 0.79 ± 0.19 0.35 
Aortic valve gradient, mm Hg 79 ± 23 76 ± 20 0.37 
EuroSCORE I, log 5.6 ± 3.5 6.2 ± 4.0 0.38 
Preoperative Aspirin 41% (26) 45% (28) 0.72 
Aspirin stopped preoperative, days 2.8 ± 2.9 2.6 ± 3.0 0.89 
Preoperative DAPT 4.8% (3) 4.8% (3) 1.0 
DAPT stopped preoperative, days 4.0 ± 3.6 6.5 ± 2.1 0.45 
Preoperative anticoagulant agents 21% (13) 16% (10) 0.65 
Anticoagulant agents stopped 
preoperative, days 

3.1 ± 2.2 3.3 ± 2.0 0.87 

INR 1.0 [1.0 – 1.1] 1.0 [1.0 – 1.1] 0.90 
Preoperative creatinine, μmol/L 80 [68 – 92] 81 [68 – 97] 0.83 
Preoperative haemoglobin, mmol/L 8.5 ± 0.87 8.5 ± 0.86 0.92 
Preoperative haematocrit, L/L 0.41 ± 0.04 0.41 ± 0.04 0.92 
Thrombocytes pre-surgery, ×109 /L 215 [179 – 249] 217 [190 – 267] 0.12 
1 mmol/L haemoglobin = 1.61 g/dL haemoglobin. 
AdECC = Advanced extracorporeal circulation; BMI = Body mass index; CCS = Canadian 
Cardiovascular Society; DAPT = Dual anti platelet therapy; EuroSCORE = European system for 
cardiac operative risk evaluation; INR = International normalised ratio; MiECC = Minimal invasive 
extracorporeal circulation; NYHA = New York Health Association 
 

IIntraoperative characteristics 

No conversions to an open ECC system nor air bubbles in the circuit were encountered, 
and operative mortality was not observed. No significant differences were found in 
intraoperative characteristics (Table 3).  

Plasma loss during surgery was twice as high in the MiECC group (841 ± 452 mL) than in 
the AdECC group (409 ± 300 mL, p < 0.001) and return of pericardial shed blood using a 
cell saver device was comparable with the former plasma loss. 
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Table 3 Intraoperative characteristics 
Variable  MiECC (n = 663) AdECC (n = 62)  p value  
Cardiopulmonary bypass time, minutes 74 ± 18 80 ± 26 0.14 
Aortic cross-clamp time, minutes 51 ± 17 54 ± 20 0.32 
Biological aortic valve prosthesis 83% (52) 81% (50) 0.82 
Valve size, mm … … 0.45 
   19 1 0 … 
   21 14 15 … 
   23 32 25 … 
   25 12 17 … 
   27 4 5 … 
    

In-hospital postoperative characteristics 

Table 4 shows postoperative blood management, laboratory results, and clinical end 
points. Blood loss, our primary end point, was non-normally distributed and successfully 
log transformed into a normal distribution. We found a significant difference in blood loss 
between both groups, favouring the MiECC (230 mL, 95% Confidence Interval: 
[203 to 261 mL]) compared with the AdECC (288 mL, 95% CI: [241 to 344 mL], p = 0.043) 
patients (n = 62) after 12 hours (Figure 1).  

In 4 of 6 AdECC patients with blood loss more than 750 mL, a rethoracotomy was 
performed when two minor surgical bleeding sites were discovered. For both MiECC 
patients with a blood loss more than 750 mL, no rethoracotomies were deemed 
necessary. However, 1 patient received 1 unit of packed red blood cells. 

 
Fiigure 1 Blood loss 12 hours after surgery. Blood loss was significantly higher in the advanced 
extracorporeal circulation (AdECC) group than in the minimal invasive extracorporeal circulation 
(MiECC) group. * p = 0.043. Whiskers show the 25th and 75th percentile ± 1.5 times interquartile 
range (Tukey box-and-whiskers plot) 
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FFigure 2 Boxplot of haemoglobin (Hb) levels 1 hour after surgery. Hb was significantly higher 
in the minimal invasive extracorporeal circulation (MiECC) group than in the advanced 
extracorporeal circulation (AdECC) group. *** p < 0.001. 1 mmol/L = 1.61 g/dL Hb  

 

Simultaneously, haemoglobin (Hb) levels were significantly higher at all time points in 
the MiECC group (Hb 1 hour after surgery: 6.7 ± 0.97 mmol/L; Hb 12 hours after surgery: 
7.3 ± 0.80 mmol/L) compared with the AdECC group (Hb 1 hour: 6.1 ± 0.88 mmol/L; 
Hb 12 hours: 6.7 ± 0.77 mmol/L, p < 0.001). A distribution of haemoglobin levels 1 hour 
after surgery is displayed in Figure 2. 

An ANOVA for repeated measures showed a significant time effect as well as interaction 
of time and ECC-type (ANOVA, F(1.98, 243) = 11.9, p < 0.001), see Supplementary Figure 1. 

C-Reactive Protein as a marker for inflammation was slightly decreased in the MiECC
group (35 ± 20 mg/L) compared with the AdECC (43 ± 23 mg/L, p = 0.043). No other
markers for organ damage were observed (Table 4).

Because our transfusion data was over-dispersed (many zero transfusions), a negative 
binomial regression analysis was used. No influence of ECC type on packed red blood 
cells, fresh frozen plasma or thrombocyte transfusions was found (p > 0.27). 

Long term follow-up 

We had a 30-day survival of 98.4% in both groups (Figure 3). After 120 days survival was 
still 96.8% in both groups. Median follow-up was 1,571 days in the MiECC group and 
1,612 days in the AdECC group with no significant differences at all timepoints (Figure 3). 
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Table 4 Postoperative results and laboratory data 
Variable  MiECC (n = 63)  AdECC (n = 62)  p value  
Haematology  and blood management     

 Blood loss after 12 hours, mL 230 [203 – 261] 288 [241 – 344] 0.04a 
 Plasma loss, mL 841 ± 452 409 ± 300 < 0.001 
 Reinfusion of cells, mL 776 ± 519 348 ± 262 < 0.001 
 Haemoglobin after 1 hour, mmol/L 6.7 ± 0.97 6.1 ± 0.88 < 0.001 
 Haemoglobin after 12 hours, mmol/L 7.3 ± 0.80 6.7 ± 0.77 < 0.001 
 Haematocrit after 1 hour, L/L 0.33 ± 0.05 0.30 ± 0.04 < 0.001 
 Haematocrit after 12 hours, L/L 0.36 ± 0.04 0.33 ± 0.04 < 0.001 
 Thrombocytes after 1 hour, ×109 /L 131 ± 45 139 ± 54 0.42 
 Thrombocytes after 12 hours, ×109 /L 151 ± 48 162 ± 44 0.18 

Laboratory data     
 Leukocytes after 12 hours, ×109 /L 15 ± 3.5 14 ± 4.2 0.29 
 CRP after 12 hours, mg /L 35 ± 20 43 ± 23 0.04 
 Urea, mmol/L 7.7 ± 2.7 7.8 ± 2.4 0.87 
 CK, U/L 303 [226 – 454] 318 [254 – 463] 0.61 
 CK myocardial band, ng/mL 18 [14 – 25] 21 [14 – 24] 0.50 
 Troponin T high sensitivity, ng/L 324 ± 171 363 ± 311 0.39 
 Creatinine after 24 hours, μmol/L 72 [61 – 92] 75 [61 – 89] 0.72 
 eGFR reduction > 50% within 48 hours 1.6% (1) 4.8% (3) 0.37 

Clinical end points     
 MACCE 7.9% (5) 8.1% (5) 1.00 
 Periprocedural Myocardial Infarction 6.3% (4) 6.5% (4) 1.00 
 Stroke 0% (0) 0% (0) 1.00 
 Packed red blood cells transfusion 19% (12) 27% (17) 0.30b 
 Fresh frozen plasma transfusion 8% (5) 15% (9) 0.27b 
 Thrombocytes transfusion 8% (5) 9.7% (6) 0.76b 
 Post-operative atrial fibrillation 40% (25) 37% (23) 0.86 
 Rethoracotomy 1.6% (1) 6.5% (4) 0.21 
 Intensive Care Unit stay, days 1 [1 – 1] 1 [1 – 2] 0.55 
 Length of stay, days 6 [5 – 7] 6 [5 – 7] 0.20 
 Ventilation time, hours 7 [6 – 11] 8 [5 – 12.5] 0.44b 

a p value of log-transformed data; b p value of negative binomial regression analysis 
Values are expressed as n (%), mean ± SD, or median [interquartile range] 
AdECC = Advanced extracorporeal circulation; CK = Creatine kinase; CRP = C-Reactive Protein; 
eGFR = Estimated glomerular filtration ratio; MACCE = Major adverse cardiovascular and 
cerebrovascular event; MiECC = Minimal invasive extracorporeal circulation 
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FFigure 3 Survival proportions of both groups showing no significant difference in survival at all 
time points. AdECC = Advanced extacorporeal circulation; 
MiECC = Minimal invasive extracorporeal circulation; NS = not significant 

CComment 
We compared a MiECC to AdECC on blood loss after aortic valve surgery in a randomised 
controlled trial. We found a significant reduction in our primary end point of blood loss 
after 12 hours in the MiECC group (230 mL) compared with the AdECC group (288 mL, 
p = 0.04). A preservation of haemoglobin levels 1 hour and 12 hours after surgery in the 
MiECC group was observed (p < 0.001).  

This study is the largest randomised controlled trial to compare MiECC with AdECC for 
isolated aortic valve surgery with blood loss as primary end point. A pooled analysis from 
three trials on AVR surgery with considerable heterogeneity (I2 = 81%) showed a 
significant reduction of postoperative blood loss of 115 mL in MiECC procedures, ranging 
from 36 mL to 208 mL [13]. Our blood loss difference of 58 mL is within the range of these 
studies. A meta-analysis of previous studies in AVR surgery was published by Wang and 
colleagues in 2016 and showed a minor reduction in ICU stay for 6 hours and total 
hospital stay for 18 hours, favouring MiECC greater than conventional ECC [14], which we 
were not able to demonstrate. 

Clinical and research implications of this study 

Although we find a significant difference in blood loss between AdECC and MiECC of 
58 mL (288 vs 230 mL), this difference has no major clinical impact for a general 
population. There was no difference in blood product use or other clinical endpoints. A 
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reason for this finding could be that blood loss difference was smaller than the 
transfusion trigger [12]. Plasma loss was significantly higher in the MiECC group, where 
more pericardial blood drained into the cell saver and separated plasma was discarded. 
Our data suggests that this has no specific impact on patient outcome.  

Unfortunately, literature about long term follow up is scarce and other studies or 
systematic reviews frequently mention only in-hospital or 30-day mortality [7, 13], while 
early mortality of cardio-thoracic surgery continues up to 120-days [15]. Our 30-
day mortality is low (1.6% in both groups), as well as our in-hospital mortality (1.6% in 
both groups) compared with other trials (Table 5) or The Society of Thoracic Surgeons 
unadjusted operative mortality for AVR (2.4%) [16].  

Although our study was not powered for this safety endpoint, our long term follow up 
with median follow up of more than 4 years (1600 days) indicate no difference in long-
term survival between both groups.  

Limitations 

We obtained a significantly higher BMI in the MiECC group than in the AdECC group 
(29 vs 27 kg/m2, p = 0.008) despite our random assignment of patients. A high BMI might 
influence haematology because of increased circulation volume; therefore, we included 
BMI and ECC-type in an univariate analysis on blood loss. Here, we found no influence of 
BMI on blood loss (Supplement 1).  

Nolan and colleagues found a decreased postoperative blood loss in overweight and 
obese BMI in patients with coronary artery bypass grafting [17]. With the use of their 
categorisation, still no effect on (log transferred) blood loss was observed in our AVR 
study. 

Furthermore, analysis of the coagulation cascade might have given insights of in vivo 
haemostasis. No differences in pre-operative aspirin or dual anti platelet therapy were 
observed between both groups (Table 2). For future studies, thromboelastography and 
thromboelastometry can be beneficial.  

Comparison between both systems 

In our study we used a MiECTiS type II MiECC as the intervention group (MiECC) and a 
modified conventional ECC with MiECC characteristics (AdECC, MiECTiS type IV-like). We 
define this as “MiECTiS type IV-like” because we used a fully coated circuit, a centrifugal 
pump, arterial filter and soft-shell reservoir with a miniaturized circuit volume because of 
retro priming. Therefore, this was not fully complying to MiECTiS type IV classification 
(reduced priming volume) yet also not defined as conventional ECC in most studies.  

Most studies compared conventional ECC with roller pumps and uncoated circuits to 
MiECC in small retrospective or poorly designed randomizes studies. Here, we show that 
there is a small advantage in blood loss reduction even between two advanced ECC 
systems.  
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To conclude, some centres prefer a conventional ECC system due to perceived safety 
concerns and training of dedicated teams. In our centre, only specifically trained 
perfusionists and surgeons run MiECC after a training of at least 50 patients. Using an 
AdECC system might be an alternative to these centres, with added benefits from fully 
coated lines, a centrifugal pump and arterial filters. 
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Supplements 
Supplementary Figure 1 

Supplementary Figure 1 Haemoglobin levels (Hb, mmol/L) before and after surgery. Hb levels 
were higher in the MiECC group at all timepoints after surgery, compared with the AdECC group 
(ANOVA, F(1.98, 243) = 11.9, p < 0.001). AdECC = Advanced extracorporeal circulation; 
MiECC = Minimal invasive extracorporeal circulation 

5

6

7

8

9

MiECC

AdECC

p  < 0.001

Preoperative 1 hour
postoperative

12 hours
postoperative

H
ae

m
og

lo
bi

n 
(m

m
ol

/L
)





CHAPTER 3
INTRAOPERATIVE TRANSIT TIME FLOW MEASUREMENTS:
THE IMPACT OF CORONARY STENOSIS ON COMPETITIVE FLOW

Submitted

F.R. Halfwerk 1,  2 *

P. Spoor 1 *

S. Mariani 1,  3

R. Hagmeijer 4
J.G. Grandjean 1,  2

* Contributed equally to this paper

1 Dept. of Cardio-Thoracic Surgery, Thoraxcentrum Twente, Medisch Spectrum Twente Hospital, 
Enschede, The Netherlands

2 Dept. of Biomechanical Engineering, Faculty of Engineering Technology, University of Twente, 
Enschede, The Netherlands

3 Dept. of Cardiothoracic, Transplantation and Vascular Surgery, Hannover Medical School, 
Hannover, Germany

4 Dept. of Engineering Fluid Dynamics, Faculty of Engineering Technology, University of Twente, 
Enschede, The Netherlands

Lorem ipsum



50 

AAbbreviations and acronyms 
ACI Acoustic coupling index 
BF Backflow 
CABG Coronary artery bypass grafting 
CFI Competitive flow index 
DF Diastolic flow 
EACTS  European Association for Cardio-Thoracic Surgery 
ESC European Society of Cardiology 
EuroSCORE European system for cardiac operative risk evaluation 
FFR Fractional flow reserve 
LAD Left anterior descending coronary artery 
D Diagonal branch 
LIMA Left internal mammary artery 
LM Left main coronary artery 
MGF Mean graft flow 
NYHA New York Health Association 
OPCAB  Off-pump coronary artery bypass grafting 
PI Pulsatility index 
QCA Quantitative coronary analysis 
TTFM Transit time flow measurements 
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Abstract 
Background  

Combining preoperative angiography findings with intraoperative transit time flow 
measurements (TTFM) may improve patency of coronary artery bypass grafts. 
Nevertheless, graft flow might be impaired by native coronary flow based on the severity 
of proximal stenoses, with consequences on long-term outcomes. This study investigates 
the impact of left anterior descending artery (LAD) stenosis on competitive flow 
measured in left internal mammary artery (LIMA) grafts. 

Methods 

Fifty patients were included in this prospective single-centre cohort study. LAD stenosis 
was assessed with quantitative coronary analysis (QCA) and stratified into three groups 
based on its severity. TTFM of LIMA grafts were performed with LAD open and 
temporarily occluded. A change in mean graft flow after LAD snaring was the primary 
endpoint. Secondary endpoints included further TTFM parameters, clinical outcomes and 
competitive flow index (CFI), defined as the ratio of mean graft flow with open or closed 
LAD. 

Results 

Mean LAD stenosis objectified with QCA was 58 ± 15%. Mean LIMA graft flow increased 
from 20 mL/min with open LAD to 30 mL/min with snared LAD (p < 0.001) and no 
differences among groups were observed. TTFM cut-off values for graft patency 
improved in 26% to 42% of patients after LAD occlusion. Median CFI was 0.66 (IQR: 
0.56 – 0.82). Postoperative myocardial infarction occurred in 2.0% of patients, 120 day 
mortality was 0% and 2 year mortality was 6.0%. 

Conclusions 

Routine snaring of the LAD with CFI calculation during coronary artery bypass grafting is 
useful to detect significant competitive flow in LIMA grafts, potentially preventing 
unnecessary intraoperative graft revisions.  
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IIntroduction 
Myocardial revascularisation by percutaneous coronary intervention or coronary artery 
bypass graft (CABG) is an effective strategy to improve symptoms, quality of life and 
survival in patients suffering from severe coronary stenosis [1]. Indication for 
revascularisation is mainly based on visual quantification of the stenosis performed by an 
interventional cardiologist. Notwithstanding, this method is affected by a high intra and 
inter-observer variability with low concordance on clinical relevant cut-off points [2, 3]. 

Quantitative coronary analysis (QCA) using cardiac angiography has been applied for 
anatomical evaluation of coronary stenoses but its predictive value in terms of graft 
patency is yet not comparable to functional assessment methods such as the more 
invasive fractional flow reserve (FFR) measurement [4]. Consequently, the degree of a 
coronary stenosis can be misjudged impacting short and long-term outcomes of 
coronary artery bypass grafts. This is particularly true for arterial grafts. On one side, 
arterial grafts demonstrated excellent long-term disease-free survival, low myocardial 
revascularisation rates and high graft patency [5, 6]. On the other side, they require 
proper handling to avoid early technical failure and their patency can be significantly 
affected by the presence of competitive flow from native coronaries [7]. Therefore, early 
detection of competitive flow on arterial grafts might be relevant to predict their long-
term patency. 

Competitive flow is defined as bypass graft flow impaired by native coronary flow, or as 
bypass graft flow that progressively lessens as proximal coronary artery stenosis 
decreases [8]. In detail, competitive flow occurs when resistance of the graft matches or 
exceeds native coronary artery resistance and is related to the degree of a proximal 
stenosis [9]. Thus far, the impact of stenosis and competitive flow on arterial grafts was 
observed only in animal studies. Small canine and porcine studies showed a decrease in 
left internal mammary artery (LIMA) flow in patent coronary arteries [10-12]. Furthermore, 
a human study investigating the use of LIMA grafting in moderately stenotic coronary 
arteries [13] and one case report [14] showed similar results. 

Intraoperative flow measurements 

Intraoperative evaluation of competitive flow can be performed through transit time flow 
measurements (TTFM). Studies showed that TTFM detects intraoperative graft occlusion 
in up to 5 to 11% of cases [15, 16] and improves short-to-middle term outcomes in both 
on-pump and off-pump CABG (OPCAB) [16, 17]. Moreover, European Society of 
Cardiology (ESC)/European Association for Cardio-Thoracic Surgery (EACTS) guidelines 
on myocardial revascularisation recommend the routine use of intraoperative graft flow 
assessment through TTFM[1]. Nevertheless, clinical relevant TTFM cut-off values for graft 
failure vary between studies and are still debated [18].  

Combining preoperative angiography findings with intraoperative TTFM may 
significantly impact graft patency. This becomes particularly important for grafts such as 
the LIMA to left anterior descending coronary (LAD) which has the highest influence on 
clinical outcomes [1, 19]. This study investigates the impact of coronary stenosis on 
competitive flow in off-pump LIMA to LAD bypass grafts with the hypothesis that 
competitive flow increases with a lower degree of LAD stenosis. 
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Methods 
Study design and setting 

This is a prospective single-centre cohort study, reported as per the STROBE 
recommendations for observational research [20]. Adult patients undergoing OPCAB 
with LIMA to LAD anastomosis between September 2016 and August 2017 were 
recruited at Medisch Spectrum Twente (Enschede, the Netherlands).  

Patients with previous CABG, chronic total occlusion of the LAD and patients requiring 
emergency surgery were excluded. The number of OPCAB surgeries during the study 
period determined study size. Follow-up data were retrieved from the Netherlands Heart 
Registry [21]. Follow-up regarding revascularisation and myocardial infarction ended on 
October 29th 2019. Follow-up on mortality ended on May 1st 2020 as part of routine 
follow-up [21] to prevent information bias. Patient records from referring hospitals were 
retrieved to complete routine follow-up. This study was exempted from the Medical 
Research Involving Human Subjects Act by the Medical Ethics Committee Twente 
(METC Twente: K16 – 63) and approved on August 11th 2016 by the local institutional 
review board. 

Preoperative evaluation and surgical procedure 

LAD stenosis was quantified with QCA using QAngio XA (Medis, Leiden, the Netherlands) 
software (Figure 1). A significant left main (LM) stenosis was defined as LAD/circumflex 
equivalent. Choice of best angiographic recording was based on image-plane, 
background contrast and LAD runoff. LAD stenosis as determined by QCA was stratified 
into three groups: <50%, 50 to 70% and >70% [22, 23]. Indication to surgical myocardial 
revascularisation was based on heart team consensus after evaluation of clinical data, 
visual quantification of coronary stenosis and FFR. 

All surgical procedures were performed by three experienced OPCAB surgeons. LIMA was 
harvested as pedicle. For flow measurements, 1 – 2 cm of distal LIMA was skeletonized. 
After harvesting, LIMA was injected with 1 mg/mL papaverine diluted in 50 mL saline 
solution to prevent spasm. Graft composition, i.e. single, sequential and/or composite 
graft, was at surgeon’s discretion. A dedicated OPCAB stabilizer (ACROBAT SUV Vacuum, 
Maquet, Rastatt, Germany) was used for constructing the anastomosis.  

After completion of the LIMA to LAD graft, TTFM were performed with a VeriQ C 
(MediStim, Oslo, Norway) system. The LAD was temporarily closed by placing a metal 
bulldog proximally to the anastomosis and remained closed until stable mean graft flow 
(MGF) in the LIMA graft was achieved. TTFM of LIMA flow with closed LAD were recorded 
and the bulldog clamp was removed. After stabilisation of the flow, a new measurement 
was performed with proximal LAD open. For Y-graft configurations with a radial artery, 
the proximal radial Y-branch was temporarily occluded before flow measurements. 
Revision of the anastomosis was based on abnormal TTFM findings regarding flow 
profile. Only measurements with an acoustic coupling index (ACI) over 50% were 
included. If despite efforts contact could not be improved by skeletonizing the LIMA or 
increasing amount of ultrasound gel, a suboptimal contact (ACI 30 – 50%) was accepted. 
TTFM were matched with electrocardiography to distinguish systolic from diastolic flow.  
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PPrimary and secondary endpoints 

Primary endpoint of this study was the change in mean LIMA graft flow (mL/min) 
measured with open and closed LAD. Secondary TTFM endpoints were pulsatility index 
(PI), backflow (BF), diastolic filling (DF), peak systolic flow and peak diastolic flow. A full 
description of these TTFM parameters can be found in previous publications [16]. 
Secondary clinical endpoints included postoperative cardiac enzymes, mortality at 120 
days and 2 years, myocardial infarction and need for revascularisation according to 
Netherlands Heart Registry definitions [24]. 

A new parameter named competitive flow index (CFI) was developed to quantify 
competitive flow and it was defined as follows:  

Competitive Flow Index=1- 
MGFLIMA

LAD Open

MGFLIMA
LAD Closed 

where MGFLIMA
LAD Open is mean LIMA graft flow with LAD open (mL/min) and MGFLIMA

LAD Closed is 
mean LIMA graft flow with LAD snared. A CFI of 1 indicates high competitive flow and a 
CFI of 0 indicates absence of competitive flow.  

Statistical analysis 

Continuous variables were tested for normality with visual inspection of histograms and 
skewness/kurtosis measures. A p value of less than 0.05 was set as statistically significant.  

Patients were analysed by intention-to-treat. Primary and secondary endpoints were 
converted into clinically relevant dichotomous values and analysed with a χ2-test or 
Fischer Exact test when less than 5 events occurred.  

Dichotomous cut-off values for graft patency were determined as MGF > 20 mL/min [25, 
26], PI < 3 [25, 27], BF > 3% [25] and DF > 50% [15]. A strict composite endpoint cut-off 
for graft patency of MGF > 15 mL/min and PI < 3 as proposed by previous studies was 
also applied [27, 28]. 

Variables were analysed with a paired t-test or Wilcoxon signed-rank test for comparison 
within individual patients. A Kruskal-Wallis test was used for group analysis based on 
QCA. A post-hoc analysis with Holm-Bonferroni correction was performed. A linear mixed 
model was used to determine differences in TTFM parameters between open and closed 
LAD and between QCA groups. Survival was examined by a Kaplan-Meier curve. Follow-
up was protocolized as standard care [24] and missing data or loss to follow-up were thus 
not expected.  

Indication for revascularisation was sometimes based on a significant LM stenosis in the 
absence of a significant LAD stenosis. A sensitivity analysis with and without LM stenosis 
was therefore performed. Moreover, a sensitivity analysis excluding LIMA sequential 
grafts was performed to evaluate the impact of coronary territories extension on grafts 
runoff and competitive flow.  

Results are reported as mean ± SD or median with interquartile range [IQR]. Frequencies 
are reported as n (%). Whiskers show the 25th and 75th percentile ± 1.5 times IQR in the 
Tukey box-and-whiskers plot.  
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Figure 1 Coronary angiography with left lateral view and quantitative coronary analysis. Red: 
reference diameter of LAD; Yellow: Actual diameter of LAD. Here, a stenosis of 58% was present 
in the proximal LAD. LAD = Left anterior descending coronary artery  

Baseline characteristics and quantitative coronary analysis 

A total of 50 patients were included in this study and received a LIMA to LAD graft. All 
patients completed the 2-year follow-up analysis on mortality. Baseline characteristics of 
this study are given in Table 1. Mean age was 68 ± 9.1 years, 96% of patients were men 
and mean BMI was 28 ± 4.6 kg/m2 with 98% of cases diagnosed with multivessel disease. 

