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ABSTRACT

Background

The treatment of ischemic heart disease has advanced substantially in the past half-
century. However, despite these achievements, the survival rates in high-income
countries such as Sweden have reached a plateau in the last decade. Strategies to
further reduce mortality are needed.

Aims

To evaluate the impact of chronic total occlusions, the choice of arterial access site,
and pretreatment with P2Y , inhibitors on mortality in patients with coronary artery
disease.

Methods

This thesis is based on observational studies. We used data from the Swedish Web-
system for Enhancement and Development of Evidence-Based Care in Heart
Disease Evaluated According to Recommended Therapies (SWEDEHEART)
registry and the Swedish National Cause of Death Register. All coronary
procedures, angiographies and percutaneous coronary interventions (PClIs)
performed in Sweden are registered in the SWEDEHEART registry. We used
multiple imputation to impute missing data (Papers I-IV), propensity score (PS)



matching to adjust for known confounders (Papers II, IV), multilevel models to
account for a hierarchical database (Paper 11, III, IV), and instrumental variable
analysis to adjust for known and unknown confounders (Paper III).

Results

In Paper I, we found an adjusted hazard ratio (HR) of 1.29 for death in patients with
a chronic total occlusion (CTO), as compared to patients with coronary artery disease
without a CTO. In Paper 2, pretreatment was not associated with better 30-day
survival or differences in bleeding in STEMI patients. In Paper 3, pretreatment in
NSTE-ACS patients was not associated with better 30-day survival but with a higher
risk of in-hospital bleeding. In Paper IV, we could show that radial access (RA) in
patients undergoing primary PCI for STEMI was associated with a lower risk of
death (adjusted odds ratio (OR) 0.70) within 30 days, as compared to femoral access
(FA).

Conclusion

The CTOs of coronary arteries are associated with increased mortality. Pretreatment
with P2Y |, receptor antagonists is not associated with reduced mortality in patients
with acute coronary syndrome, but is associated with increased in-hospital bleeding
in NSTE-ACS patients. Our findings in Paper II and III add external validity to the
findings of randomized trials on the lack of benefits and potential harms of
pretreatment. The use of radial artery access for primary PCI in STEMI is associated
with reduced mortality in comparison to using FA. The findings in Paper IV support
the ESC guideline recommendation for the use of RA in STEMI.

Keywords: Acute coronary syndrome, acute myocardial infarction, coronary artery
disease, mortality, chronic total occlusion, pretreatment, antiplatelet, P2Y,, radial
access, PCI, SWEDEHEART, SCAAR, RIKS-HIA, cardiology



SAMMANFATTNING PA SVENSKA

Den hir avhandlingen undersoker faktorer som péaverkar dodlighet i
kranskarlsjukdom. Kranskérlsjukdom orsakar cirka 15% av alla dodsfall 1 Sverige,
och ar ddrmed den vanligaste dodsorsaken for vuxna i Sverige. Bade stabil och
instabil kranskérlsjukdom orsakar dodsfall, men risken for den enskilda patienten &r
mycket hogre nar kranskérlssjukdom blir instabil och ett akut koronart syndrom —
med ST-hojning pd EKG (STEMI) eller utan (NSTE-ACS) - intrdffar. Genom att
anvéinda véra unika och nédstan heltickande nationella register har vi kunnat gora
studier som var och en &r bland de storsta registerstudierna som gjorts.

Avhandlingen bestar av fyra delarbeten. I alla delarbeten har vi anvént oss av data
frdn svenska SWEDEHEART registret dir néstan alla patienter som genomgar
kranskérlsrontgen, PCI (delregister SCAAR) eller vardas pé hjartintensiven
(delregister RIKS-HIA) registreras.

I delarbete 1 har vi undersokt om patienter som har en ldngvarig avstingning av ett
kranskérl (chronic total occlusion, CTO) har en hogre risk att dé jamfort med
patienter som har en kranskérlssjukdom utan CTO. Detta arbete, som publicerades
2016, ér en av virldens storsta studier med denna fragestillning. Vi har undersokt
betydelsen av CTO béde for patienter med stabil och instabil kranskérlsjukdom,
nagot som tidigare studier inte gjort. Vi kunde visa att patienter som har en CTO
har en hogre risk att do dn patienter utan CTO.

Delarbete 2 och 3 analyserar om patienter med akut koronart syndrom (instabil
angina och hjartinfarkt) har viarde av att borja behandling med P2Y , receptor-
antagonister (en grupp av lidkemedel som &r blodfértunnande genom att himma
blodpléttarnas funktion) redan innan kranskarlsrontgen &r gjord, en strategi som
anvénds 1 stora delar av vérlden och kallas for ”forbehandling”. 1 delarbete 2 visar
vi att forbehandling inte dr associerat med minskat dodlighet for patienter med
STEMI men att forbehandlingen vid STEMI inte heller 6kar blédningsrisken, som
ar en av de allvarligaste biverkningar av P2Y ;, receptor antagonister. I delarbete 3
kom vi fram till att forbehandling inte heller hos patienter med NSTE-ACS minskar
dodligheten, men didremot 6kar risken for dessa patienter att drabbas av blodning.

I delarbete 4 har vi utviarderat om kranskérlsingrepp (PCI) vid STEMI é&r associerat
med bittre chans att 6verleva om PCI gors via handledsartdren, jamfort men det
klassiska séttet att anvdnda artéren i1 ljumsken. Genom att analysera data fran 6ver
40.000 patienter kunde vi visa att ingrepp som utfors via handledens artér ar



associerat med battre dverlevnad och mindre blodning jamfort med ingrepp som
utfors via artdren i ljumsken.

Slutsatsen fran mina delarbeten dr (i) att CTO ar en viktig riskfaktor; (ii) att
forbehandling, som ar rutinbehandlingen vid bade STEMI och NSTE-ACS pa
manga stéllen 1 Sverige och 1 vérlden, inte dr associerat med béttre dverlevnad
varken for for patienter med STEMI eller NSTE-ACS, utan istéllet okar risken for
patienter med NSTE-ACS att drabbas av blodningskomplikationer; och (iii) att PCI
via handledsartdren istéllet for ljumskartéren vid akut hjartinfarkt &r associerat med
minskad dodlighet.
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Introduction

This thesis is about observational studies in interventional cardiology. The four
presented papers analyze data from the Swedish Coronary Angiography and
Angioplasty Registry (SCAAR), data from patients who underwent coronary
angiography or percutaneous coronary intervention (PCI) in Sweden, and data from
the Swedish Register of Information and Knowledge about Swedish Heart Intensive
Care Admissions (RIKS-HIA registry). Both registries are part of the Swedish
Web-system for Enhancement and Development of Evidence-based Care in Heart
Disease Evaluated According to Recommended Therapies (SWEDEHEART)
registry.

The treatment of symptomatic ischemic heart disease (i.e., stable angina and
acute coronary syndrome) has advanced substantially in the past half-century.
However, despite these achievements, the survival rates in high-income countries
such as Sweden have reached a plateau in the last decade. Cardiovascular disease
continues to be the most common cause of death in these countries' and in Sweden,
ischemic heart disease accounts for 43% of all cardiovascular deaths?.

Several significant developments have occurred in the last decade. New potent
antithrombotic drugs have been developed and are routinely used today in patients
with acute coronary syndromes®. Recent advances in medical devices (e.g., stents,
guidewires, catheters) and interventional techniques have created a much-needed
methodological prerequisite for the successful treatment of chronic total occlusions
(CTOs) in coronary arteries using PCI rather than coronary bypass surgery or
pharmacological agents*°. These same developments have made it possible to use
the radial artery rather than the femoral artery as the standard access for coronary
interventions®.

Before patients with CTOs are treated with PCI on a routine basis—a treatment
strategy that is more technically demanding and more expensive, and associated with
more severe complications—we need to evaluate whether the presence of a CTO on
a diagnostic coronary angiography is associated with altered life expectancy in
patients with ischemic heart disease (Paper I), as well as whether the successful
treatment of a CTO with PCI improves symptoms or reduces mortality.

The development of potent oral antiplatelet agents-P2Y ;, receptor antagonists
has been a significant breakthrough in the treatment of patients with acute coronary
syndrome®. The first P2Y,, antagonist that was used in humans in addition to

15



acetylsalicylic acid (ASA)—ticlopidine—has effectively reduced the risk of stent
thrombosis (ST) after PCI”-®. The implementation of dual antiplatelet therapy (ASA
+ P2Y), antagonists) has been an essential prerequisite for successful progress in
stent technology ever since the 1990s. There are several clinically essential questions
and concerns that have not been sufficiently addressed to date regarding treatment
with P2Y, antagonists. One such concern is the optimal timing for the initiation of
therapy with P2Y |, antagonists in relation to the start of a PCI procedure. No trial
has shown unequivocal evidence of benefits for pretreatment with the P2Y
antagonist (i.e., when the therapy is initiated before angiography). Nevertheless, the
European and American guidelines recommend pretreatment with a P2Y |, antagonist
11 In Paper II and Paper III, we evaluate the association between pretreatment
with the P2Y, antagonist and the relevant clinical outcomes in patients with acute
coronary syndrome.

In Paper IV, we evaluate the association between the arterial access site
(radial artery versus femoral artery) and the short-term prognosis in patients with ST-
elevation myocardial infarction (STEMI) treated with PCI.

16



CTO

Figure 1: CTO in the LAD before PCI (left), LAD after PCI (right)

Recent advances in medical devices (e.g., stents, guidewires, catheters) and
interventional techniques have created a much-needed methodological prerequisite
for the successful treatment of CTOs in coronary arteries using PCI rather than
coronary bypass surgery or pharmacological agents.

The CTO of a coronary artery is defined as a complete blockage of the vessel, i.e.,
the absence of antegrade flow (Thrombolysis in Myocardial Infarction (TIMI), grade

0 flow) in the occlusion, of a known or estimated duration of at least three months.!?
13

The prevalence of CTO in the main population is not known. The largest study on
CTO prevalence in patients undergoing coronary angiography (CABG operated
patients excluded), published by our team in 2014, found that 11.5% of patients
angiographied for all indications in Sweden had a CTO, and 16% of all patients with
the diagnosis of coronary artery disease after coronary angiography. Comparable
results showing a CTO in 13.3% of all patients angiographied (CABG excluded)
were found in 2015 in Italy!® and in 2012 in Canada'¢, where 14.7% of all 14,439
patients angiographied and 18.4% of all patients angiographied with a diagnosis of
CAD had a CTO, respectively. A German study!’ conducted in 2012 used stable
angina as the denominator and found a CTO in 33% of 2002 patients. In the cohort
of CABG-operated patients, the prevalence of CTO was much higher (54% in the
Canadian registry'®, 52% in the Italian'® registry), and lower in patients who
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presented with STEMI (8.6% CTO in a non-IRA in HORIZON-AMI'®, 10% in the
Canadian registry'®, 13% in the Netherlands').

We knew little about the prognostic impact of a CTO. Earlier studies had shown
that a CTO in a non-infarction-related artery imposes a higher risk of short- and long-
term mortality in patients treated for STEMI'® !°, Before the study presented as Paper
I of this thesis was conducted, no study had investigated the prognostic impact in
patients with stable angina.

In about 90% of patients with a CTO, collaterals can be detected by angiography”.
Nevertheless, even myocardium supplied by well-developed collaterals is found to
be ischemic on exercise™ %, i.e., the viable myocardium distal of a CTO is ischemic,
regardless of the magnitude of collateral perfusion?! 2,

Data on the benefit of CTO-PCI is scarce*: To date, there are only three published
RCTs on this matter. The EXPLORE trial?® randomized 304 patients treated for
STEMI who had a CTO in a non-IRA vessel to CTO-PCI within seven days versus
medical treatment. The primary outcome measures—Ileft ventricular ejection fraction
and left ventricular end-diastolic volume on the cardiac MRI after four months—or
major adverse cardiac events (MACE) were not different in the two groups.

In one of the subgroup analyses in EXPLORE, the CTO location had ap <0.02 as a
benefit of PCI in patients with a CTO in the left anterior descending artery (LAD).
No significant difference in MACE was found, but the differnce in cardiac death
nearly reached significance (p = 0,056). The EURO-CTO trial** was preliminarily
terminated after the enrollment of 396 patients instead of 1,200 patients as planned.
In this study, non-CTO lesions were treated before randomization. The study found
improvement in the primary endpoint change in health status as assessed with the
Seattle Angina Questionaire for patients treated with PCI compared to medical
treatment, but no difference in MACE. Another RCT, DECISION-CTO, which
randomized 834 patients to PCI or medical treatment, was halted in 2016 due to slow
enrollment and has been presented as a negative trial®®, but has not been published
so far’. Recently, a small trial*’ randomized 65 patients with a CTO in the right
coronary artery to CTO-PCI versus medical treatment and demonstrated a greater
decrease in the ischemic burden on the stress MRI in PCI patients.

Several observational studies have compared the benefit of successful versus
unsuccessful CTO-PCI*. In the OPEN-CTO registry, patients with successful CTO-
PCI had a better rating on the Seattle Angina Questionaire Quality of Life Index
compared to patients for whom PCI was unsuccessful. Jones et al.?® reported an
improved five-year survival rate after successful versus unsuccessful CTO-PCI. A
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metaanalysis® performed in 2015 on 25 observational studies found less residual
angina, less of a need for subsequent CABG, a lower risk for MACE, and lower
mortality in patients after successful versus unsuccessful CTO-PCI. A 2012
metaanalysis® of 13 studies, again comparing successful to unsuccessful CTO-PCI,
found a reduction in angina status, mortality, and the need for CABG.

Other observational studies have compared the benefit of CTO-PCI versus medical
therapy* %° and some reported improved angina status'® and a lower rate of cardiac
death and MACE after CTO-PCI", while other studies have reported no difference
in mortality®’. A study* comparing medical treatment versus the revascularisation
(PCI, CABG) of well-collateralized CTO found a benefit in terms of MACE and
mortality for revascularization.

Other published studies have reported positive effects on depression after a CTO-
PCI* or found improvement in a six-minute walking test **, peak oxygen
consumption®, and the aerobic threshold®, though all of these studies were done
with small numbers of patients and without a medically treated control group.

Procedural success rates have been improving over time: A 2013 metaanlysis®’ of
65 studies reported that pooled angiographic success rates improved from 68% in
studies published from 2000 to 2002 to 79.4% in studies published from 2009 to
2011. Success rates are known to be dependent on center and operator volume!'® 3%,

CTO-PCI is associated with higher rates of complication compared to non-CTO
PCI* 38, CTO-PCI demands a greater contrast volume and more radiation®®. The
overall complication rate reported between 2012 and 2017 varies by approximately
3%?*. In a large British registry®® of more than 500,000 PCIs, 1.4% of 25,558 CTO
interventions and 0.3% of all PCIs had a coronary perforation, while in another
current CTO registry*’, perforation occurred in 4.1% of 2,097 CTO-PCIs, with 0.6%
requiring pericardiocentesis. Nevertheless, major complications with CTO-PCI have
decreased over time: The 2013 metalalysis®’ cited above reported a major
complication (death, emergency CABG, stroke) rate of 1.6% from 2000 to 2002 and
of 0.5% from 2009 to 2011.

The treatment of a CTO is indicated, as all medical treatment is, when the
anticipated benefit of the intervention outweighs the potential risks* > !, Before
patients with CTOs are treated with PCI on a routine basis—a treatment strategy
that is more technically demanding, more expensive, and associated with more
severe complications—we need to further evaluate whether the presence of a CTO
on a diagnostic coronary angiography, as well as whether success or failure in the
treatment of CTO with PCI, is associated with altered life expectancy in patients
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with ischemic heart disease. With the current data, CTO-PCI is indicated for
symptom relief and the improvement of quality of life*°. The current ESC
guideline!® on myocardial revascularisation recommends (I[aB) that PCI of a CTO
“should be considered in patients with angina resistant to medical therapy or with a
large area of documented ischemia in the territory of the occluded vessel.”

20



Pretreatment

Figure 2: Non-activated plateez‘ eﬁ) and activated platelet (right). (printed with
permission from SciencePhotoLibrary)

In acute coronary syndromes, plaque rupture or erosion disrupts the endothelial
layer of the atherosclerotic coronary artery and circulating platelets are suddenly
exposed to collagen, von Willebrand factor, and other platelet-activating
substances. The resulting platelet adhesion, platelet activation (with the change of
shape and degranulation releasing ADP and thromboxane A2, which induces
further platelet activation and expression of fibrinogen-binding GplIb/Illa receptors
), and aggregation are fundamental parts of intracoronary thrombosis that, in acute
coronary syndromes, partly or totally occludes the coronary vessel and causes
ischemia, necrosis, heart failure, and death.' 44
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In Papers II and III of this thesis, we study whether the treatment of ACS patients
with antiplatelet drugs of the P2Y |, receptor antagonist type before coronary
angiography is beneficial compared to treatment after coronary angiography.