Mean LAD stenosis objectified with QCA was 58 ± 15%. Detailed lesion characteristics are 
shown in supplemental Table 1. LAD stenosis was stratified into three groups as follows: 
<50% stenosis (n = 14, 28%), 50-70% stenosis (n = 22, 44%), >70% stenosis (n = 14, 28%). 
The majority of patients with <50% LAD stenosis had a significant LM stenosis 
(9/14, 64%). Thirteen patients (26%) received a sequential graft on the diagonal branch 
(LIMA-D-LAD) with a mean LAD-D stenosis of 55 ± 16%.One patient received a sequential 
graft on the anterolateral artery. 

A LM stenosis was present in 15 patients (30%), with a mean value of 56 ± 17%. In 12 of 
these patients, revascularisation was indicated based on LM stenosis only with 
corresponding mild LAD stenosis based on visual quantification. Seventeen patients 
(34%) underwent preoperative FFR measurements and all of them showed values under 
0.80. In all these cases, indication to revascularisation was given based on FFR data and 
according to international guidelines for revascularisation [1].  

All these patients had a visual estimation of stenosis degree under 90% and QCA of the 
LAD under 80% (Scatterplots of FFR, eyeballing and QCA, showed in 
Supplemental Figure 1). 
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TTable 1 Baseline and peri-procedural characteristics (n = 50) 
VVariable  PPatients  
Age, years 68 ± 9.1 
Gender, male 48 (96) 
BMI, kg/m2 28 ± 4.6 
Diabetes, n (%) 14 (28) 
Multivessel disease, n (%) 48 (98) 
Recent myocardial infarction within 90 days, n (%) 11 (22) 
Left main stenosis, n (%) 15 (30) 
LVEF, n (%)  
  Poor, < 30% 3 (6.0) 
  Moderate, 30 – 50% 8 (16) 
  Good, > 50% 39 (78) 
Previous PCI, n (%) 7 (14) 
NYHA class, n (%)  
  I 44 (88) 
  II 5 (10) 
  III 1 (2) 
  IV 0 (0) 
Urgency, n (%)  
  Elective 23 (46) 
  Urgent 27 (54) 
  Emergency/Salvage 0 (0) 
EuroSCORE I, log, 2.3 [1.3 – 3.7] 
EuroSCORE II, log 1.06 [0.91 – 1.48] 
Periprocedural characteristics, n (%) 
  Isolated LIMA to LAD graft 7 (14) 
  Composite graft with radial artery 29 (58) 
  Sequential graft 14 (28) 
  LIMA-D-LAD 13 (26) 
  LIMA-AL-LAD 1 (2.0) 
Values are expressed as n (%), mean ± SD, or median [interquartile range] 
AL = Anterolateral or intermediate artery; BMI = Body mass index; EuroSCORE = European 
system for cardiac operative risk evaluation; LVEF = Left ventricular ejection fraction; LIMA = Left 
internal mammary artery; NYHA = New York Health Association 
 

IIntraoperative measurements 

Intraoperative MGF and other TTFM parameters of LIMA to LAD graft with native LAD 
open or temporarily snared are displayed in Figure 2 and Table 2.  

No significant variations in mean arterial pressure and heart rate were recorded during 
TTFM. All flow profiles had a diastolic flow waveform. Overall, MGF increased significantly 
from 20 [14 – 30] mL/min with open LAD to 30 [22 – 41] mL/min with snared LAD 
(Figure 3a and 3b, p<0.001). In 26 patients (52%) MGF was under 20 mL/min with LAD 
open and increased in 16 patients over 20 mL/min after snaring the LAD. Normal flow 
profiles in the other patients were observed and no revisions were performed. 
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All other parameters, except for DF, showed a significant change in absolute values 
(p < 0.001, peak systolic flow p = 0.005) with LAD snared. After LAD occlusion, improved 
clinical cut-off values for MGF ≤ 15 and PI ≥ 3 were observed in 26% and 42% of patients. 
Three patients with LAD open and a PI over 5 shifted to a PI under 5 with LAD snared.  

Stratification of TTFM parameters on severity of LAD stenosis 

All LAD stenosis groups showed significant higher values of LIMA MGF measured with 
snared LAD (Figure 3). No differences in LIMA MGF were noticed among QCA groups in 
the overall population (Figure 3a, p = 0.18) nor in the analysis performed after exclusion 
of patients diagnosed with an LM stenosis (Figure 3b, p = 0.52). Similar results were found 
for other TTFM parameters except for PI, where a significant difference between QCA 
groups was noticed (p = 0.04). A post-hoc analysis demonstrated only a significant 
pairwise comparison for PI between the 50 to 70% stenosis group and > 70% stenosis 
(p = 0.01).  

Results from linear mixed model analysis for all measurements and without LM stenosis 
are depicted in Supplemental Table 2 and were consistent with sensitivity analyses 
without sequential grafts (Supplemental Tables 3.1 to 3.3). Only peak systolic flow in non-
sequential grafts showed no difference between LAD open and closed (p = 0.16). 

Table 2 Perioperative measurements of graft flow in closed vs snared LAD (n = 50) 
LLAD, open  LAD, snared  P vvalue 

Heart rate, beats per minute 63 [56 – 78] 63 [56 – 72] 0.19 
Systolic blood pressure, mmHg 101 [90 – 107] 101 [93 – 108] 0.26 
Diastolic blood pressure, mmHg 51 ± 7.6 51 ± 7.9 0.75 
Mean arterial pressure, mmHg 66 ± 8.5 66 ± 8.6 0.78 
Acoustic coupling index, % 55 ± 16 54 ± 16 0.69 
TTFM parameters and clinical cut--off values  

Mean graft flow, mL/min 20 [14 – 30] 30 [22 – 41] < 0.001 
Mean graft flow ≤ 20 mL/min 26 (52) 10 (20) < 0.001 
Mean graft flow ≤ 15 mL/min 17 (34) 4 (8) 0.01 
Pulsatile index 3 [2.2 – 4.0] 2.1 [1.7 – 2.5] < 0.001 
Pulsatile index ≥ 3, n (%) 26 (52) 5 (10) 1.00 
Diastolic filling, % 73 ± 6.5 73 ± 6.0 0.931 
Diastolic filling < 50% 0 (0) 0 (0) 1.000 
Backflow, % 3.6 [0.9 – 7.8] 0.40 [0 – 1.2] < 0.001 
Backflow > 3% 26 (53) 7 (14) 0.01 
Peak systolic flow, mL/min (n = 32) 27 [14 – 42] 32 [23 – 45] 0.005 
Peak diastolic flow, mL/min 40 [28 – 59] 54 [38 – 77] < 0.001 
Mean graft flow ≤ 15 mL/min and PI ≥ 3, n (%) 13 (26) 1 (2) 0.26 

Values are expressed as n (%), mean ± SD, or median [interquartile range] 
LAD = Left anterior descending coronary; TTFM = Transit time flow measurements 
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AA  

BB   

FFigure 2 Transit time flowmetry of LIMA to LAD graft with AA LAD open and BB LAD snared. An 
increase in mean LIMA graft flow and decrease of PI is observed when snaring the LAD. 
ACI = Acoustic coupling index; DF = Diastolic flow; HR = Heart rate;  
LAD = Left anterior descending coronary artery; LIMA = Left internal mammary artery;  
PI = Pulsatility index. 
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A  B  

Figure 3 Mean LIMA graft flow (mL/min) increased with LAD snared compared to open LAD 
stratified to degree of stenosis. A Overall group; BB Subgroup analysis without significant left 
main (LM) stenosis. * p < 0.05, ** p < 0.01, *** p < 0.001.  
LAD = Left anterior descending coronary artery; LIMA = Left internal mammary artery 

Competitive flow index and absolute difference in mean graft flow 

Median CFI as ratio of LIMA MGF with LAD open and snared was 0.66 [0.56 – 0.82]. 
Although theoretically not possible, 5 patients had a CFI below 0. These patients had a 
MGF over 20 mL/min and a slightly higher MGF in the open LAD compared to closed LAD 
(mean difference 2.6 mL/min). A significant difference of CFI was observed among QCA 
groups (p = 0.03) and patients without LM stenosis (Figure 4a, p = 0.03). Post-hoc analysis 
showed a significant difference in CFI between < 50% and > 70% stenosis (overall: 
p = 0.04; without LM stenosis p = 0.03). 

Absolute change in LIMA MGF between open and snared LAD was 11 [4.8 – 14] mL/min 
in the < 50% stenosis group, 11 [8.8 – 16] mL/min in the 50 to 70% group and 
4.5 [2 – 15] mL/min in the > 70% group. There was no difference between stenosis groups 
(Figure 4b, p = 0.19) in the analysis including the overall population, but only in the 
subgroup analysis after exclusion of patients with LM stenosis (p = 0.03). Here, post-hoc 
analysis showed a significant difference between 50 to 70% versus > 70% stenosis groups 
(p = 0.04). 

Clinical outcomes 

Median follow-up on mortality was 1,212 days and 841 days for myocardial infarction and 
revascularisation. Incidence of postoperative myocardial infarction during follow-up was 
2%, 120 days mortality was 0% and 2 year mortality was 6.0% (Table 3 and Kaplan-Meier 
survival curve in Supplemental Figure 2). 
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AA  BB  

FFigure 4 Competitive flow index (CFI) of LIMA MGF with LAD open and snared and absolute 
difference in MGF, stratified by LAD stenosis. AA Patients with an < 50% stenosis had a lower CFI 
compared to an > 70% stenosis in the overall group (p = 0.04), and without left main stenosis 
(No LM#, p = 0.03). B Patients with a 50 to 70% stenosis had an higher MGF difference compared 
to > 70% stenosis in the subgroup without LM stenosis (p = 0.04). LAD = Left anterior descending 
coronary artery; LIMA = Left internal mammary artery; MGF = Mean graft flow 

Five patients died during follow-up. Two patients died of cerebrovascular embolism 
related to atrial fibrillation, one died of progression of multiple myeloma and two died of 
progressive heart failure. One patient received drug eluting stent implantation in the LM 
to circumflex artery due to incomplete revascularisation of the marginal obtuse artery 
two years after OPCAB with an open LIMA to LAD graft.  

One postoperative myocardial infarction occurred 36 days after OPCAB in a 83 year old 
patient with recent myocardial infarction and previous percutaneous coronary 
intervention. Patient was accepted for OPCAB with three vessel disease with a LAD 
stenosis of 34% (QCA) and moderate left main stenosis (visual evaluation 40%). LIMA MGF 
with open LAD was 9 mL/min and 20 mL/min with snared LAD.  

Table 3 Follow-up after off-pump coronary artery bypass grafting (OPCAB) (n = 50) 
Variable  Patients  

Troponin T high sensitivity after 12 hours, ng/L 142 [95 – 330] 
Creatine kinase myocardial band after 12 hours, ng/mL 7.8 [5.7 – 15] 
120 days mortality, n (%) 0 (0) 
1 year mortality, n (%) 2 (4.0) 
2 year mortality, n (%) 3 (6.0) 
Revascularisation, n (%) 1 (2.0) 
Myocardial infarction, n (%) 1 (2.0) 
Values are expressed as n (%) or median [interquartile range] 
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Intraoperative competitive flow was accepted based on other acceptable TTFM values 
with LAD snared and mild coronary stenosis (Supplemental Table 4 and Supplemental 
Figure 3).  

Discussion 
This is the first study to investigate the impact of LAD stenosis on competitive flow 
measured in LIMA grafts. Mean LIMA graft flow increased by 11 mL/min after LAD snaring, 
in case of a proximal stenosis quantified as < 50% or 50 to 70%. In patients with a > 70% 
proximal stenosis, mean LIMA graft flow increased by 4.5 mL/min after LAD occlusion. A 
lower mean LIMA flow in sequential grafts was observed compared to single grafts 
because of LAD-D runoff. This phenomenon was present for both LAD open and snared 
and did not affect TTFM interpretations. 

TTFM clinical cut-off values to predict graft patency are extensively reported [15, 25-28], 
yet not included in guidelines on myocardial revascularisation [1, 19]. In this study 26 to 
42% of the patients shifted from a TTFM-driven unacceptable graft to an acceptable graft 
after LAD snaring (Table 2). This shift can indicate an open and functional anastomosis 
affected by a certain degree of competitive flow from the native coronary artery. In such 
events, a surgical revision of the graft would not be able to improve baseline TTFM values 
or graft patency, resulting in a useless or even harmful procedure. To quantify and 
normalize the amount of this competitive flow, the competitive flow index calculated as 

1- MGFLIMA
LAD Open

MGFLIMA
LAD Closed was developed.  

In case of intraoperative borderline TTFM values, the calculation of CFI as described in 
this study might unmask significant competitive flow and prevent unnecessary graft 
revision. However, while CFI is a tool to evaluate the graft quality, patency and flow, it 
cannot be used as predictor of clinical outcome as this ratio is independent of absolute 
flow needed to perfuse the heart. 

The intraoperative TTFM strategy applied in this study showed good outcomes in terms 
of myocardial infarction and mortality in the long-term follow-up. Only one patient (2%) 
diagnosed with intraoperative competitive flow experienced a postoperative myocardial 
infarction and none of our patients had myocardial revascularisation related to 
competitive flow during follow-up, based on coronary angiography. These data are in 
line or even lower compared to those reported in the Netherlands Heart Registry [21] or 
in other TTFM studies presenting a one-year myocardial infarction rate of 5.1% [29].  

Limitations 

Patients with LM stenosis were regarded as LAD/Circumflex equivalent, but might not 
have a significant LAD stenosis based on QCA. Indeed, 9/14 patients with a non-
significant LAD stenosis (< 50%) had a significant LM stenosis. Stratification of patients 
for LAD stenosis is thus biased and an unplanned subgroup analysis of patients with no 
LM stenosis was performed where intraoperative TTFM parameters were comparable 
(Figure 3 and 4). On the contrary, patients with both a significant LM and LAD stenosis 
have a tandem or long lesion and thus an overestimated impact of coronary stenosis. 
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For this study 50 patients were included to characterize the relationship of competitive 
flow from LAD with LIMA MGF. Although this is sufficient to determine this relationship, 
clinical relevant cut-off values on acceptable MGF or other parameters are 
underpowered.  

Last, women (n = 2, 4%) were underrepresented in this study compared to the reported 
Dutch data for isolated CABG (women: 20%) [21].  

CConclusions 

To conclude, routine snaring of the LAD during OPCAB demonstrated an increase in MGF 
among all coronary stenosis groups. With LAD snared, 26 to 42% of clinical cut-off TTFM 
values for graft failure shifted to acceptable values. Therefore, routine application of the 
competitive flow index according to the method described in this study can be useful to 
identify competitive flow in case of intraoperative borderline TTFM parameters. Further 
studies are needed to establish definitive evidence regarding the role of CFI and routine 
snaring of the LAD during off-pump CABG, with special focus on prevention of 
unnecessary intraoperative graft revisions and postoperative myocardial infarction. 
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Supplements 
Supplementary tables 

Supplemental Table 1 Coronary artery lesion characteristics based on quantitative coronary 
assessment 
Variable  Overall  

(n  =  50)  
Without lleft main stenosis 

((n == 335)* 
LAD reference diameter, mm 3.0 ± 0.66 3.1 ± 0.68 
LAD stenosis diameter, mm 1.3 ± 0.52 1.2 ± 0.49 
LAD stenosis, length, mm 13 ± 5.8 13 ± 5.9 
LAD stenosis, % 58 ± 15 62 ± 12 
Left Main stenosis, % 56 ± 17 - 
Fractional Flow Reserve (n = 17) 0.68 ± 0.08 0.69 ± 0.10 
* As determined by heart team discussion. Values are expressed as mean ± SD
LAD = Left anterior descending coronary artery 

Supplemental Table 2 TTFM parameters and linear mixed model results for stratification based 
on QCA stenosis 
Variable  Overall  

n  =  50  
Without lleft main stenosis  

n  =  35  
LAD open vs 
LAD snared 

LAD open vs LAD 
snared, 
stratified to QCA 
groups* 

LAD open vs LAD
snared 

LAD open vs 
LAD snared, 
stratified to 
QCA groups* 

Mean LIMA graft 
flow, mL/min 

-10 (-12 to -8), 
p < 0.001 

p = 0.18 -9.1 (-11 to -6.8), 
p < 0.001 

p = 0.53 

Pulsatile index 1.1 (0.78 to 1.3), 
p < 0.001 

0.70 (0.15 to 1.25), 
p = 0.04† 

1.2 (0.85 to 1.6),
p < 0.001 

p = 0.05 

Diastolic filling, % p = 0.93 p = 0.09 p = 0.74 p = 0.18 
Backflow, % 3.6 (2.6 to 4.7), 

p < 0.001 
p = 0.18 4.4 (3.0 to 5.9),

p < 0.001 
p = 0.26 

Peak systolic flow, 
mL/min 

-6.9 (-12 to -2.1), 
p = 0.006 

p = 0.34 -7.4 (-11 to -3.5), 
p = 0.001 

p = 0.74 

Peak diastolic 
flow, mL/min 

-11 (-17 to -6), 
p < 0.001 

p = 0.12 -9.2 (-15 to -3.4), 
p = 0.003 

p = 0.26 

* QCA groups < 50% LAD stenosis, 50 to 70% and > 70% 
† Post-hoc analysis revealed a significant difference between 50 to 70% stenosis and >70%
stenosis, p = 0.01 
P values are estimates of fixed effects in a linear mixed model with maximum likelihood. Values 
are expressed as estimate of fixed effects (95% confidence interval).
QCA = Quantitative coronary analysis; LAD = Left anterior descending coronary artery;
LIMA = Left internal mammary artery; TTFM = Transit time flow measurements 
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SSupplemental Table 3.1 Left coronary artery lesion characteristics objectified with QCA 
VVariable  OOverall  

((n  ==  336)  
WWithout LM stenosis  

((n  ==  223)** 
LAD reference diameter, mm 3.1 ± 0.62 3.2 ± 0.62 
LAD stenosis diameter, mm 1.4 ± 0.50 1.28 ± 0.49 
LAD stenosis, length, mm 13 ± 4.9 13 ± 4.9 
LAD stenosis (%) 56 ± 15 60 ± 12 
LM stenosis (%) 52 ± 16 - 
Fractional flow reserve (n = 14) 0.68 ± 0.08 0.67 ± 0.09 
* As determined by heart team discussion 
QCA = Quantitative coronary analysis; LAD = Left anterior descending coronary artery;  
LM = Left main coronary artery 

 
Supplemental Table 3.2 Perioperative measurements of graft flow in closed vs snared LAD  
(n = 36) 
Variable  LAD, open  LAD, snarred P value  
Heartrate, per minute 63 [56 – 73] 63 [55 – 632] 0.19 
Systolic blood pressure, mm Hg 101 [91 – 109] 101 [93 – 111] 0.84 
Diastolic blood pressure, mm Hg 51 ± 8.6 50 ± 8.6 0.43 
Mean Arterial Pressure, mm Hg 67 ± 9.6 66 ± 9.7 0.71 
Acoustic Coupling Index, % 58 ± 15 54 ± 15 0.21 
TTFM pparameters and clinical cut-ooff values 
  Mean graft flow, mL/min 22 [15 – 34] 33 [24 – 44] < 0.001 
  Mean graft flow ≤ 20 mL/min 17 (47) 7 (19) 0.002 
  Mean graft flow ≤ 15 mL/min 10 (28) 3 (8) 0.02 
  Pulsatile index 3 [2.2 – 4.1] 2.1 [1.7 – 2.6] < 0.001 
  Pulsatile index ≥ 3 19 (53) 5 (14) 1.00 
  Diastolic filling, % 73 ± 6.8 73 ± 6.4 0.73 
  Diastolic filling < 50% 0 (0) 0 (0) 1.000 
  Backflow, % 4.5 [1.9 – 8.9] 0.55 [0.0 – 2.3] < 0.001 
  Backflow > 3% 21 (60) 7 (20) 0.03 
  Peak systolic flow, mL/min (n = 19) 31 [19 – 51] 39 [27 – 54] 0.16 
  Peak diastolic flow, mL/min 45 [32 – 70] 59 [39 – 81] 0.02 
  Mean graft flow ≤ 15 mL/min and PI ≥ 3 7 (19) 1 (3) 0.19 
LAD = Left anterior descending coronary artery; TTFM = Transit time flow measurements 

 
Supplemental Table 3.3 TTFM parameters and linear mixed model results for stratification 
based on QCA stenosis (n = 36) 
Variable  LAD open vs LAD snared  LAD open vs LAD snared,  

stratified to QCA groups* 
Mean LIMA graft flow, mL/min -9.9 (-13 to -7.2), p < 0.001 p = 0.27 
Pulsatile Index 1.1 (0.74 to 1.4), p < 0.001 p = 0.08 
Diastolic Filling, % p = 0.72 p = 0.04† 
Backflow, % 3.0 (2.7 to 5.3), p < 0.001 p = 0.15 
Peak systolic flow, mL/min p = 0.11 p = 0.41 
Peak diastolic flow, mL/min -9.8 (-17 to -2.6), p = 0.009 p = 0.22 
* QCA groups < 50% LAD stenosis, 50 to 70% and > 70% 
† Post-hoc analysis revealed a significant difference between < 50% stenosis and > 70% stenosis, 
p = 0.01 
P values are estimates of fixed effects in a linear mixed model with maximum likelihood. Values 
are expressed as estimate of fixed effects (95% confidence interval) 
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Supplemental Table 4 TTFM parameters of a patient with myocardial infarction 30 days after 
off-pump coronary artery bypass grafting 
Lesion characteristics as determined with QCA  
 LAD reference diameter, mm 3.6 
 LAD stenosis diameter, mm 2.4 
 LAD stenosis, length, mm 14 
 LAD stenosis, % 34% 
TTFM parameters  LAD, open  LAD, snared  
 Mean LIMA graft flow, mL/min 9 20 
 Pulsatile index 4.6 2.2 
 Diastolic filling, % 74 69 
 Backflow, % 11 1.2 
 Peak systolic flow, mL/min N/A N/A 
 Peak diastolic flow, mL/min 24 38 
QCA = Quantitative coronary analysis; LAD = Left anterior descending coronary artery; LIMA = 
Left internal mammary artery; TTFM = Transit time flow measurements 
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SSupplementary figures 
A  

B  

C  

Suppleemental FFigure 1 Scatterplots of preoperative coronary stenosis assessment with AA 
Visual evaluation vs QCA; BB FFR vs QCA; CC Visual evaluation vs FFR. QCA = Quantitative 
coronary analysis; FFR = Fractional flow reserve; LAD = Left anterior descending coronary 
artery 
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Supplemental figure 2 Kaplan-Meier survival curve after off-pump coronary artery bypass 
grafting 

 

 

 
Suppleemental ffigure 3 Intraoperative transit time flow measurements of a 83 year old patient 
with postoperative myocardial infarction 
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AAbbreviations and acronyms 
CABG  Coronary artery bypass grafting 
EACTS  European Association for Cardio-Thoracic Surgery 
ESC  European Society of Cardiology 
LAD  Left anterior descending coronary artery 
LIMA  Left internal mammary artery 
PCI  Percutaneous Coronary Intervention  



73 

 44 

Abstract 
Purpose 

Recent European guidelines recommend both transradial access for coronary 
angiography and intervention as well as use of the radial artery as a conduit for coronary 
artery bypass grafting (CABG). These recommendations may pose a clinical dilemma, as 
transradial access exposes these arteries to vascular trauma which makes them 
potentially unsuitable as future grafts. In this study, we investigated the awareness and 
views of cardiologists on these guideline recommendations. 

Methods 

We performed semi-structured interviews with 50 Dutch cardiologists from 19 centres, 
who regularly perform coronary angiographies, and outlined clinical scenarios to 
evaluate their preference of vascular access. In addition, we assessed whether preference 
was related to sub-specialisation. 

Results 

The interviewed cardiologists had a work experience of 16 ± 9.3 years. There were 
23 (46%) cardiologists from 7 centres without percutaneous coronary intervention 
facilities, and 27 (56%) from 12 interventional centres. All 50 (100%) cardiologists 
indicated familiarity with the guidelines, yet 28 (56%) said not to be familiar with the 
aforementioned dilemma, and 9 (18%) stated there was no dilemma at all. Responses did 
not differ significantly between interventional (n = 28) and non-interventional (n = 22) 
cardiologists; however, if the right radial artery was unavailable (e.g., occluded), 
interventional cardiologists more often than non-interventional cardiologists said to 
prefer access via the left radial artery (18 [64%] vs 5 [23%], p = 0.001). 

Conclusion 

More than half of the cardiologists said not to realise that left transradial access preceding 
CABG may preclude later use of this artery as a conduit. Notably, in case of unavailability 
of the right radial artery, interventional cardiologists preferred left transradial access 
more often than non-interventional cardiologists. 
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IIntroduction 
The 2018 European guidelines for myocardial revascularisation recommend radial 
vascular access as a standard approach for coronary angiography and percutaneous 
coronary intervention (PCI) [1, 2]. Studies have shown clear benefits of radial over femoral 
access, including a lower risk of mortality and major bleeding [3-5]. The right  radial artery 
is most commonly used for vascular access, as operators generally stand on the right-
hand side of their patient. But left radial artery access may be required in case of 
challenging right radial artery anatomies, spasm or occlusion, or for left internal 
mammary artery (LIMA) graft visualisation.  

However, the radial artery is also recommended for use as a conduit for coronary artery 
bypass grafting (CABG) for cardiothoracic surgeons (Figure 1). In terms of surgical 
revascularisation, European guidelines recommend the use of an internal mammary 
artery to the left anterior descending artery (LAD), followed by the use of a second arterial 
graft that may either be a radial artery or the contralateral internal mammary artery [1]. 
As in some patients the use of bilateral internal mammary artery grafting has been 
associated with an increased risk of post-procedural complications [6, 7], use of the radial 
artery – most often the left radial artery – is a suitable option. There is substantial variation 
between countries in radial artery use as a conduit for CABG, for example, between 
2004 to 2014 it was 5% in the United States of America and 45% in Australia [8]. However, 
with recently published results of a large randomised trial showing excellent long-term 
outcomes after use of radial artery bypass grafts [9, 10], its use is likely to become 
increasingly common in the near future. 

Notably, current guidelines discourage the use of a radial artery as bypass conduit after 
recent coronary angiography through that vessel [1], as the two options of using the 
radial artery interfere with each other. Transradial coronary procedures expose the artery 
to some degree of vascular trauma, which may still be present after months [11-13] and 
may reduce bypass graft patency [14, 15]. Consequently, a radial artery is less suitable (or 
even unsuitable) as a bypass conduit following a recent transradial procedure. Thus, in a 
scenario in which both radial arteries have been used for vascular access and CABG is 
required at a later stage, a patient may lose the option of receiving a radial artery bypass 
graft.  

Yet, it is unknown (1) how often a percutaneous intervention via the left radial approach 
precedes CABG, (2) how cardiologists deal with the problem of having multiple options 
for use of the radial artery that mutually exclude each other, and (3) to what extent 
cardiologists are aware of the new 2018 European guidelines for myocardial 
revascularisation. Therefore, we assessed in a database of our tertiary centre for cardiac 
intervention the frequency of coronary angiography or PCI via left transradial approach 
followed by CABG. In addition, we performed semi-structured interviews with a total of 
50 Dutch cardiologists to investigate their awareness of the outlined potential ‘dilemma’ 
and to evaluate their preference of vascular access in outlined scenarios.  

 

 



75 

 44 

Figure 1 Recommendations on access site and conduit selection extracted from the 2018 
ESC/EACTS guidelines on myocardial revascularisation (modified from [1]). 
EACTS = European Association for Cardio-Thoracic Surgery;  
ESC = European Society of Cardiology 

Methods 
A retrospective analysis was conducted on transradial vascular access for coronary 
angiography or PCI, and use of radial artery grafts for CABG, performed from 2008 to 2018 
at a tertiary centre for cardiac interventions (Thoraxcentrum Twente, Enschede, the 
Netherlands). First, all percutaneous coronary procedures (coronary angiography or PCI) 
with corresponding vascular access route, as well as all isolated CABG procedures, were 
extracted from clinical patient files. Second, a case-by-case review was conducted for all 
patients who received CABG after catheter-based left transradial procedures. In addition, 
we searched in clinical files for information about potential graft dysfunction during a 
follow-up period from January 1st 2008 to January 1st 2019. 

Furthermore, a prospective semi-structured interview study was performed. Dutch 
cardiologists were approached by e-mail, telephone and during personal contact by two 
cardiologists of Thoraxcentrum Twente, Enschede, the Netherlands. Cardiologists were 
eligible if they regularly performed coronary angiographies. Semi-structured interviews 
were performed with the participants between April and June 2019. Three clinical cases 
were outlined, investigating the cardiologist’s preference of vascular access. Cases were 
designed to stimulate the cardiologist with increasing persuasiveness to consider 
preserving the left radial artery as a conduit for future CABG. 

Statistical methods 

For statistical analysis, participants were grouped by subspecialisation (i.e. interventional 
cardiologist versus non-interventional cardiologist). Statistical analysis was performed 
with SPSS 25.0 (SPSS Inc, Chicago, IL). Results were considered statistically significant at a 
p-value of 0.05. Continuous variables were presented as mean with standard deviation or 
median with interquartile range, depending on the distribution. All continuous variables
were tested for normality with visual inspection of histograms and skewness and kurtosis 
measures. A Mann-Whitney U test was done for comparisons between groups.
Categorical variables were presented as numbers with corresponding frequencies.
Categorical variables were compared using Chi-square or Fischer’s Exact Test, as

2018 ESC/EACTS recommendations Class of 
rrecommendation  

Level of 
eevidence  

Recommendation on access site  
Radial access is recommended as the standard approach, unless 
there are overriding procedural considerations.  I A 

Recommendations on conduit selection 
Arterial grafting with internal mammary artery to the LAD system is 
recommended. I B 

An additional arterial graft should be considered* in appropriate 
patients. IIa B 

The use of the radial artery is recommended over the 
saphenous vein in patients with high-grade coronary artery 
stenosis. 

I B 

* The radial artery should not be used if previously catheterised, if the Allen test is positive or if calcific
degeneration is present.  
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appropriate. In case of multiple testing, a post hoc Holm-Bonferroni correction was 
performed. 

RResults 
Retrospective analysis 

From January 2016 on, there was an explicit change in the preferential route of vascular 
access. While from January 2008 to December 2015 diagnostic and therapeutic coronary 
interventions were performed via transradial access in no more than 22% of all 
procedures, the transradial access rate was 78% from January 2016 to December 2018 
(p < 0.001). Table 1 presents data on procedures at Thoraxcentrum Twente that involved 
the radial artery for vascular access or as conduit for CABG, separately showing 
frequencies for procedures that were performed during the entire study period as well as 
from 2008 – 2015 and from 2016 – 2018. 

Left transradial access prior to CABG increased from 0.3% in 2008 – 2015 to 2.4% in 
2016 – 2018. Similarly, the frequency of bilateral transradial access prior to CABG 
increased from 0.2% in 2008 – 2015 to 1.4% in 2016 – 2018. Nine patients, who received 
a radial artery conduit during CABG surgery, had prior transradial procedures through 
this vessel. One (11%) of these patients experienced radial graft dysfunction resulting in 
repeated CABG.  

Table 11 Procedures involving the radial artery for vascular access or as conduit for CABG at our 
centre  

2008 –– 
22018 

2008 –– 
22015 

2016 –– 
22018 

p value  

All percutaneous coronary procedures 
((angiography and PCI) 

36,631 26,419 10,212 

via transradial access 13,782 (37) 5,773 (22) 8,009 (78) < 0.001 
via left  transradial access 1,309 (3.5) 783 (3.0) 526 (5.2) < 0.001 

All isolated CABG 5,800 4,320 1,480
Isolated CABG using a radial artery as 
conduit 

2,520 (43) 1,817 (42) 703 (48) < 0.001 

Isolated CABG after coronary  
angiography with known access route* 

3,161 2,286 875

Left transradial access prior to CABG 
(including bilateral access) 

31 (1.0) 10 (0.3) 21 (2.4) < 0.001 

Bilateral  transradial access preceding 
CABG 

18 (0.6) 6 (0.2) 12 (1.4) < 0.001 

Use of radial artery as conduit after 
transradial access of this artery† 

9 (0.3) 1 (0.04) 8 (0.9) < 0.001 

Numbers are n (%) 
* Access route was unknown for patients who were referred for isolated CABG from a different 
hospital 
† From 2008 – 2015 1 left radial artery with prior transradial access was used as a conduit, from 
2016 – 2018 7 left radial arteries and 1 right radial artery with prior transradial access were used 
as a conduit 
CABG = Coronary artery bypass grafting; PCI = Percutaneous coronary intervention 
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Interviews 

A total of 72 Dutch cardiologists were approached, of whom 51 agreed to participate 
(response rate: 71%). One cardiologist did not perform coronary angiography and was 
therefore excluded. Thus, semi-structured interviews were performed with 
50 cardiologists from 19 centres. Hospitals ranged from secondary centres without PCI 
facilities to academic centres. An overview of the centres’ geographic locations and 
settings is depicted in Figure 2. Key characteristics of the interviewed cardiologists are 
presented in Table 2. 

Table 2 Characteristics of interviewed cardiologists (n = 50)  
Age, years 51 [41 – 58] 
Experience as cardiologist, years 16 ± 9.3 
Interventional cardiologist 28 (56) 
Number of annual coronary procedures 300 [144 – 505] 
Hospital type  

Academic 9 (18)
Tertiary with cardiac surgery 11 (22) 
Secondary with PCI 7 (14) 
Secondary with coronary angiography 23 (46) 
Personal preference for radial access, % 90% [90 – 95] 

Observed increase in radial access in past 5  –  10 years in own centre  
Yes 39 (78)
No 4 (8)
Employed in current centre for < 5 years 7 (14) 

Personal preference for catheter size  
4 French 3 (6) 
5 French 14 (28) 
6 French 29 (58) 
Other* 4 (8)

Numbers are n (%), mean ± standard deviation or median [inter quartile range] 
* Other includes “both”, “depending on patient characteristics” and “don’t know”
PCI = Percutaneous coronary intervention 

Case 1: Preferred vascular access route for PCI in a 60-year-old patient 

A clinical case was introduced of a relatively young patient who required PCI. 
Cardiologists were asked about their preference for vascular access. All cardiologists 
preferred using the right radial artery (100%). The main reasons for this choice were 
convenience of vascular access (82%) followed by a reduction in bleeding risk 
(Supplementary Table 1). None of the interviewed cardiologists mentioned quality of the 
left radial artery as a possible conduit for future CABG. 

Case 2: Preferred vascular access for PCI in a 60-year-old patient with 
non-availability of the right radial artery 

The second case narrowed options for vascular access, as the right radial artery was 
(temporarily) unavailable in the same 60-year-old patient. Most cardiologists preferred 
the left radial artery (46%) over the femoral artery (36%). The most common motivation 
for preferring left transradial access was reduced bleeding risk, while the most common 
motivation for transfemoral access was technical setup of the catheterisation laboratory. 
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In 18% of all cardiologists, the patient’s preference or situational context determined 
their choice of vascular access (Table 3). Interventional cardiologists preferred left 
transradial access significantly more often than non-interventional cardiologists 
(p = 0.001).  

CCase 3: Preferred access route in a 60-year-old patient with 3-vessel 
disease and previous CABG 

The third case further closed in on considering to preserve the left radial artery for CABG. 
A 60-year-old patient with 3-vessel disease and a previous CABG with a left internal 
mammary artery (LIMA) graft on the LAD and a saphenous vein graft was presented. The 
right radial artery was not accessible, and non-invasive myocardial perfusion imaging 
showed multiple reversible perfusion defects indicating a reasonable likelihood of a 
potential need for repeating CABG.  

The majority of participants (58%) still chose the left radial access for coronary 
angiography due to its convenience for visualising the LIMA graft. A smaller proportion 
of the participants chose a femoral artery for vascular access because of convenient 
visualisation of the grafts (36%). Only four cardiologists (8%) mentioned preserving the 
radial artery as a possible conduit for CABG in favour of using the transfemoral approach. 
In 6% of the participants, patient preference or situational context determined the 
preferred vascular access route (Table 3).  

 

 
Figure 2 Geographical distribution of hospitals of the interviewed cardiologists (n = 50) 
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Table 3 Responses of interviewed cardiologists on preference for vascular access site and 
familiarity with ESC guidelines on myocardial revascularisation  

Total 
group 
n = 50 

Interventional 
cardiologists 

n = 28 

Non--
interventional 
cardiologists 

n = 22  

p 
value 

Case 1: Preferred access route for PCI in a 60--year--old patient  
Right radial artery 50 (100) 28 (100) 22 (100) 

Case 2: Preferred access route for PCI in a 60--year--old patient except rright rradial artery 
Vascular access route < 0.001 

Left radial artery 23 (46) 18 (64) 5 (23) 
Femoral artery 18 (36) 4 (14) 14 (64) 
Depends on patient 
preference or situational 
context 

9 (18) 6 (21) 3 (14) 

Case 3: Preferred access route in a 60--year--old patient with three vessel disease and 
pprevious CABG  
Vascular access route 0.09 

Left radial artery 29 (58) 18 (64) 11 (50) 
Femoral artery 18 (36) 7 (25) 11 (50) 
Depends on patient 
preference or situational 
context 

3 (6) 3 (11) 0 

Familiarity with 2018 ESC/EACTS guidelines on myocardial revascularisation 
Yes, familiar with 
guidelines 50 (100) 28 (100) 22 (100) 1.00 

Yes, familiar with details 
on radial access and 
graft preference 

22 (44) 13 (46) 9 (41) 0.70 

Familiar with clinical dilemma in guidelines 0.89 
Yes 13 (26) 8 (29) 5 (23) 
This is no dilemma 9 (18) 5 (18) 4 (18) 
Not familiar with this 
dilemma 28 (56) 15 (54) 13 (59) 

Estimated percentage of 
dilemma in own hospital 
(n = 32) 

3% 
[0.5 – 5%] 

3%  
[0 – 5%] 

3%  
[0.5 – 5%] 0.48 

Personal experience with 
problem 5 (10) 3 (11) 2 (9) 0.85 

Change of vascular access 
after this interview 

0.18

Yes 18 (36) 12 (43) 6 (27) 
No 27 (54) 12 (43) 15 (68) 
Unclear 5 (10) 4 (14) 1 (5) 

Numbers are n (%) 
CABG = Coronary artery bypass grafting; ESC = European Society of Cardiology; 
EACTS = European Association of Cardio-Thoracic Surgery; 
PCI = Percutaneous coronary intervention 
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There was no significant difference between interventional cardiologists and non-
interventional cardiologists in choosing a different access route (64% vs 50%, p = 0.09). 
Participants who indicated at the very start of the interview to have a particularly strong 
preference (> 90%) for the transradial approach were in this case more likely to choose 
left radial access as compared to all other participants (79% vs 39%, p < 0.001). 

FFamiliarity with 2018 ESC/EACTS guidelines on myocardial 
revascularisation 

The last part of the interview reflected on familiarity with the 2018 ESC/EACTS guidelines 
on myocardial revascularisation [1]. All cardiologists indicated to be familiar with these 
guidelines but less (44%) were familiar with all details about the recommended vascular 
access route and use of arterial grafts. A minority of cardiologists was familiar with the 
clinical dilemma of having multiple options for using the radial artery that mutually 
exclude each other (26%), while 18% felt that there was no dilemma at all. There was no 
difference between interventional or non-interventional cardiologists (Table 3, p = 0.89).  

While only 10% of all participants indicated that they had personal experience with the 
aforementioned dilemma, 36% said that they would change vascular access after this 
interview in order to preserve the (left) radial artery for CABG in selected patients. 

Figure 3 provides a flowchart which illustrates how to consider preserving the radial 
artery as a bypass conduit when deciding on a vascular access route for percutaneous 
coronary procedures. 

 
Figure 3 Cath lab flowchart on transradial artery access for daily use.  
*e.g. when LIMA needs to be visualised 
† Carefully considering bleeding risk, peripheral vascular disease, accessibility of femoral artery 
and operator’s experience. CABG = coronary artery bypass grafting;  
LIMA = left internal mammary artery; PCI = percutaneous coronary intervention; RA = radial 
artery 

Indication for coronary
angiography or PCI

Right RA available and
practical for vascular

access

Right RA not available or 
not practical* for vascular

access

High probability
for CABG?

Yes No

Consider transfermoral
access to preserve left
RA as a potential graft 

for CABG†

Vascular access is 
operator’s choice†

Use right RA for vascular
access



 

  81 

 
 44 

Discussion 
During the entire period from 2008 to 2018, transradial coronary procedures preceded 
use of the radial artery as a bypass conduit in no more than 9 (0.3%) of all 3,161 patients, 
who underwent CABG at our centre. With the recent recommendation of transradial 
vascular access for percutaneous coronary procedures, this issue is likely to be 
increasingly common. Indeed, 8 of these 9 patients were treated during the last 3 years 
of the entire 10-year period. One (11%) of these patients experienced radial graft 
dysfunction that required repeating CABG. Thus far, no data has been published on inter-
centre variability in the Netherlands of transradial access preceding radial artery use as a 
bypass conduit for CABG.  

All 50 interviewed cardiologists indicated that right transradial access was their first 
choice for percutaneous coronary angiography and PCI. This choice was mainly based on 
a reduction in bleeding risk and an increase in convenience. If the right radial artery was 
not available for vascular access, most cardiologist preferred using left transradial access. 
In absence of an accessible right radial artery, interventional-cardiologists showed a 
particular preference for using the left radial artery, whereas non-interventional 
cardiologists more frequently chose transfemoral access. If the interviewed cardiologists 
had to perform a coronary angiography on a patient with previous CABG including LIMA 
and vein grafts and a high likelihood of requiring a repeated CABG, the majority still 
preferred using the left radial artery for vascular access.  

When asked about familiarity with the guidelines, 44% of the cardiologists indicated to 
be familiar with all details of the recommended vascular access route and arterial grafts. 
One in four cardiologists had realised the conflicting guideline recommendations on 
radial artery use before the interview. Moreover, after the interview, one in three 
cardiologists indicated (in specific cases) to be willing to use a vascular access site 
different from the left radial artery to preserve this vessel for potential use as a bypass 
conduit. 

Previous research 

Previous studies that investigated radial arteries following transradial coronary 
procedures observed severe functional and morphological vascular damage [16] that 
sometimes even deteriorated over time [17, 18]. Catheter-induced morphological 
alterations such as intimal tears and medial dissections may cause intimal hyperplasia 
and adventitia inflammation that can lead to a reduction in radial artery lumen [15]. Two 
observational studies showed that such histological findings also translated into inferior 
clinical outcomes, as they found radial artery graft patency was reduced following 
transradial catheterisation (of that artery) [19, 20].  

A systematic review suggested that smaller catheter size, use of high dose heparin, and 
shorter duration of post-procedural compression of the radial artery can decrease the risk 
of radial artery occlusion after cardiac catheterisation. However, it is unclear whether 
these factors also have an impact on later radial artery graft patency [21].  

The available evidence suggests that the use of transradial vascular access for 
percutaneous coronary procedures may preclude future use of that vessel as a bypass 
graft. A recent expert opinion paper recommended cardiologists to consider using the 
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femoral artery instead of the radial artery for coronary angiography in patients who might 
be eligible for future CABG in centres that routinely use radial artery bypass grafts [22], 
while others suggested to reduce catheter size [23]. This was also addressed in a 
2016 scientific manuscript [16], which advised cardiologists to weigh the benefits of the 
transradial approach against the risk of damaging the radial artery when choosing the 
access site for percutaneous coronary procedures.  

Yet, among the cardiologists in our study, awareness of this issue still appears to be 
limited. The common use of transradial percutaneous coronary procedures and the 
current rise in using radial artery grafts for CABG [24] may more frequently result in a 
conflicting use of the radial artery. This, in turn, may reduce the patency of radial artery 
bypass grafts, which can lead to serious complications and inferior clinical outcomes. 

LLimitations 

As a result of the study design, convenience sampling cannot be excluded. Nevertheless, 
while some interviewed cardiologists from general hospitals refer patients to our centre, 
other independent tertiary centres for cardiac interventions including academic hospitals 
are well-represented in this sample. Therefore, the potential bias for the total group may 
be limited.  

Although the clinical cases reflect clinical practice, we cannot exclude that other cases 
might have given other results. These three cases are meant to create three levels of 
awareness for preserving the (left) radial artery and were framed to receive authentic 
answers for each case. Interviewing cardiothoracic surgeons might broaden the view on 
this issue and could be addressed by future studies. 

Conclusion 

More than half of the interviewed cardiologists said not to realise that left transradial 
access preceding CABG may preclude later use of this artery as a conduit. Notably, in case 
of unavailability of the right radial artery, interventional cardiologists preferred left 
transradial access more often than non-interventional cardiologists. 
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Supplements 
Supplementary Table 1 

Supplementary TTable 1  Preferred access route for PCI in a 60-year old patient 
Case 1: Vascular access route for PCI  in a 60--year--old patient  
Right radial artery 50 (100%) 
Reason to choose for rright rradial artery (multiple options) 

 Easy access  41 (82%) 
 To reduce bleeding risk 22 (44%) 
 To increase patient comfort 12 (24%) 
 Because of training 10 (20%) 
 To increase early mobilisation 8 (16%) 
 Age of patient 1 (2%) 

Possible challenges for rright rradial artery access ((multiple options) 
 Complicated vascular access 16 (32%) 
 Size of radial artery 11 (22%) 
 Spasm of radial artery 17 (34%) 
 Age of patient 7 (12%) 
 Gender of patient 10 (20%) 
 Profession of patient 7 (14%) 

Favouring rright oover left  radial artery  
 Favours right over left radial artery 40 (80%) 
 Favours because of cathlab setup 36 (90%) 
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AAbbreviations and acronyms 
BP Bovine pericardium 
CD Cross direction 
DEE Detergent and enzyme extraction 
ECM  Extracellular matrix 
Emod Elastic modulus 
Fr-PP  Fresh porcine pericardium 
Glut-BP  Glutaraldehyde treated bovine pericardium 
MD Machine direction 
PP Porcine pericardium 
scCO2  Supercritical carbon dioxide 
SEM Scanning electron microscopy 
SIS-ECM  Small intestine-submucosa extracellular matrix 
TS Trypsin 
TSD Sodium-deoxycholate 
UTS Ultimate Tensile Strength 
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Abstract 
Introduction 

Many biomaterials are used in cardio-thoracic surgery with good short-term results. 
However, calcification, dehiscence, and formation of scar tissue are reported. The aim of 
this research is to characterize decellularised pericardium after supercritical carbon 
dioxide (scCO2) processing as an alternative biological material for uses in cardio-thoracic 
surgery. 

Methods 

Porcine and bovine pericardium were decellularised using scCO2. Mechanical properties 
such as tensile strength, elastic modulus, fracture toughness and suture retention 
strength were determined. Ultrastructure was visualised using scanning electron 
microscopy. Water uptake and swelling was experimentally determined. Commercially 
available glutaraldehyde treated bovine pericardium was used as gold standard for 
comparison. 

Results 

scCO2 decellularised porcine and bovine pericardium maintained their tensile strength 
compared to untreated native pericardium (13.3 ± 2.4 MPa vs 14.0 ± 4.1 MPa, p = 0.73). 
Tensile strength of glutaraldehyde treated pericardium was significantly higher 
compared to untreated pericardium (19.4 ± 7.3 MPa vs 10.2 ± 2.2 MPa, p = 0.02). Suture 
retention strength of scCO2 treated pericardium was significantly higher than 
glutaraldehyde treated pericardium (p = 0.01).  

We found no anisotropy of scCO2 or glutaraldehyde treated pericardium based on a 
trouser tear test. Ultrastructure was uncompromised in scCO2 treated pericardium, while 
glutaraldehyde treated pericardium showed deterioration of extracellular matrix. 

Conclusion 

scCO2 processing preserves initial mechanical and structural properties of porcine and 
bovine pericardium, while glutaraldehyde processing damages the extracellular matrix 
of bovine pericardium. Decellularisation of tissue using scCO2 might give long-term 
solutions for cardio-thoracic surgery without compromising initial good mechanical 
properties. 
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IIntroduction 
Many decellularised tissues, such as pericardium or small intestine submucosa, are used 
in cardio-thoracic surgery as a temporary graft for heart tissue recovery, reconstruction 
of heart valves and aortic wall, closure of pericardium, and reconstruction of blood 
vessels (arterioplasty) with good short-term results [1]. These biomaterials provide an 
interim template to enable patient’s own cells to repopulate the repaired tissue and 
remodel to host tissue.  

Specific to cardiac structures, a biomaterial should be pliable, soft, resistant to tearing, 
calcification and shrinkage, not induce scar tissue, haemostatic, not interfere with 
patient’s growth and not induce a pro-inflammatory response [2]. A specific use of 
biomaterials is to construct bioprosthetic aortic or mitral valves. These heart valves are 
made of treated pericardium which consists of a serous membrane (epicardium, or 
visceral layer), and a fibrous sac (parietal layer) that envelopes the heart [3]. The fibrous 
parietal layer of pericardium possesses great uniformity in its different regions with 
multidirectional orientation of collagen fibres [4].  

Calcification of current valve prostheses 

Last decade, more than half of all aortic valve replacements were biological prostheses 
made of pericardium, worldwide accounting for 150,000 implantations per year with a 
shift from mechanical, carbon-based prostheses towards biological heart valves [5]. 
However, despite its good short term outcome, valve failure based on tissue 
deterioration and calcification limits the lifetime of the biological prosthesis to 
10 – 15 years which necessitate reoperation or results in death in 50 – 60% of the patients 
[6, 7], resulting in high societal costs. This biomaterial mineralisation is related to age and 
host metabolism, implant structure and mechanical factors [5]. 

 A better biomimicry is likely to reduce calcification and valve failure. Major causes of 
calcification are remnant nonviable cells in biomaterials and cytotoxic residues from 
glutaraldehyde treatment, used to prevent a pro-inflammatory immune response and to 
restore mechanical properties after chemical decellularisation.  

Chemical treatment of pericardium 

Decellularisation of tissue reduces immunogenic properties and a wide range of 
treatments are used to maintain structural and biomechanical integrity of tissues [8]. 
Detergent and enzyme extraction (DEE), trypsin (TS) and Triton X-100 and sodium-
deoxycholate (TSD) methods are commonly used to remove the surface cells. However, 
mechanical, structural or biological properties are altered in these acidic, detergent and 
enzymatic decellularisation processes [9, 10].  

Low concentration aldehydes, such as glutaraldehyde stabilises pericardium by 
preventing secondary shrinkage [11]. Major drawbacks however are limited long-term 
durability due to fixative remnants, free aldehyde groups and phospholipids and lacking 
removal of animal-specific antigens, causing a chronic inflammation and calcification of 
pericardium [12-14]. 
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Critical factors for improvement: Decellularisation of tissues  

Successful clinical use of decellularised pericardium for cardiovascular applications 
depends upon preservation of mechanical properties such as ultimate tensile strength 
(UTS), Elastic modulus (Emod), suture retention strength and fracture toughness. A 
hypothesised method of gentle decellularisation is supercritical carbon dioxide 
decellularisation (scCO2). scCO2 is an alternative to cytotoxic and calcifying treatments 
where CO2 is conditioned above 31.1 °C (304 K) and 73.4 bar (7.3 MPa) to achieve a 
supercritical phase (Figure 1). scCO2 is then able to penetrate the tissue, dissolve cells [15] 
and remove them from tissues. Effective cell removal was observed in porcine aorta [16], 
but data is lacking about mechanical properties of scCO2 decellularised porcine and 
bovine pericardium. 

 
Figure 1 Phase diagram of CO2. Focus on supercritical state above 31.1 °C and 73.4 bar. Figure 
created with data from ChemicaLogic Corporation [17] and optimised for this paper 

Many processing purposes are described for scCO2 including use as (anti)solvent, solute, 
reagent, supercritical drying of tissues, extraction, cleaning and sterilisation [18]. Where 
high temperature methods such as steam and autoclave sterilisation are unsuitable for 
most biomaterials, both gamma irradiation and ethylene oxidation are frequently used 
[19]. Unfortunately, they also have major drawbacks such as enhanced degradation of 
biomaterials, cross-linking and cytotoxic residual chemicals [20].  

scCO2 is used in treatment of biomaterials to sterilise in experimental setting at low 
temperature often in combination with acidic and oxidative reagents [21, 22]. For 
tendons sterilised with scCO2 without other processing there was no difference in failure 
stress between untreated and scCO2 treated tendons [23], but there is only limited clinical 
use of scCO2 treated porcine pericardium [24]. For the purpose of decellularisation (cell 
removal), biomechanical properties of biomaterials such as pericardium remain 
uncertain. 
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Thus, the objective of this study is to characterise ultrastructure and mechanical 
properties of scCO2 decellularised porcine and bovine pericardium, in comparison with a 
commercially available glutaraldehyde treated pericardium for applications in cardio-
thoracic surgery. It is expected that better biomimicry reduces the chance of calcification 
and failure. Therefore, this study also investigates whether scCO2 pericardium is more 
similar to native pericardium than currently used chemically treated pericardium. 