Today, two different types of oral antiplatelet drugs are routinely used in ACS
patients to treat thrombosis: P2Y |, receptor antagonists and acetylsalicylic acid.

P2Y 12 receptor antagonists

P2Y 1, receptor antagonists, or ADP-receptor blockers, act on the P2Y 1, type of the
platelet’s ADP (adenosine diphosphate) receptor®>+.

The first P2Y ;; —receptor antagonist was coincidentally developed in the 1970s, and
although the prothrombotic effect of ADP has by this time already been known for
some years, it took 30 more years until the P2Y ;, receptor was isolated as the target
of this drug.

In 1960, A.J. Hellem observed at Rikshospitalet in Oslo that a small molecule
originating from red blood cells caused platelets to adhere to glass*. The next year,
researchers in Oslo identified this small molecule as the purine adenosine
diphosphate (ADP), proved that it converts non-adhesive platelets into adhesive
platelets and thus causes platelet aggregation, and assumed that ADP release based
on cellular damage might play an important role in thrombosis.*® ADP does not
normally circulate in the bloodstream, but is stored in large quantities in platelets’
dense granules, which can release ADP when they are stimulated by other
substances, like collagen or thrombin** 47 48 41 ADP causes platelets to change
shape from disc-shaped to a spherical structure with pseudopods with a substantial
increase in surface area* to increase cytosolic free calcium®, to express a
fibrinogen binding site (GP IIb/IIla receptor) *’, and finally to aggregate to a white
thrombus by adhering to each other with the help of fibrin links*’. In 1964, it was
determined that other purines, adenosine and adenosine triphosphate®, are
inhibitors of ADP-induced platelet aggregation®4° 31,

Ticlopidine and clopidogrel were developed when the exact site of action of these
thienopyridines was still unknown and the first antagonist of the P2Y |, receptor
was created by chance® #7: In 1972, French scientists were searching for new anti-
inflammatory drugs related to Tinoridine, a drug from the chemical class
thienopyridine with anti-inflammatory properties that was published in 1970, and
started synthesizing derivates and testing them on rats.>* They did not succeed in
finding anti-inflammatory agents, but some of the compounds showed
unanticipated antiplatelet activity and the most active was selected for further
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development and named ticlopidine™. In 1978, the thienopyridine ticlopidine hit
the market in France under the name Ticlid, was tested in clinical trials (initially in
stroke patients™), and reached the U.S. market in 1991. Soon after marketing, the
drug showed severe side effects in some patients: agranulocytosis and
pancytopenia. So, in France, the search for ticlopidine analogs with an improved
benefit/risk ratio continued, and after testing thousands of analogs, clopidogrel was
found. The preclinical development started in 1987 and led to the worldwide launch
of clopidogrel in 1998, which became the second-bestselling drug in the first
decade of the 21 century 2.

Today, we know that there are different types of purinergic receptors (P-receptors)
on platelets (as on other cell surfaces)**. In 1995, a French-Italian team was able to
show that there are at least two different P2-receptors for ADP on platelets, one
inducing shape change and another coupled to the inhibition of adenylyl cyclase
and causing platelet aggregation, with the latter being receptive to
thienopyridines*’. This receptor then had several names (P2t for thrombocyte,
P2Y ac for adenylyl cyclase, P2Y app) and was finally called the P2Y 12 receptor
when it was cloned and analyzed in San Francisco in 200147 and identified as the
clopidogrel-receptor™.

The scientists who developed the new antiplatelet drugs knew that clopidogrel, like
ticlopidine, was a prodrug that had to be ingested orally to be processed in the liver
by cytochrome P450 pathways to an active metabolite, but it was not until 2001, 30
years after the discovery of ticlopidine, that some of them succeeded in isolating
the active metabolite.’? Interestingly, the detection of ticlopidine as an active
antiplatelet drug would not have been possible if the initial tests had not been
performed on rats but instead on, e.g., guinea pigs, which lack the enzyme to
produce the active metabolite’?.

It has been argued that clopidogrel’s main drawbacks are based on its status as a
prodrug: Because of the mandatory cytochrome P450-dependent* metabolism in
the liver, the pharmacodynamic effect is delayed and varies substantially between
individuals (15-40% of patients are poor responders)® °’. In addition, clopidogrel
binds (like all thienopyridines®) irreversibly to the P2Y 1, receptor so that the effect
lasts until new thrombocytes are ready to replace them Because of these downsides
of clopidogrel, the search for an ideal antiplatelet drug continued and led to the last-
generation P2Y |, antagonists prasugrel and ticagrelor.

Prasugrel, a third-generation thienopyridine, is a prodrug like the second-
generation thienopyridine clopidogrel, but is less dependent on hepatic cytochrome
P450 activity and therefore faster acting (maximal effect after approximately 30
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minutes instead of 3—5 hours for clopidogrel) and shows less variation in the effect
size*: 3798 The differences are in the pharmacokinetics; The active metabolites of
clopidogrel and prasugrel are chemically similar and have the same potency® *’.
Prasugrel was tested in the TRITON TIMI-38 trial>® (2007) against clopidogrel in
invasively treated ACS patients following coronary angiography and the trial found
higher efficiency but lower safety for prasugrel. The FDA later criticized the trial
for shortcomings in design and disadvantages for patients treated with
clopidogrel®.

Ticagrelor is the first oral non-thienopyridine P2Y |, antagonist, an ATP analog
that belongs to the new chemical class of cyclopentyl-triazolopyrimidines®’ . It is
a direct-acting drug (i.e., not a prodrug that requires conversion to an active
metabolite) and a reversible P2Y 1, antagonist®’ that binds to a P2Y; binding site
that differs from the adenosine binding site®'. The PLATO trial®!, published in
2009, compared the use of ticagrelor and clopidogrel in ACS patients and reported
better prevention of the composite endpoint death, MI, or stroke without
differences in overall bleeding (but an increase in non-CABG bleeding).

ASA

The history of antiplatelet drugs began with Acetylsalicylic Acid (ASA). An
essential step in platelet activation (initiated by platelet adhesion to collagen or von

Willebrand factor) is platelets’ synthesis and release of the prostaglandin
Thromboxane A2 and ADP.

ASA irreversibly blocks platelets’ cyclooxygenase by acetylation and thus reduces
the production of the platelet-aggregation-stimulating Thromboxane A,"*
(Thromboxane was named after its platelet aggregation property at Karolinska
Institute in the 1970s%% ¢%). Bark and leaves from the willow tree, Salix %, were
used as anti-inflammatory and painkilling drugs for more than 3,000 years® and
recommended by Hippocrates 2,400 years ago® for use as analgetics in childbirth,
and analgesia and anti-inflammation were even the indications for the drug Aspirin
after the synthetic production of ASA (acetylated salicylate) in Germany at the turn
of the 19™ to the 20™ century®®. The initially extracted salicylate, named after the
tree Salix, had severe gastric side effects, illustrated by the fact that its current
indication is usage as a keratolytic for warts®®. Before synthetic production,
meadowsweet (spiraea ulmaria) was used for the production of ASA due to its
higher concentration of salicylates, hence the name Aspirin was selected (acetyl
spirsdure with the at-the-time popular suffix —in, as in Heroin by the same
company Bayer or as in the U.S. Heparin).%
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The effect of ASA on platelet aggregation first became known in the 1960553 6 66

and the first major study with clinical cardiovascular endpoints was conducted in
the late 1970s to prove ASA was effective in the secondary prevention of stroke ¢’
In 1983, a RCT showed a reduction of the rate of MI or death by 50% in patients
with unstable angina treated with ASA, as compared to a placebo®. In 1984, a RCT
proved ASA was effective in preventing early and late saphenous vein graft
occlusion after CABG®, while in 1985, a Canadian multicenter RCT confirmed a
51% risk reduction (cardiac death or MI) in unstable angina’® and three years later,
the ISIS-2 trial showed a significant improved survival rate (25 prevented deaths
for every 1,000 patients taking one month of ASA) and fewer re-infarctions and
strokes in STEMI patients taking ASA alone or initially in combination with
streptokinase’!> 72,

A medicine used for thousands of years could half the risk of death and MI. Based
on this fantastic data, ASA has from the 1990s to today been a standard acute and
secondary preventive treatment for all subtypes of acute coronary syndromes.

Development of DAPT

In parallel, PCI was evolving. Andreas Gruentzig chose Aspirin as an
antithrombotic treatment for balloonangioplasty’®, a medication later (in
combination with Dipyridamole) deemed effective in preventing post-PCI (balloon
angioplasty) infarction’. With stent implantation emerging in the 1990s, after the
first human coronary stent implantation was done in France in 19867, life-
threatening ST became a new clinical problem of extensive concern, occurring in
the early series in up to one of four cases, despite heavy anticoagulation with large
doses of heparin and oral anticoagulation with vitamin K antagonists’® 7. The
underlying pathology is that balloon angioplasty and stent implantation cause
endothelial defects and plaque ruptures in the treated coronary artery, resulting in
an effect similar to that of acute coronary syndrome: the activation of the
coagulation system as a consequence of endothelial disruption’®. The treatment
with heparin and oral anticoagulation was not only ineffective in preventing ST,,
but also led to bleeding in large numbers of the treated patients’.

A milestone development in the history of PCI was the subsequent generation of
dual antiplatelet therapy (DAPT) with ASA and a P2Y; antagonist which,
compared to oral anticoagulation, reduced both ST and bleeding complications’®
and became an essential prerequisite for the tremendously successful progress in
PCI that has been evident since the 1990s. Thirty-five RCTs, including more than
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200,000 patients, tested DAPT and today, about 3.6 million patients are treated
with DAPT after ACS or PCI annually in Europe®.

In 1996, a German group published a study demonstrating the overwhelming
superiority of DAPT with ASA and the thienopyridine ticlopidine over a
combination of heparin, phenprocoumon, and ASA in patients treated with stent
implantation for stable or unstable coronary artery disease (relative risk 0.25 for the
primary endpoint cardiac death, MI, repeat revascularisation)’. In 1998, a study
published by an Anglo-American group concluded that DAPT with ASA and
ticlopidine was distinctly better than ASA alone (the primary endpoint reflecting
ST occurred in 0.5% vs. 3.0% of patients) and better than ASA and warfarin (2.7%
ST) in the prevention of ST, while at the same time reducing bleeding
complications with DATP compared to oral anticoagulation (5.5% vs. 6.2%
bleeding complications)®, a finding confirmed in a French trial published in the
same year”’. DAPT has since then been used as a standard treatment for all PCIL.

In 2000, the proven effective drug ticlopidine was replaced by the new P2Y
antagonist clopidogrel for the indication of post-PCI DAPT, following positive
results showing the comparable efficiency and fewer side effects of clopidogrel
compared to ticlopidine. %

At about the same time, the development of oral antiplatelet P2Y;, receptor
antagonists was fundamental not only in the advancement of PCI, but likewise in
the treatment of patients with acute coronary syndrome, independent of PCI
treatment:

In 2001, the CURE study?®! tested DAPT with ASA plus clopidogrel against
treatment with ASA alone in 12,562 patients with NSTE-ACS and found a relative
risk reduction of 0.8 for the primary endpoint cardiovascular death, nonfatal MI,
and stroke (this effect was independent of PCI) at the cost of an increase in major
bleeding complications (relative risk 1.38). A subgroup analysis of 2,658 patients
treated by PCI in CURE (PCI-CURE study®?) later confirmed this finding for
invasively managed patients.

In acute coronary syndrome, as in PCI, P2Y;, receptor antagonists are the standard
of care today” %, with the pathophysiological aim being the prevention of the
augmentation of existing and the prevention of future thrombi as part of the

otherwise natural course of an acute coronary syndrome as a thrombotic disease!.

Since CURE, the antithrombotic DAPT therapy with ASA plus a P2Y, antagonist
has been likewise indicated for patients with ACS and patients after PCI, even if
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the P2Y;, antagonist was further evolved to novel agents while ASA remained
unchanged.

In 2007, the TIMI 38 trial®® compared the novel P2Y |, antagonist prasugrel to
clopidogrel (with the usual loading dose at that time, but not after CURRENT-
OASIS 7%, of 300 mg.) in patients presenting with all subtypes of ACS scheduled
for PCI. The trial concluded that treatment with prasugrel was associated with a
reduction of ischemic events, including ST, at the cost of higher rates of bleeding
(particularly in patients older than 75, weighing under 60 kg., or with a previous
cerebral transitory ischemic event), including life-threatening bleeding, without
differences in mortality. Notably, only STEMI patients were randomized and
treated before angiography, whereas NSTE-ACS patients obtained the study drug
after coronary angiography, i.e., when the coronary anatomy was established and
the decision was made that the anatomy was suitable for PCI.

Two years later, the PLATO trial tested another novel P2Y, antagonist, ticagrelor,
against clopidogrel in patients again presenting with all subtypes of ACS, i.e.,
STEMI or NSTE-ACS with specific risk indicators. The primary endpoint
(cardiovascular death, MI, stroke) occurred in 9.8% of patients in the ticagrelor arm
of the study as compared to 11.7%, with a HR of 0.84, and all-cause mortality was
reduced from 5.9% in clopidogrel patients to 4.5%, while ticagrelor was associated
with more non-CABG bleeding than clopidogrel. No RCT has tested P2Y ;, against
placebo in STEMI patients treated with primary PCI.

Today, the ESC guidelines recommend antiplatelet therapy for STEMI patients
treated by primary PCI with DAPT consisting of ASA plus ticagrelor or prasugrel
for up to 12 months® and for NSTE-ACS-patients with defined risk markers but
without specific contraindications, DAPT with ticagrelor (medically treated
patients and patients revascularized with PCI), or prasugrel (PCI only)®? for 12
months (with exceptions for patients treated by oral anticoagulation for other
indications). For stable patients treated with PCI, the ESC guideline recommends
treatment with DAPT, including clopidogrel'?, for less than 12 months.

Some studies have evaluated DAPT prolonged beyond 12 months after ACS: The
PEGASUS-TIMI-54 trial® (60 or 90 mg. of ticagrelor twice daily on top of ASA
for 1-3 years, ACS patients only) and the DAPT trial®® (clopidogrel or prasugrel vs.
placebo for an additional 18 months plus ASA after 12 months of DAPT, stable and
ACS patients after DES implantation) found fewer ischemic endpoints (Pegasus:
HR for cardiovascular death, stroke MI 0.84 for 60 mg. of Ticagrelor twice daily;
DAPT trial: HR for ST 0.29; HR for MACE and cerebrovascular events 0.71), but
more bleeding (Pegasus: HR for TIMI major bleeding 2.32 for Ticagrelor twice
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daily; DAPT trial: HR for moderate or severe bleeding 1.61), without significant
differences in mortality in both studies. In summary, there is robust evidence for
the effectiveness of the treatment of STEMI and NSTE-ACS patients with DAPT
for 12 months. However, there is very little evidence on when to start this
treatment.

The question raised in Papers II and III is whether it is beneficial to start
treatment with the P2Y |, antagonist before coronary angiography.

Controversy on pretreatment

Pretreatment is defined®*®’ as the administration of a P2Y |, antagonist before
coronary angiography. Despite the lack of definitive evidence regarding its benefit,
pretreatment is a common practice®’.

The main debate®® 3% on pretreatment concerns whether to start DAPT treatment at
the first medical contact (or hospital admission), i.e., before angiography
documents coronary status or after®’.

Several pros and cons contribute to the benefit/risk ratio of pretreatment®’.
Potential benefits:

e The increased patency of the infarction related artery (IRA)
e The reduction of periprocedural myocardial infarction

e The prevention of early ST

e The reduction of IRA reocclusion

e The reduction of the need for bail-out GplIb/Illa antagonists

Potential harms:

e A higher risk of periprocedural bleeding

e A higher risk of CABG-related bleeding if urgent CABG is required

e A higher risk of ischemic complications if urgent CABG is delayed to wait
for P2Y 1,-washout

e The prolongation of hospitalization (waiting for P2Y j,-washout before
CABQG)

e Bleeding in inappropriately treated patients, i.e., in patients with negative
angiographies and diagnoses other than the initially suspected ACS®°

Inappropriate treatment (treatment in patients lacking indications or, worse, with
contraindications®*?) pertains to a substantial fraction of patients in clinical routine
and clinical trials: In ATLANTIC®, 11% of patients were not treated by PCI or
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CABG and in ACCOAST?®*, only 69% of patients underwent PCI and 6%
underwent CABG, while other trials showed that about 10% of patients
angiographied for NSTE-ACS did not have significant coronary artery disease®.

There have only been two major RCTs designed to test pretreatment in ACS
directly, the ATLANTIC®® for STEMI and ACCOAST®* for NSTE-ACS, neither of
which have shown a benefit of pretreatment (see details below). All other evidence
has come from subgroup analyses of trials that were not designed to test
pretreatment®.