MMaterials and methods 
Tissue source 

Multiple types of pericardium were used in this study: fresh porcine pericardium (Fr-PP), 
scCO2 decellularised porcine pericardium (PP), fresh bovine pericardium (Fr-BP), scCO2 
decellularised bovine pericardium (BP), and Peri-Guard® (10 x 16 cm, Synovis Surgical) 
which is bovine pericardium cross-linked with glutaraldehyde (Glut-BP) and used in many 
cardio-thoracic procedures. Glut-BP was chemically sterilised by the manufacturer using 
ethanol and propylene oxide, treated with sodium hydroxide and stored in a storage 
solution according to manufacturer’s instructions [25].  

Before testing, Glut-BP was rinsed for a minimum of 10 minutes in physiological saline 
solution and kept moist at all times. All samples were selected from the anterior 
pericardium and cut parallel to superficial collagen fibres following visual inspection of 
the samples. A complete overview on tissues used in each experiment is depicted in 
Supplementary table 1.  

Processing and decellularisation 

Fresh porcine pericardia were obtained from the local slaughterhouse, stored in 
physiological saline solution and manually cleaned of fat and adventitial tissue. Bovine 
pericardia were purchased from Southern Lights Biomaterials (New Zealand). Both 
porcine and bovine pericardia in the scCO2 group were processed with 25 weight% 
hydrogen peroxide, 1.25 M sodium hydroxide and 0.1 M phosphoric acid and 
decellularised with scCO2 at 35 °C (308 K) and 100 bar (10 MPa) for one hour in a Nova 
2200 (Novasterilis, U.S.A.) device.  

Samples were freeze-dried at manufacturer (European Medical Contract Manufacturing, 
The Netherlands) in a sublimator (Zirbus, The Netherlands) at -40 °C for 240 minutes, with 
primary drying at -5°C for 240 minutes and secondary drying at 25 °C for 840 minutes at 
0.650 mbar. When applicable, samples were sterilised with a 25 kGy Cobalt-60 source in 
concordance with ISO protocol 11737. 

Scanning electron microscopy (SEM) 

PP and BP were freeze-dried using above protocol. Glut-BP was subjected over night to 
lyophilisation. Scaffolds were sputtered with gold (Cressington, UK) for 40 seconds at 
30 mA prior to SEM analysis. Ultrastructure and architecture were characterised by 
environmental SEM (XL-30 ESEM-FEG, Philips, The Netherlands).  
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Mechanical testing 

Uniaxial tensile testing was performed on Fr-PP, Fr-BP, PP, BP and Glut-BP on a tensile 
tester (Zwick Z020, Germany) with a load cell of 0.5 kN, preload of 0.1 N, test speed of 3 
mm/min and increased tension until sample failure. Ultimate tensile stress (UTS), strain 
and elastic modulus (Young’s modulus, Emod) were determined. Emod was determined 
using the slope of the linear region of the tensile stress-strain curve. Here, a high Emod is a 
measure for a stiff material. Sample dimensions of pericardium were 40 x 20 mm and 
thickness of pericardium was measured with a digimatic indicator (Mitutoyo, Japan) for 
each sample in triplicate along the oblique axis and averaged.  

Fracture toughness was defined as ‘a material’s resistance to crack propagation’ [26] and 
was tested in a ‘trouser tear test’ to determine (an)isotropy of pericardium and calculated 
by the area under the tensile curve [27, 28]. The tear was propagated parallel to the 
orientation of collagen fibres (machine direction, MD), perpendicular (cross direction, CD) 
or at a 45° angle (45).  

When applicable, samples were rehydrated for at least 10 minutes in physiological saline 
solution. For determining suture retention strength, both one and three simple 
interrupted Prolene 4-0 and 5-0 sutures (Ethicon, U.S.A.) were placed in the pericardium 
with a suture bite of 5 mm. A test speed of 80 mm/min was used. 

Water uptake and swelling  

Circular BP with a diameter of 25 mm and PP of 15 mm (20 x 30mm sample) were 
weighted and diameter was recorded at dry state. Samples were hydrated in 
physiological saline with measurement of diameter and weight increment over time after 
gentle blotting of swollen samples on filter paper. Both weight ratio and diameter ratio 
as measures of swelling were calculated and compared over different time points.  

Statistical analysis 

The statistical analysis was performed with SPSS 23.0 (SPSS Inc, Chicago, IL). Results were 
considered statistically significant at the 5% level. Variables were analysed with t-tests for 
independent samples. Literature results were grouped with a standard deviation (SD) 
calculated by individual studies and the number of samples tested. For trouser tear, 
multiple groups were compared using a one-way analysis of variance (ANOVA) and 
comparison between tissue sources was performed using a two-way ANOVA. An ANOVA 
for repeated measures was conducted for water uptake. Results are reported as 
mean ± SD. 

Results 
Ultrastructure 

SEM analysis of PP (n = 6 from two samples) and BP (n = 4 from 1 sample) identified the 
parietal serous pericardium as a smooth surface with remnant polygonal mesothelial cell 
borders still visible without the presence of cells (Figure 2A). Minor disruptive areas of on 
average 5 μm2 are present. Fibrous pericardium shows the presence of intact elastin and 
collagen fibres (Figure 2B). Glut-BP (n = 5 from 1 sample) looked similar to PP and BP, with 
larger disruptive areas of on average 10 μm2 (Figure 2C, 2D).  
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Figure 2 Representative scanning electron microscopy images of BP and Glut-BP. AA, B Bovine 
pericardium decellularised with scCO2. CC, D Bovine pericardium treated with glutaraldehyde 
(Peri-Guard®). 

Mechanical properties 

Fresh and glutaraldehyde treated pericardium 

Our stress/strain curve for tensile testing on fresh pericardium is presented in Figure 3A. 
Fr-PP (n = 6) had a tensile strength of 13.3 (± 2.4 MPa and average thickness of 
103 ± 29 μm. No transition at 2% strain was observed. UTS of Fr-BP (n = 5) was 
10.2 ± 2.2 MPa with average thickness of 477 ± 128 μm. 

Glut-BP (n = 6) had a tensile strength of 19.4 ± 7.3 MPa, average thickness of 439 ± 143 μm 
and showed no transition at 2% strain (data not shown). UTS was significantly higher 
compared to native untreated bovine pericardium (Figure 4, p = 0.02). 
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A  

B  

C  

Figure 3 Stress-strain curves from AA fresh porcine and bovine pericardium BB scCO2 treated 
porcine and bovine pericardium CC Glutaraldehyde treated bovine pericardium.  
UTS = Ultimate tensile strength 
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scCO2 decellularised pericardium 

Tensile strength for BP (n = 6) and PP (n = 5) samples was 11.0 ± 2.1 MPa and 
14.0 ± 4.1 MPa, respectively (Figure 3B). Thickness of BP was 577 ± 71 μm, compared to 
200 ± 56 μm) in PP. At 2 – 5% strain all dehydrated samples showed a temporary 
flattening at the toe of the stress/strain curve (See supplementary Figure 1). 

In hydrated BP (n = 4), strain almost doubled at maximum force (70% vs 40%) with 
comparable tensile strength of 13.4 ± 3.0 MPa, and a thickness of 482 ± 12 μm. No 
transition at 2% strain was observed. There was no significant difference in UTS between 
PP (p = 0.73) and BP (dehydrated p = 0.54, rehydrated p = 0.10), compared to fresh 
pericardium. 

Fracture toughness 

BP and Glut-BP were subjected to propagation of a tear in a trouser tear test. For BP 
(dehydrated), a 25 mm “trouser” dissected after 40% elongation when propagated 
parallel to collagen fibres (MD, n = 3). In CD (n = 3), this varied from 30 – 90% and in the 
45° group (n = 3) this occurred directly from the beginning or from 15%. A high variation 
in stress-strain curves between each sample was observed. Average fracture toughness 
in MD was 15.3 ± 6.10 J · m-3 (MPa x % strain), CD 13.6 ± 9.09 J · m-3 and 45° 28.5 ± 18.5 
J · m-3 (Figure 5). There was no statistically significant difference between orientation 
means as determined by one-way ANOVA (F(2,6) = 1.308, p = 0.34). 

In Glut-BP a dissection of tissue was only observed in two samples after 40% (CD) and 
120% (45°) elongation. Average fracture toughness in MD was 64.9 ± 40.4 J · m-3 (n = 2), 
CD was 82.6 ± 5.4 J · m-3 (n = 2) and 45° 98.5 ± 32.2 J · m-3 (n = 3). There was also no 
statistically significant difference between orientation means (ANOVA (F(2,4) = 0.7344, 
p = 0.54). 

FFigure 4 Overview of ultimate tensile strength (UTS) for fresh (native) and scCO2 decellularised 
porcine and bovine pericardium as well as glutaraldehyde treated pericardium (gold standard).  
ns: p > 0.05, * p = 0.02 
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A two-way ANOVA examined the role of tissue source and orientation on fracture 
toughness. There was a statistically significant effect of tissue source on fracture 
toughness, F (1,10) = 32.74, p < 0.001. 

Suture retention strength 

To determine the force needed to pull out a simple suture (suture retention strength), BP 
(dry), BP (hydrated) and Glut-BP (each condition n = 4) were measured. Each sample had 
three simple interrupted sutures (Figure 6), making a total of 12 individual sutures. Three 
phenomena were observed: suture knot failure (n = 3), the suture working as a knife 
(n = 5), the suture tearing the tissue apart (n = 4), starting at a force of 25 N. 

Maximum force at break was 33 ± 4 N in sutured rehydrated BP and significantly higher 
than 20 ± 6 N of Glut-BP (p = 0.01), see Table 1. 

Figure 6 Representative suture retention strength of hydrated BP AA surgical knot failure and 
tearing BB cutting of suture through pericardium CC tearing of pericardium  

Figure 5 Fracture toughness of BP (dehydrated) and Glut-BP (hydrated) in a trouser tear 
test. There were no significant differences between orientation on fracture toughness. 
Group means of BP and Glut-BP were significantly different (p = 0.0002). *** p < 0.001 
BP = Bovine pericardium; CD = Cross direction; Glut-BP =  Glutaraldehyde treated bovine 
pericardium; MD = Machine direction; 45° = 45° on MD.  
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We also investigated use of simple interrupted sutures in rehydrated PP (n = 5) and BP    
(n = 2). We observed a reduction in suture retention strength compared to triple 
interrupted sutures (Table 1), with no significant difference between PP and BP (p = 0.11). 

WWater uptake 

Water uptake in dehydrated PP and BP was measured as a function of time to get an 
impression of the speed of saturation (n = 2 for each condition). Final ratio on weight (wi) 
was 393 ± 2.1% for BP and 356 ± 18% for PP, both stabilising after one minute of 
rehydration. There was no different increase in weight ratio for both measurements at 
the different time points after one minute (ANOVA, F(1,1) = 2.10, p = 0.39 for BP, ANOVA, 
F(1,1) = 0.93, p = 0.51 for PP). Final ratio on diameter (di) was 10 ± 2.8% for BP and 
6 ± 0.95% for PP. An equilibrium was reached after 2 minutes (Figure 7).  

There was no different increase in diameter ratio for both measurements at the different 
time points after one minute (ANOVA, F(1,1) = 2.00, p = 0.39 for BP, ANOVA (F1,1) = 0.89, 
p = 0.52 for PP). 

 
Figure 7 Water uptake of PP and BP. On lower Y-axis, diameter ratio (di) is shown, on upper Y-
axis weight ratio (wi). Both ratios of PP and BP are not significantly different in time after one 
minute 

Table 1 Suture retention strength 
 

Source   Treatment   
 

Suture retention strength (N)   UTS (MPa)  
Triple iinterrupted sutures (Prolene 5-00) 
 Bovine  Glutaraldehyde (Peri-Guard)  20 ± 6.3 2.2 ± 0.66  
 Bovine  scCO2 (dehydrated)  22 ± 6.7 3.5 ± 0.47  
 Bovine  scCO2 (rehydrated)  33 ± 3.8 3.3 ± 0.16  
Simple interrupted suture (Prolene 4--0)  
 Porcine scCO2 (rehydrated)  5.1 ± 1.3 1.9 ± 0.97 
 Bovine scCO2 (rehydrated)  7.2 ± 0.67 0.96 ± 0.15 
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Discussion 
Currently, several biomaterials are used in clinical setting for reconstruction of cardiac 
tissue, repair of large intra-thoracic vessels and repair of pericardium, such as small 
intestine submucosa ECM (SIS-ECM) or glutaraldehyde fixed pericardium. However, these 
tissues tend to calcify as a result of chronic inflammation. This study characterised 
decellularised porcine and bovine pericardium after supercritical carbon dioxide 
processing for uses in cardio-thoracic surgery.  

This study has a wide scope of characterisation of scCO2 decellularised pericardium. 
Indeed, this study investigates mechanical aspects, such as tensile strength, water uptake 
and swelling. Next, the ultrastructure was imaged with SEM, visualising both rough, 
fibrous pericardium as well as smooth, serous pericardium. 

Ultrastructure 

SEM analysis (Figure 2) indicated preservation of ultrastructure of porcine and bovine 
pericardium when decellularised with scCO2 with minor disruptive areas. Glutaraldehyde 
treated bovine pericardium showed more and larger disruptive areas, yet this could not 
statistically be objectified.  

We used freeze-dried BP from the manufacturer and freeze-dried Glut-BP to conduct 
SEM-analysis, which may have impact on superficial structure of pericardium [29]. 
Previous research on scCO2 decellularised porcine aorta suggested a possible disruption 
of ECM due to the pressure used in scCO2 processing [9, 16]. Contrarily, our study shows 
a preservation of ultrastructure. Others have used higher operating pressures up to 
35 MPa that could explain the different findings and also reported residual phospholipids 
at lower pressures [16], suggesting incomplete processing in previous studies. Our scCO2 
processing use much lower pressures of 7 MPa and minimising disruption of ECM due to 
these lower pressures. 

Mechanical properties 

Ultimate tensile strength 

First, tensile strengths of PP and BP are uncompromised after scCO2 treatment compared 
to Fr-PP, a new finding compared to other treatments found in literature (Table 2). For 
chemically decellularised pericardium using SDS, Min et al. found an UTS of 7.3 ± 1.6 MPa 
(n = 5) [30], Comparing both groups, a significant lower UTS in the chemically 
decellularised porcine pericardium group is observed compared to our native porcine 
pericardium group (p < 0.001, Figure B). For bovine pericardium, Hülsmann et al. also 
showed an UTS of 7.1 ± 1.7 MPa in the SDS-group which was significantly lower 
(p = 0.012) than our results [31].  

We observed a high standard deviation on UTS in the Glut-BP group that can be 
explained by 2/6 samples having an UTS of 28 MPa and 4/6 ranging from 10 – 18 MPa. 
We measured all samples in one session, therefore eliminating operator and system 
influences. Increasing sample size might reduce the influence of biological variability. 
However, a study from Polak et al. measuring 50 bovine pericardia showed a similar 
standard deviation of UTS [29].  
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In our study, a temporary flattening of the stress/strain curve was observed at 2 – 5% 
strain in all dehydrated samples (see Supplementary Figure 1). We hypothesise that 
dehydrated samples are not capable in transferring applied force into the tissue, due to 
a lack of uncrimping of collagen in the absence of water. Hydrated samples do show 
uncrimping of collagen and no temporary flattening was observed. For future clinical use, 
this phenomenon thus advocates using (re-)hydrated pericardium instead of dehydrated 
pericardium. 

Elastic modulus  

Next, Emod of BP increased only slightly after scCO2 treatment compared to untreated 
bovine pericardium. In our study, we determined the Emod as the slope of the stress/strain 
curve in a linear part (Young’s modulus). Differences in Emod may arise due to tissue 
preparation or test method. Indeed, biomechanical properties of pericardium are mainly 
determined by the distribution and orientation of collagen bundles. A low Emod is desired 
as tissues in the human body should be able to withstand elastic deformity.  

A decreased tensile strength is associated with a lower water content, in which the 
reorganisation of collagen fibres at increased tensile forces is reduced [14]. Indeed, we 
observed that dehydrated pericardium had a higher Emod than rehydrated pericardium. 
Most studies used glutaraldehyde fixed pericardium [31-33] and demonstrated a 
decrease in Emod. However, others have shown that cross-linking increases the Emod of 

TTable 2 Mechanical properties of pericardia 
SSource   TTreatment TTensile  

sstrength 
 ((MPa) 

Elastic 
mmodulus 

  (MPa) 

Reference 

Porcine  Untreated  14.4  76 ± 10  Dong, 2013 [32] 
Porcine  Untreated  13.3 ± 2.4  50 ± 16  This study  
Porcine  Triton X-100  8.0 ± 1.8 51 ± 7  Dong, 2013 [32] 
Porcine SDS 8.4 ± 1.4 37 ± 5 Dong, 2013 [32] 
Porcine  SDS +Glutaraldehyde  7.3 ± 1.6  - Min, 2012 [30] 
Porcine   scCO22 ((dry)  14.0 ± 4.1 131 ± 21 This study 
Human  Glutaraldehyde  10 ± 3  51 ± 15  Yamashita, 2012 [33] 
Bovine  Untreated  9 ± 3  26 ± 5  Hülsmann, 2012 [31] 
Bovine Untreated 14.9 ± 4.6 33 ± 12 Guhathakurta, 2008 [34] 
Bovine Untreated 17.1 ± 2.9 - Nam, 2012 [35] 
Bovine  Untreated  10.2 ± 2.2  - This study
Bovine Triton X-100 10.2 ± 2.2 40 ± 12 Kayed, 2015 [36] 
Bovine scCO22 ((dry) 11.0 ± 2 83 ± 14 This study 
Bovine scCO22 ((hydrated) 13.4 ± 3 48 ± 12 This study 
Bovine Glutaraldehyde 10 ± 3 - Van den Heever, 2013 [14] 
Bovine Glutaraldehyde 12.8 ± 1.1 50 ± 6 Kayed, 2015 [36] 
Bovine Glutarraldehyde (Peri-GGuard)  19.4 ± 7.3 91 ± 38 This study 
Bovine Glycerol (dry) 18.9 ± 9.6 197 ± 84  Polak, 2011 [29] 
Bovine  SDS + Glutaraldehyde  4.2 ± 1  5 ± 2  Hülsmann, 2012 [31] 
Bovine SDS + Triton X-100 + 

Glutaraldehyde 
15.3 ± 3.0 - Nam, 2012 [35] 
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collagen [37], which is in line with the hypothesis that cross-linking increase the stiffness 
of a material. 

(An)isotropy of pericardium 

A tear (crack) propagation parallel to the orientation of collagen fibres is the most 
important indicator for collagen-matrix interaction and is clinically relevant as 
propagation across the collagen fibres is more difficult [28]. However, our data on tear 
propagation did not confirm this statement, where there was no significant difference 
between different orientations. Early research on human and canine pericardium showed 
that strip orientation did not significantly affect UTS in uniaxial and biaxial testing [38, 
39]. Others found a significant lower UTS of bovine pericardium in perpendicular tensile 
testing, compared to axial tensile testing, yet no difference was found in porcine 
pericardium [40].  

The isotropy of pericardium in our study can be explained by a 3D crossed-fibrillar 
structure [38], with superficial fibres being perpendicular to deep collagen fibres [41] 
Multiple fibre directions provide an increased resistance to crack propagation and shear.  

Cross-linking of collagen fibres by glutaraldehyde makes propagation of a tear more 
difficult [42]. Indeed, in our trouser tear test Glut-BP needed more energy than BP 
(p = 0.0002). Next, biological variation and difficulty in assessing fibre orientation might 
have influenced categorisation of the samples. Future research should address biological 
variation by measuring more samples and quantify superficial and deep fibre orientation 
appropriately in scCO2 treated pericardium.  

Impact for future clinical use 

Data from untreated bovine, porcine and human pericardium is scarce and studies with 
untreated pericardia [31, 32, 36, 43] have not been reproduced yet. This study includes 
untreated pericardia, glutaraldehyde treated pericardia, and scCO2 decellularised 
pericardia and subjects all materials to identical test methods, thus enabling a good 
comparison of the effect of decellularisation on mechanical properties. 

Also, based on tensile strength, scCO2 decellularised pericardium is more similar to native, 
untreated pericardium compared to glutaraldehyde treated pericardium and therefore 
has a better biomimicry. In both hydrated and dehydrated conditions, this tensile 
strength is prolonged with more than a quarter increase in strain before deformation of 
the material, compared to the dehydrated tissue. This suggests that it can be used in a 
pulsatile environment with a strain of approximately 30% to the original size before 
failure. For future clinical use, this is an important feature for replacement of the 
ascending aorta where high strains are observed.  

Before clinical use as a vascular replacement, an uniaxial ring test should be conducted 
that predicts biomaterial mechanical response in these situations [44]. This research did 
not include repetitive stress tests, making the true usability in a pulsatile environment to 
be determined in future studies. 
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WWater uptake 

Rehydration of dehydrated samples is essential for tissue function in vivo. We observed a 
stabilisation of water uptake within 2 minutes (Figure 7) in PP and BP (both freeze-dried) 
which was statistically equal in both measurements. The swelling degree on weight (wi) 
of BP and PP (358% – 398%) is in line with swelling kinetics of native freeze-dried bovine 
pericardium from Polak et al. (250% – 325%), yet a much faster equilibrium is established 
in BP and PP [29].   

In current products for tissue reconstruction based on bovine pericardium, human skin 
and porcine SIS-ECM, such as Peri-Guard (Synovis Surgical), AlloDerm (Lifecell), Restore 
(DePuy), CorMatrix (Cook Biotech) and Matristem (Acell) rehydration or rinsing times vary 
from 3 to 40 minutes according to manufacturer’s instructions for use. This step also 
dilutes toxic preservation solutions in the aforementioned products. Our rehydration 
times of under 2 minutes are therefore no barrier for direct application in the operating 
room and corresponding delay of surgery pace.  

Limitations 

A limitation of this study on the potential of scCO2 decellularised pericardium is the 
comparison with bovine pericardium treated with glutaraldehyde (Peri-Guard®). Peri-
Guard® is bovine pericardium, cross-linked with glutaraldehyde without decellularisation 
but with fixation of cells. Cross-linking promotes a body response with fibrous tissue 
formation, chronic inflammation and inhibition of cellular infiltration and scaffold 
degradation [45]. Interestingly, degradation products from ECM have anti-microbial 
properties against i.e. Staphylococcus aureus [46], one of the most frequent causes of 
mediastinal infections after sternotomy. No inhibition of bacterial growth was seen in 
intact ECM [47]. This advocates for an unlinked scaffold where degradation does take 
place. As not all products available for patient care are cross-linked, non-inferiority of PP 
or BP is unclear until future work compare PP and BP with CorMatrix or equivalent 
unlinked SIS-ECM tissues. 

Next, configuration of collagen fibres vary with age as they are straight in the foetus, 
become wavy after birth and straight again in old age [3]. Also, total number of elastic 
fibres is higher in old age [38]. As more fibres reduce elasticity, pericardium of young 
adults is more elastic than that of elderly. Pericardia used in our experiments are of young 
adult animals. Future research should determine the different appearance of bovine 
young calf and bovine adult pericardium by SEM and Immunohistochemistry (IHC) 
staining of collagen and elastin. In surgeries where higher strains are observed, i.e. 
thoracic aorta surgery, bovine young calf could be more useful.  

Sterilisation methods 

The choice of sterilisation method might influence structural properties of biomaterials. 
Freytes et al. found a reduced maximum force in porcine urinary bladder matrix in 
gamma irradiated samples, compared to ethylene oxide and unsterilised samples [48]. 
Contrarily, Daar et al. demonstrate collagen fibre changes in irradiated bovine 
pericardium, but state that biological variability between samples is more important to 
UTS than gamma irradiation ranging up to 80 kGy [49]. We therefore expect that 
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difference in processing treatments (scCO2 vs glutaraldehyde) are more important to UTS 
than sterilisation.   

Long term durability 

A major problem of current biomaterials in heart surgery is long-term durability [7]. A 
limitation of this study is the lack of information about long-term durability of scCO2 
treated pericardium including tissue degradation and calcification of pericardia. A 
mineralisation assay can provide some information on this calcification process, together 
with culturing cells in (salt enriched) simulated body fluid solution to enhance 
calcification process [50], as well as X-ray spectroscopy [51]. However, laboratory tests are 
only limited in predictability of calcification and in vivo studies should address induction 
of scar tissue, induction of a pro-inflammatory reaction or hypothesised full remodelling 
aspects of scCO2 decellularised pericardium. 

Unfortunately, glutaraldehyde treated pericardium has cytotoxic residues that impact 
remodelling of surrounding tissue [20]. Since scCO2 processing is solvent-free processing, 
only CO2 and H20 is released during degradation and no cytotoxicity and genotoxicity is 
expected. Long-term stability however is also based on adequate DNA and α-Gal epitope 
removal from xenogeneic tissue [52]. So far, no tissue treatment has been able to 
completely remove such epitopes without compromising mechanical properties [30], 
and the effect of scCO2 on xeno-antigen removal should be subject to further research. 

Conclusion 
This study characterises porcine and bovine pericardia decellularised by scCO2 in 
comparison with native pericardium and glutaraldehyde-fixed pericardium (Glut-BP). 
Ultimate tensile strength of scCO2 decellularised pericardium was not significantly 
different from native pericardium, where Glut-BP was significantly higher (p = 0.02). Next, 
suture retention strength of scCO2 treated pericardium was significantly higher than 
Glut-BP (p = 0.01). Rehydration of scCO2 treated pericardium reached an equilibrium after 
2 minutes and is therefore no limiting factor in the operating room. Thus, scCO2 
decellularisation preserves the initial good mechanical properties of pericardium. We 
conclude that pericardium decellularised by scCO2 meets the requirements for 
biomaterial use in cardio-thoracic surgery such as resistance to tearing in physiological 
human conditions, resistance to shrinkage and pliability.  

Initial mechanical properties of pericardium are of great interest for surgical use and with 
preservation of these properties using scCO2 decellularisation we expect a promising 
scaffold for applications in cardio-thoracic surgery.  
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Supplements 
Supplementary Figure 1 

Supplementary Figure 1 Zoom in of stress-strain curves from scCO2 treated porcine and bovine 
pericardium. One can observe a flattening of the stress-strain curve between 2 – 5% strain. 
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AAbbreviations and acronyms 
CRT Cardiac resynchronisation therapy 
HF Heart failure 
HFrEF Heart failure with reduced ejection fraction 
LVAD Left ventricular assist device 
SMA  Smart memory alloy 
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Abstract 
Purpose 

Heart failure is increasingly prevalent in the elderly. Treatment of patients with heart 
failure aims at improving their clinical condition, quality of life, prevent hospital 
(re)admissions and reduce mortality. Unfortunately, only a select group of heart failure 
patients with reduced ejection fraction are eligible for cardiac resynchronisation therapy 
where 30 – 40% remain non-responders and need left ventricular support. The aim of this 
study is to investigate if a shape memory alloy (SMA) is able to increase the ejection 
fraction of a mono-chamber static heart model by 5%.  

Methods 

A paediatric ventilation balloon was used as a heart model (mono-chamber). Flexinol®, a 
SMA, was placed around the heart model in multiple configurations and activated using 
pulse width modulation techniques to determine influence of diameter and 
configuration on volume displacement. Furthermore, pressure within the heart model 
was measured with a custom-made pressure sensor.  

Results 

SMA with a diameter of 0.38 mm, placed in a spiral shape and activated with a duty cycle 
of 80% and a frequency of 50/min gave the highest ejection fraction increase of 3.5%.  

Conclusions 

This study demonstrated the feasibility of volume displacement in a static heart model 
by activation of SMA wires. Configuration, duty cycle, frequency, pulse intervals and 
diameter were identified as important factors affecting the activation of SMA wires on 
volume displacement. Future research should include the use of parallel SMA wires, 
prototype testing in dynamic or ex vivo bench models. 
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IIntroduction 
Heart failure (HF) is characterized by the “inability of the heart to pump blood at an 
adequate volume” [1] and results in marked limitation of physical activity. Over 6.5 million 
Americans have HF and increases by 46% in 2030 [2]. HF is an incurable, lethal disease, 
where 1 in 8 deaths are related to HF with a 5-year mortality rate after diagnosis of HF of 
50% [3]. Also, HF is the most expensive diagnosis for hospitalisations and 30-day 
readmissions [4].  

Treatment of heart failure focuses on quality of life improvement, prevention of hospital 
admissions and aim to decrease mortality. For patients with a reduced left ventricular 
ejection fraction (HFrEF) below 40%, pharmacological treatment with angiotensin-
converting enzyme inhibitors, beta-blockers and mineralocorticoid/aldosterone receptor 
antagonists improve survival rates [5]. To reduce the risk of sudden death, implantation 
of an implantable cardioverter defibrillator is recommended.  

For symptomatic patients, cardiac resynchronisation therapy (CRT) is indicated for a 
select group of patients, yet over 30% of patients are non-responders and do not benefit 
from this treatment [6]. For patients with resistant symptoms, surgical implantation of a 
left ventricular assist device (LVAD) or heart transplantation may be considered [5], 
despite drawbacks of infection of the external battery driveline occurring up to 35% [7, 
8] and an increased risk for thrombogenicity and thrombosis [9].

Technological opportunities 

Shape memory alloys (SMAs) are able to recover their shape after unloading from a 
particular stimulus, such as temperature [10]. At high temperature, these SMAs contract 
and revert to their original state during the cooling process [11]. Application of SMAs in 
medical practice, such as coronary stents, has continued to emerge since their discovery 
in the early 1930s [12]. SMAs have effective strain generation up to 4%, with fatigue 
between 4  – 8%, high strength to weight ratio, and low operating voltage [13, 14]. 

Recently, the use of SMAs in the treatment of heart failure in bench models generated 
considerable attention [15, 16]. A mechano-electric artificial myocardial assist system 
using SMA wires augmented aortic flow rate by 15% in a goat study. Also, systolic left 
ventricular pressure was elevated by 7% under the cardiac output condition of 3 L/min in 
these goats [17]. 

However, challenges remain with respect to energy supply, relaxation times of SMAs and 
testing in realistic heart models. In this demonstrator study, we investigate which SMA 
designs, and which pulse width modification (PWM) techniques are able to increase 
ejection fraction of a mono-chamber static heart model by at least 5%.  

Materials and methods 
A paediatric silicone resuscitation balloon (Laerdal Benelux B.V., Amersfoort, The 
Netherlands) was used as a mono-chamber static model with a volume of 475 mL. 
Flexinol® actuator wires (Dynalloy Inc., Irvine, California, United States) were used as SMA. 
Flexinol® wires are composed of nickel-titanium alloy (55 wt%Ni, 45 wt%Ti) with a 
diameter of 150 μm, 250 μm and 380 μm respectively, displaying transformation 
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temperatures of 70 °C. The density of Flexinol® is 6.45 g/cm3 with a heat capacity of 
0.2 cal/g·K and thermal conductivity of 0.18 W/cm·K [18, 19]. A detailed description of 
nickel-titanium alloys can be found elsewhere [15].  

A power supply and pulse generator were used to measure volume displacement after 
activation of SMAs (Figure 1).  

A skeleton composed of Flexinol® wires, micro-tubes, vascular ties, rings and Velcro straps 
was used based on the experimental setup of Shirashi et al. [14] and is depicted in Figure 
2a. Rings were positioned to distribute force more evenly over the balloon. SMA wires 
were connected to small power cables by cable shoe connectors and attached to screw 
terminals for proper fixation (Figure 2b). 

 

 
Figure 1 Schematic representation of test setup. Pulse generator which activates the SMA 
around the heart model with three major variables: frequency, duty cycle and pulse intervals 

Heart model  

Pulse generator  
Power supply  

220 V  

Variables:  

Frequency (min-1) & intervals Duty cycle: 

20 – 80% 
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AA  BB  

FFigure 2 AA Test setup with ventilation balloon as a heart model; BB detailed overview of heart model 

Design configurations 

Different configurations of SMA orientation were evaluated, e.g. spiral, band, cross and 
oblique shaped orientations (Figure 3) at a frequency of 20/min. Volume displacement 
was measured in a transparent open top plastic tube (height 400 mm, diameter 8 mm), 
vertically connected to the resuscitation balloon. Both balloon and part of the vertical 
plastic tube were filled with water (Figure 2a). First two pulses were used to warm-up the 
SMA-wire and stabilize the system. 

Images were recorded with a compact camera, processed by dedicated software using 
Kinovea 0.8.15 (France) where volume level was tracked as a function of time for all 

Figure 3 Conceptual artwork of configurations with AA spiral BB band CC cross DD oblique orientation 

A  B  C  D  
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design configurations. Displaced volumes and corresponding ejection fractions were 
calculated using Microsoft Excel 2016. Graphs were made with GraphPad Prism 5 
(GraphPad Software, Inc., San Diego, CA, U.S.A.).  

PWM techniques were used (Figure 1) to alter pulse frequency (50 – 90/min), duty cycle 
(20 – 80%) and pulse intervals (1 – 5) to elicit maximal volume displacement of a single 
SMA wire.  

Pressure measurements 

Pressure development was assessed within the resuscitation balloon according to 
ΔP = ρ · g · h: where ρ is density of the liquid kg/m3, g is gravitational acceleration m/s2 
and h is the height difference of the liquid with respect to the initial situation. Pressure 
development was measured in the resuscitation balloon during the 5th pulse to minimize 
slope effects. Pressure was controlled and recorded with an intravenous blood pressure 
sensor (501669001, Merit OEM, the Netherlands) interlinked to a microcontroller 
(Arduino Uno, Arduino), see Figure 4.  

Raw data were filtered with a high-pass Butterworth filter and a moving average filter 
(Matlab R2016b, MathWorks, Natick, USA). 

Statistical analysis 

GraphPad Prism 5 was used to perform statistical analysis. Results were considered 
statistically significant at the 5% level. A one-way ANOVA and a Tukey post hoc test was 
used for experiments with different SMA configurations and activation frequencies. A 
repeated measures ANOVA with a Tukey post hoc test was used for experiments with 
different pulse intervals. Results are reported as mean ± SD. Error bars represent 95% 
confidence interval (CI). 

 

Figure 4 Pressure sensor. (1) Inflated transcatheter aortic valve implantation (TAVI) balloon; (2) 
external pressure sensor; (3) manual pump with pressure gauge to fill TAVI-balloon with water; 
(4) connection to pressure sensor and microcontroller 
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RResults 
Design configurations 

SMA wires were applied onto the resuscitation balloon in spiral, band, cross and oblique 
configurations. Absolute volume displacement differed significantly for peaks 3 – 7 
between configurations, ANOVA (F(3,16) = 652, p <0.0001). A Tukey post-hoc test 
indicated significant comparisons between all designs (p < 0.0001) favouring spiral 
design, except for spiral vs band (p = 0.08, 95% CI -0.016 to 0.26), see Figure 5.  

The influence of wire diameter on volume displacement was studied for 150 μm, 250 μm 
and 380 μm SMA wires. Maximum volume displacement increased almost linearly with 
increasing number of windings around the resuscitation balloon (r2 = 0.99) in these wires 
(Figure 6a). Volume displacement was significantly higher for the 380 μm wire 
(3.8 ± 1.6 mL) as compared to the 250 μm SMA wire (1.2 ± 0.6mL, p < 0.05). A similar 
dependency was observed for the required voltage (Figure 6b).  

Maximum absolute volume displacement in spiral configuration was 9.0 ± 0.18 cm H2O, 
equivalent to 6.9 ± 0.076 mmHg for pulses 3-5 (Figure 7a). The calculated pressure in the 
resuscitation balloon using our pressure sensor was 7.1 ± 0.49 mmHg (Figure 7b), not 
statistically significant from the volume displacement (p = 0.54, 95% CI 5.9 to 8.3).  

A band shaped configuration with 5 windings resulted in a pressure of 10.3 mmHg at an 
electric current supply of 2.25 A. A current of 2.85 A in combination with assisting rings 
to distribute forces across the resuscitation balloon, resulted in maximum volume 
displacement of 16 mL. This corresponds to a pressure build-up of 24 mmHg. 

Figure 5 Design of SMA and effect on volume displacement with mean and 95% CI of absolute 
volume displacement (p < 0.0001 for all comparisons, except for spiral vs. band, p = 0.08) 
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A  B   

Figure 6 Influence of SMA diameter and windings on AA volume displacement and BB power 
supply. A linear regression line is drawn between data points (r2 = 0.99 in both graphs) 

 

A   B   

Figure 7 Pressure development with AA measured volume displacement (mmHg) and BB external 
pressure sensor (mmHg). 

Pulse width modulation (PWM) techniques  

Volume displacement of every third pulse was measured at different frequencies with 
duty cycle kept constant at 75% and pulse interval at 5 (1/5th of frequency). Maximum 
displaced volume decreased significantly upon increasing pulse frequency, ANOVA 
(F(4,25) = 400, p <0.0001) (Figure 8a). 

Furthermore, volume displacement reached a constant volume after 3 pulses, regardless 
of the employed pulse frequency. A Tukey post hoc test revealed a significantly higher 
volume displacement for a frequency of 50/min (1.6 mL ± 0.04, p < 0.05) as compared to 
other frequencies. Both higher duty cycles and higher electric currents increased volume 
displacement and flow (Figure 8b and 8c). A duty cycle of 90 or 100% would impair the 
cooling process and was not tested. 

Volume displacement changed remarkedly each cycle when supporting every heartbeat 
at a frequency of 60/min, as compared to other intervals. The SMA was unable to return 
to its original state within this short cycle time as depicted in Figure 9.  
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A Tukey post hoc correction revealed that absolute volume displacement was statistically 
significant different for an interval of 1 (2.0 mL ± 0.4) and the intervals 3 (1.4 mL ± 0.2, 
p < 0.01), 4 (1.3 mL ± 0.1, p < 0.001) and 5 (1.2 mL ± 0.2, p < 0.001). There was no significant 
difference between interval 1 and 2 (1.8 mL ± 0.4, p = 0.35). 

  
FFigure 9 Pulse interval and effect on volume displacement. Volume displacement changes 
drastically when every cycle (interval of 1) is supported in comparison to other pulse intervals 
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FFigure 8 Pulse width modulation (PWM) techniques and effect on volume displacement with AA 
pulse frequency; BB duty cycle; CC electric current on flow (mL/s) 
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Discussion 
In this study we investigated optimal design characteristics of a demonstrator SMA 
support device for HFrEF patients. A 380 μm SMA Flexinol® wire configured in a spiral 
oriented shape around a mono-chamber balloon activated with a duty cycle of 80%, a 
frequency of 50/min gave the highest volume displacement (stroke volume, 6.2 mL). A 
maximum ejection fraction (EF) of 3.5% was achieved, requiring a power supply of 25 V 
and 2.85A for each pulse.  

Tozzi et al. used a 100 μm diameter SMA nitinol wire with total stimulation of 180 ms, 
recovery time of 250 ms and contraction rate of 80/min [16]. They achieved a maximum 
ejected volume of 330 mL/min, a generated systolic pressure of 75 mmHg, ejection 
fraction of 12% requiring a power supply of 6 V and 250 mA. This is comparable to our 
maximum ejected volume of 310 mL/min. In their experiments, a double-chamber setup 
was used, with a balloon volume of only 50 mL. This is much smaller than patients with 
HFrEF [20] making extrapolation of these results into a physiological situation difficult. 

Diameter and volume displacement 

Volume displacement and required voltage displayed a linear incremental relation in our 
experiment with the employed number of SMA wires (windings) for all tested diameters 
(150, 250 and 380 μm), see Figure 6. This may suggest that the number of required SMA 
wires for a specific volume displacement and the corresponding voltage may be 
predicted. An EF of 10% for this balloon (= 475 mL) would then require 46 windings, 
although maximum strain of SMAs might limit this linear behaviour.  

Thermal management 

A lower pressure build up was observed in the first contraction cycles (Figures 7a and 7b). 
Joule heating started the transformation phase but was not completed yet. After a few 
cycles temperature increased and the transformation phase was completed [11]. A linear 
relationship between electric current increase and volume displacement was observed 
by Velazquez et al. [21]. Indeed, we observed that SMA wires had a higher volume 
displacement when increasing electric current (Figure 8c). However, increasing electric 
currents above the plateau phase as observed in Figure 8c, may cause overheating and 
induce stress fatigue.  

To reduce heating of surrounding tissue, a silicone tube proved to be effective in goat 
experiments [17]. Indeed, Shiraishi et al. found no major draw backs related to heat 
production in silicone insulated SMA wires in goats. Kalogerakos et al. found that 
insulated wires produced a lower volume displacement than non-insulated wires [15]. 
Furthermore, cooling time is slower than heating time and thus urges for interval use 
such as once in four heart beats.  

Pulse width modulation 

Heart support during every heartbeat requires rapid compression and expansion of the 
SMA. This may not be directly attainable, though HF patients may already benefit from 
partial heart support. Hence the influence of pulse width modulation on volume 
displacement was investigated. SMA wires that were left to cool down before the 
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following activation step produced substantially higher volume displacements (Figure 9). 
In our experiment, pulse intervals of every 3rd or 5th cycles gave higher volume 
displacements than pulse intervals of every 1st or every 2nd heartbeat. A second, lower 
peak (“bounce”) was absent with a pulse interval of 1. Here, next activation occurred 
faster than cooldown and recovery of the SMA wire.  

In this demonstrator study, hourly energy consumption of SMA activation ranged from 
5.5 to 11.4 Watt-hour, where an increased energy use resulted in higher ejection fractions. 
This range is lower than the hourly energy consumption of 23.6 Watt-hour of a HeartMate 
II assist device [22] and is comparable to SMA-prototypes [15] or HeartMate III at 11 Watt-
hour [23]. At body temperature, SMA wires consume less energy than bench temperature 
due to a reduction in temperature gradient [24]. This is promising for battery size 
reduction and therefore reduces frequent change of the (external) battery. 

LLimitations of experimental setup 

A silicone paediatric resuscitation balloon was employed as a static model and acted as a 
mono-chamber model with a large end-diastolic volume (EDV) of 475 mL. EDV in HFrEF 
patients range from 100 – 300 mL, depending on ventricular dilatation [20]. Thus, this 
model underestimates effect size for clinical use.  

Durability of SMAs for cardiac applications should extend beyond patients life 
expectancy. In this study, no change in volume displacement was observed after 
25 minutes (Supplemental Figure 1). Comparable SMAs were tested in a fatigue lifetime 
test and assured constant stroke after at least 106 cycles [25]. However, for cardiac 
applications these experiments should ensure SMA stability over 108 cycles.  

Also, afterload is reduced in LVAD therapy where effects of a SMA support device on 
afterload are still unknown. These effects should be addressed in future experimental 
setups and should be within physiological systemic aortal pressure.  

Finally, energy consumption for achieving an ejection fraction of 3.5% was 3-fold higher 
than a pacemaker. This might affect future clinical use when battery life is too short for 
internal battery use. External battery use comes with an increased risk for driveline 
infections and impair patients mobility [8]. An increase of parallel windings can reduce 
SMA length and resistance, with a reduction in energy consumption to follow.  

Future perspectives 

Future research should focus on evaluation of spiral or oblique shaped configurations 
around the heart in advanced bench models such as dynamic setups or an ex vivo porcine 
cadaver model. The cardiac fibre orientation as described by the helical ventricular 
myocardial band model should be acknowledged in these designs [26]. This represents a 
physiologically more realistic model than the proof of principle in an in vitro mono-
chamber bench model presented here. Alternatively, a double-chamber bench model 
with incorporated right ventricle can then include biventricular support. This should 
increase the technology readiness level from 3 (characteristic proof-of-concept) to 4 
(proof-of-concept in defined models). Furthermore, combining both different afterload 
scenarios such as hypertension or mitral regurgitation and design configurations in a 
mathematical model might enhance device development.  
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Effectivity of SMA wire application may be objectified with (ex vivo) magnetic resonance 
imaging (MRI) on segmental wall motion abnormalities. Also, a mesh such as the CorCap 
cardiac support device or other supportive materials may be incorporated around the 
heart in future designs to guide and support SMA wires and prevent dilatation of the left 
ventricle. This would also prevent incising heart tissue with SMA wires. The resultant 
exoskeleton then prevents occurrence of dead space between SMA wires and 
epicardium, thus giving additional support for effective contraction and improved 
ejection fraction. 

An increased stroke volume of 11.8 mL improve patients New York Heart Association 
(NYHA) functional class on heart failure symptoms by one class [15]. Our current setup 
might improve these symptoms by half a class, which is not clinically relevant yet. Future 
studies should aim to improve NYHA-class at least by one and preferably by two classes. 

Conclusions  
Optimal design characteristics of a SMA support device for HFrEF patients were 
determined in this demonstrator study. A LVEF increase of 3.5% was demonstrated in a 
mono-chamber static heart model by activation of SMA wires. Furthermore, effects of 
configuration, duty cycle, frequency, pulse intervals and diameter on the activation of 
SMA wires and corresponding volume displacement was evaluated. 
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Supplements 
Supplementary Figure 1 

Supplemental Figure 1 Volume displacement of two 380 μm SMA wires in time. A representative 
selection of 1st, 13th and 22nd minute is shown where volume displacement is stable in time. 
Horizontal grey lines represent mean of highest and lowest measurement 
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Abstract 
Purpose 

To study the effect of early mobilisation after heart surgery with a mobilisation poster on 
activity classification guide for inpatient activities functional score from the American 
College for Sports Medicine (ACSM). Second, to determine sensitivity of this ACSM score 
to measure day-to-day changes. Third, to develop a more descriptive Thoraxcentrum 
Twente (TCT) score with actual activities patients perform during early mobilisation. 

Methods 

This was a single centre, observational sequential-group study at a cardio-thoracic 
surgery ward. 32 patients were in the usual care group and 209 patients in the 
intervention group. An A1 size poster was developed to stimulate hospital-based 
mobilisation after heart surgery. Change in ACSM score was defined as primary endpoint. 
Secondary endpoints included change in a TCT score on actual activities. A subgroup 
analysis for coronary artery bypass surgery (CABG) was planned. Clinical endpoints 
included length of stay and survival.  

Results 

ACSM score was different over time (p < 0.001). The mobilisation poster did not increase 
ACSM score in the overall group (p = 0.27) or CABG subgroup (p = 0.15). Men had higher 
ACSM scores than women (p < 0.001). The intervention poster increased TCT scores chair, 
toilet, corridor (all p < 0.01) and home trainer (p = 0.02). There was no difference in length 
of stay or survival. 

Conclusions 

ACSM functional score measured day-to-day changes of patients at a cardiac surgery 
ward, yet no difference in effects between mobilisation poster and usual care group was 
observed. Actual activities as measured with the TCT score did improve. 
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IIntroduction 
Elective cardio-thoracic surgery consists mainly of coronary artery bypass grafting (CABG) 
followed by valve surgery [1]. These patients have a hospital stay for 5 – 7 days after 
surgery [1]. 

Early mobilisation 

For patients the importance of mobilisation is often unclear. Most patients stay in bed 
during hospital stay because they overestimate intensity of physical activities [2]. Next, 
the hospital environment discourages patients to be physically active [3], and patients 
acquire a loss in muscle strength and aerobic capacity [4]. Inactivity results in prolonged 
hospital stay, increased cardiovascular mortality and morbidity and more readmissions 
to the intensive care unit (ICU) and to the hospital after discharge [5]. Hospitalized 
patients spent up to 50% lying in bed during daytime, despite enhanced recovery after 
surgery protocols [6]. Others found that only a minority of patients had their meal outside 
of bed or walked during their hospital admission [7]. 

Guidelines do describe features of “phase I rehabilitation”, “inpatient” or 
“early mobilisation”, e.g. mobilisation that occurs within hospital stay [8-10], yet focus 
mainly on outpatient rehabilitation. Almost 20% of patients after cardiac surgery receive 
no physical therapy or inpatient cardiac rehabilitation and when this is utilised less than 
30% of the hospital days are covered [11] often without weekend day services [12]. A 
detailed review of guidelines for cardiac rehabilitation exercise programs showed no 
consensus in intensity training or exercise prescription [13].  

In-hospital exercises include breathing techniques, transfer between bed and chair and 
walking along the ward. This leads to less pain and depression, a decreased length of stay 
and are associated with lower mortality and morbidity and lower costs [14]. These early 
mobilisation strategies increased 6-minute walking assessment distance from 377 m to 
444m [15] and respiratory or cardiac function remained stable [16, 17].  

Success of mobilisation can be assessed with e.g. the functional independence measure 
for neurological rehabilitation [18, 19] or the activity classification guide for inpatient 
activities from the American College for Sports Medicine (ACSM) [20]. The latter is a 6-
point score that describes activity classes of patients from sitting up in bed with 
assistance (class I) to do self-care activities in the bathroom (class III) to independent 
frequent ambulation (class VI). 

However, sensitivity of the ACSM score to measure day-to-day changes in cardio-thoracic 
surgery patients is unclear. Since the ACSM score aggregates activities, it is unclear which 
activities patients perform during early mobilisation. 

Thus, the primary aim of this study is to evaluate the stimulating effect of early 
mobilisation after heart surgery with a mobilisation poster on functional independence 
measured with the ACSM score. The effects are compared to a usual care group. The 
secondary aim is to evaluate if the ACSM score is sensitive to measure day-to-day changes 
in cardio-thoracic surgery patients. A third aim is to develop and evaluate a more 
descriptive score in which the actual activities patients perform during early mobilisation 
are measured.  
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Patients and methods 
This study is reported as per the STROBE recommendations on the quality of reporting 
observational studies [21].  

Trial design and study population 

ACSM score (table 1) of a usual care group (UCG, T0) was compared with an intervention 
group (T1) supported by a mobilisation poster to stimulate early mobilisation.  

This single centre, observational sequential-group study was conducted at Thorax 
Centrum Twente (Medisch Spectrum Twente Hospital, Enschede, The Netherlands), a 
tertiary non-academic teaching hospital. 

All patients were admitted to the intensive care unit (ICU) after surgery. Early mobilisation 
started after transfer to the surgical ward. An A1 size mobilisation poster for each patient 
room was developed based on preliminary work from the Hospital in Motion project [22]. 

The “Moving is Improving!”-study recruited from 3rd to 20th October 2016 for T0 and from 
31st October 2016 to 22nd November 2016 for T1. After interim analysis, the mobilisation 
poster (translated from Dutch to English, Figure 1) was implemented as new standard 
care in the cardio-thoracic surgery ward and patients were also included from 
10th September 2017 to 26th March 2018 (T1).  

Adult patients undergoing non-salvage cardiac surgery were included. Patients with a 
Katz index of independence in activities of daily living functioning score larger than 2 
before surgery (i.e. patient is not independent in daily life mobilisation) [23] and patients 
with an ICU stay longer than 72 hours were excluded from the study.  

Table  1  Activity classification guide for inpatient activities (ACSM score)  
Activity  class  I  Activity  class  II  Activity  class  III  
• Sits up in bed with 

assistance 
• Does own self-care 

activities-seated, or may
need assistance 

• Stands at bedside with 
assistance 

• Sits up in chair 
15 – 30 minutes, 2 – 3 
times per day 

• Sits up in bed 
independently

• Stands independently
• Does self-care activities in 

bathroom-seated 
• Walks in room and to 

bathroom (may need
assistance)

• Sits and stands 
independently

• Does own self-care activities 
in bathroom, seated or 
standing 

• Walks in halls with 
assistance short distance 
(15 – 30m)† as tolerated, up 
to 3 times per day 

Activity  class  IV Activity  class  V  Activvity cclass VVI
• Does own self-care and

bathes 
• Walks in hall short distances 

(45 – 60m)‡ with minimal 
assistance, 3 – 4 times per 
day 

• Walks in halls 
independently, moderate 
distances (75 – 150m)§, 
3 – 4 times per day 

• Independent ambulation on 
unit, 3 – 6 times per day 

Table adapted from ACSM’s Guidelines for exercise testing and prescription, 7th edition [20] 
Original text: † 50 to 100 ft; ‡ 150 to 200 ft; § 250 to 500 ft 
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FFigure 1 Design of intervention poster to promote early mobilisation at cardio-thoracic surgery 
ward attached to every patient room. Original language: Dutch 
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Change in in-hospital ACSM score was defined as primary endpoint. Secondary 
endpoints included change in the detailed TCT score, ICU length of stay, surgical ward 
stay and 30-, 120-day and overall survival. Follow-up on mortality ended 1st May 2019. No 
loss-of follow up was expected. Baseline characteristics were determined based on 
EuroSCORE II definitions [24]. 

Seven dedicated physical therapists trained for cardio-thoracic physiotherapy practice 
participated in the study. They were trained in ACSM and TCT classification and a pocket 
card was handed out for daily use. A physiotherapist noted down patient-reported ACSM 
score daily at each patient room.  

A 3 week interval of cardio-thoracic surgery determined study size for the control group 
(T0). A consecutive 3 week interval determined intervention group (T1) size and was 
followed by 6 months use of the poster as new standard care (T1). 

Development of TCT score 

Six functional activities were deducted from the ACSM score [20] and functional 
independence measure dimensions [18]: lying in bed, sitting in a chair, walking to the 
toilet in the patient’s private hospital room, walking along the ward corridor, cycling on 
a home trainer and walking the stairs. Four frequency descriptors were added: never, 
sometimes, often and always. A matrix of functional activities and frequency descriptors 
is provided in Supplement 1. A patient questionnaire for poster experience was sent by 
mail to patients (Supplement 2). 