Guidelines

For STEMI, pretreatment (early administration of a P2Y, antagonist) is optional
in the 2013 American College of Cardiology /American Heart Association
guideline®’ (“Loading doses of P2Y;, inhibitors are provided before or at the time
of primary PCI”), but supported in the 2012 ECS guideline®® (“Patients undergoing
primary PCI should receive a combination of DAPT with aspirin and an adenosine
diphosphate (ADP) receptor blocker, as early as possible before angiography”),
which was the relevant guideline for the study period of Paper II and III. The ESC
revised this recommendation in the 2017 guideline and left pretreatment optional
(“A potent P2Y; inhibitor (prasugrel or ticagrelor),(...), is recommended before
(or at latest at the time of) PCI”)°.

For Non-STE-ACS, the 2011 ESC guideline® recommended pretreatment “as soon
as possible” with a class IA indication (based on data from CURE?!, TIMI 38%, and
PLATO®!, although none of these trials was designed to examine the time of
administration ). The 2015 revision®® changed this recommendation, following the
data generated from the ACCOAST trial®* (discussed below): “4s the optimal
timing of ticagrelor or clopidogrel administration in NSTE-ACS patients scheduled
for an invasive strategy has not been adequately investigated, no recommendation
for or against pretreatment with these agents can be formulated. Based on the
ACCOAST results, pretreatment with prasugrel is not recommended.”

Finally, in 2017, the ESC turned the clock back with the focused update on dual
antiplatelet therapy in coronary artery disease’ and recommended in the guideline
on myocardial revascularisation'®, as in 2018, pretreatment for patients with a non-
STE-ASC with a class Ila-C indication: “For pretreatment in patients with NSTE-
ACS undergoing invasive management, ticagrelor administration (...) or
clopidogrel (...) if ticagrelor is not an option, should be considered as soon as the
diagnosis is established.” “Administration of prasugrel in patients in whom
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coronary anatomy is not known is not recommended.” The rationale stated in the
guideline for this recommendation is that “pretreatment with ticagrelor was part of
the PLATO trial (...) and was associated with an early benefit over clopidogrel”. In
other words: For the decision, if one potent P2Y|, antagonist (ticagrelor) is
indicated for pretreatment, data from a RCT that explicitly examined the potential
benefit of pretreatment with another potent P2Y 1, antagonist against a placebo, and
was terminated due to harm, is weighted less in the ESC guideline than data from a
RCT on long-term treatment with ticagrelor versus clopidogrel because the latter
showed the early benefit of ticagrelor over clopidogrel, without examining
pretreatment versus no pretreatment.

In PLATO®!, the median time from the administration of the first dose of the study
drug to PCI was 0.25 hour in STEMI patients and 3.93 hours (for ticagrelor) in
Non-STE-ACS patients; the study drug was then scheduled for 12 months for both
Non-STE-ACS and STEMI patients. In the trial, there were no differences in major
bleeding between the ticagrelor-treated patients and the control group, but
significant differences in the rate of non-CABG-related major bleeding, and the
primary composite endpoint (cardiovascular death, MI, stroke) was positive at 30
days and persistent throughout the study period of one year. The Kaplan-Meier
curve presented in the paper started to divide after approximately two weeks. If this
division was due to differences between the drugs tested or, as the ESC speculates,
due to the timing of administration before PCI, this finding cannot be addressed by
this study.

Evidence for pretreatment in STEMI

There has only been one trial designed to study the time of first administration of
an ADP antagonist in STEMI patients. I will take a closer look at this study below.

The ATLANTIC trial®, published in 2014, randomized 1,862 patients with
suspected ongoing STEMI to either ticagrelor at first medical contact or in the cath
lab directly before angiography. The mean difference in the administration of
ticagrelor in the two arms of the trial was 31 minutes. The co-primary endpoints
were the surrogate parameters, the resolution of ST elevation (the proportion of
patients having at least a 70% resolution of ST elevation before PCI), and the TIMI
III flow grade (the proportion of patients having TIMI III flow in the IRA at
angiography) that did not reach significance.
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Of note, but not discussed in the paper, was the fact that about 11% of the patients
in both groups did not undergo any revascularization, so one might presume that
the STEMI diagnosis was incorrect in a majority of these cases. Nevertheless, as all
patients received the study drug before angiography, all patients were administered
ticagrelor, even those patients who were misdiagnosed and thus lacked an
indication for the drug. This strategy contradicts a fundamental advantage of non-
pretreatment, namely to avoid treating patients without indications. Several other
diseases can hide behind the misdiagnosis of STEMI and some of them will
deteriorate with an unindicated antithrombotic treatment, such as aortic
dissection®.

Figure 3: Ghenburg ambulance service

Thus, ATLANTIC is not a study of pretreatment versus non-pretreatment but of
early versus late pretreatment and should not be used as proof that pretreatment is
safe, as compared to non-pretreatment.
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In the ATLANTIC trial, 30 patients died in the prehospital group and 19 died in the
in-hospital group at 30 days, a difference reported as non-significant (p = 0.08). For
three patients in the in-hospital group and one in the pre-hospital group, no cause of
death was available. We do not know if any patient in the misdiagnosed cohort
died, nor do we know how many patients developed bleeding among those who
were treated inappropriately. The authors concluded that the prehospital
administration of ticagrelor “is safe and may prevent postprocedural stent
thrombosis™. This conclusion does not stand on solid scientific ground®®.

First, the primary endpoint of the trial was neutral. Second, as stated above, the data
cannot be used for reasoning about pretreatment versus non-pretreatment. Third,
while ATLANTIC reported 30 versus 19 deaths with p = 0.08 as non-significant,
one might see a trend of increased mortality at 30 days (odds ratio (OR) of 1.68;
95% confidence interval (CI) 0.94-3.01). Our research group had previously
analyzed the data in the supplement and could show that the prehospital
administration of ticagrelor is associated with a statistically significant difference in
the risk of death within 24 hours (12 deaths in the prehospital group vs. 4 deaths in
the in-hospital group, OR 3.18, 95% CI 1.02-9.90, p = 0.046)°. Fourth, the
ATLANTIC paper reports a significant difference in definite ST both at 24 hours
and 30 days (at 30 days: OR 0.19, 95% CI 0.04—0.86, p = 0.02). This report should
be questioned in five ways:

1. It is problematic to draw a conclusion from a prima vista, statistically
positive result for a secondary endpoint in a study with a negative primary
endpoint, especially as ATLANTIC did not adjust for multiple comparisons
of the secondary endpoints ?"-°.

2. The low number of events for definite ST at 30 days (13 in total) entails a
considerable risk for a Type I error, as the study was not powered for these
low-rate events.

3. There was no difference in definite or probable ST at 30 days (OR 1.1, 95%
CI 0.60-2.05)%. Choosing not to publish this lack of a difference but to
instead publish only the result for definite ST thrombosis is problematic: In a
statement issued in 2007, the Academic Research Committee the
“combination of adjudicated definite and probable stent thrombosis to best
characterize this aspect of DES safety”'®. PLATO®, DAPT?®, EXPLORE!’!,
and dozens of other trials adopted this definition. The main argument is that
a ST, an entity with high mortality, is by definition only definite with

32



angiographic or autopsy confirmation. Sudden cardiac deaths after discharge,
with ST as one of the likely causes, are defined as probable.

4. Tt is biologically highly implausible that a difference of 31 minutes in the
time of administration of ticagrelor (with no difference in platelet activity at
any time in the ATLANTIC substudy®®) should reduce ST by fivefold.

5. The study was underpowered for the detection of ST. %2

While ATLANTIC compared early versus late pretreatment, we compared
pretreatment versus non-pretreatment in Papers II and III of this thesis.

A metalanalysis'® published in 2018 by the French ACTION group analyzed
seven RCTs with “early versus delayed” P2Y,, antagonist administration in STEMI
patients scheduled for PCI. The primary endpoint MACE was significantly reduced
without an increase in bleeding. All-cause death and cardiovascular death did not
differ. Besides ATLANTIC, the following trials were included in the analysis:

e CHAMPION-STEMI'* (2009), an RCT comparing two drugs for
pretreatment, intra venously administered Cangrelor to clopidogrel both
within 30 minutes before PCI in ACS patients, including 996 STEMI
patients. The study was negative.

e CIPAMI (2012) randomized 337 STEMI patients to either 600 milligrams of
clopidogrel in the prehospital phase or the same dose after an angiogram in
patients scheduled for PCI. The primary endpoint TIMI 2—3 flow was
negative.

e ERASE-MI'% (2009) was a pilot dose-escalating study testing the then-novel
1.v. P2Y; antagonist elinogrel against a placebo in 70 STEMI patients one to
15 minutes before primary PCI. The development of elinogrel was
terminated in 2012. All patients received a 600-milligram loading dose of
clopidogrel a few minutes after the study drug.

e LOAD&GO! tested a 600- versus a 900-milligram loading dose
clopidogrel in 168 STEMI patients in the prehospital phase versus 300
milligrams after coronary angiography. Despite the bias of using a lower
loading dose for patients who not pretreated, the study was negative
regarding the primary endpoint TIMI 3 flow.

e PCI-CLARITY!%7 (2005) was a substudy of the CLARITY-TIMI 28!% trial,
which tested clopidogrel versus placebo in thrombolysis for STEMI. The
1,863 patients in PCI-Clarity received 300 milligrams of clopidogrel with
thrombolysis and were angiographied after a median delay of three days.

e TRITON-STEMI!? (2009) analysed the 3,534 patients with STEMI in the
TRITON-TIMI 38 trial, which randomized them to either clopidogrel or
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prasugrel given “as soon as possible” after randomization, but up until one
hour after PCI. About 25% were administered the study drug before PCI and
75% received it during PCI. The timing was not randomized. Nearly half of
the STEMI patients had a history of more than 12 hours and patients could
be included up to 14 days after a STEMI. This practice had previously been
criticized®.

In summary, it is questionable whether this data can support the use of an oral
third-generation P2Y |, antagonist for pretreatment in primary PCI for STEMI.

In a metaanalysis'!® published in 2012, the same study group analyzed data from
five RCTs (8,608 patients) evaluating pretreatment with clopidogrel versus placebo
in stable and ACS patients, and from subgroup analyses of four RCTs. The study
group found no effect on mortality, but a significant increase in TIMI major
bleeding and a significant reduction in MACE, which was mainly due to
periprocedural MI.

Evidence for pretreatment in Non-STE-ACS

There has only been one RCT designed to study the time of first administration of
an ADP antagonist in non-STE-ACS patients: The ACCOAST trial, published in
2013, randomized 4,033 non-STEMI patients scheduled for coronary angiography
to prasugrel either before angiography or after angiography when the angiography
indicated PCI. A total of 67.8% of the randomized patients were treated by PCI,
with a median delay of 4.3 hours from drug administration to PCI. Twenty-five
percent were treated medically and 6.2% were treated with CABG, i.e., at least
6.2% were pretreated without an indication. The number of the 25% medically
treated patients who had a diagnosis other than ACS at discharge, i.e., the number
of those who did not have an indication for pretreatment, was not stated in the
paper. There was no difference in the primary composite endpoint (cardiovascular
death, M1, stroke, urgent revascularization, glycoprotein IIblIla rescue therapy), but
major bleeding was highly significantly increased in the pretreatment group: Non-
CABG TIMI major bleeding increased three-fold and life-threatening bleeding
increased six-fold, which was the cause of the premature termination of the trial.

A criticism of ACCOAST is that the short time from randomization to PCI might
have led to an underestimation of the true treatment effect®®, but no interaction was
found between the outcome and the time delay to angiography (there was no
benefit for pretreatment in patients who waited 48 hours)'%?, and this short time
interval is comparable to the delay in other randomized studies of NSTE-ACS®.
Based on this trial, the ESC guideline on NSTE-ACS does not recommend the use
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of prasugrel before coronary angiography, i.e., classifies pretreatment with
prasugrel as contraindicated (Grade I11B)%’.

In the 2007 TRITON-TIM 38 trial*®, a RCT comparing clopidogrel to prasugrel in
ACS patients, the patients received prasugrel after coronary angiography.

Figure 4: Plaque rupture in the LAD in a NSTE-ACS patient

The CURE study is referenced in the ESC 2011 guideline®!: As stated above, this
RCT tested DAPT with ASA plus clopidogrel in 12,562 patients with NSTE-ACS
and found a relative risk reduction of 0.8 for the primary endpoint cardiovascular
death, nonfatal MI, and stroke at the cost of an increase in bleeding complications,
as compared to ASA monotherapy. In the trial, 21.2% of the patients were treated
by PCI. Before the CURE study, it was standard practice to give clopidogrel or
ticlopidine not to all NSTE-ACS patients but only to patients treated with stent
implantation at the end of the procedure in the cath lab, with the intent to prevent
ST®. In CURE, clopidogrel was administered with a loading dose of 300
milligrams immediately at admission, which led to the adoption of the study
protocol as standard clinical practice, i.e., to starting DAPT at admission. So, the
question the study answered is whether the DAPT treatment of NSTE-ACS patients
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with clopidogrel for an average of nine months (the trial was even positive in an
analysis of the first 30 days, even if this was not the primary endpoint) is superior
to treatment with ASA alone.

The reason CURE is used as evidence for pretreatment is the substudy on
invasively managed patients, i.e., the prospectively designed subgroup analysis of
the 21.2% patients treated by PCI (published as the PCI-CURE study®?) that was
“designed to test the hypothesis that, in addition to aspirin, treatment with
clopidogrel before PCI is superior to placebo in prevention of major ischemic
events afterwards”®?. The primary endpoint for PCI-CURE (cardiovascular death,
MI, urgent target vessel revascularization within 30 days of PCI) occurred less
often in the clopidogrel group. There was no difference between the two groups in
cardiovascular mortality within 30 days of PCI.

In CURE, the “vast majority” of patients treated by PCI received open-label
thienopyridine “for 2 to 4 weeks” and then went back to the study medication, i.e.,
clopidogrel or placebo. As the “vast majority” of patients received the same
treatment (open-label ticlopidine or clopidogrel) after PCI, the difference in
outcome at 30 days should be due to the medication administered before PCI, i.e.,
to pretreatment.

Several issues limit the application of this study as evidence for pretreatment today.

1. Anticoagulation: All patients received heparin or low-molecular-weight
heparin (LMWH) during their initial hospitalization. The paper does not state
the fraction of patients who received heparin or LMWH up to PCI, but
because it refers to the FRISC II study'!'' on the harm of treatment extending
longer than one week, one might assume that this therapy was mostly limited
to one week. As the median delay from randomization to PCI was ten days
(in 928 patients PCI was done after discharge and the median delay to PCI
was 49 days with an upper IQR of 106 days), a considerable fraction of
patients was only treated with ASA for days to months before PCI. Today,
all patients scheduled for invasive treatment receive anticoagulation (mainly
LMWH or the selective factor Xa inhibitor fondaparinux) until PCI®*, i.e.,
the finding that pretreatment lessened the risk of myocardial infarction
before PCI in PCI-CURE is not applicable today when anticoagulation
treatment before PCI is standard.

2. PCI delay: The delay from randomization to PCI, with a substantial fraction
of patients discharged before PCI, is not comparable to today’s delay time:
The time from admission to angiography has internationally decreased
substantially since CURE'?? and in Sweden, the vast majority (with some
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local exceptions) are now angiographied within three days? and discharge
before PCl is a rarity. In a subgroup analysis, the primary endpoint was not
positive for patients treated by PCI < 72 hours after randomization, who
comprised a minority in PCI-CURE.

3. Loading dose: Eighty percent of the patients in PCI-CURE received an open-
label thienopyridine after PCI, but the paper does not mention the loading
doses. The loading dose is especially important as about 50% of events occur
within the first two days after PCI.

4. Due to the different pharmacokinetics, data from clopidogrel should not
directly be used as evidence for pretreatment with third-generation P2Y,
inhibitors (as shown in the ACCOAST trial®*).

5. DAPT after PCI: As 80% of the patients in PCI-CURE received an open-
label thienopyridine after PCI, 20% of the patients in the placebo group did
not receive DAPT at any time. Today, we know that these patients have a
very high risk of ST,

6. Length of DAPT after PCI: Eighty percent of patients in PCI-CURE received
a thienopyridine “for two to four weeks” (median 30 days, IQR 19-33) after
PCI, but the paper does not state the exact length of treatment in the two
groups®?. It should thus be kept in mind that, as the open-label treatment after
PCI lasted only for two to four weeks, within the primary endpoint’s follow-
up time of 30 days after PCI in an unknown fraction of patients, the open-
label P2Y, therapy was terminated and the study medication (50% placebo)
was continued. With today's knowledge, the termination of DAPT two weeks
after PCI in an ACS patient is contraindicated®. Events extending from PCI
to 30 days after PCI can thus not be attributed to pretreatment before PCI.