This study was exempted from the Medical Research Involving Human Subjects Act by 
the Medical Ethics Committee Twente (METC Twente: K16-85) and was approved by the 
local institutional review board. 

Exercise program and milestones 

All patients received physical therapy twice a day until the 3rd postoperative day and then 
once a day. A standardised program starting at ICU discharge included: 

Day 1: Breathing exercises, coughing techniques, control mobilisation upper- and lower 
extremities, transfer from bed to chair with assistance 

Day 2: Exercises as on day 1. Self-transfer from bed to chair with or without assistance, 
ambulation with assistance for 20 m at surgical ward 

Day 3: Exercises as on day 2. Ambulation with increase in distance (± 15 m) and frequency 
(3 times), cycling for 5 – 10 min with 0-10 Watt depending on hemodynamic stability 

Day 4: Exercises as on day 3. Walking stairs (1 floor) with assistance, information on home 
mobilisation, increase cycling duration (5 – 10 min) and power (10 – 15 Watt) 

Each patient specific exercise program was based on evaluation findings, comorbidities 
and patient goals. 

Statistical analysis 

Statistical analysis was performed with SPSS 25.0 (SPSS Inc, Chicago, IL). Results were 
considered statistically significant at the 5% level. Continuous variables were presented 
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as mean with standard deviation (SD) or median with interquartile range (IQR) depending 
on the distribution. Continuous variables were tested for normality with visual inspection 
of histograms and skewness and kurtosis measures. Categorical variables were presented 
as number with corresponding percentages and compared between groups using χ2 or 
a Fisher Exact Test.  

A linear mixed model was used to determine differences in ACSM score between groups 
(T0 and T1), differences over time (day-to-day ACSM scores) and interaction between 
group and time to study differences in the course of ACSM score over time between the 
two groups. A gender subgroup analysis as encouraged by the Institute of Medicine [25] 
was performed. Furthermore a subgroup analysis of CABG patients was planned for all 
endpoints because of different Dutch guidelines for CABG and non-CABG in-hospital 
mobilisation [26].  

A Kaplan Meier curve with log rank test was used to test for differences in survival 
between groups T0 and T1.  

RResults 
Out of 309 patients selected for eligibility, with 37 patients in the UCG (T0) and 
272 patients in the poster group (T1), in total 59 patients were excluded based on 
prolonged ICU stay over 72 hours (n = 36), salvage surgery (n = 11) and absence of major 
cardiac surgery (n = 12) (flow diagram in Supplement 3). Six patients were in a patient 
room without a poster and did not receive the intervention. Three patients from T1 were 
excluded because of incomplete data collection. Thus, 241 patients were included for 
analysis with 32 patients in the T0 cohort and 209 patients in the T1 cohort.  

Baseline characteristics 

Patients had a mean age of 67 years, a BMI of 28 kg/m2, over 50% had multivessel disease 
and 16% a recent myocardial infarction. There were no significant differences between 
groups for baseline or in-hospital characteristics (Table 2 and 3). 

Median ICU stay was 1.5 [1 – 2] days in T0 and 1 [1 – 2] day in T1 (p = 0.92) with a median 
surgical ward stay of 4 days in both groups (T0 4 [2.5 – 4] and T1 4 [3 – 5], p = 0.51, Table 4). 

Median follow-up on mortality was 932 days in T0 and 553 days in T1. There was no 
difference in mortality at all timepoints (Table 4). No complications such as wound or 
sternum dehiscence or ventricular tachycardia related to early mobilisation were 
reported. 

American College of Sports Medicine (ACSM) functional score 

Median ACSM score one day after ICU discharge was 1 [1 – 1] in T0 and 1 [1 – 2] in T1 and 
increased two days after ICU discharge to 3 [2 – 3] in T0 and 3 [2 – 4] in T1 (For a day-to-
day boxplot, see Supplement 4). ACSM score at discharge was 5.5 [4 – 6] in T0 and 5 [4 – 6] 
in T1, p = 0.28. 
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Table 2 Baseline characteristics 
Variable  T00 ((n = 32) T11 ((n = 209) p value  
Age, years 66 ± 12 68 ± 11 0.32 
Gender, male 24 (75%) 151 (72%) 0.83 
Body mass index, kg / m2 29 ± 4.5 28 ± 4.1 0.20 
Diabetes 9 (28%) 57 (27%) 0.94 
Multivessel disease 17 (77%) 121 (68%) 0.37 
Recent myocardial infarction 6 (19%) 33 (16%) 0.67 
Left ventricular function … … 0.13 
  Poor, < 30% 2 (6.3%) 6 (2.9%) … 
  Moderate, 30 – 50% 2 (6.3%) 41 (20%) … 
  Good, > 50% 28 (88%) 162 (78%) … 
COPD 2 (6.2%) 24 (12%) 0.55 
Extracardiac arteriopathy 1 (3.1%) 27 (13%) 0.14 
Neurological dysfunction 0 (0%) 6 (2.9%) 1.00 
Previous cardiac surgery 0 (0%) 11 (5.3%) 0.37 
NYHA class … … 0.13 
  I 28 (88%) 143 (69%) … 
  II 4 (13%) 45 (22%) … 
  III 0 (0%) 18 (8.7%) … 
  IV 0 (0%) 2 (1.0%) … 
Urgency … … 0.53
  Elective 19 (59%) 131 (63%) … 
  Urgent 13 (41%) 72 (34%) … 
  Emergency 0 (0%) 6 (2.9%) … 
  Salvage 0 (0%) 0 (0%) … 
EuroSCORE I, log 2.8 [1.7 – 5.8]  3.7 [1.9 – 7.5] 0.18 
EuroSCORE II, log 1.1 [ 0.83 – 1.7] 1.4 [ 0.93 – 2.3] 0.16 
Data are means ± SD or medians [IQR] or numbers (proportions) 
COPD = Chronic obstructive pulmonary disease; NYHA = New York Health Association.  

First, sensitivity of the ACSM score to measure day-to-day changes after cardiac surgery 
was established. ACSM score was significantly different over time, (p < 0.001) with a 
plateau phase starting from day 4. Men had an overall significantly higher mean ACSM 
score of 0.50 (p < 0.001, 95% CI 0.25 to 0.76) compared to women. Furthermore, there 
was a significant difference in the course of the ACSM score over time between men and 
women (p < 0.001).  

Table 3 Periprocedural characteristics 
Variable  T00 ((n = 32) T11 ((n = 209) p value  
Type of surgery … … 0.34 
  CABG 17 (53%) 117 (56%) … 
  Valve surgery 5 (16%) 46 (22%) … 
  CABG + valve surgery 2 (6.3%) 19 (9.1%) … 
  TAVI 3 (9.4%) 9 (4.3%) … 
  Other surgery 5 (16%) 18 (8.5%) … 
Cardiopulmonary bypass 18 (62%) 144 (72%) 0.27 
Cardiopulmonary bypass time, min 97 [62 – 137] 102 [80 – 127] 0.56 
Data are medians [IQR] or numbers (proportions) 
CABG = Coronary artery bypass surgery; TAVI = Transcatheter aortic valve implantation  
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ACSM score was not significantly affected by the intervention poster (p = 0.27). Change 
in ACSM over time comparing T0 with T1 is displayed in Figure 2. There was no difference 
in ACSM score for gender between T0 and T1, (p = 0.23), nor was there a difference in the 
course of the ACSM score over time between the two groups (p = 0.19). 

AACSM increase in CABG patients 

A subgroup analysis for CABG patients included 21 patients in T0 and 142 patients in T1. 
There were no differences in baseline or periprocedural characteristics (see 
Supplement 5). ACSM was significantly different over time (p < 0.001). No significant 
effect of the intervention poster was observed (p = 0.15) in the CABG subgroup (Table 5) 
nor a difference in the course of the ACSM score over time between groups (p = 0.53). 
ACSM score at discharge was 5 [4 – 6] in both groups, p = 0.74. 

Table 4 Postoperative characteristics and survival 
Variable  T00 ((n = 32) T11 ((n = 209) p value  
Intensive care unit stay, days 1.5 [1 – 2] 1 [1 – 2] 0.92 
Surgical ward stay, days 4 [2.5 – 4.5] 4 [3 – 5] 0.51 
Discharge to: … … 0.36 
  Home  24 (75%) 130 (62%) … 
  Referring hospital 8 (25%) 78 (37%) … 
  Other 0 (0%) 1 (0.47%) … 
ACSM score at discharge 5.5 [4 – 6] 5 [4 – 6] 0.28 
Survival  

30-day survival 32 (100%) 209 (100%) 1.00 
120-day survival 32 (100%) 208 (99.5%) 0.70 
365-day survival 31 (97%) 206 (99%) 0.48 

Data are medians [IQR] or numbers (proportions) 

Figure 2 ACSM scores after ICU discharge for the usual care group (T0; left bars) and intervention 
group (T1; right bars). ACSM score changed significantly over time (p < 0.001), no difference 
between both groups was observed (p = 0.27). ACSM =  American College for Sports Medicine 
functional score;  ICU = Intensive care unit  
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 77 Discharge from the hospital 

Hospital discharge to home or referring hospitals started from day 3 after ICU transfer 
(Figure 3). Since patients referred to another hospital had a follow up only until referral 
instead of discharge to home, a sensitivity analysis was performed. This was not planned 
since no earlier discharge to a referring hospital in the intervention group was expected. 

In patients discharged home, the poster group (T1) had no significant higher mean ACSM 
score (mean difference 0.35; 95% CI -0.04 to 0.75) compared to patients in T0 (p = 0.08). In 
this subgroup, ACSM score between T0 and T1 did not change differently over time 
(p = 0.18). ACSM score at discharge to home was 6 [4.25 – 6] in T0 and 6 [5 – 6] in T1, 
p = 0.89.  

Table 5 Effect of intervention poster on ACSM functional activity levels and TCT scores 
Variable  Increase of score 

bby poster * 
95% Confidence 
IInterval 

p value  

ACSM score  
Overall (n = 241) 0.19 -0.15 to 0.53 0.27 
CABG (n = 163) 0.28 -0.10 to 0.66 0.15 
Discharged home (n = 154) 0.35  -0.04 to 0.75 0.08 

TCT score  
Bed

Overall (n = 220) 0.13 -0.04 to 0.27 0.06 
CABG (n = 150) 0.18 0.02 to 0.33 0.02 
Discharged home (n = 146) 0.19 0.04 to 0.34 0.02 

Chair
Overall (n = 220) 0.34 0.18 to 0.49 < 0.001 
CABG (n = 150) 0.33 0.16 to 0.51 < 0.001 
Discharged home (n = 146) 0.36 0.19 to 0.52 < 0.001 

Toilet
Overall (n = 220) 0.34 0.13 to 0.55 0.002 
CABG (n = 150) 0.34 0.10 to 0.58 0.006 
Discharged home (n = 146) 0.39 0.15 to 0.62 0.001 

Corridor
Overall (n = 220) 0.30 0.09 to 0.51 0.005 
CABG (n = 150) 0.27 0.04 to 0.51 0.006 
Discharged home (n = 146) 0.39 0.16 to 0.63 0.001 

Home trainer 
Overall (n = 220) 0.24 0.04 to 0.44 0.02 
CABG (n = 150) 0.26 0.03 to 0.48 0.02 
Discharged home (n = 146) 0.34 0.09 to 0.59 0.007 

Stairs
Overall (n = 220) -0.06 -0.16 to 0.04 0.21 
CABG (n = 150) -0.06 -0.17 to 0.05 0.29 
Discharged home (n = 146) -0.03 -0.15 to 0.10 0.66 

* Point estimate determined with linear mixed model analysis
ACSM = American College of Sports Medicine (ACSM) functional score; CABG = Coronary artery 
bypass surgery
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  TCT descriptive score with actual activities 

Incomplete data collection for one or multiple days resulted in exclusion from analysis 
for 28 patients. In total 32 T0-patients and 188 T1-patients were included in TCT score 
analysis. 

Every individual TCT score, bed, chair, toilet, corridor, home trainer and stairs was 
significantly different over time (p < 0.001). TCT scores for chair, toilet, corridor and home 
trainer were significantly higher in the poster group with differences ranging from 
0.24 to 0.33 (see Figure 4 and Table 5).  

In both the CABG and discharged home subgroups TCT scores for bed, chair, toilet, 
corridor and home trainer were significantly higher in the poster group (Table 5). 

Discussion 
Measuring ACSM functional score for heart surgery patients 

ACSM score was sensitive to measure daily improvement of patient functional activities 
after heart surgery. A stabilisation pattern was observed 4 to 5 days after ICU discharge. 
The mobilisation poster did not increase ACSM score in the overall group (p = 0.27), CABG 
subgroup (p = 0.15) or discharge to home group (p = 0.08).  

Higher ACSM scores were observed in men who might have a more competitive attitude 
to mobilisation or overestimate self-reported activities. Also, women might be more 
hesitant to mobilize after surgery. This finding is in line with a recent study on 
postoperative mobilisation after total hip arthroplasty [27]. Further research should 
quantify this difference using objective data from activity trackers. 

Guidelines on cardiac rehabilitation from the American College of Cardiology/American 
Heart Association or the American Association of Cardiovascular and Pulmonary 
Rehabilitation focus on mobilisation after discharge only [28, 29].  

Figure 3 Patients admitted to the hospital after ICU discharge. From day 3 on, patients were 
discharged to home or referring hospital. A rapid increase in discharge is observed after day 2 
(dotted line). ICU = Intensive care unit 
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A   B   

C   D  

E  F   

Figuure 4A-FF TCT score development during hospital stay. A significant improvement of scores 
chair, toilet, corridor and home trainer was observed in the poster group 
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A Dutch physical therapy guideline on in-hospital rehabilitation states: “The patient 
should start dynamic mobilisation exercises of the large muscle groups as soon as 
possible; the exercises are gradually extended to include walking and stair climbing, 
while the physical therapist watches out for signs of excessive strain” [26], yet gives no 
advice on how to achieve this level. Our study shows that early mobilisation is safe and 
results in increased activity levels. 

TTCT descriptive score  

The intervention poster had a significant impact on sitting in a chair, walking to the toilet 
and along the corridor and cycling on a home trainer. With effect sizes around 0.30 on a 
frequency scale from 1 (never) to 4 (always) a modest effect for patients was achieved.  

No difference in TCT score for bed and stairs was found. Patients generally only lay in bed 
at day 1 after ICU discharge and this did not change between T0 and T1. Walking the stairs 
is mainly a goal before discharge and thus did not change. These TCT scores might be 
removed in future studies to reduce administrative load for physical therapists. 

Study limitations 

This study determined ACSM and TCT scores once a day. The exact moment during the 
day might have varied from day to day and between patients. We however expect that 
this will have had minimally influences on ACSM and TCT score as maximum daily activity 
is measured. Next, a prospective sequential-group study might include bias compared to 
a randomised controlled trial. In this study, baseline characteristics were balanced 
between control and intervention group (table 2). Furthermore, a parallel randomised 
design would allow for informal cross-over as patients might see or discuss the poster at 
the surgical ward. 

This study is a single centre study which makes generalisation to other centres more 
challenging as in-hospital mobilisation strategies vary per centre. Our early mobilisation 
protocol is comparable in physical activity to other published protocols, e.g. a protocol 
from Da Costa Torres et al. [30]. Physical therapists in Australia and New Zealand reported 
in a national survey that all patients are sitting out of bed at first postoperative day and 
20% completed one flight of stairs on day 4 after uncomplicated CABG [12]. In our study, 
88 to 96% sits on a chair at first postoperative day, 36 to 48% cycled on a home trainer on 
day 3 and 45 to 75% walked the stairs on day 4. Less intensive mobilisation programs are 
likely to increase ACSM score during hospital stay as it increased drastically in this study 
from day 1 to day 4. 

A linear mixed model was used because length of stay differed between patients and 
repeated ACSM or TCT measures from the same patient are more similar than responses 
from other patients. This model assumes parametric distributions. Although the ACSM 
score is a 6-point ordinal scale, it has a parametric distribution on days 2 to 4 after ICU 
discharge. As a consequence, conclusions drawn from this model might be too liberal. 
Also, a sample size of 32 patients in the control group might be too small to find a 
significant effect of an intervention poster for a composite measure such as ACSM score.  
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Future work 

Other patient groups with intermediate to long hospital stay might benefit from early 
mobilisation. At the cardiology ward early mobilisation for patients with or without a 
mobilisation poster should be measured using the ACSM score. Further studies should 
investigate the use of ACSM score in other medical disciplines. 

The intervention group used an A1 size poster during ward stay. Patients found this 
poster to be clear, motivating and not pushy (Supplement 2). Functional activities might 
increase faster with persuasive technology focusing on the current activity level. Future 
work should focus on patient-specific information and exercises that match the current 
functional level of patients recovering from cardiac surgery. 

The activity measure for post-acute care “6-clicks” basic mobility (AM-PAC) is validated 
for the entire hospital population [31]. A low AM-PAC is related to readmissions to the 
hospital after cardiac surgery. Despite its good inter-rater reliability [32], AM-PAC requires 
additional exercises for patients while ACSM score is patient-reported. Future research 
should investigate the relation between AM-PAC and ACSM including day-to-day 
discrimination and determine increase of work for physiotherapists. 

Last, information on activity levels now ends when patients are discharged to home or 
referring hospital. In this study discharge to a hospital was a substantial part of all 
discharges (25% in T0, 37% in T1). To ensure continuity of active mobilisation strategies 
activity levels should be measured during full hospital stay.  

Conclusions 
Although ACSM functional score showed to be sensitive to measure day-to-day changes 
of patients at a surgical ward after cardiac surgery, no difference in effects between the 
mobilisation poster and usual care group were observed. Higher ACSM scores were 
found for men. An early mobilisation strategy using a mobilisation poster however 
significantly increased sitting in a chair, walking to the toilet and corridor and cycling on 
a home trainer as measured with the TCT score.  
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Supplements 
Supplement 1 – TCT matrix of functional activities and frequency 
descriptors 

 

  

   Date  Always/Mostly  Often  Sometimes / 
RRarely  

Never/N.A.   

Bed Continuously in 
bed (1) 

Except during 
meals (2) 

Only after lunch / 
at night (3) 

N.A 

Chair Mainly in chair (4)  2 – 3 hours / day 
(3) 

Max 30 min / day 
(2) 

Never (1) 

Toilet Frequently 
independent (4) 

Independent 1 – 
2 x (3) 

Toilet chair / with 
supervision (2) 

Never / N.A. 
(1) 

Corridor > 5 x per day (4) > 20 m / max 4x 
per day (3)  

Max 20 m / < 2x 
per day (2) 

Never / N.A. 
(1) 

Home 
trainer 

Independent, > 2 x 
(4) 

Independent, 2x 
(3) 

With supervision, 
max 1 x (2) 

Never / N.A. 
(1) 

Stairs N.A. Independent (3) With supervision 
(2) 

Never / N.A. 
(1) 

Translated Thorax Centrum Twente score form  

 
Original Dutch Thorrax Centrum Twente score form 

   
DDatum 

Vaak/vooral  Regelmatig  Soms / Zelden  Nooit/n.v.t.  

Bed Bedlegerig (1) Behalve tijdens 
eten (2) 

Rustuur / ’s nachts 
(3) 

n.v.t. 

Stoel Vooral op de 
stoel (4) 

 2 – 3 uur / dag (3) Max 30 min / dag (2) Niet (1) 

Toilet Frequent 
zelfstandig (4) 

Zelfstandig tot 2x 
(3) 

Po stoel / met 
begeleiding (2) 

Nooit / Nvt 
(1) 

Gang > 5 x per dag (4) > 20 m / max 4 x 
per dag (3)  

Max 20 m / < 2 x per 
dag (2) 

Nooit / Nvt 
(1) 

Fietsen Zelfstandig, > 2 x 
(4) 

Zelfstandig, 2 x (3) Met begeleiding 
max 1x (2) 

Nooit / Nvt 
(1) 

Trap n.v.t. Zelfstandig (3) Met begeleiding (2) Nooit / Nvt 
(1) 
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SSupplement 2 – Patient Questionnaire (English and original Dutch 
questionnaire) 

A patient questionnaire for poster experience was developed with 13 rubric questions 
and one grading question. Both English and original Dutch questionnaire are attached.  

Out of the 45 questionnaires that were sent by mail to patients from the first T1-group, 
32 were returned with a respective response rate of 71%. Patients agreed (53%) or 
strongly agreed (31%) that the poster was clear (see Figure 5). Similar responses were 
obtained on clearness of the exercises (66% agreed and 28% strongly agreed). Only 19% 
of these patients (strongly) agreed that the poster needs additional explanation, while 
56% (strongly) disagreed. No patient found the poster pushy. 

Supplementary FFigure 2 Bar chart representation of patient questionnaire on mobilisation 
poster experience 

One patient did not reply questions on the backside of the questionnaire. By accident, a 
question bullet was missing for the “clearness of the poster” question and 15 patients did 
not respond to this question. 

Response: 32/45 people from T1-group (October to November 2016). 
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0

have seen the poster before surgery 
receive the poster at discharge on A4-paper 
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are well executionable   
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is understandable   

is, to my opinion, complete   
matches my recovery process   

needs additional explanation   
gave me new information   

helped me   
is clear   

is motivating   

Strongly disagree
Disagree
Neutral
Agree
Strongly Agree
Do not know
Missing

% of total responses

n = 32 patients
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Please give a grade for our intervention poster: 

Grade  1  2  3  4  5  6  7  8  9  10  

Number of responses  0  1 0 0 0 1 5 21 1 1 

For information converting grading systems in the Netherlands into U.S. or UK systems, please see: 
https://students.uu.nl/sites/default/files/geo-grading-systems-holland-vs-us-uk.pdf  

Supplemental Table 2.1 Responses from patients on mobilisation poster experience  
Strongly 
ddisagree 

Disagree  Neutral  Agree  Strongly 
DDisagree 

Don’t 
kknow 

Missing  

The poster  
is clear 0 3 2 17 10 0 0 
is easy to 

understand 
0 2 4 15 11 0 0

helped me 1 4 5 14 6 2 0 
needs additional 

explanation 
1 17 4 5 1 3 1‡ 

is pushy 4 22 4 0 0 1 1‡ 
matches your 

recovery 
process  

1 2 5 18 5 1 0

is motivating 0 3 5 18 6 0 0 
gave me new 

information 
0 3 7 15 4 2 1‡ 

is to my opinion, 
complete 

0 0 2 11 2 2 15† 

The exercises  
are clear 0 0 1 21 9 1 0‡ 
are well 

practicable 
0 0 3 20 8 1 0‡ 

I would like to  
have seen the 

poster before 
surgery 

1 2 13 8 5 2 1‡ 

receive the 
poster at 
discharge on 
A4-paper 

1 4 5 12 7 2 1‡ 

† During data collection, it was noted that for this question, “bullets” were missing, resulting in 
many missing values  
‡ One patient did not fill in the questions on the backside of the paper 
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Geef een rapportcijfer voor de interventieposter: 

RRapportcijfer  11  22  33  44  55  66  77  88  99  110  

AAantal reacties  0  1 0 0 0 1 5 21 1 1 

SSupplemental Table 2..2  Original Dutch responses from patients on mobilisation poster 
experience  

VVolledig 
ooneens  

OOneens  NNeutraal  EEens  VVolledig 
eeens  

WWeet 
nniet  

MMissend  

Dee poster:
is overzichtelijk 0 3 2 17 10 0 0 
is begrijpelijk  0 2 4 15 11 0 0 
heeft mij geholpen  1 4 5 14 6 2 0 
heeft aanvullende 

uitleg nodig 
1 17 4 5 1 3 1‡ 

is opdringerig 4 22 4 0 0 1 1‡ 
sluit aan bij uw 

herstel  
1 2 5 18 5 1 0

werkt motiverend 0 3 5 18 6 0 0 
heeft mij nieuwe 

informatie 
gegeven 

0 3 7 15 4 2 1‡ 

is naar mijn idee 
volledig  

0 0 2 11 2 2 15† 

DDe oefeningen zijn:  
duidelijk 0 0 1 21 9 1 0‡ 
goed uitvoerbaar  0 0 3 20 8 1 0‡ 
IIk zou de poster  

ggraag  
voor de operatie 

zien 
1 2 13 8 5 2 1‡ 

bij ontslag krijgen 
op A4 formaat 

1 4 5 12 7 2 1‡ 
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Supplement 3 – Flow chart 

CONSORT 2010 flow diagram – Moving is Improving study 

Assessed for eligibility  
(n = 309) 

Excluded (n =  59) 
• ICU-stay > 72 hours (n = 36) 
• Salvage surgery (n  = 11) 
• No major cardiac surgery

(n = 12) 

Analysed  (n = 32) 
• Excluded from analysis (n = 0)

Lost to follow-up (n = 0) 
Discontinued intervention 

(n = 0) 

Usual Care group, T0 (n = 3) 
• Received usual physiotherapy 

(n = 32) 

Lost to follow-up (n = 0) 
Discontinued intervention (n = 0) 

Intervention group, T1 (n = 218) 
• Received intervention poster (n = 212) 
• Did not receive allocated 

intervention, patient room 
without poster (n = 6) 

Analysed  (n = 209) 
• Excluded from analysis, incomplete 
data collection (n = 3) 

Cohort  

Analysis  

Follow--upp 

Included in study (n = 250) 

Enrollment 

T0: 3-20 October 2016 
T1: 31 Oct-22 Nov 2016 

10 Sep 2017-26 March 2018  
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SSupplement 4 – ACSM day to day boxplot 

Supplementary Figure 4.1 ACSM development in time. No difference between T0 and T1 was found 
(p = 0.26). Depicted are boxplots with median scores. Whiskers represent 1.5 interquartile range 

Supplementary Figure 4.2 Gender differences in ACSM development. Men had a significantly 
higher ACSM score compared to women (p < 0.001) 

Cohort
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Supplement 5 – Baseline and periprocedural characteristics CABG 
subgroup 

Supplementary Table 5.1 Baseline characteristics of patients with myocardial revascularisation 
Variable  T00 ((n = 21) T11 ((n =142) p value  
Age, years 68 [56 – 73] 70 [63 – 75] 0.10 
Gender, male 18 (86%) 111 (78%) 0.57 
Body Mass Index, kg / m2 29 ± 4.6 28 ± 4.2 0.63 
Diabetes 7 (33%) 46 (32%) 0.90 
Multivessel disease 17 (90%) 121 (90%) 1.00 
Recent myocardial infarction 6 (29%) 33 (23%) 0.59 
Left Ventricular Function … … 0.30 
  Poor, < 30% 2 (10%) 6 (4.2%) … 
  Moderate, 30-50% 2 (10%) 30 (21%) … 
  Good, > 50% 17 (81%) 106 (75%) … 
COPD 2 (10%) 14 (10%)  1.00 
Extracardiac arteriopathy 1 (4.8%) 21 (15%) 0.31 
Neurological dysfunction 0 (0%) 5 (3.5%) 1.00 
Previous cardiac surgery 0 (0%) 2 (1.4%) 1.00 
NYHA-class … … 0.20
  I 21 (100%) 115 (82%) … 
  II 0 (0%) 18 (13%) … 
  III 0 (0%) 7 (5.0%) … 
  IV 0 (0%) 1 (0.7%) … 
Urgency … … 0.48
  Elective 9 (43%) 72 (51%) … 
  Urgent 12 (57%) 65 (46%) … 
  Emergency 0 (0%) 5 (3.5%) … 
  Salvage 0 (0%) 0 (0%) … 
EuroSCORE I, log 2.28 [1.51 – 4.29] 2.89 [1.68 – 6.36] 0.09 
EuroSCORE II, log 1.06 [0.80 – 1.61] 1.33 [0.98 – 2.1] 0.09 
Data are means ± SD or Medians [IQR] or numbers (proportions) 
CABG = Coronary artery bypass surgery; COPD = Chronic obstructive pulmonary disease;  
NYHA = New York Health Association 

SSupplementary Table 5.2 Periprocedural characteristics 
Variablee T00 ((n = 21) T11 ((n =142) p value  
Type of surgery … … 0.53 
CABG, isolated 17 (81%) 117 (82%) 
CABG + valve surgery 2 (10%) 19 (13%) 
CABG + other surgery 2 (10%) 6 (4.2%) 
Off-pump CABG, no cardiopulmonary bypass 11 (52%) 55 (39%) 0.23 
Cardiopulmonary bypass time, min 103 [67 – 137] 104 [84 – 128] 0.94 
Aortic crossclamp time, min 60 [47 – 82] 73 [54 – 88] 0.37 
Data are means ± SD or medians [IQR] or numbers (proportions) 
CABG = Coronary artery bypass surgery 
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AAbbreviations and acronyms 
ECTS European credit transfer system 
ICC Intraclass correlation coefficients  
NOTS Non-technical skills for surgeons 
OR Operating theatre, operating room 
SBT Simulation-based training 
WMO Dutch Medical Research Involving Human Subjects Act  
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Abstract 
Objective  

To develop and evaluate a proficiency-based, simulation-based course for basic surgical 
skills at graduate level. Learning outcomes were measured at the level of knowledge and 
skills and students’ reactions to the course.  

Design  

Prospective cohort study with a survey after the first clinical rotations, curriculum design 

Setting  

A 10-week, 3 European Credit Transfer and Accumulation System credits graduate 
surgical skills course within the Technical Medicine master program at the Technical 
Medical Centre, University of Twente, Enschede, The Netherlands. Simulated and tertiary 
clinical care. 

Participants  

155 graduate Technical Medicine students from academic years 2015 – 2016 and 2016 – 
2017 entered this study. 120 students gave consent. 

Results 

The surgical skills course covered topics and skills related to pre-, intra-, and post-
operative care, including case-based medical reasoning, patient safety, infection 
management, operating theatre etiquette, scrubbing and donning, instrument handling, 
local anaesthesia, excision of tissue and suturing. Students were assessed on knowledge 
and procedural skills. Four experienced and trained assessors evaluated skill performance 
using a checklist and procedure-specific rating scales specifically designed for this 
assessment. 

Pass rates of the knowledge test were 78% and 87% for the procedural skill assessment. 
Students struggled most with applying clinical reasoning in the knowledge test and 
maintaining a safe work environment in the procedural skill assessment. A post-course 
questionnaire revealed that students were confident about their professional 
performance in the operating room and were able to apply the acquired knowledge and 
skills.  

Conclusions 

Graduate students were able to reach proficiency level in a simulation-based basic 
surgical skills course. Students stated to go with confidence to the operating room and 
felt competent in performing four basic surgical skills. Based on this study, we 
recommend that proficiency-based training using simulation should be standard in 
surgical curricula before students are allowed to practice on patients. 
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IIntroduction 
Surgical training 

International reports on surgical safety reveal major deficiencies in worldwide surgical 
skills training [1, 2] which is reflected by the United Kingdom’s higher mortality rates (6%) 
on the first day of junior doctors [3]. Surgical educators express increased concerns about 
a lack of confidence and competence among residents [4]. Furthermore, non-technical 
skills for surgeons (NOTSS) such as situational awareness, decision-making, 
communication and teamwork and leadership are often not assessed but evaluated 
implicitly [5]. Surgical educators named performance assessment and curriculum 
development as most important topics in surgical education followed by simulation [6]. 
Undergraduate medical education in a preparatory curriculum to achieve well-trained 
practice-ready graduates is needed, yet is often lacking [7]. 

Simulation-based training 

Surgical training moves towards outcome-based performance assessment and 
simulation is increasingly used for that goal [8, 9]. Simulation-based training (SBT) allows 
for standardized teaching and objective evaluation of surgical skills [10, 11]. Ideally, SBT 
is proficiency-based and trainees have to master a particular skill before they progress to 
a more complex skill or environment [12]. Embedding SBT in a graduate curriculum has 
the advantage that students attain proficiency prior to their clinical rotations or 
residency. Training of (surgical) skills before clinical rotations shape behaviour and 
compliance to guidelines as they form long-term habits during their rotations [13]. Role 
models in SBT who encourage good hand hygiene compliance and good habit, might 
strongly influence students’ clinical behaviour. Furthermore, simulation might decrease 
cognitive overload for students stressfully trying to maintain sterility in the OR [14] and 
benefits students by providing an environment that encourages making mistakes, 
learning to correct them and reflecting on what is learned [8]. A lack of qualified and 
available staff in combination with initial high costs of developing SBT often limit 
incorporation of SBT.  

Assessment of surgical skills 

Effects of surgical skills training can be assessed with a pre-post survey of participants [15, 
16], in metrics such as time to complete a task [15, 16] or expert assessment [17]. 
Variability in evaluations could result in biased scores or unsafe patient care and 
undermine validity and reliability of the students’ assessment scores.  

At the Technical Medical Centre of the University of Twente a compulsory surgical skill 
course for graduate students in Technical Medicine is given. However, internal student 
evaluations revealed a limited relationship between course content and current clinical 
practice. Also, pass/fail decisions relied on a single observation made by a single assessor 
which introduces bias to the decisions made. Last, educational themes in the course 
lacked coherence and patient’s perspective. These observations prompted us to revise 
the basic surgical skills course and take abovementioned strategies for successful SBT 
into account.  



161 

 88 

Purpose 

This study aims to develop a preclinical curriculum to teach 21st century surgical skills, 
assess surgical skills in an objective way and evaluate this curriculum with a post-course 
questionnaire after students’ clinical rotations.  

Materials and methods 
Curriculum design 

A needs assessment was performed to identify learning goals [18]. The main learning goal 
was to develop knowledge, understanding and (non) technical skills in surgery that 
matches daily practice. Hereafter, activities based on general patient surgical flow were 
developed and discussed with 4 professors in surgery and resulted in a new surgical skills 
course (Figure 1). 

The 10-week 3 European credit transfer and accumulation system (ECTS; 28 hours per 
ECTS credit) graduate course for Technical Medicine students is described in more detail 
in Supplement 1. An international comparison of medical education is described 
elsewhere [19]. 

The student to lecturer ratio was 1 : 8 in dry/wet lab sessions. Both knowledge test and 
skills assessment were weighted each for 50% of the final grade on the Dutch 1 – 10 scale 

Figure 1 New surgical skills curriculum with patient surgical flow as backbone 
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[20]. All students had prior training in non-technical communication and professional 
behaviour skills with simulated patients and followed a mandatory injections and 
catheterisation skills course prior to enrolment in the surgical skills course [21, 22].  

AAssessor training and evaluation 

Prior to the procedural assessment, assessors were trained and interrater reliability was 
established for three out of four assessors as one assessor did not complete the 
evaluation. Each assessor evaluated four video recordings of the suturing station of a 
previous cohort using the rating scale developed for the current course. Two-way mixed 
effects single measures absolute agreement intraclass correlation coefficients (ICC), 
Cohen’s kappa, and proportion agreement were calculated to examine interrater 
reliability. Overall ICC for interrater reliability of the rating scales scores was low, 
r = 0.27 (95% CI = 0.03 – 0.54). Interrater reliability for the pass/fail scores was higher, with 
a mean proportion agreement of 0.75 (SE = 0.05). However, Cohen’s kappa estimates 
showed clear disagreements in scores when examining each pair of assessors separately. 
Hereafter, the rating scales were discussed with all assessors until agreement on 
interpretation was reached.  

Technical surgical skills assessment  

A four-station procedural assessment was developed of basic surgical tasks that included 
scrubbing and donning, local anaesthesia, incision/excision and suturing. In accordance 
with best practices [23, 24], performance indicators and objectives for the four tasks were 
determined by an expert panel consisting of four professors in surgery and two technical 
physicians in surgery. These indicators were based on national surgical residency 
programs and experts opinion and judged to reflect acceptable practice in the Technical 
Medicine training program (See Supplement 1).  

A rubric was developed for scrubbing and donning and procedure-specific rating scales 
were developed for local anaesthesia, incision/excision, and suturing (example for 
suturing in Supplementary Figure 1). Critical errors, i.e. compromising patient or personal 
safety such as not returning sharp instruments to the instrument table or neglecting 
feedback of the assessor, were defined for each rating scale. Students who made a critical 
error immediately failed the assessment. For each station benchmarks were set for 
passing and students needed to pass each station to pass the entire procedural 
assessment.  

Two students were assessed in parallel by one assessor in blocks of 8 students spread 
over four stations in a 1 – hour timeframe. Assessors were allowed to act as first assistant 
to the student without giving corrections unless deemed necessary. More than one 
assessor could be assigned to the same station on consecutive assessment days. Setup 
of the suturing station including operating theatre (OR) etiquette and hygiene is depicted 
in Figure 2. 

Theoretical assessment 

A knowledge test was administered online (Blackboard versions October 2014 and 
Q4 2015, Washington, D.C., United States of America) and contained essay, closed-ended 
and multiple choice questions with input from all assessors and guest lecturers. Item- 



 

 163 

 
 88 

difficulty (percentage of students who answered a test question correctly) and item-
discrimination (the degree to which students with high overall exam scores also 
answered a particular question correctly) were calculated to examine reliability of the 
assessment. 

Post-course evaluation  

A cohort study was conducted of students who received this mandatory surgical skills 
training in academic years 2015 – 2016 and 2016 – 2017 and was evaluated after at least 
one clinical rotation, depending on the start of their clinical rotations program. Students 
were approached by e-mail 8 months after the course. A reminder was sent three months 
later. 

The principles outlined in the Declaration of Helsinki were followed. Written informed 
consent was obtained from all students before the study. This research was not 
submitted for Ethics Board approval because this research was not subject to the Dutch 
Medical Research Involving Human Subjects Act (WMO). Post-hoc ethical review from the 
University of Twente stated having no ethical concerns regarding this research. 

A one-group post-test-only design was used for post-course assessment. The Kirkpatrick 
model for training evaluation was applied [25]. Knowledge and skills acquired during the 
course (level 2) were evaluated with a knowledge test and a procedural assessment. 
Students’ reactions to the course (level 1) and self-reported clinical behaviour (level 3) 
were measured with an online survey after finishing the course.  

 
Figure 2 Setup of the suturing station in a simulated operating room with two examinees (left) 
and one examiner (right). Permission was obtained for use of this photograph for publication 
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The online survey (SurveyMonkey, San Mateo, California, USA) consisted of statements 
related to confidence in own capabilities, patient safety and application of knowledge 
and self-reported technical skills in practice (see Supplement 2 for full questionnaire). 
Students reported the number of technical skills they performed and general questions 
about the course on two 6-point Likert scales. 

SStatistical analysis 

First, internal consistency of the knowledge test, checklist and rating scale items was 
evaluated. Second, an item analysis of the knowledge test items was performed. Finally, 
scores, grades and pass/fail rates for all assessment instruments were described and 
subgroup comparisons made where appropriate.  

Quality of assessment instruments was evaluated using internal consistency for the 
knowledge test, checklist, and rating scale scores using Cronbach’s alpha and hierarchical 
omega (ωh) [26, 27]. Both Cronbach’s alpha and hierarchical omega were used to 
compare estimates and possibly reduce bias and misinterpretation. 

Scores, grades and pass rates for the knowledge test and skills assessment were 
calculated. Continuous variables were presented as mean with standard deviation (SD) 
or median with interquartile range (IQR) depending on the distribution. Continuous 
variables were tested for normality with visual inspection of histograms and skewness 
and kurtosis measures.  

An univariate general linear model was performed to determine coherence between 
knowledge test and technical skills assessment. A mixed model was used to identify a 
potential drift in grading during assessments. Here blocks of students were created based 
on the 1-hour assessment blocks with 8 students.  

A gender subgroup analysis as encouraged by the Institute of Medicine [28] was 
performed. Items of the online survey are presented as number with corresponding 
percentages and compared between cohorts and male and female students using a 
Fischer Exact test because less than 5 events occurred per item. A sensitivity analysis with 
Mann-Whitney U testing was performed by excluding the “not applicable” answer from 
the 6-point categorical Likert scale resulting in a 5-point ordinal scale.  

Results 
Curriculum 

The surgical skills course was redesigned based on surgical patient flow (Figure 1). A total 
of 58/71 (82%) students signed informed consent for this study in 2015 – 2016 and 
62/84 (74%) students in 2016-2017. An inclusion flow diagram is shown in 
Supplementary Figure 2. The pass/fail rate for the students who signed consent was 
similar to the full cohort of students. Table 1 shows a full overview of student population 
and pass rates. A detailed overview of each station is shown in Supplementary Table 1. 
Supplementary Figure 2 shows the flow of students through the study. 
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Knowledge and skill acquisition 

 Internal consistency for the knowledge tests, i.e. whether items of the knowledge test 
measured the same general construct, was poor to moderate, see Table 2, and higher 
for cohort 2016 – 2017 compared to cohort 2015 – 2016. Item-total correlations ranged 
from -0.058 to 0.445 for cohort 2015 – 2016 and from 0.18 to 0.55 for cohort 2016 – 
2017, indicating that some items had poor ability to discriminate poor from good 
performing students, while other items had very good ability to discriminate.  
Internal consistency measured with omega was lower for both tests compared with 
Cronbach’s alpha and less sensitive to removing poor performing items.  

Internal consistency was acceptable to high for suturing for both Cronbach’s alpha and 
omega. It was fair to good for incision/excision and poor to acceptable for local 
anaesthesia and this varied depending on the internal consistency measure used, see 
Table 2. For scrubbing, Cronbach’s alpha was very small and negative for the long version 
including all 11 items, indicating negative inter-correlations between the individual 
items. Univariate analysis showed no significant prediction of technical skills score from 
the knowledge test, F(1,113) = 3.335, p = 0.07. 

In 2015 – 2016, significant lower grades were given on the second assessment day 
(Thursday) for scrubbing and donning (10.0 vs 9.0, U = 182, p = 0.005), local anaesthesia 
(7.0 vs 8.0, U = 181, p = 0.001) and excision/incision (8.0 vs 7.5, U = 220.5, p = 0.04). Both 
local anaesthesia (7.0 vs 7.5, U = 289, p = 0.03) and excision/incision (7.0 vs 7.5, U = 210.5, 
p = 0.009) scored lower on the second assessment day in 2016 – 2017. 

An overview of median grades per skill assessment station is given in Table 3 and Figure 
3. There was no difference in grading between timeslots within a day (no rater drift) as 
determined with mixed model analysis (Figure 3). Only the 2016 – 2017 excision/incision 
assessment on Thursday showed a significant drift (Figure 3D, F(4,23)=4.388, p = 0.009). 

Table 1 Student population and pass rates of surgical skills course 
 CCohort 2015  –  2016  Cohort 2016  –  2017  
Students, informed consent for study 58/71 (82%) 62/84 (74%) 
Female, % 39/58 (67%) 39/62 (63%) 
Pass knowledge test  58/58 (100%) 56/59 (95%) 

First examination 51/57 (89%) 40/59 (68%) 
Second examination 7/7 (100%) 16/17 (94%) 

Pass first procedural assessment  1  48/56 (86%) 2 52/59 (88%) 3 
Scrubbing and donning 51/52 (98%) 58/58 (100%) 
Local anaesthesia 53/54 (98%) 58/58 (100%) 
Incision/Excision 50/52 (96%) 54/54 (100%) 
Suturing skills 52/56 (91%) 52/59 (88%) 

1 Students failing a station of the procedural assessment were not allowed to complete their 
assessment 
2 One student stopped during the course, one student did not attend the assessment 
3 One student did not attend the assessment 
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RResults post-course questionnaire 

Out of 71 students from cohort 2015 – 2016, 27 (38%) filled in the post-test questionnaire 
after 1 [1 – 2] clinical rotation. For cohort 2016 – 2017, 21/84 (25%) filled in the 
questionnaire after 3 [2 – 3] rotations. Mean age was 23 ± 1.1 years and 69% was female 
and is in line with the male to female ratio of medical students in the Netherlands [13].  

Most students handled sterile instruments during their clinical rotations (52 – 59%), 
whereas performing local anaesthesia (4 – 24%) and incision/excision (14 – 18%) were 
rare, see Figure 4A. There was no significant difference in number of procedures between 
cohorts, except for local anaesthesia (U = 229, p = 0.05) where more procedures were 
performed in cohort 2016 – 2017.  

Female students performed a higher number of technical skills than male students for 
scrubbing and donning (U = 160, p = 0.04), sterile instrument handling (U = 160.5, 

Table 2 Quality of assessments of procedural assessment and knowledge test 
 CCohort 22015 –  2016  Cohort 22016 –  2017  
 CCronbach’s 

aalpha 
Omega 
((ωh) 

Cronbach’s 
aalpha 

Omega 
((ωh) 

Knowledge test      
Original test  
(21 questions in 2015 – 2016,  
18 questions in 2016 – 2017) 

0.48 0.36 0.78 0.36 

Test 2015 – 2016, without poor 
performing items (8 questions) 

0.66 0.31 - - 

Procedural assessment      
 Scrubbing and donning -0.01 N/A1 -0.29 N/A1 
 Local anaesthesia 0.55 0.56 0.71 0.43 
 Incision/Excision 0.85 0.67 0.63 0.41 
 Suturing skills 0.94 0.85 0.79 0.54 

1 Four items had no variation and hierarchical omega (ωh) could not be calculated for all 11 items 
of the scrubbing checklist. These items were removed from further analysis. 
 

Table 3 Median grades per skills station per assessment day for both cohorts 
 22015 –– 22016 2016 –– 22017 
 DDay 1  Day 2  P  

value  
Day 1  Day 2  P  

value  
Scrubbing/donning 10  

[9 – 10] 
9 
[8 – 10] 

0.005 10 
[9 – 10]1 

10  
[9 – 10]1 

0.57 

Local anaesthesia 7  
[6.5 – 7.5] 

8 
[7.5 – 8] 

0.001 8  
[8 – 8] 

7.5  
[7 – 8] 

0.03 

Excision/Incision 8  
[7 – 9] 

7.5 
[6 – 8] 

0.04 7.5 
[7 – 8] 

7 
[6.75 – 7.5] 

0.009 

Suturing 7.75 
[7.38 – 8.5] 

8  
[7 – 8] 

0.54 8  
[7 – 8] 

8  
[7 – 8] 

0.70 

Median [IQR] 
1 Scrubbing and donning was transformed from a grade to a pass/fail criterium in 2016 – 2017 
where 100% of the students obtained a pass. 
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p = 0.04), incision/excision (U = 187.5, p = 0.04) and suturing (U = 168.5, p = 0.049) but 
not for local anaesthesia (U = 202.5, p = 0.08), see Supplementary Figure 3.  

In ordinal regression analysis, the odds of male students reporting fewer frequencies for 
scrubbing and donning were 1.40 (95% CI, 0.12 to 2.7) times that of female students, a 
statistically significant effect, Wald (χ2 (1) = 4.595. The odds for reporting fewer 
frequencies by male students for suturing were 1.41 (0.001 to 2.8), p = 0.05, and 
1.30 (0.08 to 2.5), p = 0.04 for sterile instrument handling. Male students reported not 
performing incision/excision or local anaesthesia during their clinical rotations.  

Preparation for clinical practice 

Only 10% of the students received OR introduction at all clinical rotations, while 10% 
received this sometimes and 58% never received an instruction. Others described that 
they not yet attended the OR (17%) or received more tailored instructions (4%). 

There was no significant difference in course feedback questions between cohorts. Most 
students were confident about attending a surgery (20% completely agreed, 
41% agreed) and agreed about having a professional attitude in the operating room 
(24% completely agreed, 37% agreed), see Figure 4B. Furthermore, students asserted that 
knowledge on patient safety is important (13% completely agreed, 57% agreed). Half of 
the students were able to acquire new variations on technical skills 
(13% completely agreed, 37% agreed). 

In the sensitivity analysis using ordinal coding, a significant higher proportion of cohort 
2015 – 2016 reported that they were unable to apply knowledge and skills at the OR, 
compared to cohort 2016 – 2017 (U = 84, p = 0.03). There was no significant difference in 
course feedback questions between cohorts for the other questions.  

Two thirds of the male students reported they are able to act as a professional 
(0% completely agreed, 67% agreed), while female students responded more neutral 
(16% completely agreed, 29% agreed), p = 0.02 (Cramer’s V = 0.47). The sensitivity 
analysis confirmed this finding (U = 105.5, p = 0.03) and demonstrated that male students 
attend the OR with more confidence than female students (U = 117, p = 0.03). No other 
statistically significant differences in responses between male and female students were 
found.  

Discussion 
Proficiency-based, simulation-based surgical skills training is recommended, however, 
implementation is not always straightforward [29]. In this paper, a balanced basic surgical 
skills curriculum was described that adequately prepared students for their clinical 
rotations.  

The surgical skills curriculum was anchored to surgical patient flow focusing on 
knowledge, technical and non-technical surgical skills. Also, assessors were trained to 
prevent biased judgments before they assessed students on basic surgical skills. 
Afterwards, sterile instrument handling, scrubbing and donning and suturing skills were 
often performed during clinical rotations. The majority of students felt confident during 
their clinical rotations about attending a surgery and stated they could show a 
professional attitude in the operating room. 
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2015 –– 22016 22016 –– 22017 
Scrubbing and donning  

G  H  

Figure 3 Grading per skill assessment per time slot of maximum 8 students for both cohorts. 
AACEG Assessment grading of cohort 2015 – 2016; BBDFH Assessment grading of cohort 2016 – 
2017. Top p values depict grades per assessment day, p values within branches depict grading 
differences within a day. Measurements in green are for day 1, in blue for day 2.  
Horizontal line is median. 5 = insufficient, 6 – 10 = pass according to Dutch grading scale [20]  

Curriculum redesign 

The main learning goal of this course was to develop knowledge, understanding and 
(non) technical skills in surgery that matches daily practice. Graduate students were able 
to reach proficiency level in a simulation-based basic surgical skills course. Students 
stated to go with confidence to the operating room and felt competent in performing 
four basic surgical skills. Some U.S. medical students attend surgical boot camps where 
they increase suturing and knot tying skills and confidence [30]. Unfortunately, these 
boot camps do not guarantee minimum skills for all medical students as these camps are 
voluntary. Minimum quality of surgical skills in a mandatory simulated environment is 
guaranteed for all students with a pass on the surgical skills course described in this study. 

Most residency programs assess surgical skills at the end of the rotations and generally 
with subjective evaluations [4] while these skills were already performed on patients. 
Furthermore, surgical skills are not acquired by all students and many medical students 
are not able to show sufficient surgical skills after completing a 3rd-year surgery clerkship 
[16]. This surgical skills course is compulsory next to other skills courses on vein-puncture 
and peripheral catheterisation, advanced life support and endoscopic skills. This 
curriculum might be more difficult to apply for programs without these skills courses. 
Nevertheless, aspects of this curriculum following surgical patient flow are usable for all 
programs. A minimum quality of surgical skills in a mandatory simulated environment is 
guaranteed for all students with a pass on the surgical skills course described in this study. 

The redesign of our SBT was in accordance with three out of four principles described 
elsewhere [31], to be mandatory participation, proficiency-based, and a distributed 
training schedule.  
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AA  

BB  

FFigure 4 Post-course questionnaire 2015 – 2016 (n = 27) and 2016 – 2017 (n = 21) AA Amount of 
technical surgical skills performed in early clinical rotations BB Course feedback of students
during clinical rotations. OR = operating room  

Our SBT lacked a component of overtraining. This seems acceptable at graduate level for 
Technical Medicine students, because the program aims for adaptive rather than routine 
skills development [21]. In retrospect, the principles of developing and refining a surgical 
curriculum as recently described were followed [32].  

Based on internal course evaluations, local anaesthesia wet lab time was reduced 
(academic year 2017 – 2018) because Technical Medicine students tend not to perform 
these skills during rotations. More recently, more time was allocated to post-operative 
care such as wound healing (2018 – 2019) and enhanced recovery after surgery 
(2019 – 2020). 

0% 20% 40% 60% 80% 100%
See that knowledge and skills are representative   

Ensure patient safety, because of patient flow   
Understand procedures, because of patient flow   

Act as a professional   
Am unable to apply knowledge and skills   

Now show professional behaviour   
Have confidence   

Knowledge about patient flow   
Knowledge, to improve patient safety   

Technical skills, to learn new procedures   
Knowledge, to learn new procedures   

Technical skills   

Show skills, not as learned   
Defend skills, as learned   

Show skills, as learned   

Completely disagree
Disagree

Neutral
Agree

Completely agree
Not applicable

n = 48 students
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Course redesign evaluation 

Surgical knowledge as deemed necessary by assessors was tested in a theoretical 
assessment. The majority of students passed this test on first examination (68 – 89%) and 
almost all students on second examination (94 – 100%). For the two cohorts described in 
this paper, technical skills were outstanding [20] for scrubbing and donning (10 [9 – 10]), 
good for local anaesthesia (8 [7 – 8]), very satisfactory to good for incision/excision 
(7.5 [7 – 8]) and good for suturing (8 [7 – 8]). 

Internal consistency was poor to acceptable for local anaesthesia, fair to good for 
incision/excision and acceptable to high for suturing. For scrubbing, Cronbach’s alpha 
was very small and negative because of little variation for the majority of items (see 
Supplementary Table 1).  

A possible bias in the pass/fail decisions for the course was compensated by testing 
knowledge and skills separately with equal weighing, by using multiple assessors and by 
assessing a variety of surgical skills [33]. To improve reliability we propose more rigorous 
and repeated assessor training and exclude assessors who do not meet the standards for 
examination. 