In PLATO®!, patients were randomized to treatment with ticagrelor or placebo. The
study design resembled®® the design in CURE: Treatment was started directly at
admission in all patients, regardless of the final treatment strategy. Sixty-one
percent of the 18,624 randomized patients were treated with PCI and the median
delay was 2.4 hours for all patients (including STEMI) and 3.8 hours (0.47—48
hours IQR) for the NSTE-ACS patients. In contrast to CURE, all patients received
DAPT, i.e., PLATO did not test pretreatment versus no pretreatment. Nevertheless,
pretreatment with ticagrelor did not lead to excess bleeding as compared to
pretreatment with clopidogrel.

The CREDO trial, published one year after CURE in 2002, randomized elective
PCI patients to receive a 300-milligram dose of bolus clopidogrel three to 24 hours
before PCI, as compared to the placebo (all patients received DAPT in 4 weeks).
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Despite the bias introduced by randomization after angiography®’: 192

did not reduce ischemic events (or bleeding) at 28 days.!!?

, pretreatment

Despite the lack of definite evidence of its benefit and the evidence of its harm with
prasugrel®, pretreatment is general practice®’. An important question is whether the
harm observed with prasugrel in the only trial designed for assessing pretreatment
was a class effect or related only to prasugrel. It might be regarded as
inconsequential to judge the harm caused by prasugrel as an individual drug effect
and, on the other hand, to refer to CURE, a study testing clopidogrel, as evidence
for pretreatment with ticagrelor.

Bleeding

Coronary angiography/PClI is both causing bleeding and treating thrombosis:

Coronary angiography and PCI cause bleeding at the access site, a central issue in
Paper IV, from the coronary vessel (perforation), a feared complication of all PCI
but most commonly occurring in CTO PCI and thus part of Paper I, or in a manner
that is not related to the site of access or the site of intervention (e.g., cerebral,
abdominal bleeding), i.e., the bleeding is not caused by an iatrogenic, mechanic
vessel damage, but related to the antithrombotic medication. This antithrombotic
medication is, in part, a prerequisite to prevent the clotting otherwise induced by
the catheter, balloon, or stent in all, even stable, patients and, on the other hand, is
part of the treatment used for the underlying pathology, i.e., thrombosis, in patients
with acute coronary syndrome.

A good portion of interventional cardiology is about preventing bleeding and
preventing/treating thrombosis simultaneously. The occurrence and quantity of
bleeding under or after coronary angiography and PCI is dependent on numerous
factors, such as the access site, the type and dose of anticoagulants used, the
indication for PCI (stable patients vs. acute coronary syndrome), acute heart failure
or cardiogenic shock (CS), the operator’s expertise and PCI technique!®®, age, sex,
renal function, diabetes, and peripheral vascular disease!'*!!°. A fraction of
bleeding events is comprised of access-site bleeding, while other bleeding events
are unrelated to the access site''*. Patients who come to the cath lab with acute
coronary syndrome and are strongly anticoagulated tend to experience a larger
proportion of non-access-related bleeding.

Bleeding, whether it is major or minor'?, access-site-related or non-access-site-

related!?!> 1?2, is associated with adverse outcomes, such as death, nonfatal MI, and
stroke !14: 117,120, 123126
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Bleeding after PCI is a predictor of one-year mortality at a magnitude similar to
myocardial infarction after PCI''* 120122 The reduction of bleeding is shown to be
associated with improved survival rates'?”- 128 and strategies to reduce bleeding are

of the greatest benefit to patients with a high bleeding risk'??, such as STEMI
patients.
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Vascular access

Figure 5: Ultrasound-guided puncture of the femoral artery

While the history of cardiac catheterization began with access in the arm, the annals
of PCI start with access in the groin: In the first catheterization of the human heart
in a living person, Forssman conducted a self-experiment in 1929'?° in the form of
an antecubital venesection for vascular access. The first selective human coronary
catheterization, unintentionally performed by Mason Sones on a patient slated for
aortography in 1958'3°, was likewise achieved via the arteria brachialis. Later, after
the Seldinger technique was developed in Sweden in the 1950s'*! and became more
widely known in the 1960s, Judkins introduced'*® Seldinger access via the arteria
femoralis, thus averting the need for surgical cutdown for vascular access. Femoral
access (FA) later became the default method for coronary angiography and
intervention. So, since the introduction of PCI in 1977, the traditional approach has
been the femoral artery!'3% 133,

In 1989, Campeau reported conducting 100 coronary angiographies using the distal
radial artery with S5F catheters. In 1992, Ferdinand Kiemeneij, who experienced
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severe problems with femoral bleeding in heavily anticoagulated patients scheduled
for stenting with a Palmaz-Schatz stent, saw the possibility to reduce bleeding and
experimented with and then published on PCI that utilized the radial access (RA)
technique'. It then took time for transradial PCI to become more widely used in
the 21° century.

Since FA was associated with vascular access site complications causing bleeding,
ischemia, and death!'*: 135137 the initial intention of the investigation into the
feasibility of RA in clinical practice was to reduce access-site-related bleeding.
This hope for a reduction in access-site complications and a resulting reduction in
bleeding is still the main intention of interventional cardiologists who use the more
technically demanding RA.

The patient or medical personnel usually notice subcutaneous bleeding from the
radial artery after only a few milliliters and treatment by local compression is
mostly easy. In-hospital subcutaneous bleeding from the radial artery can, in
sporadic cases, lead to compartment syndrome'?8, but is highly improbable to cause
hemorrhagic shock. In contrast, in-hospital bleeding from a FA site can be difficult
to detect, difficult to treat, and can present with hemorrhagic shock as a first
symptom.

Other advantages of RA include direct ambulation'*® (bed rest is mandatory after
femoral puncture'?’), resulting in earlier or same-day discharge in stable patients
same-day & '41: 142 and higher patient satisfaction: Fifty percent of RIVAL patients
randomized to FA and 90% of those in the RA group would choose RA for their
next procedure!®.

A disadvantage of the radial puncture, compared to FA, is the limit in the catheter
lumen-diameter (specific interventions have to be carried out with FA for this
reason) and the higher technical difficulty of vessel puncture and catheter
advancement (due to the minor vessel size and arterial spasm'#* 14°) that are evident
mainly at the beginning of an operator’s learning curve'*®, but also for experienced
operators in cases of anatomical variations (high radial bifurcation, tortuosity,
loops)® . The main risk of RA is, mostly asymptomatically, radial artery occlusion®
147 with critical distal ischemia being extremely rare, and minor bleeding, which in
rare cases can cause compartment syndrome. Pseudoaneurysmata and fistulae in the
radial artery are rare complications: In RIVAL!*, 0.2% of patients randomized to
RA had an arterial pseudoaneurysm needing closure, compared to 0.4% in the
femoral group'®. To my knowledge, there is no published case of a lethal local
complication after RA. It then took more than two decades to gather scientific
evidence to prove the initial clinical hypothesis, namely that RA reduces bleeding.
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In the first decade of the 21 century, two meta-analyses of several smaller RCTs,
published before the larger RCT cited below, showed a reduction in the clinical,
significant access-site bleeding by RA 43149 Access-site bleeding, mainly
stemming from FA, accounted for 30 to 50% of all bleeding complications in a
large study from 2011 (only 8% RA in these patients) ', i.e., the improvement of
arterial access can influence a large fraction of bleeding complications. One crucial
component of this development was the refinement of operator skills, equipment,
closure devices, and anticoagulation strategies in performing FA PCI over time.

In an analysis of 17,900 patients treated with trans-femoral PCI between 1994 and
2005 at the Mayo Clinic!!"®, major bleeding decreased over time from 8.4 to 3.5%
from first to last tertial and retroperitoneal bleeding decreased from 0.8 to 0.3%.
The HR for 30-day mortality, adjusted for baseline and procedural characteristics,
was 12.8 for major femoral hematoma and 43.8 for retroperitoneal bleeding.

However, the hypothesis that RA could even further reduce bleeding lived on and
since 2011, the interventional community has performed several large RCTs to
examine this hypothesis. The first large RCT testing the benefit of RA over FA was
the RIVAL study'*, which included 7,021 patients with ACS, non-STE-ACS and
STEMI, who were analysed in 2011 by intention-to-treat and showed no difference
in the composite primary endpoint (death, stroke, MI, non-CABG bleeding at 30
days) or in the secondary endpoint death at 30 days.

But a pre-specified subgroup analysis showed a significant reduction in the primary
endpoint in the 1,958 patients STEMI patients included in RIVAL, as well as in the
subgroup of centers in the highest tertial of radial volume (mean >146 radial PCI
per operator per year). So, one conclusion derived from RIVAL was that a higher
RA rate decreases radial complications, but caution is needed in that a very high
operator RA rate might lead to more complications in the cases mandating FA, as

the operator might lose FA expertise'>.

Concerning bleeding, RIVAL found no significant difference in non-CABG-related
major bleeding (access-site-related and non-access-site-related) or in access-site-
related major bleeding (0.2% in RA group, 0.3% in FA group, n.s.). Interestingly,
in a post-hoc analysis that took the actual bleeding site into account, there were no
major access-site bleeds from RA at all compared to 18 major bleeds at the FA
point (because of cross-over, subsequent procedures after the index procedure, or
femoral IABP insertion.)!®

In 2012, the next radial study focused on STEMI patients. The multicenter
RIFLE-STEACS "' study randomized 1,001 patients with STEMI to RA versus
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FA in four high-volume centers and found a significant reduction in the primary
composite endpoint (cardiac death, stroke, MI, TLR, and bleeding) as well as a
statistically significant decrease from 9.2 to 5.2% in the 30-day cardiac mortality
rate (in the secondary endpoint).

In 2015, the largest vascular access study, the MATRIX study, Radial versus
femoral access in patients with acute coronary syndromes undergoing invasive
management trial '>2, was published: Seventy-eight European centers had
randomized 8,404 patients with acute coronary syndromes, non-STE-ACS, and
STEMI to RA or FA. The first of the two co-primary endpoints, MACE (death, MI,
stroke), was negative (p = 0.03 at a co-primary alpha 0,025), while the second,
NACE (net adverse clinical events, defined as MACE plus non-CABG BARC'??
major bleeding), was statistically significant (p 0.0092) and clinically significant
(RR 0.83, 95% CI1 0.73-0.96), driven by a reduction in bleeding and all-cause
mortality, with the latter being statistically significant as a predefined secondary
endpoint (all-cause mortality 1.6% vs. 2.2%, RR 0.72, 95% CI 0.53—0.99; p =
0.045). The secondary endpoints were all components of the co-primary endpoints,
plus cardiovascular mortality and ST, and significance was defined with a two-
sided alpha of 5%, i.e., there was no adjustment for multiple comparisons.

In 2016, a meta-analysis including 24 RCTs with more than 22,000 patients
concluded that RA, compared to FA, reduced all-cause mortality with an OR of
0.71 (95% CI1 0.59, 0.87) and a number needed to treat to benefit (NNTB) of 160,
MACE with an OR of 0.84 (CI1 0.75, 0.94) and a NNTB of 99, major bleeding by a
NNTB of 103, and major vascular complications by more than four-fold, with an
OR 0f 0.25 (C10.16-0.35) and a NNTB of 117!,

Accordingly, a Cochrane review concluded in 2018 that a “transradial approach
for diagnostic CA or PCI (or both) in CAD might reduce short-term NACE, cardiac
death, all-cause mortality, bleeding, and access-site complications.”!>*

In summary, these trials provided evidence that when utilized by experienced
operators, RA for coronary angiography reduced clinical endpoints as well as all-
cause mortality'! 152 1% In many countries!® 156 157 138 159 44 in Sweden, radial
puncture has, in recent years, evolved as the primary access strategy for coronary
angiography and PCI, but large variations between operators, hospitals, and
countries still exist® 1% 16! Based on this evidence, the current ESC guideline on

the management of patients with STEMI includes a strong recommendation for
RA’.
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However, despite all the evidence in favor of RA, there is an ongoing
controversy'®?. The external validity of the strong evidence for the impact of RA on
mortality from the MATRIX study has been questioned % and femoral puncture is
still the default strategy for the majority of U.S. operators'®*, while there is no
recommendation for RA in the U.S. STEMI guideline!!.

In summary, there is still a need for more evidence on radial versus femoral access.
This is the context for Paper I'V.

SWEDEHEART

For this thesis, we used data from the SWEDEHEART registry.

SWEDEHEART!® is a Swedish national registry of all patients hospitalized for
ACS or undergoing for any indication coronary angiography, coronary intervention
(PCI or CABQG), or valvular intervention. SWEDEHEART was created in 2009 by
merging several pre-existing national registries: the Swedish Coronary
Angiography and Angioplasty Registry (SCAAR), the acute cardiac care registry
(Swedish Register of Information and Knowledge about Swedish Heart Intensive
Care Admissions, RIKS-HIA), the secondary prevention registry (SEPHIA), and
the heart surgery registry. SCAAR was formed in 1998 as a merger of the national
coronary angiography and the national angioplasty registries, which were both
started in the early 1990s.

All percutaneous coronary procedures, angiographies and PCI, performed in the 27
PCI centers in Sweden are registered in SCAAR. Every procedure is described with
approximately 50 variables that report the details of coronary angiography and
~200 variables that report the details of the PCI procedures, including patient
characteristics and traditional risk factors. The web-based version that has been
used for data entry since 2001 was developed by the Uppsala Clinical Research
Centre.

The registry is sponsored by the Swedish Health Authorities and does not receive
any funding from commercial interests. Participating hospitals do not receive
reimbursement from the registry and cover the costs of data entry themselves.

Approximately 80,000 cases are entered into the registry per year, 40,000 coronary
angiographies, 25,000 PCls, and 7,000 heart surgeries. All patients are informed
about their entry into the registry and have the right to decline. SCAAR provides
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almost complete coverage of all patients undergoing coronary angiography or PCI,
as well as near-100% coverage of ACS patients admitted to coronary care units and
approximately 60% coverage of all ACS patients, as some patients are admitted to
wards other than specialized coronary care units. The registry data can be merged
with data from the National Cause of Death registry'®, which ensures a nearly
complete follow-up of mortality data.

Data quality in SWEDEHEART is monitored annually through visits to 20
randomly selected hospitals for the purpose of comparing SWEDEHEART data on
30 to 40 randomly selected patients with the hospitals’ records. This comparison of

hospital and registry data has previously shown > 95% agreement of data'®.
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Figure 6: Organisation of the SWEDEHEART registry with the year when the
registries were established.
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On observation

“At its best a trial shows what can be accomplished with a medicine under careful
observation and certain restricted conditions. The same results will not invariably
or necessarily be observed when the medicine passes into general use.”!%’

Austin Bradford Hill, 1984

“Randomized trials have developed such high scientific stature and acceptance that
they are accorded an almost religious sanctification... If relied on exclusively they
may be dangerous.” René Favaloro 1998'%

Evidence-based medicine is the “conscientious, explicit, and judicious use of
current best evidence in making decisions about the care of individual patients
170 The core principle is to base all policy decisions on the highest-quality
scientific data that is openly and objectively derived!”!.

2 169,

So, what is the best evidence and what is the highest-quality scientific data? This
thesis builds on observational studies. The knowledge derived from well-designed
and adequately conducted randomized clinical trials (RCTs) is currently presumed
to represent the gold standard!®® 172 in the hierarchy of evidence and thus comprise
the most important foundation for the concept of evidence-based medicine!”".

The breakthrough success of the RCT occurred after the success of the British
Clinical Research Council’s milestone streptomycin trial'”® in 194872174 n the
U.S. in 1962, the Kefauver-Harris amendment mandated, as a reaction to the
Thalidomide tragedy, “adequate and well-controlled investigations” for new
pharmaceutics to be authorized, which the FDA interpreted as requiring RCTs for
the approval of all new drugs!’. As an effect of this and similar subsequent
requirements in countries such as Europe and Japan, the pharmaceutical industry
had by the 1990s passed governments and academic institutions as the leading
producer of RCTs!®8,

The principal advantage of a sufficiently large RCT, with a properly conducted
randomization, is that this RCT is an experiment wherein all differences between
the studied groups (known and unknown confounders), other than the studied
independent variable (i.e., exposure to the intervention), are due to chance!”. This
leads to a similar distribution of baseline characteristics between the intervention
and the control group in many, but not all, RCTs!’®. A confounder is a factor that
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differs from the studied independent factor and has an effect on the outcome
measure, that is imbalanced between the compared exposure groups, that is
associated with the disease (as a cause or a proxy of a cause, but not as an effect of
the disease), and that is associated with the exposure, but not an effect of the
exposure (not a mediator between exposure and outcome). Confounders can
exaggerate, mitigate, or reverse a true effect.!”’-13

RCTs have strict inclusion and exclusion criteria and a pre-defined outcome
measure. But, as Bradford Hill, one of the founders of randomized trials and a
member of the advisory committee of the streptomycin trial, stated later in his life:
“Any belief that the controlled trial is the only way would mean not that the
pendulum had swung too far but that it had come right off its hook.”'8!

Limitations of RCT

Well-conducted RCTs are designed to have strong internal validity'$-1% (i.e., the
extent to which the measure of a treatment effect in a trial can be attributed to the
studied intervention in that sample), but due to studying a selected subgroup of the
general population, the generalization of the findings to the main population might
be problematic or impossible, meaning the RCT might lack external validity '’
182, 186-189 Thjs is even referred to as the difference between efficacy studies
(explanatory trials testing if, e.g., a drug is beneficial in ideal circumstances) and
effectiveness studies (pragmatic trials testing if the drug is working in “real-world”
clinical practice)!® 190 191,

This generalizability of research is one of the cornerstones of science'**: The
WHO’s international guidelines for health-related research define research as
“activities designed to develop or contribute to generalizable health knowledge.”
The problem of generalizability has two sides, with the first relating to the
extension of the findings of a trial to a group that has not been studied and the
second to the generalization of a group effect measured in a trial to all the different
patient groups included in a trial'®®. To paraphrase Bradford Hill: “A¢ the end of a
trial we are not interested (from the scientific viewpoint) in saying that we have
found these things to be good for a particular group of patients-for the particular
Tom, Dick, and Harry upon whom without thought we inflicted our drugs or our
knives. Invariably we wish to generalize from our result—that this treatment is of
value in the treatment of a certain type of patient. ”'8! Nevertheless, the issue of
lacking external validity is “neglected by current researchers, medical journals,
funding agencies, ethics committees, the pharmaceutical industry, and
governmental regulators alike” (P Rothwell 20051°7)
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Because of the problem concerning external validity, and other problems, RCTs
have important limitations!”! 14,

1. External validity:
1.1.Patients differ from the general population
The study design “may call for severe restriction of admissible subjects to a

narrow range of characteristics, rather than be a futile attempt to make the
subjects representative, in a sampling sense, of the potential target
populations” (Kenneth Rothman'®?). For treatment-evaluation RCTs, often
especially medium- to high-risk patients are chosen'®’, while patients with
low or very high risk, multiple pathologies or severe diseases, or elderly
patients '%7-1% tend to be excluded!8® 184 189 1% The finding that a treatment
is effective in high-risk patients is not, per se, applicable to low-risk
patients!8+ 193197 Often, only a small fraction of patients with a disease
qualifies for inclusion in a RCT, i.e., many patients with the disease are not
eligible based on the inclusion or exclusion criteria '8 188

However, far from all eligible patients are included in the next step. The
recruitment of less than 10% of all eligible patients screened at a
participating site is common and as a result, patients who are eligible and
included in the RCT differ from patients who are eligible but not
recruited!¢”- 187198 Patients who choose not to participate in the RCT testing
intervention tend to be more affluent and better educated than the
participating patients; the contrary effect occurs in RCTs testing preventive
measures in that patients who are more affluent, better educated, and have a
healthier lifestyle tend to participate!”. Inadequate documentation of the
characteristics of non-participating eligible patients has been found'®” 1%,

In summary, due to

a) atrial’s eligibility criteria,

b) the lack of invitations to eligible patients,

c) the non-participation of centers and clinicians, and

d) the choice of non-participation made by the invited patients,
a relevant fraction of patients who are met in “real-world” clinics do not
meet the RCT criteria, and in the subfraction of patients meeting the criteria
often only a minority is included.!® This is why patients included in a
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RCT often do not adequately represent patients in clinical practice!3%
200

1.2.Treatment differs from the usual treatment
Not only patient selection but also the selection of participating countries
(with different patients and different treatment traditions), centers, or
physicians can be an issue'®’: Large RCTs are often undertaken
predominantly in university hospitals or teaching centers, which might select
more skilled caregivers providing higher-quality care (i.e., the trial might
produce a greater effect)!®* 1°% 201 On the one hand, the patients screened for
participation in these selected centers, often by selected doctors within the
centers, already comprise a non-representative subgroup of the total patient

population before eligibility and exclusion criteria are reviewed for the trial.
187, 188

In RCTs testing drugs, repeated feedback from and/or visits by research staff
(i.e., more patient-healthcare professional contact than usual) might enhance
patient compliance and thus overestimate a drug’s effect compared to “real
life,” i.e., as known in quantum physics???, the study itself might affect the
outcome.'®203 Thus, an effect found in a RCT will not necessarily be the
same in the general population.

. For practical and financial reasons, RCTs often use surrogate outcomes. The
only RCT testing the effect of pretreatment with an ADP blocker in STEMI, the
ATLANTIC trial®?, includes the resolution of ST elevation and coronary flow as
a co-primary endpoint. One of the few RCTs conducted to test PCI with CTO,
the EXPLORE trial?*, used LVEF and LVEDV on the MRI as primary
outcomes. This strategy does not always correlate with relevant clinical
endpoints, as past studies have shown.?*

. Many RCTs use composite outcome measures that sometimes combine events
of very different importance, e.g., a composite outcome of death, nonlethal M1,
and rehospitalization that, for any reason, can be driven by rehospitalization
alone.

. RCTs have become a mandatory standard for testing new drugs, but RCTs are
more difficult to perform to test other interventions, e.g., surgical therapy'’?,
which is impossible to double-blind and challenging in terms of sham controls.

. RCTs usually analyze short study periods and population sizes that are
inadequate to identify severe but rare events!'®® 18%:1% gych as ST, or events that
might occur far in the future.
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6. RCTs often take several years for planning, financing, patient enrollment,
follow-up, and analysis and the intervention being tested might already be
outdated by the time of publication?®’.

7. RCTs today are primarily produced and financed by the pharmaceutical
industry'®®. Large RCTs are expensive to perform!”> ¥4 which influences the
choice of what to test and is a relevant factor in drug pricing that might be
linked to the observation that industry-sponsored trials are more likely to
produce positive results'’>2%:207 and have shaped contract research
organizations as a multibillion-dollar industry that might imply conflicts of
interest?”’. One main theoretical advantage of an experimental trial over non-
experimental studies, the replicability of experiments, is not realistic to achieve
if the experiment costs tens of millions of dollars. With this background, the
emergence of randomized registry trials (registry-based RCTs) is a promising
development!®3:-208.29 "¢ o "in Sweden?!® 21!,

8. Randomization tends to create a similarity between groups on average, but this
tendency, as is always the case with probability, does not guarantee similarity in
every trial. In fact, measured confounders can be more similar in observational
studies using, e.g., propensity score (PS) matching (see the section on
propensity score below for details)?'2. It is therefore mandatory even for RCTs
to report on the balancing of baseline variables between the groups!’®212-214, The
main advantage of RCTs concerns unknown confounders.

9. Non-compliance to the randomized intervention is contradictory to the initial
assumption of treatment assignment to only one group?>.

10.Missing data can create severe bias in RCTs and compromise inferences: In the
ATLAS ACS-2-TIMI 52 trial?!'¢, which tested the oral factor Xa antagonist
rivaroxaban against a placebo in addition to DAPT in patients with recent
(enrollment within a week from admission) acute coronary syndrome, the
primary efficiency composite endpoint was met (HR 0.84), with an increase in
non-CABG TIMI major bleeding (HR 3.96). But the FDA questioned the
validity of the trial, in part due to the unusually large amount of missing data
(15.5% incomplete follow-up, vital status unknown in 1,117 of 1,294 patients
who withdrew consent) and, until today, has not approved Rivaroxaban for the
ACS indication?"’.

In summary, everything that does not comply with the initial assumptions that all
patients in the study are randomly selected from the population of interest and that
the groups only differ in the tested independent variable limits the validity of the
trial.
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Observational studies

Observational studies contribute valid knowledge to the totality of the evidence in
medicine for a given scientific question and have certain advantages compared to
RCT!® 1 Non-experimental studies are commonly accepted in the study of
disease risk factors and prognosis 2%, but even play an important role in comparing
the efficacy of therapy: “By virtue of their size, generalizability, and timeliness,
high-quality clinical databases provide up-to-date, accurate estimates of the
probabilities of different outcomes in typical settings. (...) The high participation
rate in data collection by clinicians from a wide range of hospitals (compared with
that in traditional ad hoc research studies) enhances the generalizability of the
results and instills ownership of the research, which may encourage uptake of the
results into practice (the aim of evidence-based medicine). (...) Finally, the
adoption of a clinical database means that research needs no longer be the
preserve of a minority of clinicians working in specialist centers. Clinical
databases enable clinicians working in typical secondary-care settings to
participate, thus enhancing the generalizability of the results.” (Black 1999%'%).

Observational studies are less expensive than RCTs; they are typically faster to
conduct. They have advantages concerning external validity, as they often include
a broader range of patients in a real-world setting and imply the possibility to study
cohorts that are multiple times larger than those of RCTs, as shown in the papers of
this thesis, which have all patients angiographied in Sweden for a particular
indication over the course of more than a decade as the study base.

Observational studies can be used to attain knowledge when a RCT cannot be
performed for ethical reasons!®® 194219220 a5 demonstrated by Smith in 20032?!,
or when a RCT is not conducted for pragmatic or financial reasons, in rare
conditions!”!* * and understudied populations'®®, or to understand the effectiveness
of actual use.

Because a RCT is usually more expensive for a given clinical hypothesis to test,
many important clinical questions remain unanswered by an adequate RCT. Once
a new drug has passed a phase III trial and met the regulatory requirements for
safety and efficacy, the drug is often not further tested in a large RCT.
Observational post-marketing surveillance phase IV trials might find harm that is
not found in the smaller phase III RCT concerning rare events!®? 194.222.223 or
concerning a shift of indication that was not tested in the initial RCT'* or the
treatment of patients with comorbidities that were not included in the RCT!83: 184,
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Observational studies using existing databases are a pragmatic method to study
large patient cohorts at different sites and different levels of care!8? 188 224,225

Finally, the magnitude of an effect is critical for the decision regarding whether a
RCT is needed: If the impact of an intervention is dramatic, observation is adequate
because it 1s unlikely that unknown confounders could explain the outcome, as in
insulin therapy for insulin-dependent diabetes, thyroxine for hypothyroidism,
penicillin for bacterial infections, or defibrillation for ventricular fibrillation!®*,

Methodological improvement in observational studies, primarily the
implementation of adequate advanced statistical methods?%-22%, has substantially
reduced errors in older observational studies, such as those from the 1960s and
1970s%%. Studies comparing the conclusions of RCTs and observational studies on
different clinical topics have shown that the treatment effects measured in case-
control or cohort studies did not systematically overestimate or substantially differ
from the treatment effect or harm observed in a RCT 2% 228232 The results of non-
randomized studies best approximate the results of a RCT when both use the same
exclusion criteria to generate a more similar population!®® 233,

Criteria have been published to ensure the quality of reporting observational data®**

and to design observational studies and to critically evaluate the quality of the
observational data. 23> So, when comparing observational data to RCT, it is
essential not just to examine the study method (RCT vs. observational), but to look
even closer at the study design?!®-22°. These statistical methods improve the internal
validity of observational studies and address problems of observational studies in

comparison to RCTs!®8,

Limitations of observational studies

Limitations of observational studies!®®:

1. The main limitation (due to study design) is an uneven distribution of factors
other than the independent variable that might influence the outcome, i.e., the
existence of confounders. Confounding can be addressed with adequate
statistical methods, given that the confounding factors are known and correctly
measured. A method for targeting unknown confounders is discussed below.

2. Not connected to the study design: In observational studies using existing
databases, the validity of information (diagnostic, exposure, outcome,
confounders) might be less reliable compared to that of a well-conducted
RCT?®, Undercoding, overcoding, erroneous coding, or exposure

53



misclassification might occur. Quality control of the database utilized is a
crucial precondition of its use for research!sé.

3. RCTs are now expected to be registered at sites like clicicaltrials.org before the
trial is started and the methods of major RCTs are published in advance. This
includes predefining a hypothesis, endpoints, statistical methods, and subgroup
analyses before the data is collected. This is not usually the case in observational
studies and hardly controllable when using existing databases, so, for this
reason, there is a larger risk of publication bias?*¢->*® | publication bias “in

238 or “data mining”!78 236:238.239 " a5 with multiple testing?*’, multiple

modelling (testing of different variables for, e.g., regression or instrumental

variable analysis)?*® 237239 and testing different statistical models for
significance in non-randomized studies'*®-2*7- 24!, Pushing for significance by
testing different statistical methods?*® or by conducting multiple tests can also
occur in RCTs?*, but due to the reason stated above, it is easier for the reader to
identify this limitation in RCT. When databases are screened for “statistically
significant” results (medium-sized databases can generate millions of different
statistical models®**) without outlining and publishing this plan in advance, the
fraction of false positive results, i.e., the rate of Type I error'’®, will be high

(much higher than the stated 0.05)!7%2%°, Analyzed from an economic viewpoint

by incentive theory, this “data-mining” behavior will occur if it is not controlled

for®”: “No economist would ever write down a model using the assumptions
about individual selflessness that lie behind our statistical methods” (Glaeser
2006)>¢. This is an important issue that is sometimes overlooked when
discussing the advantages and disadvantages of the two study types.

situ

Causation

“I have no wish, nor the skill, to embark upon a philosophical discussion of the
meaning of 'causation.’” Bradford Hill***

It is widely accepted in the medical community that only experiments, such as
RCTs, can establish causation, but not observation, which only identifies
associations??% 2%, But is this true? Do experiments prove causality and do
observational studies play no role in establishing causality?

A cause is “an act or event or a state of nature which initiates or permits, alone or
in conjunction with other causes, a sequence of events resulting in an effect. A
cause which inevitably produces the effect is sufficient. (...). A specific effect may
result from a variety of different sufficient causes. (..) If there exists a component
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cause which is a member of every sufficient cause, such a component is termed a
necessary cause.” (Rothman 1976)'7% 2%,

David Hume stated that causation is induced logically, not observed empirically?*”-
248 Thus, all conclusions in medical studies are the result of reasoning or
inference’®. Deductive inference (the truth of the premises guarantees the truth of
the conclusion) can never be used to prove a hypothesis in medical science; it can
only be used, as Popper stated, to falsify, i.e., reject, a hypothesis?*. Proof of
scientific hypothesis in medical studies, whether experimental or observational, is
always facilitated by inductive inference (the use of premises about examined
objects to conclude about comparable (but not similar) objects we have not
examined or future events in objects we have examined); the premises can be true
but the conclusion nevertheless false. In inductive reasoning, one can only state that
a conclusion is probably true®*. But, to again quote Hill, “I have no wish, nor the
skill, to embark upon a philosophical discussion of the meaning of ‘causation’”?%,

The causality between smoking and lung cancer, which is no longer scientifically
questioned today, was established without a RCT?2%- 259233 [n 1965, the RCT
pioneer Hill, who was part of this work®!, published what is now known as the
“Bradford Hill criteria” ?**, a speech containing nine issues (strength, consistency,
specificity, temporality, biologic gradient (or dose-response curve), plausibility,
coherence, experiment, analogy) to be considered when judging whether to infer
causation from the associations observed in non-experimental studies. The practical
relevance and validity of these criteria have been debated, and it has been
emphasized that this speech was not intended as and should not be used as a
checklist for establishing causality?*6-247-254-257 SQeveral other such criteria were
published (e.g., time order, strength, specific, consistency, coherence) in the 1964
Report of the Advisory Committee “Smoking and Health” before and after Hill’s
criteria!”®- 241.245.246.250 The history of discussion on causation in the natural
sciences, leading to and following Hill’s speech, has been reviewed elsewhere?#.

Experiments have an advantage in establishing causality regarding a particular
studied event, but can, in terms of logic, never give us absolute certainty on a
causal effect or the validity of a hypothesis; they can only provide a very high
probability. And the underlying aim of every RCT, and the use of the results of a
particular experiment for a conclusion about a general principle, is again inductive
reasoning. The sharp line often drawn in medical literature between experimental
and non-experimental studies’ ability to prove a causal relationship (not merely
association) is a matter of debate?*!: 248,
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Some authors see the current evidence grading system as biased toward RCT,
possibly resulting in the inadequate consideration of non-RCT data. 8 230. 258
Whether the RCT should always be seen as the “gold standard” is to be debated!6®
172 Actually, the first time'®® the term “gold standard” was used in reference to
RCT, the author’s conclusion in the NEJM was that “epidemiological research has
become increasingly important because it offers a substitute for the unattainable
scientific gold standard of a randomized experimental trial”*>°.

Both RCT and observational studies are susceptible to bias?*’. Observational
studies using large health databases can contribute valuable knowledge by studying
treatment effects in daily practice in larger and more diverse patient populations
with more extended follow-up periods. In this regard, observational studies play an
important role in the concept of evidence-based medicine. RCTs and observatory
studies should be regarded as complementary.

Types of observational studies

The studies presented in this thesis are prospective cohort studies.