In this study around 80 students per academic year were assessed for technical skills in 
1 – hour blocks of maximum 8 students for two days by four unique assessors. This study 
is among the largest study groups described [30]. A total of 48 man-hours was necessary 
for assessment because of parallel assessment of students. The 3 ECTS course was time 
consuming only to two course coordinators and to a lesser extent for guest lecturers. This 
curriculum is thus suitable for large student cohorts. 

Previous work suggested rater drift between assessment sessions [17]. No drift in grading 
was observed for all skills stations in both cohorts except for excision in 2016 – 2017 on 
day 2 (Figure 3D). The impact of assessor training is reduced as early as 4 months after in-
depth training [17] and may have resulted in more drift during the second academic 
cohort. Annual training before starting the course is thus recommended for consistent 
assessment.  

Post-course evaluation and student perceptions 

An important aspect of SBT is to give confidence to learners. The majority of students in 
this study stated to go with confidence to the operating room and felt competent in 
performing four basic surgical skills. Some studies have used validated confidence scores 
[30], while a wide range of questions were asked in this study (Figure 4B). Validated 
confidence scores should be implemented pre- and post a surgical skills course. 

Students struggled most with clinical reasoning for complex cases and taking patient 
safety into account while performing a basic procedure. Furthermore, students reported 
that they were least confident about performing basic surgical tasks during their clinical 
rotations the way they were taught (Figure 4B). Demonstrating more surgical technique 
variations in daily practice might improve adaptivity of students. 
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LLimitations and possible improvements 

Many surgical education studies show confounders and lack a pre-test, comparator or 
relevance [34]. Students in Technical Medicine had no expected previous surgical skills 
experience and a pre-test on technical skills was not deemed necessary. A validated pre- 
and post-test on self-reported confidence [30] could be implemented to improve course 
evaluation. This study did not compare to the previous surgical skills curriculum or other 
programs. Therefore, effects on knowledge and skills acquisition cannot with certainty 
been attributed to our redesign only. Finally, it is likely that passing this course results in 
safe patient care as students demonstrated all-round technical and non-technical 
surgical skills making this course highly relevant. 

The effects of redesign on patient outcomes (Kirkpatrick level 4) were not evaluated. The 
self-reported clinical performance (Kirkpatrick level 3) has limitations. Future studies 
should ask surgeons in a pre- and post-questionnaire on differences in clinical behaviour 
and skill transfer of students. Patient-centred medical education should be about 
patients, with patients and for patients [35]. Simulated patients are embedded in 
undergraduate Technical Medicine education. This course is about and for patients and 
has a patient surgical journey as backbone, but needs patient participation such as 
simulated patients for surgical ward training.  

Gender subgroup analysis is endorsed by many organisations and studies [28, 30]. An 
unplanned gender analysis showed more procedures in female students for all technical 
skills except for local anaesthesia which was not often performed among all students 
(Supplementary Figure 1). An interaction was found between gender and technical skills 
in ordinal regression analysis with fewer reported frequencies in scrubbing and donning, 
sterile instrument handling and suturing. No difference was found in the behavioural 
questions except for acting as a professional where female students answered more 
neutral. These gender differences are in contrast with others where lower scores in self-
efficacy for female students disappeared after a surgical boot camp [30]. Future cohort 
studies should include prespecified and well-designed [36] gender subgroup analysis to 
investigate potential gender related differences. 

Conclusion 

Acquiring basic surgical knowledge and skills is feasible in a 10 week, 3 ECTS, simulation-
based and proficiency-based course for graduate students. Trained and committed 
faculty, mandatory participation and a proficiency-based program, determine the 
effectiveness of a course to a large extent.  

By evaluating the course at the level of knowledge, skills and students’ perceptions, areas 
for improvement of a basic surgical skills course at the graduate level were identified and 
applied to following courses.  
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SSupplements 
Supplement 1: Course overview 

Technical Medicine is a 6-year health care education program including two years of 
clinical rotations. A description of the curriculum and goals can be found in Groenier et 
al. [1] In the Master program students take four simulation-based clinical skills courses to 
prepare them for their clinical rotations: injections and catheterisations, advanced life 
support, endoscopic skills and surgical skills. This manuscript focuses on the latter of 
these skill courses. 

The surgical skills course includes a theoretical part about the surgical patient flow and 
rationale of various surgical skills and a practical part where students practice various 
technical skills in a simulated environment. The theoretical part was assessed with an 
online knowledge test and the practical part with a procedural skill assessment. 

The test covered the following subjects: preoperative optimisation of patients, use of 
evidence based surgery in clinical decision making, operative procedures, skin suture 
techniques and advanced suturing (anastomosis, tissue sealing, stapling), electrosurgery, 
wound management, instrument handling, local and general anaesthetics and hygiene. 

For pre-operative surgical skills, lectures addressed pre-operative assessment (problem 
based learning), optimising patient conditions and anaesthesiology. Group meetings 
included interpretation of medical imaging and surgical guidelines in a multidisciplinary 
council and dry lab simulation of local anaesthesia administration.  

For peri-operative care, lectures included surgical time-out procedure, general surgical 
techniques and surgical complications. Hygiene and safety, scrubbing and electrosurgery 
were covered in lectures/group meetings. Wet lab simulation on porcine tissue (skin, 
lung, heart) included instrument handling, suturing and incision/excision. A live heart 
surgery was attended to experience patient centred care.  

Post-operative care included wound healing and infection management. Assessment 
was both on technical skills (scrubbing, suturing, local anaesthesia, incision/excision) and 
a knowledge/surgical principles test. 
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Supplementary Figure 1 Procedure-specific rating scale for suturing. Red coloured boxes represent 
critical errors where students fail the assessment immediately. 

1
2

3
4

5
Su

tu
ri

ng
 

te
ch

ni
qu

e 
se

le
ct

io
n 

St
ud

en
t i

s 
un

ab
le

 to
 

di
sc

rim
in

at
e 

be
tw

ee
n 

te
ch

ni
qu

es
 / 

m
at

er
ia

ls
  

Ca
n 

di
sc

rim
in

at
e 

be
tw

ee
n 

su
tu

rin
g 

te
ch

ni
qu

es
 b

ut
 u

na
bl

e 
of

 p
ro

vi
di

ng
 a

 ra
tio

na
le

 
fo

r t
he

m
 

Se
le

ct
s 

ap
pr

op
ria

te
 

te
ch

ni
qu

e 
bu

t i
s 

un
ab

le
 

to
 p

ro
vi

de
 a

 ra
tio

na
le

 
fo

r i
ns

tr
um

en
t s

el
ec

tio
n 

Se
le

ct
s 

ap
pr

op
ria

te
 

te
ch

ni
qu

e,
 

su
pe

rf
ic

ia
l 

kn
ow

le
dg

e 
of

 
m

at
er

ia
ls

  

Se
le

ct
s 

ap
pr

op
ria

te
 

te
ch

ni
qu

e 
im

m
ed

ia
te

ly
 

an
d 

ab
le

 to
 p

ro
vi

de
 a

 
ra

tio
na

le
 fo

r s
el

ec
te

d 
te

ch
ni

qu
e 

M
ov

em
en

t  
Fr

eq
ue

nt
ly

 m
ak

es
 

un
ne

ce
ss

ar
y 

m
ov

em
en

ts
 

A
cc

ep
ta

bl
e 

ef
fic

ie
nc

y,
so

m
e 

un
ne

ce
ss

ar
y 

m
ov

em
en

ts
  

Ec
on

om
ic

 m
ov

em
en

ts
,

m
ax

im
um

 e
ffi

ci
en

cy
 

In
st

ru
m

en
t 

se
le

ct
io

n 
St

ud
en

t i
s 

un
ab

le
 to

 
di

sc
rim

in
at

e 
be

tw
ee

n 
in

st
ru

m
en

ts
  

Se
le

ct
s 

ap
pr

op
ria

te
in

st
ru

m
en

ts
, u

na
bl

e 
to

 
pr

ov
id

e 
an

 a
de

qu
at

e 
ra

tio
na

le
 fo

r s
el

ec
tio

n 

Se
le

ct
s 

ap
pr

op
ria

te
in

st
ru

m
en

ts
 im

m
ed

ia
te

ly
 

an
d 

pr
ov

id
es

 a
 ra

tio
na

le
 

fo
r s

el
ec

te
d 

in
st

ru
m

en
ts

  
In

st
ru

m
en

t 
us

e 
Re

pe
at

ed
ly

 m
ak

es
 

in
se

cu
re

 a
nd

/o
r c

lu
m

sy
 

m
ov

em
en

ts
  

Sk
ilf

ul
 u

se
, a

t t
im

es
 a

 b
it 

st
iff

 o
r c

lu
m

sy
 

Fl
ue

nt
 m

ov
em

en
ts

, s
ki

lfu
l 

us
e 

 

U
se

 o
f 

fe
ed

ba
ck

 
Ig

no
re

s 
fe

ed
ba

ck
  

U
se

s 
fe

ed
ba

ck
 to

 
im

pr
ov

e 
pe

rf
or

m
an

ce
  

Re
qu

ire
s 

no
 fe

ed
ba

ck
 fo

r 
pe

rf
or

m
an

ce
 

im
pr

ov
em

en
t 

Kn
ot

 ty
in

g  
Kn

ot
 is

 lo
os

e,
 s

lip
pi

ng
, 

no
t e

no
ug

h 
kn

ot
s 

 
U

ni
la

te
ra

l w
el

l t
ie

d 
kn

ot
  

Ri
gh

t k
no

t, 
rig

ht
 a

m
ou

nt
 

an
d 

rig
ht

 a
m

ou
nt

 o
f 

al
te

rn
at

io
ns

 
Ti

ss
ue

 
se

ns
it

iv
it

y 
Fr

eq
ue

nt
ly

 u
se

s 
un

ne
ce

ss
ar

y 
fo

rc
e 

or
 

da
m

ag
es

 ti
ss

ue
 d

ue
 to

 
in

ap
pr

op
ria

te
 

in
st

ru
m

en
t u

se
 

Ca
re

fu
l t

is
su

e 
ha

nd
lin

g,
 

so
m

e 
tis

su
e 

da
m

ag
e 

Co
ns

is
te

nt
,c

ar
ef

ul
ha

nd
lin

g 
of

 ti
ss

ue
 

w
ith

ou
t d

am
ag

e 

Fi
na

l r
es

ul
t  

Fi
na

l r
es

ul
t n

ot
 a

ch
ie

ve
d 

Se
co

nd
ar

y 
w

ou
nd

 
he

al
in

g 
Su

tu
re

 is
 c

os
m

et
ic

al
ly

 
ad

eq
ua

te
 

Su
tu

re
 is

 
fu

nc
tio

na
lly

 
ad

eq
ua

te
 

Su
tu

re
 is

 fu
nc

tio
na

lly
 a

nd
 

co
sm

et
ic

al
ly

 a
de

qu
at

e 

Sa
fe

ty
  

D
is

re
ga

rd
s 

sa
fe

ty
 

A
de

qu
at

e 
at

te
nt

io
n 

to
 

pe
rs

on
al

 s
af

et
y,

 
ne

gl
ec

ts
 c

ol
le

ag
ue

 / 
pa

tie
nt

 

A
de

qu
at

e 
at

te
nt

io
n

to
pe

rs
on

al
 s

af
et

y 
an

d 
sa

fe
ty

 o
f o

th
er

s 



178 

SSupplementaary Table 1 Technical skills assessment  
CCohort 2015  ––  22016  
nn = 56  

CCohort 2016  ––  22017  
nn = 59  

pp  vvalue  

SSuturing  n = 56 n = 59 … 
Suturing technique – selection  3 [3 – 3] 3 [2 – 4] 0.30 
(Unnecessary) Movements 4 [3 – 4] 4 [3 – 4] 0.79 
Instrument – selection 3 [3 – 3] 3 [3 – 3] .015 
Instrument handling 4 [3 – 4] 4 [3 – 4] 0.68 
Use of feedback 3 [3 – 4] 3 [3 – 4] 0.87 
Knot tying 4 [3 – 4] 4 [3 – 4] 0.70 
Tissue handling 4 [4 – 4] 4 [3 – 4] 0.11 
Final result 4 [4 – 5] 4 [3 – 5] 0.27 
Safety 4 [3 – 4] 4 [2 – 4] 0.72 
Final grade 1 8.0 [7.2 – 8.0] 8.0 [7.0 – 8.0] 0.47 

IIncision/Excision   n = 52  n = 54 … 
Handling – selection  5 [5 – 5] 4 [4 – 4] <0.001 
Instruments – selection  5 [5 – 5] 4 [4 – 4] <0.001 
Preparation  5 [3 – 5] 4 [4 – 4] 0.02 
Safety 5 [3 – 5] 4 [3 – 4] <0.001 
Final result 4.5 [3 – 5] 4 [3 – 4] 0.03 
Instrument handling 5 [3 – 5] 4 [3 – 4] 0.009 
(Unnecessary) Movements 3 [3 – 5] 4 [3 – 4] 0.82 
Final grade 1 8.0 [7.0 – 8.5] 7.5 [7.0 – 8.0] 0.02 

LLocal AAnaesthesia   n = 54  n = 58 … 
Anaesthesia technique – selection 4 [4 – 4] 4 [4 – 4] 0.02 
Materials – selection 4 [4 – 4] 4 [4 – 4] 0.02 
Preparation 4 [3 – 4] 4 [4 – 4] 0.44 
Infiltration 3 [3 – 4] 4 [3.5 – 4] <0.001 
Safety 4 [3 – 4] 4 [4 – 4] 0.10 
Tissue handling 4 [3 – 4] 4 [4 – 4] 0.53 
Final result 4 [3 – 4] 4 [4 – 4] 0.009 
Final grade 1 7.5 [6.9 – 8.0] 8.0 [7.0 – 8.0] 0.02 

SScrubbing and donning  n = 51 n = 58 … 
No jewellery  51 (100%) 58 (100%) 1.00 
Correct dressing 51 (100%) 58 (100%) 1.00 
Wearing scrub cap 49 (96%) 47 (81%) 0.02 
Wearing surgical mask 43 (84%) 55 (95%) 0.07 
Correct order of steps 40 (78%) 58 (100%) <0.001 
Wetting hands 51 (100%) 57 (99%) 1.00 
Drying hands 47 (92%) 58 (100%) 0.045 
Timely use of alcohol 48 (94%) 58 (100%) 0.10 
Finish in time 47 (92%) 52 (90%) 0.75 
Final grade 1 10 [10 – 10] 10 [10 – 10]2 0.76

Median [IQR] and n (%) 
1 A fail was noted as a 5 (insufficient). Final grade is on the 1 – 10 Dutch grading scale [1] 
2 Pass/fail scores were used in 2016 – 2017, where 100% passed scrubbing and donning 

RReferences 
1. Netherlands Organization for International Cooperation in Higher Education (NUFFIC). Grading 

systems in the Netherlands, the United States and the United Kingdom. The Hague2009:4. 
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CONSORT 2010 flow diagram – Surgical Skills 

 

 

Supplementary Figure 2 Flow diagram of study 
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Excluded (n = 35) 
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(n = 21) 

2016  –  2017 (n = 62) 
• Knowledge test attempt (n = 59)
• Procedural assessment attempt (n = 56) 

Analysed 
• Knowledge test (n = 59) 
• Procedural assessment (n = 56)
• Post-course questionnaire (n = 21) 

Cohort  

Analysis  
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SSupplementary Figure 3 More technical skills were performed by female students for all
technical skills (p = 0.037 to p = 0.049) except for local anaesthesia which was not often 
performed among all students. In ordinal regression analysis, lower frequencies of technical 
skills were associated (Wald χ2) with male students for scrubbing and donning (p = 0.03), sterile 
instrument handling (p = 0.04) and suturing (p = 0.050). Male students did not perform local 
anaesthesia and incision/excision. 
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Supplement 2 Questionnaire questions in English (original language: 
Dutch) 

Quantitative 

Number of skills performed in clinical rotations: 

1. Scrubbing and donning 
2. Local anaesthesia 
3. Sterile instrument handling 
4. Incision/Excision 
5. Suturing 

Students were asked to score on a 6-point Likert scale: 0 times, 1 time or 2, 3, 4 or 5+ times. 

Qualitative 

1. Knowledge of surgical patient flow is applicable 
2. Technical skills are applicable 
3. I have faith in entering OR 
4. This course helped me to attain professional behaviour 
5. I am able to act professionally in the OR 
6. I am able to apply knowledge on patient safety 
7. Patient flow helped me for better insight in the OR 
8. Insight in patient flow helped me to ensure patient safety 
9. Knowledge and skills are representative  
10. Knowledge helped me to learn new procedures 
11. Technical skills helped me to learn new procedures 
12. I am unable to apply knowledge and skills as learned 
13. My surgical skills as learned are appreciated in practice 
14. I am able to show skills of someone else’s preference 
15. I am able to defend the skills I have learned 

 

Students were asked to score on a 6-point Likert scale: Completely disagree, disagree, 
neutral, agree, completely agree or not applicable.





CHAPTER 9
GENERAL DISCUSSION
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AAbbreviations and acronyms 
CABG Coronary artery bypass graft surgery 
FFR Fractional flow reserve 
LVEF Left ventricular ejection fraction 
NHR Netherlands Heart Registry 
OPCAB Off-pump coronary artery bypass graft surgery 
PCI Percutaneous coronary intervention 
QCA Quantitative coronary analysis 
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General discussion and future perspectives 
General discussion 

Cardiac surgery is still superior on long-term clinical outcome compared to cardiological 
interventions. However, a major drawback of cardiac surgery is its invasiveness and 
related impact for patients. As a result numbers of surgical interventions are dropping 
and new developments are predominantly funded for interventional cardiology.  

To further improve clinical outcomes of cardiac surgery, several themes were defined to 
make cardiac surgery sustainable for the future. The hypothesis was that cardiac surgery 
remains a first time right strategy for patients when these themes are adopted in clinical 
practice. The three themes stated in this thesis should enable combination of good 
outcomes and reduce drawbacks. Several aspects that improve cardiac surgery were 
covered in this thesis. However this thesis was not designed in a way to prove that the 
overall outcome is better than alternative choices or leads to an increase in surgical 
volume. 

Part I: The first part of this thesis focuses on minimally invasive cardiac surgery. By 
reducing the impact of the heart-lung machine outcomes for large groups of patients will 
improve. Other patient groups can profit from off-pump surgery even when inoperable 
for cardiac surgery with a heart-lung machine. 

Part II: Besides minimal invasive surgery,  technological innovations in cardio-thoracic 
surgery such as improved biomaterials and devices are necessary to further improve 
surgical outcome.  

Part III: A multidisciplinary approach with teamwork and shared decision making from 
patients, (technical) medical specialists, nurses, physiotherapists and other professionals 
will optimise treatments in cardio-thoracic surgery. Good professional behaviour starts 
with proper training in a simulated environment. 

Future perspectives 

Available knowledge for decision making 

After 115 randomised trials to compare on-pump coronary artery bypass surgery (CABG) 
to off-pump CABG (OPCAB) on short and long term outcome controversy on benefits for 
patients persists [1]. A summary of unquestioned advantages of OPCAB, heterogenous or 
no advantages of OPCAB and disadvantages op OPCAB is described in Table 1.  

Other uncertain decision making exists for patients aged 60 – 65 with severe aortic 
stenosis where both biological and mechanical heart valves are (un)suitable [2] and 
different rates of structural valve deterioration and reintervention [3] should determine 
patient specific treatment. 

Patient specific decision making is performed daily in heart team discussion between 
cardiac surgeons and cardiologists according to international guidelines [4]. Here patient 
characteristics determine decision making for a surgical, percutaneous or conservative 
treatment. Combining patient characteristics with procedural characteristics could 
further tailor treatment and thus improve outcome.  
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Information on (non-) treatment options, potential complications and outcomes of 
surgery is discussed between patients and health professionals during informed consent 
discussion. While a CABG improves physical quality of life one year after surgery for the 
majority of patients [5], 1 out of 3 patients over 80 years reported a reduced mental 
health. As this information might influence decision making for patients, quality of life 
after surgery should be discussed during preoperative counselling.  

Furthermore, intraoperative techniques such as orientation of the aortic cannula impacts 
blood flow to the brain [6] with short and long-term effects on the brain. Combining both 
intraoperative techniques such as correct placement of the cannula and preoperative 
imaging of patients aortic arch branches will result in optimal perfusion during 
cardiopulmonary bypass. 

Next, patients are often not involved in shared decision making for type of CABG or valve 
prosthesis, because they lack sufficient time or knowledge on e.g. different aortic valve 
prostheses [7]. An online patient decision aid increased preoperative mental health, yet 
is not persistent after aortic valve replacement [8]. To improve individual quality of life 
after surgery, patient preference should be taken into account after heart team 
discussion and tools should be developed to support shared decision making. Online 
decision tools and 3D imaging and printing might assist in truly informed consent for 
treatments. 

Professional information for decision making is scattered. Direct comparison between 
competing treatments or diagnosis modalities are often lacking. For assessing coronary 
artery stenosis, visual eyeballing by a cardiologist is most common, although high intra-
and interobserver variability exists for many years with low concordance around clinical 
relevant cut-off points [9, 10]. Quantitative coronary analysis (QCA) with 2D or 3D 
reconstruction using cardiac angiography is used in some centres to analyse degree of 
stenosis but is still not suitable for graft patency prediction compared to functional 
assessment using the more invasive fractional flow reserve (FFR) [11]. Here, clinical cut-
off values are also debated and might even differ between percutaneous coronary 
intervention (PCI) or CABG. Future studies should investigate the cut-off values of FFR or 
QCA for PCI and CABG to optimize outcome for patients.  

TTable 1 Specific subsets of patients and procedural aspects that benefit, not benefit or are 
harmed when using off-pump CABG 

BBenefit  NNo benefit/No harm determined  HHarm  
Low LVEF Advanced age Inexperience of surgeon 
Women Neurological risk Incomplete revascularisation 

 Anaortic technique Saphenous vein grafts 
 End-organ failure Emergency intraoperative conversion 
 Cost-effectiveness  
 Minimally invasive access  
 Total endoscopic CABG  
 Hybrid coronary revascularisation  

CABG = Coronary artery bypass surgery; LVEF = Left ventricular ejection fraction. Table based 
on [1] 
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National registries were developed to show transparent outcomes, inter centre variation 
and ultimately improve outcome for patients. The Netherlands Heart Registry (NHR) was 
founded in 2018 to make outcomes of cardiac surgery, interventional cardiology and 
electrophysiology publicly available. At this moment the focus is on individual registries 
and comparisons between competing treatments are not made. For instance, a clear 
difference in 5-year mortality after PCI or CABG is visible when two graphs are placed next 
to each other (Figure 1) with only minor differences in baseline characteristics. 

Inter centre variation is dependent on quality of care, but even more on interpretation of 
quality indicators or data registration. Other surgical disciplines developed textbook 
outcomes as a composite measure of quality indicators [12, 13]. Textbook outcomes for 
cardiac surgery are not developed yet, but might be interesting for aortic valve 
replacement or CABG to allow for benchmarking between hospitals and improve patient  

care. Indeed, because interpretation is difficult, outcome-based quality improvements 
based on NHR data are still limited [15]. A systematic approach to identify improvement 
potential and implementation of initiatives should follow. Hospitals then should also gain 
from improvement initiatives. Now a paradoxical system exists that e.g. reduction of 
intensive care unit stay reduces income for hospitals. The introduction of bundled 
payments for pre, per and postoperative care might deal with this problem. 

Simulation training  

A variety of simulation models for training in cardio-thoracic surgery exists [16]. 
Effectiveness of simulation in cardio-thoracic surgery on surgical training and patient 
safety is yet to be determined. Three out of four factors that harm patients when using 
OPCAB (Table 1) are related to training. A long learning curve of 80 – 240 patients [17] 
should not be accepted in 21st century medical education. Unfortunately OPCAB training 
in a simulated environment is not appreciated by residents or junior surgeons and 

A  B  

 
Figure 1 Long-term mortality of Dutch heart centres after PCI or CABG, with transparent 
publication of inter centre variation. A higher mortality is observed in the PCI group. 
AA PCI; BB CABG. Adapted from [14]  
CABG = Coronary artery bypass surgery; PCI = Percutaneous coronary intervention 
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techniques vary between countries, hospitals and even individual surgeons. Efforts to 
share personal experience with OPCAB are limited [18, 19] and demand more insights in 
human factors in OPCAB.  

Limited evidence is available to support no-touch aorta techniques as to prevent 
neurological events [20, 21] and randomised studies in direct comparison with PCI are 
thus justified. Safety margins during OPCAB are reduced and can lead to hemodynamic 
instability because of increase in systemic arterial pressure or rise in pulmonary arterial 
pressure [22]. This might result in emergency intraoperative conversion with associated 
risks for myocardial infarction and early mortality.  

Simulation training does improve OPCAB skills [23], but simulators are expensive, provide 
ample feedback on haemodynamics to trainees and impact on clinical outcome is often 
lacking [24, 25]. Future research should focus on development of an OPCAB simulator 
and training program that acknowledges training needs from surgeons and residents, 
has functional fidelity based on scenario design and has a specified simulator design [26]. 
Strong proficiency-based, simulation-based courses on all aspects of cardiac surgery e.g. 
OPCAB or aortic valve replacement should be standard before practice on patients.  

The Technical Physician – A high tech health professional 

In the Netherlands a new professional with technical medical expertise was added to the 
pallet of healthcare providers: the Technical Physician. 

Technical Physicians are experts in applying, improving and designing complex medical 
technology in patient care by combining knowledge of medicine and engineering [27, 
28]. Five years of temporary independent authority to perform reserved procedures were 
followed with independent authority as of 2020 in the Dutch Individual Healthcare 
Professions Act. As more and more technological innovations enter hospitals, 
technology-enabled endpoints of clinical trials will and should be developed as well [29]. 
This shift to novel endpoints require understanding anatomy, (patho)physiology and 
medical technological concepts. A Technical Physician combines these concepts and 
“contributes to improved, more efficient and safer health care” [27] for patients. 

Close collaboration between cardio-thoracic surgeons and Technical Physicians will 
accelerate innovations in cardio-thoracic surgery. The future is for predicting and 
optimising outcome with state of the heart technology. A multidisciplinary approach 
with efforts from patients, (technical) medical specialists, nurses, physiotherapists and 
other professionals can bring treatments in cardio-thoracic surgery further. 

The Technical Physician is thus the right person to improve outcomes of cardio-thoracic 
surgery by performing minimally invasive techniques in the operating room, with strong 
technological designs and working together with other allied professionals and patients. 
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