The most standard types of observational studies are case-control studies and
cohort studies!’! 178183 Case-control studies identify patients with a disease and
compare them to a control group without the disease in analyzing the effect of a
treatment or exposure that took place before the condition defined by the inclusion
criteria emerged. Thus, case-control studies are retrospective by design. On the
contrary, inclusion criteria for patients in a cohort study are exposure or non-
exposure to an independent variable, e.g., treatment; the two groups are then
analyzed for an outcome event that, naturally, occurs after the exposure. Therefore,
cohort studies are by definition prospective studies, even if both the exposure and
the outcome lie in the past at the beginning of the study.

Observational studies can be based on questionnaires, health records, or existing
databases'®, as in the studies presented in this thesis.
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On statistics
p-value

“This however, does not mean a blind or exaggerated faith in, or reliance upon,
techniques ... In the last analysis it is always the results that matter. Are the
observations well and fairly made? Are they good or bad? This is what we want to
know and should be told. For it is upon this difference that we shall base our future
actions whether it is worthwhile exhibiting the drug or not. The test of significance
is of quite secondary importance after we have studied (a) the validity of the trial
and the data and (b) the results the data show.” Bradford Hill'%?

“Consider the sanctified (and sanctifying) magic .05 level. This basis for decision
has played a remarkable role in the social sciences and in the lives of social
scientists. (...) Its arbitrary unreasonable tyranny has led to data fudging of
varying degrees of subtlety from grossly altering data to dropping cases where
there "must have been" errors.” ... “The primary product of a research inquiry is
one or more measures of effect size, not P values.” Jacob Cohen®

The p-value is one of the most commonly used statistical measures and is used in
all the papers of this thesis. It is defined as the probability of obtaining the observed
result, or more extreme data, given the assumption that the null hypothesis (Hy) is

true'’s.

The definition of every p-value begins by assuming that the H is true. One
conceptual problem with hypothesis testing in medicine is that this Hj usually states
that there is no difference, not even a very tiny difference, between the groups. As
Jacob Cohen stated”: “The null hypothesis, taken literally (and that's the only way
you can take it in formal hypothesis testing), is always false in the real world. It can
only be true in the bowels of a computer processor running a Monte Carlo study
(and even then a stray electron may make it false). If it is false, even to a tiny
degree, it must be the case that a large enough sample will produce a significant
result and lead to its rejection. So, if the null hypothesis is always false, what's the
big deal about rejecting it?”

So, what does this mean?

One problem with the p-value is that it is easy to misinterpret>*® ¢!, For example, a
p-value < 0.05 for some measure of a difference in the treatment effect between
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two groups can be expressed as follows: The probability of obtaining the measured
result, or a result more extreme (farther away from 0), by chance alone (i.e., if
there really is no difference) is less than 5%. In other words, the Type I error rate a
is smaller than 5% if there really is no effect, meaning that if there really is no
difference (Hy = true), the chance to make a wrong decision and reject Hy (to make
the wrong decision to proclaim a treatment effect, although there really is none) is
less than 5% (a < 5%). The p-value even depends on the number of observations;
larger cohorts with more observations yield lower p-values.

A p-value 0of < 0.05 does NOT mean that (false claims in italics, cited in part

fr0m260)99, 178:

1. If p=0.05, the Hy has only a 5% chance of being true or, in other words, that
there is only a 5% risk that there really is no difference when we proclaim a
difference.

As the p-value is calculated with the premise that Hy is true, it cannot at the
same time be the probability of Hy being false. This is a fundamental
difference, as the false statement would imply that from only one
experiment, we could calculate the probability of our conclusion being an
error (a Type I error). Unfortunately, we can’t know the likelihood of a Type
I error without referring to external evidence or rational thinking, as the Type
I error rate a 1s defined as the probability of a Type I error if Hy is true,
something we rarely know. To calculate the probability of our conclusion
being an error, we need to use Bayes’ theorem?%% 2%,

2. This “statistically significant” result is of clinical significance.

A p-value does not tell us anything about the magnitude of the effect or the
precision of measuring the effect (for this, we have to look at the effect
estimate, e.g., a difference between two means, an OR or risk ratio, a
correlation coefficient!’® 2%, and the CI)**!. Allap <0.05 (orap =
0.000007) tells us is that the effect is not zero. The p-value concerns whether
there is or is not a difference between the measures of two groups; the p-
value 1s not about the size of that difference (for the size of a difference, we
need an effect size measure, e.g., mean differences or Cohen’s D as the
standardized mean differences). Whether a result is clinically significant is
highly dependent on the magnitude of the effect, the relevance of the chosen
clinical endpoint and, e.g., the side effects of the tested treatment. A
treatment decision can usually not be based solely on whether the p-value is
significant or not.
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3. The result is, per se, statistically significant.
In hypothesis testing, a rejection threshold (at which the p-value of the Hy is
to be rejected) is defined in advance. This is the level of significance a.
The way to set the value for a, i.e., when to reject Hy, and which result is to
be defined as statistically significant, is an individual decision made by the
scientist designing a study. In the medical literature, it is, arbitrarily, a
tradition to set the limit at 0.05, i.e., 1 in 20. But it is important to remember
that this is highly dependent on the circumstances of the study and always
comprises a judgment® between the probabilities of Type I and Type II
errors.
A scientist doing serial experiments on new drugs desperately seeking
treatment for as yet terminally ill children for whom there is no cure would
choose an a higher than 5% (accept a high Type I error rate, i.e., accept a
higher risk of proposing a treatment as effective when it really is not, as there
hitherto is no treatment at all), with the aim to lower the clinically much
worse B (Type II error rate, i.e., to reduce the risk of mistaking an actually
effective treatment as ineffective). On the contrary, a governmental agency
might choose to demand an a lower than 0.05 for a study testing a new me-
too drug that is likely to be sold at a higher price than the existing generic,
which already has a proven effect.
This scenario is easily demonstrated by the fact that other specialties choose
different levels of a, e.g., physics: An observation of the Higgs particle in
2012 in Switzerland?%® was reported with a p < 5 standard deviation, which
corresponds to 1 in 3.5 million, instead of 1 in 20 as in medicine. A study is
statistically significant when the pre-defined level of significance a is met (p
<a), whatever a. is.
In summary, the level at which the p-value results of medical studies are to
be defined as statistically significant can never be calculated mathematically,
but can only be defined by clinical judgment.

4. The value of p doesn 't matter, as long as it is < 0.05.
To state that the measured p has a value that is smaller than or equal to the
pre-set level of significance only indicates that the Hy can be rejected
according to the pre-set definition. But of course, there is a difference in the
weight of evidence if p = 0.05 or 0.00002 or 3x107 as in the Higgs
experiment. Both could be expressed as < 0.05, but that would not make
much sense.

5. This is a meaningful level of significance even if we have done multiple
analyses.
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P = 0.05 means that there is a chance of 1 in 20 of finding an effect when
there really is none. This implies that if we do 20 tests, e.g., 20 subgroup
analyses, we expect one “statistically significant” finding, even if there is no
effect.”” This problem with multiple testing has to be solved or at least
stated in a paper.
If we, on the other hand, calculate a p > 0.05 and thus cannot reject the Hy, this
does not prove that the Hy is true, i.e., we cannot conclude that there is no
difference™. As an analogy, if a court that starts a trial with the presumption of
innocence fails to prove a defendant guilty, this does not prove the accused
innocent.
To summarize, a p-value < 0.05 does NOT imply that there is a 95% chance for the
finding to be true. The probability of a research finding being true (the positive
predictive value or PPV) can never be estimated by the value of p alone, but only
by assessing the prior probability of the finding being true (the R-value, which can
only be evaluated with regard to the existing body of evidence), the power of the
study (1 minus the Type II error rate, i.e., 1-p), and the level of statistical
significance together?%>. An excellent overview of this process was published by
Toannides®®. This need to relate to the existing body of evidence to estimate the
PPV of any study is the most critical argument for why studies like Paper I'V (i.e.,
studies in a field where large, well-conducted other studies exist) are important to
conduct and to thus strengthen the total body of evidence.

Propensity score

To make a causal inference from a study to a general population, some average
outcome measure (the dependent variable, e.g., a proportion) for a group of patients
randomly selected from this general population is compared to the same outcome
measure in a similar group of randomly selected patients, while the only relevant
difference between the groups should be the allocation to the treatment or control
group (the independent variable). Given these assumptions, random selection from
the total population, and the similarity (exchangeability) of the groups, causal
effects might be concluded as this experiment is the best approximation of the
counterfactual ideal of allocating a person simultaneously to treatment and
control!'”’.

In a properly designed randomized experiment, allocation to the independent
variable, e.g., the treatment or control group, is a matter of chance; no patient-
related factor should influence this assignment. In an observational study, there are
factors affecting the choice of exposure!’s.
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As an example, in Paper IV, PCI through the RA was compared to PCI through the
FA with death as the outcome measure. The selection of the access site was not
randomized, but decided by the treating physician. Several factors can influence
this choice, including patient-related factors, such as the diagnosis, comorbidities,
hemodynamics, earlier CABG, time of arrival, and the complexity of the planned
intervention, social factors, and non-patient related factors, such as the treating
physician’s preference or skill or the local hospital or national traditions. As a
result, because the choice of treatment is influenced by these factors and treatment
defines the affiliation to one of the two groups, these factors will be distributed
differently in the two compared groups, which conflicts with the initial assumption.

As these factors are not only associated with the exposure (radial vs. femoral) and
thus imbalanced across exposure categories, but will even influence the outcome,
these are confounding variables'”’. In observational studies, different patients have
different probabilities of being allocated to one of the independent variables. In
Paper IV, the patients are to be treated by either access method, which will
influence the outcome measure, meaning differences in the outcome measure might
be due to pretreatment differences rather than treatment effects. Different matching
procedures exist to increase the balance between the groups and thus reduce this
selection bias?%. One of these matching procedures is the propensity score.

The probability of treatment allocation is measured with the PS, which was defined
by Rosenbaum and Rubin in 1983 as the “conditional probability of assignment to
a particular treatment given a vector of observed covariates 177212228, 241, 267-269,
Covariates are observed characteristics of the patient other than the treatment

variable or main independent variable.

The PS is usually calculated by logistic regression analysis for the binary outcome
parameter treatment A or treatment B with the measured confounders serving as
independent variables. The score is calculated for every patient and lies (like all
probabilities) between 0 and 1, with 0.5 being a similar probability for assignment
to both groups (given the measured confounders), as would be expected for a
randomization procedure®®.

This calculated PS can then be used to adjust for the (known and measured)
confounders. The basic idea is that patients in the treatment group and in the
control group with the same PS can be considered as if randomly assigned to either
group, i.e., to simulate a randomized experiment?®®. For this reason, observational
studies using statistical methods for balancing are called quasi-experimental
studies. But this is, of course, only true for confounders that are both known and
measured (the main advantage of randomization is that it adjusts for both measured
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and unmeasured confounders). There are different techniques for how this
adjustment can be made in practice, some of which are stated below?!2: 228, 266-269.

1. Matched samples: A patient from treatment group A is paired with a patient
or patients from treatment group B (control) with the same (or a similar) PS
ina 1:1 or 1:n fashion. In 1:1 matching, unmatched subjects will be
discarded from the analysis with a resulting loss of power. Basically, the
advantage of this type of matching is that two very similar groups are
generated; the disadvantage is that there will be patients who cannot be
matched and will have to be excluded from the analysis.

2. Subclassification/stratification
Patients from both treatment/control groups are divided into subclasses/strata
of the same size, according to the PS. Within each strata, the treatment and
control patients have the same average PS. It has been shown that five
subclasses are sufficient and within the subclasses, there can be a greater
balance for known confounders than would have been expected if treatment
had been randomized?®’. The outcome measure is then calculated for each
interval®®® or the strata can be entered into a regression analysis as a
categorical variable. The last method is used in Paper II.

3. Covariate adjustment: The calculated PS is used as a continuous variable in a
regression model.

There is no clear consensus on which method to use. In general, choosing between
different methods is about choosing between bias and variance: Matching most
closely matches pairs and is best at reducing selection bias, but with a resulting
reduction in sample size and thus higher variance.’®. A different method will result
in different outcome measures®%.

Recommendations on which variables to include in the PS differ?!> 265, All
variables that are associated with treatment allocation and can influence the
outcome measure should be included to avoid omitted variable bias. These
confounders are generally measured before treatment assignment®*®. Some authors
recommend that variables affected by treatment should be excluded to avoid
overmatching?®®,

In summary, there are four steps when calculating a PS in a balanced analysis?'?:
The first step is to define the model, i.e., to decide which matching technique to use
and to select which variables (covariates, confounders) to use in this model. Then,
the PS sample is built. The third step is to analyze the degree of balancing
accomplished in the sample, e.g., with standardized differences, and adjust the
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model if needed. The last step is to estimate the outcome measure in the balanced
sample.

PS compared to regression adjustment

PS adjustment has become more popular in recent years?’’, while the traditional
method of correction is multiple regression analysis of the outcome measure with a
treatment indicator and the set of confounders serving as explanatory variables.
Comparisons between the two methods have been published?’!. PS adjustment
resembles the design of a RCT: In the first step, two matching groups are created
(in the RCT by randomization and in PS adjustment in the PS model) and in the
second step, the outcome measure is calculated from these groups. On the other
hand, regression adjustment is a one-step procedure. This resemblance to a RCT is
described as an advantage®*!.

Another advantage of PS adjustment is the possibility to report the covariance
balance between the two groups before and after correction, something that is not
possible with regression analysis?®® 2% Furthermore, a problem with logistic
regression is that the estimates can be incorrect if too many variables have to be
included in relation to the number of events: In studies with less than seven events
per confounder, PS adjustment is shown to be superior to logistic regression?’® and
it has been recommended to have at least 10 events per variable in logistic
regression®’2. When the PS is later used as a variable in logistic regression, all
confounders are combined into a single variable. PS matching is thus especially
suitable in studies with low outcome event rates.

Absolute standardized difference

After adjusting with the PS, it is essential to analyze and report the resulting
balance of confounders between the groups. Traditionally, this has often been done
by hypothesis testing, resulting in a reported p-value for every confounder?®, but
there are relevant arguments against this method?'?: First, multiple testing does not
quantify the differences between the groups. Second, in studies with many tested
confounders, multiple testing will be a problem. Third, a method for assessing
balance should not be dependent on sample size, as the p-value is (smaller samples
will appear to have a better balance, as the differences do not reach statistical
significance). Finally, the question is whether the studied sample has differences,
not if the main population does, so hypothesis testing, which theoretically relates to
the main population, is the wrong way to answer. Many statisticians see
significance testing to compare the baseline covariates in the two groups of a RCT
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or an observational study as an inappropriate method!”®2!%273_ For these reasons, it
is advantageous to use standardized differences.

The absolute standardized difference is a standardized quantification of the
differences between the two groups (calculated using the sample mean and standard
deviation: differences between the groups are divided by the pooled standard
deviations of the groups) and is shown as a percentage of the standard deviation!8®
212.269.274 * An often used rule of thumb is that a standardized difference of less than
10% is a reasonable result after adjustment. When using stratification instead of

matching, some authors advocate assessing the balance within each stratum?'2,

Instrumental variable analysis

As discussed above, PS adjustment is a statistical method capable of creating a
balance of measured confounders in between the two groups of a study that is
equivalent to (or better than) the balance that randomization would achieve. What
PS adjustment (or logistic regression) cannot do is create a balance of unknown or
unmeasured confounders. So, the validity estimates from observational studies that
use adjusting techniques as the PS rely on the assumption that there are no
unmeasured confounders. This is the fundamental drawback of non-randomized
studies: While in a (properly conducted) RCT the assignment to the treatment or
control group is due only to chance, in an observational study the decision to treat
or not to treat very often depends on the known or unknown confounders. If we
take pretreatment with P2Y;, antagonists in NSTE-ACS as an example, the
decision to prescribe or not to prescribe this medication in an observational study
(like Paper IIT) might depend on a bouquet of clinical variables (e.g., age, diabetes,
hemodynamics, co-medication, or other unknown or unmeasured factors) that are
also associated with the outcome measure (death). So, in an observational study, if
we analyze the outcome as in a RCT by using the fraction of surviving non-
pretreated patients as the numerator and the fraction of surviving pretreated patients
as the denominator in a standard 2x2 table for the calculation of the OR, the
outcome would be biased, and we should not draw causal conclusions.

But what if we could simulate an experiment? What if we found a naturally varying
phenomenon that predicts treatment in the way that randomization does, but is not
linked to the outcome? Let us, as an example, assume that the decision to pretreat is
always made by the attending cardiologist of a hospital and that some of these
doctors (group A) mostly prescribe pretreatment (due to reasons not associated with
the patient, e.g., due to owned shares of the pharmaceutical company), while other
cardiologists (group O) most often do not prescribe pretreatment due to some
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personal preference. Other than pretreatment, there are no divergences in treatment
habits in the hospital. The result would be, simply stated, that the pretreatment of
patients is dependent on which physician is on duty the day the patient is
admitted—in other words, due to chance, as with randomization. It would be like a
coin flip, only that the variable already is in the data®!>.

This is what instrumental variable analysis is about: The aim is to identify a
naturally occurring phenomenon in the data that predicts the choice of treatment,
but is not (except through the predicted treatment itself) related to the study
outcome and thus can be used as an instrument for “quasi-randomization.” This
phenomenon is called the instrumental variable, which is an “unconfounded
proxy for a study exposure that can be used to estimate a causal effect in the
presence of unmeasured confounding”*”, meaning it can be used in the
instrumental variable analysis!®!- 215271, 275281

To qualify as an instrument, a variable has to meet three major criteria;?!>276-278

1. The instrument has to predict the treatment a patient received. The strength
of the instrument is proportional to the frequency of predicting treatment.
This assumption (strength) can be measured and validated®”.

2. The instrument itself should not be associated with the outcome other than
by the effect of the predicted treatment itself, neither by the

a. direct impact on the outcome (the exclusion restriction) nor by

b. association through common causes (the independence assumption).
This criterion (validity) cannot be measured and can only be assumed after
scientific reasoning?!® 27>

The strength of the instrument (the frequency with which the instrumental variable
(IV) predicts the treatment) can be measured with goodness of fit measures, such as
the F statistic, or reported as the partial R? value (with the partial R? indicating the
variance that is not explained by the covariates included in the model, 1.e. the
variance that could be explained by the IV?!).213.282 The F-statistic (F after
statistician Ronald Fisher who described the method in the 1920s as a variance
ratio) predicts treatment as a function (dependent variable) of the IV and the
covariates (independent variables) by regression analysis with the Hy that the
regression coefficient for the effect of the IV is zero?®!. An IV that is weakly
associated with the exposition might lead to reduced precision/high variation in

estimates, i.e., wide CIs?®!.

Commonly used instruments include geographical criteria'®! 21283 (living close to

a cath lab in MI studies), physician preference?”> 27 28! (as in the example above),
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or time (as in Paper IIT1)215-27%- 281 1t is has been recommended to select an IV that is
strongly correlated with exposure?’® 2”7, IV analysis was well known in economics
before it began to be used in the medical sciences!! 27",

A commonly used technique for outcome analysis in instrumental variable models
is the two-stage least squares method. In the context of dichotomous exposures and
outcomes, it produces a risk difference estimate?®*,

The statistical information is then provided by the patients receiving the treatment
correctly predicted by the instrument, which is basically the same as in a RCT,
where there are three categories of participating subjects?!>2!: the compliers (those
who follow the intervention recommended by randomization), the non-compliers
(those who have already decided to always do or not do the intervention,
independent of the randomization), and the defiers (those who, based on character,
will always do the opposite). Blinding in a RCT can remove the defiers, but not the
non-compliers. In a IV analysis, the compliers, i.e., those who will be predicted by
the IV, are called marginal subjects®’®. Statistical information is gained from these
marginal patients, as in a RCT, where information in an intention-to-treat analysis
(like TV analysis, a measure of association between the treatment intention and the
outcome?”) is gained from the patients who comply with the randomized treatment
(while assuming that the non-compliant patients are equally distributed by
randomization)?!'> 278,

With the right variable, IV analysis can be a robust method for adjusting for
unknown confounders. The main problem with this technique is to identify an
instrument that meets the tree assumptions, wherein assumptions 2a and 2b cannot
be measured?’”- 282, It is a scientific judgment based on an unprovable assumption to
prefer assumptions 2a and 2b when using IV, or the assumption of the absence of
unmeasured confounders when relying solely on the PS or regression analysis®®!.
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Figure 7: Instrumental Variable

Multilevel models

Every statistical method is only applicable if its underlying assumptions are
respected. One of the premises of regression analysis is that all observations are
independent of one another. This assumption is violated in the SWEDEHEART
database: Patients are treated in hospitals differing in treatment options, treatment
availability, traditions, and skill, and hospitals are located in administrative regions
with a collaborating structure. Treatment in a particular hospital correlates to where
a patient lives, which is known to make a difference in health outcomes®®>-2*7, In
other words, patients are organized in groups and thus not independent from each
other as patients treated in one hospital are more alike than patients across different
hospitals. The aim of multilevel modeling is to adopt the statistical model to this
non-independence of observations.

The term multilevel describes heterogeneity at different levels in a population®®: It
is well-known in epidemiology that individuals organized in groups are influenced
by their group membership. This relationship between individuals and groups can
be described as a hierarchical multilayer structure: At level 1, the participants are
all individuals. These individuals are sorted into fewer level 2 groups, and the level
2 groups into fewer level 3 groups. In the SWEDEHEART registry, level 1 is
comprised of the patients, level 2 of the hospitals, and level 3 of the regions. The
structure is hierarchical, as region A influences hospital A and patients A (and vice
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versa), but a hospital has much less influence in group A on a patient or a region in
group C. Level A individuals have more in common with one another than with
individuals in the other groups, i.e., they are clustered?®. Ignoring this cluster
effect can result in finding relationships where there are no®®, increasing the risk of
a Type I error.

Hierarchical multilevel structure of SWEDEHEART

Level 4 A B

Level 3 | I I} v Vv

Level 2 -2 3 4 56 7 8 9 10 11 12 13 14 15 16 17
Ll A abc def ..

Figure 8: Multilevel model

Multilevel analysis models (or hierarchical modeling, random effects modeling)'”®

287289 take this hierarchical multilevel structure into account and enable the
simultaneous analysis of the effects of group-level variables and individual-level
variables on individual outcomes. The primary observational unit (level 1 in Fig. 3)
can be, e.g., patients, or coronary vessels, or segments of a coronary vessel, or
coronary stents.

This method is applicable to different regression models, such as the logistic
regression used for the calculation of a dichotomous outcome like mortality (in
Papers II-1V) or the multiple linear regressions that we shall apply to derive an
explanation.

In multiple linear univariate regression, we want to find a model that predicts the
value of one dependent continuous variable, Y, based on several independent
variables, X. Like simple linear regression, multiple regression is a least-squared
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method that finds the slope and intercept of a linear regression line that best fits the
measured data, i.e., that minimizes the sum of the squares of the discrepancies
between the actual and the predicted Y values (i.e., minimizes the distance from the
measured values to the regression line). The idea is to create a model that can
predict Y from the measured X by finding the point on the regression line that
corresponds to the measured X. This model does not consider cluster effects at
different levels. What multilevel regression does is to define regression separately
for each group in the multilevel database, i.e., to create more than one regression
line, e.g., one for every geographic region, while simultaneously examining
individual-level predictors®®’. Depending on the model, every one of these
regression lines can have fixes (the same) slopes, but random (different) intercepts
(thus creating parallel lines), or random intercepts and random slopes.

Multilevel linear regression model with
random intercept and fixed slope.

Regression line group Il

Regression line group |

Regression line group 11|

B2

B
Bs

Figure 9: Multilevel linear regression

Median odds ratio

To assess variability in a hospital-level outcome in multilevel models, the median
OR (MOR) can be used®**?*!. The MOR is an effect estimate used in multilevel
models that reflects the “median of the odds ratios that could be obtained by
comparing two patients with identical patient-level characteristics from two
different, randomly chosen hospitals”*% ! A MOR of 1 indicates no variation
between hospitals. 2%
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Missing data

A common problem in epidemiological and clinical studies is that not all data that

was planned to be collected actually is collected. This data is called missing data!8>:
292-294

This missing data problem also applies to the Swedeheart registry. Some variables
in the registry are mandatory (the dataset cannot be saved to the server if not
answered), but in some mandatory variables “unknown” is one of the alternative
answers that we treated as missing. Other valuables, e.g., creatinine at admission,
are optional, which leads to a higher rate of missing data, especially in patients
presenting as acute (STEMI, cardiac arrest), wherein creatinine is unknown at
presentation. So, the value might not be known, as with creatinine at admission for
a STEMI patient or smoking status in an unconscious cardiac arrest patient, or an
existing value is merely not entered into the registry to name a few examples. The
Swedeheart registry has been expanding over the years, so certain variables that
exist today did not exist some years ago, i.€., all data on these variables is missing
before a certain time limit. The primary outcome parameter in Papers II to IV,
mortality, has virtually no missing data, as it was retrieved from the Swedish
National Cause of Death Register that has near complete coverage due to the
existence of Swedish personal identification numbers.

Missing data is a significant problem as it can affect the outcome measure in any
direction and thus produce misleading conclusions. McNight 2007 explained
that'®>: Missing data can “can affect the quality (i.e., reliability and validity) of our
systematic observations. When drawing inferences from our observations, missing
data can affect the strength of the study design and the validity of our conclusions
about relationships between variables. When we generalize study results, missing
data can limit the representativeness of the study sample, the strength and fidelity
of interventions, and other study facets such as time or place about which we wish
to generalize. Thus, missing data can have a wide range of consequences for the
scientific process.”

In spite of this being a common problem, a relevant fraction of studies (e.g., 68% of
262 papers published in 3 epidemiological journals in 2010%°*) do not reporting
missing data in a manner that allows reviewers to quantify it'*>2%4 even though a
recommendation on how to report missing data in observational studies has been
published.?** A thorough discussion of the missing data problem can be found
elsewhere!®,
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To understand the impact of the missing data on the analysis, the missing data can
be described by different patterns of missingness:?*% 2%%2%

1. Missing completely at random (MCAR):
The probability of missingness is independent of any characteristics of the
studied patients. For example, due to a defect in a laboratory machine that
only occurs a few times per month at random, a specific variable is not
analyzed in some of the patients. This adds variance, but not bias. This
mechanism is most often implausible.

2. Missing at random (MAR):
The probability that a variable is missing depends only on observed
variables. For example, in a study of different types of ACS, patients
presenting with STEMI lack information on creatinine before angiography
because there is not sufficient time to analyze the blood sample, whereas all
NSTE-ACS patients have information on creatinine. This formulation is
liable to misunderstanding, as it is not done “at random” in the common
sense. This adds variance with a fixable bias. MAR is incorporated by most
statistical models to handle missing data.

3. Not missing at random (NMAR):
The probability that a variable is missing depends on variables that are
incomplete or unknown. A typical example is that people with a higher
income are less likely to state this income; that is, the nonresponse
probability depends on values that are missing. In this case, statistical
adjustment is not possible, so this variable adds variance with intractable
bias?”’.

The initial step when dealing with missing data is to try to understand why
information is missing and how patients with missing data differ from patients with
complete data: If relevant differences exist between patients with complete data and
patients with missing data for a specified variable, it can be concluded that the data
are not missing completely at random (which leaves MAR and NMAR). The next
question is if the observed data can help to predict the missing data, i.e., if the
missing data is MAR or NMAR. It is not possible to distinguish between these two
by statistical means; that is a scientific decision based on knowledge of the studied
field if one may assume that the data is MAR. After addressing these questions, one
has to decide which statistical model to use in regard to the missing data.

Models for missing data

There are several approaches to deal with the problem of missing data?**:
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1. Complete case analysis
In a complete case analysis (CC), only subjects with complete data (all variables
observed) are included in the analysis. If the missing data is MCAR, the results
of the complete case analysis are unbiased (with increased variance). In the
more typical scenarios, where data is not missing completely at random, the
results can be biased: When data is MAR, a regression model can be used that
controls the variables associated with the missingness. In the case of NMAR
data, the bias cannot be controlled.
In any case, excluding subjects with missing variables (missing data in several
variables will have a cumulative effect that can lead to the exclusion of a
considerable proportion of the sample) will result in loss of statistical power
(with the possible result of an incorrect treatment estimate). In summary, CC has
major deficiencies?** %% 2%, but nevertheless remains the most widely used
technique in epidemiologic studies®*.

2. Other techniques, like inverse probability weighting, exis

3. Imputation
In imputation models, the missing datum is replaced by a value that is predicted
by regression analysis based on the remaining variables of the individual case,
so that the complete data set can be analyzed. This implies that the model can
only be used for MAR, not for data NMAR (as there are no variables to compute
from in multiple regression). An underlying assumption in imputation models is
thus that data is MAR (even if this often is not entirely true®”).
The Oxford Dictionary defines to impute (which was initially, in the 1940s,
called “to allocate”*’) as “fo calculate something when you do not have exact
information, by comparing it to something similar.” If this imputation process
done once for every missing datum, it is called single imputation and when it is
done more than once, it is referred to as multiple imputation®*®. At least all the
variables included in the analysis should be included in the imputation model®*°.
When imputing missing predictor variables, the outcome data should be used in
the imputation analysis*®. In principle, imputing missing data after analyzing its
relationship to the existing data is the same process as a paleontologist that
imputes missing bones in a discovered dinosaur skeleton to be exhibited!®>.

t 294

Multiple imputation

Analysis with multiple imputation 2% 29 296. 298301 f5]]ows three steps: First,
for every existing dataset with missing variables, several new datasets (typically
510°°") are created and the missing value is inserted by using single imputation
in each dataset. Second, every dataset is analyzed separately and a point
estimate of interest and standard error are extracted. Third, the multiple point
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estimates are then combined to obtain an averaged single-point estimate (with
the associated CI) using combining rules.?: 3%

The basic idea behind repeating the single imputation process several times
(multiple imputation) is the conclusion that the average of several imputed
values better approximates the observed data likelihood®: The variability
among the imputed values shall reflect an appropriate degree of uncertainty,
whereas single imputation techniques fail to account for this uncertainty and
produce inappropriate narrow CIs*®. In 1977 (republished in 2004), Rubin
stated that®®: “What we really want to impute is the “predictive distribution” of
the missing values given then observed values.”

Multiple imputation, first described in 197728, has become more popular in
medical research in the last decade®!: 10 years ago, in 2009, Sterne?*® reported
that they searched four medical journals, the NEJM, The Lancet, the BMJ, and
the JAMA, for “multiple imputation” in a six-year period from 2002 to 2007 and
found 59 articles using this method. In comparison, in the last six years, the
NEJM alone has published 92 papers using multiple imputation.

Multiple imputation is a well-documented method, but, as with all statistical
tests, its validity depends on the validity of the fundamental assumption, here
being primarily that the missing values can be predicted by known values. As is
often the case, this can never be definitively proved, but it is essential to
understand that the alternative (CC) relies on the mostly far more improbable
assumption that the missing data are missing completely at random?®4 2%%-300,
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Patients and Methods

All four papers of this thesis are based on data from patients included in the
SWEDEHEART registry.

Paper |
Study base

The study base consists of all patients who underwent coronary angiography,
registered in the SCAAR registry for any indication, in Sweden between 2005 and
2012. Only patients with significant CAD on angiography were included in the
study.

Patients with a previous CABG operation were excluded, as well as patients who
underwent angiography for ACS in whom the 100% occlusion was located in the
same coronary artery as the culprit vessel, in order to differentiate between acute
and chronic occlusions. Likewise, we excluded patients who underwent procedures
in the same vessel within the previous three months.

Hypothesis

The primary hypothesis of this study is that patients with a CTO found on the
coronary angiography for any indication have a higher risk for all-cause mortality,
as compared to patients with significant CAD but no CTO.

Outcome measures
The primary outcome measure is all-cause mortality.
Statistics

We used Cox proportional hazards regression models to calculate multivariate-
adjusted HRs to analyze the association between CTO and mortality. Because the
patients in SCAAR are clustered within the hospitals, the assumption of
independence between observations was violated. To adjust for this clustering
effect, we used multilevel modeling and shared frailty Cox proportional hazards
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regression as the primary model. In addition to CC analysis, we used the multiple
imputation method to impute the missing data.

Paper Il
Study base

The study base consists of all patients treated by primary PCI for STEMI in
Sweden from 2005 to 2016 and registered in the SCAAR. Patients angiographied
for suspected STEMI but not revasculated with PCI are not included. A total of
53,146 patients were identified. We excluded patients who did not receive ASA
before PCI, patients trombolyzed before PCI, and 1,171 patients with missing data
that was not imputed.

2005-2016
Primary PCl in unique STEMI patients ) o
n =53,146 No prehospital acetylsalicylic acid
n=6,911
l Thrombolysis prior to PCI
n=260
Missing data
STEMI n=1,171
n=44 804

VRN

P2Y12 pre-treatment No P2Y12 pre-treatment
n =37,840 n =6,964

Figure 10: Flowchart for patient selection in Paper Il
Hypothesis

The primary hypothesis is that pretreatment with P2Y;, antagonists in patients
treated with primary PCI for STEMI is associated with a reduced risk of all-cause
30-day mortality, as compared to patients who are not pretreated. Our secondary
hypothesis is that pretreatment with P2Y;, antagonists is associated with the
reduced patency of the infarction-related artery, reduced 30-day definite ST,
reduced in-hospital neurological complications, reduced CS, and no difference in
in-hospital bleeding.

76



Outcome measure

The measure for the primary outcome was vital status 30 days after STEMI, as
assessed in the Swedish National Cause of Death Register. The secondary outcome
measures were the patency of the infarction related artery (assessed by the variable
“occlusion” in SCAAR), angiographic confirmed ST within 30 days (this
information is routinely entered by a specific variable in SCAAR), neurological
complications (variable “neurological complication” in SCAAR, CS (variable
“Killip IV” in SCAAR or “cardiogenic shock” in RIKS-HIA), and in-hospital
bleeding (any of the following variables: puncture site haematoma > 5 cm or
pseudo-aneurysm requiring intervention, cardiac tamponade, drop in haemoglobin
> 20 g/L, intracranial bleeding, or prolonged compression-treatment (> 6 hours),
transfusion, or surgical intervention).

Statistics

We imputed the missing data with multiple imputation generating five data sets.
The PS was estimated and entered as a categorical variable based on the quintiles of
the propensity score as a covariate into a logistic regression model for each of the
five data sets. To account for cluster effects in SWEDEHEART as a hierarchical
database, this logistic regression model was a multilevel model with the hospital as
the random effect variable. Instrumental variable analysis was not used. The
primary outcome measure was the OR for death.

Paper lll
Study base

The 69,211 patients treated in Sweden with PCI for NSTE-ACS from 2010 to 2018
were identified in the SWEDEHEART registry. Patients who had not received ASA
before PCI and patients with missing data on troponin were excluded. The
remaining 64,857 patients were included in the study, 59,894 of whom were
pretreated and 4,963 of whom were not pretreated.
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SCAAR 2010-2018
123,856 proceduresin
112,001 patients

* : angiography 42,790 E

69,211 PCl for NSTE

no ASA 2,264
* * no TnT 2,090
P2Y12-pretreated P2Y12-not pretreated
n=59,894 (92.4%) n=4,963 (7.6%)
\/

Primary endpoint:  Death at 30-days

Secondary endpoint : Death at 1-year
Stent thrombosis at 30-days
In-hospital bleeding

Figure 11: Flowchart for patient selection in Paper 111
Hypothesis

Our primary hypothesis is that pretreatment with P2Y, receptor antagonists in
patients treated with PCI for NSTE-ACS is associated with a reduced risk of 30-
day mortality as compared to patients who were not pretreated. The secondary
endpoints were one-year mortality, 30-day definite ST, and in-hospital bleeding.

Outcome measure
The outcome measures were derived according to Paper 11.
Statistics

Statistical modeling for all patients was based on Instrumental Variable analysis
and the calendar year was used as instrument. The primary and secondary outcomes
were evaluated using instrumental variable two-stage least-squares regression
analysis. The strength of the instruments was tested with F-statistics and the
validity was tested with the Sargan test*®* and by calculating the standardized
difference of baseline variables. The PS was not used in this model.

In addition to the main analysis, we prospectively evaluated the impact of a policy
change that came into effect in April 2016: The regional board decided to terminate
the policy of pretreating ACS patients in the West Swedish district (Vistra
Gotalands Region). We evaluated the effect of this change of clinical practice by
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comparing the outcomes before and after in 14,102 of the total 64,857 patients in
the study. Of these 14,102 patients, 27.8% were not pretreated.

Paper IV
Study base

A prospective observational cohort study based on SCAAR data from patients
angiographied in Sweden for STEMI between 2005 and 2016.

2005-2016
Primary PCl in unique STEMI patients

n =53,146 No prehospital acetylsalicylic acid

n=6,911
Thrombolysis prior to PCI
STEMI n=260

n = 44, 804 Missing data

n=1,171
Femoral access Radial Access
n = 20,505 (45.8%) n =24,299 (54.2%)

Figure 12: Flowchart for patient selection in Paper IV
Hypothesis

The primary hypothesis of this study is that the use of RA for coronary angiography
in STEMI reduces all-cause mortality, compared to FA.

The secondary hypothesis is that the use of RA for coronary angiography in STEMI
reduces in-hospital bleeding, stroke, and CS, respectively, compared to FA.

Outcome measures

The primary outcome measure was death of any cause within 30 days as
documented in the Swedish population registry. We have no data on the individual
cause of death.

The secondary outcome measure was stroke before discharge from hospital, bleeding
before discharge as noted in the registry (scale: no, deadly, cerebral, mandating
transfusion or operation, unknown, post-discharge bleeding not included) or CS as
noted in the registry at discharge from hospital (patients who presented with shock,
i.e., the mandatory variable Killip classification, marked as “Killip class IV,” are
excluded).
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Statistics

The patients were stratified into two groups, RA or FA. We adjusted for differences
in baseline characteristics with the propensity score. The two groups were then
compared using multilevel logistic regression to account for the hierarchical
database. We used instrumental variable (IV) method (for adjustment of hidden
bias) for sensitivity analysis with the calendar year as the treatment-preference
instrument. Regression modeling was performed before and after the exclusion of
patients with CS.
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Results

Paper |

In the study period, 14,441 of the included patients were found to have a CTO,
while 75,431 patients had significant coronary disease but no CTO. No patient was
lost to follow-up.

The mortality rate was higher in patients with a CTO (unadjusted HR: 1.41, 95%
CI: 1.35 to 1.48; p <0.001). After adjustment, the CTO remained an independent
predictor of long-term mortality (primary model: HR: 1.29; 95% CI: 1.22 to 1.37; p
<0.001; CC analysis: HR: 1.27; 95% CI: 1.20 to 1.35; p <0.001). In patients
without a CTO, the risk gradually decreased in the study period, while the risk in
patients with a CTO increased by 6.6% per year.

PCI was successful in 54% of cases and these patients had a lower risk of death
compared to patients with whom PCI was unsuccessful (HR: 0.85; 95% CI: 0.73 to
0.98; p <0.034).

Patients with ACS had a higher risk associated with CTO compared to patients
with stable angina and the risk associated with CTO in patients with STEMI was
higher than the risk in NSTE-ACS.

Eighty-three percent of patients had multivessel disease, i.e., a stenosis in at least
one other coronary vessel than the vessel containing the CTO. Multivessel disease
was associated with a higher mortality risk than CTO in a single vessel disease.

There was no difference in risk depending on the location of the CTO in one of the
three coronary arteries, the left anterior descending, circumflex, or right coronary
artery, but a location in a proximal segment had a higher HR compared to a
location in a distal segment.

Roughly two-thirds of the patients were 60 to 79 years old, 14.6 % were over 80,
and 21.7% were younger than 60. The risk attributable to a CTO decreased by
approximately 2% per year of age, i.e., the risk was highest in patients younger than
60 and lowest in patients 80 or older. There was no significant interaction between
CTO and the patient’s sex.
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Paper Il

A total of 44,804 patients were included in the study; 58.3% were treated with
clopidogrel, 35.3% with ticagrelor, and 5.3% with prasugrel. A total of 84.5% were
pretreated. At 30 days, there were 2,488 (5.6%) deaths and 267 (0.6%) STs.
Pretreatment was not associated with better survival at 30 days [OR 1.08, 95% CI
0.95-1.24; P = 0.313], reduced IRA occlusion (OR 0.98, 95% CI 0.92—-1.05; P =
0.608), decreased ST (OR 0.99, 95% CI 0.69—-1.43; P = 0.932), a higher risk of in-
hospital bleeding (OR 1.05, 95% CI 0.89—-1.26; P = 0.526), or neurological
complications (OR 0.66, 0.72, 95% CI 0.43—-1.21; P =0.210).

The interaction test showed no evidence for the effect modification of the type of
P2Y, antagonist and pretreatment regarding 30-day mortality, IRA-occlusion,
definite ST, in hospital bleeding, or CS.

Paper lll

A total of 64,857 patients were included in the study and 43.7% were treated with
clopidogrel, 54.5% with ticagrelor and 1.8% with prasugrel. A total of 92.4% of the

patients were pretreated, while 7.6% were not. The number of pretreated patients
decreased by 2.6% annually between 2010 and 2018.

At 30 days, there were 971 (1.5%) deaths and 101 (0.2%) definite STs.
Pretreatment was not associated with better survival at 30 days (OR 1.17; 95% CI
0.66—2.11; P =0.580), survival at one year (OR 1.34; 95% CI1 0.77-2.34; P =
0.297), or decreased ST (OR 0.81; 95% CI 0.42—1.55; P = 0.524).

However, pretreatment was associated with a higher risk of in-hospital bleeding
(OR 1.49; 95% CI 1.06—2.12; P = 0.023).

Paper IV

A total of 44,804 patients with STEMI were included in the study, 24,299 with RA
and 20,505 with FA.
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The two groups had different baseline characteristics with RA patients having
generally less traditional risk factors. There were 2,487 (5.5%) deaths, 920 (3.8%)
in RA and 1,567 (7.6%) in FA. After adjustment, RA was associated with a lower
risk of death (OR 0.70, 95% CI 0.55-0.88, P = 0,025), a lower risk of in-hospital
bleeding (OR 0.45, 95% CI 0.25-0.79, P = 0.006), and a lower risk of CS after PCI
(OR 0.41, 95% C1 0.24-0.73, P = 0.002).

In patients with STEMI, RA in primary PCI was associated with a reduced risk of
30-day mortality, in-hospital bleeding, and CS.

Discussion and Conclusion

Paper |

We studied the association between CTO and mortality in a large cohort. The
SCAAR registry contains the largest CTO cohort reported. We found a moderately
increased risk (HR 1.29) for long-term mortality associated with CTO. The
divergent mortality trends in patients with and without CTO have not been
previously reported.

We found that risk attributable to CTO is highest in younger patients and decreases
with advancing age. On the other side, the mortality risk associated with coronary
heart disease in general increases with age, so our finding might reflect the
increasing importance of other risk factors with advancing age.

In our study, both CAD severity (one-, two-, three-vessel disease) and CTO were
independent predictors of mortality. Our data do not support the conception that a
CTO merely reflects the additive risk of multivessel versus single-vessel disease
(only 17.4 % of CTO patients have single vessel disease, compared to 48.6% in
non-CTO patients), as CTO adds an independent risk in all grades of CAD severity.
We found no difference in the risk of CTO in one versus in another of the coronary
vessels, but the risk was larger in a CTO located in a proximal segment of a vessel
compared to a non-proximal segment, and the risk in a distal segment was still
larger than the risk in patients without a CTO.

We see these risk gradients as new evidence of a possible causal relationship
between CTO and mortality. The reverse conclusion that the revascularization of a
CTO could reduce this risk, i.e., have a positive impact on mortality, is still a matter
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of debate. As stated in the introduction, there is no convincing evidence for this
beneficial effect on mortality. We could show, in coherence with earlier
observational data, that successful revascularization is associated with a better
prognosis than nonsuccessful revascularisation. This is thought of as limited
clinical value, as a medically treated reference group is missing in our study (as
well as in other previous studies cited above) and a higher risk in non-successful
PCI could reflect a more complex disease or the impact of iatrogenic
complications. Bearing this information in mind, the main finding of our study is
the strong association between CTO and mortality in the largest CTO cohort yet to
be published.

Paper Il

In our study, the largest observational research on pretreatment in STEMI to be
conducted, pretreatment with P2Y |, receptor antagonists was not associated with
improved survival in 44,804 patients undergoing primary PCI for STEMI in
Sweden between 2005 and 2016. There was also not any difference between
pretreatment and non-pretreatment regarding the risk of 30-day definite ST, CS,
neurological complications, bleeding, or IRA patency. The last-named finding
concerning IRA patency confirms the result of the randomized ATLANTIC® trial
that there is no beneficial effect of pretreatment with P2Y |, antagonists on TIMI
flow grade (primary endpoint in ATLANTIC) in STEMI patients managed with
primary PCI.

Our study adds real-world data from a national registry with complete coverage of
all STEMI patients and thus good external validity to the body of evidence.

A drawback is that we were not able to include patients who were initially, before
angiography, diagnosed as STEMI and not treated with PCI, as these patients are
not reliably registered in SCAAR. We speculate that the inclusion of these often
misdiagnosed patients, many without an indication for DAPT and some with a
contraindication for DAPT (e.g., aortic dissection®), might have increased the risk
of harm for pretreatment. SCAAR does not gather information on the exact timing
of P2Y 1> administration before admission to the cath lab. But we have information
on the time of first medical contact, which is comprised mostly of contact with an
emergency room or ambulance. We assume a close approximation between the
time of first medical contact and the time of drug administration in pretreated
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patients. In our study, the median time from first medical contact to PCI is 74
minutes. This time interval correlates with data from the VALIDATE-
SWEDEHEART?!! trial, where > 40% of STEMI patients received P2Y |,
antagonists more than one hour before primary PCI. VALIDATE-SWEDEHEART
is a registry-based randomized clinical trial*®® published in 2017 and conducted in
Sweden in the timeframe of our study, where information on the time of drug
administration was collected as a trial-specific variable in addition to SCAAR data.
This time interval is more than the double the pretreatment delay of 31 minutes
reported in ATLANTIC.

In conclusion, pretreatment with P2Y;, receptor antagonists was safe among
patients undergoing primary PCI for STEMI in Sweden between 2005 and 2016,
but was not associated with improved survival or improved IRA patency compared
to in-cath lab administration.

Our findings independently validate the results of the multicenter randomized
ATLANTIC trial.

Paper lll

Pretreatment with P2Y;, receptor antagonists was not associated with improved
survival in 64,857 patients undergoing PCI for NSTE-ACS in Sweden from 2010 to
2018, nor was there a difference in one-year mortality or definite ST. However,
pretreatment with P2Y |, antagonists was associated with a higher risk of in-hospital
bleeding, and the change in practice from routine pretreatment to no pretreatment
was associated with a decreased risk of bleeding in patients treated in Véstra
Gotaland Region.

Paper IV

We studied the association between the vascular access site for coronary
angiography and the outcome in a large unselected cohort of more than 44,000
STEMI patients. We could show that coronary angiography by RA in patients with
STEMI is associated with significantly reduced 30-day mortality, reduced in-
hospital bleeding, and less CS, as compared to angiography by FA.
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This result is congruent with the recent tree large randomized trials in this field,
namely the RIVAL!¥}, RIFLE-STEACS"!, and MATRIX'*? studies.

There are different explanations for the higher mortality in FA:

First, there are differences in bleeding and its ischemic consequences.

The recently described increased risk for acute kidney injury in FA in ACS patients
303 and STEMI patients®™ 3% linked to increased mortality*®, might be another
mediator.

Bleeding after PCI is a known predictor of one-year mortality at a magnitude
similar to myocardial infarction after PCI '!4-120:122 " Bleeding is known to be
associated with adverse outcomes, including death, nonfatal MI, and stroke % 17:
120,123-126 "and the reduction of bleeding is associated with improved surviva
This applies to access-site-related and non-access-site-related'?! 122 major and

minor bleeding!'%’.

] 127,128

There are several hypotheses to explain a causality from bleeding to adverse
outcomes. A straightforward explanation, which is evident to every interventionist
who has lost a patient in this way, is hemorrhagic shock, a life-threatening
complication of FA, while a similar complication due to RA bleeding is clearly
implausible. But bleeding also induces ischemic complications through the adverse
effects of transfusion, the activation of the coagulation cascade, a decreased
1schemic threshold in anemia, or the cessation of antithrombotic medication
triggered by bleeding!!* 12%:3%7 Blood transfusion is an independent predictor of
mortality 12239839 Endogen erythropoietin might induce a prothrombotic state*!*
311

To prevent bleeding is an essential aim for every interventional cardiologist. Our
data show that RA is associated with a substantially lower risk of in-hospital
bleeding as compared to FA. The use of RA in all suitable STEMI patients is an
important step to reach this aim.

A novel finding in our study is the association of RA with a substantially lower risk
of developing CS. This has not been reported previously and RIVAL, RIFLE, and
MATRIX, the largest radial RCTs to date, did not analyze CS as an outcome
parameter. Data from observational studies are missing. We excluded patients
presenting with CS at admission, i.e., CS at presentation should not have influenced
the choice of the access site.
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I can only speculate on a causal explanation for RA lowering the risk of developing
CS. Different systemic processes, including inflammation®'® 313, are part of the
complex pathophysiology of CS. We know that that bleeding and transfusion
increase mortality. A systemic inflammatory response triggered by bleeding might
comprise one explanation for the association between the RA approach and the
decreased risk of CS in our study.

A strong association between CS and bleeding was found in several previous
studies!!> 116, 118,314,315, Tny the CRUSADE registry'*, patients with major bleeding
had a risk of CS that was five times higher. The general assumption in the discussion
of these studies is that as a causal factor for bleeding, CS explains this association in
patients with acute myocardial infarction. Our data point out that the association
might be interpreted bidirectional: We identified a plausible mechanism above and
there is a plausible temporality due to our study design that excludes the influence of
CS on access size, and there might be a consistency with the previous study result as
discussed above. This finding is mainly hypothesis generating and further studies are
needed.
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