


Interventional cardiology dpt
Cardiovascular Hospital - Lyon - France

Gilles Rioufol MD, PhD

Sténose Aortique et Coronaropathie:

Comment l’évaluer
Prise en charge à l’heure du TAVI

CardioRun, 29 Septembre 2021



access in the presence of some self-expanding valves
due to the taller valve frame and supra-annular valve.
In particular, catheterization of the right coronary
artery can be particularly challenging in these cases,
and we agree with the main recommendations from
Yudi et al. (65) in this context. Also, the use of the
Barbeau curve catheter (with a slightly larger sec-
ondary curve with respect to the Judkins right cath-
eter) may be helpful in some cases. Future studies
will need to validate these recommendations and
further determine the feasibility and failure rates
regarding selective CA/PCI for each transcatheter
valve type.

CONCLUSIONS AND FUTURE PERSPECTIVES

CAD remains one of the most frequent comorbid-
ities among TAVR candidates (Central Illustration).
While controversial results have been reported

regarding its clinical impact, revascularization (PCI)
pre-TAVR of lesions located in the proximal-mid
coronary segments remains the most common
practice worldwide. Ongoing randomized trials
should determine the ef!cacy of this strategy (vs.
no revascularization) in the coming years. Also, the
most appropriate timing of PCI pre-TAVR remains
undetermined, and the possibility of a combined
procedure (PCI at the time of TAVR) merits further
evaluation, particularly in patients with no complex
CAD or kidney dysfunction. The use of noninvasive
methods like coronary CTA in the pre-TAVR work-
up, and a more accurate evaluation of coronary
lesion severity with coronary pressure wire mea-
surements have shown to be associated with good
preliminary results and will likely increase in the
coming years; several ongoing studies are going to
clarify the exact role of these technologies in the
TAVR !eld. Finally, scarce data exist on the
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revascularization rate at 2 years (18). To date, scarce
data exist on the occurrence of ACS following heart
valve replacement. Iakobishvili et al. (19) identi!ed
40 patients (0.4%) with ACS following surgical pros-
thetic heart valve intervention among 15,878 patients
admitted for ACS. Median time from prosthetic valve
implantation to ACS was 8 years, with most patients
having a NSTEMI (80%). More recently, Nombela-
Franco et al. (20) reported an incidence of all-cause
readmissions of 43.9% within the year following
TAVR, of which 5.3% were for ACS (3.3% MI vs. 2.0%
UA, 2.8% requiring repeat coronary angiography or
PCI).

T2MI was the most common presentation of ACS in
our cohort, accounting for 56% of NSTEMI events and
36% of overall ACS events. The frequency of T2MI
among patients presenting with ACS has ranged from
2.0% to 35.2%, largely depending on the patient
cohort and the de!nition applied for T2MI (21). In
fact, lower rates of T2MI stem from older studies
excluding those patients with signi!cant stenosis,
which therefore applied de!nitions inconsistent with
the 2012 Universal De!nition of T2MI (11). The

proportion of patients with T2MI referred for coro-
nary angiography has ranged from 7% to 50%, with a
prevalence of CAD ranging from 28% to 78% among
patients with T2MI undergoing coronary angiography
(22). In our study, among 28 patients with T2MI, 11
(39.3%) underwent coronary angiography, and of
these, 2 (7.1%) had signi!cant CAD with only 1 patient
(3.6%) undergoing PCI. In the SWEDEHEART (Swed-
ish Web-system for Enhancement and Development
of Evidence-based care in Heart disease Evaluated
According to Recommended Therapies) registry
including 19,763 patients, about one-third of T2MI
patients (35.9%) were referred for coronary angiog-
raphy, with 12.5% undergoing PCI (23). The low pro-
portion of patients undergoing PCI for T2MI observed
in our study despite similar invasive strategy rates
suggests that patients presenting with T2MI after
TAVR may bene!t from initial conservative manage-
ment considering the age and high comorbidity
burden often present in such patients. Of note, the
triggering factors of T2MI found in our cohort were
consistent with those reported in prior studies
(23,24), except for a much higher incidence of heart

FIGURE 1 Flowchart of the Study Population and Management According to ACS Presentation

ACS ! acute coronary syndrome(s); NSTEMI ! non–ST-segment elevation myocardial infarction; PCI ! percutaneous coronary intervention;
STEMI ! ST-segment elevation myocardial infarction; TAVR ! transcatheter aortic valve replacement.
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failure (46%), likely explained by a greater number of
comorbidities and the myocardial changes secondary
to aortic stenosis, particularly in those ACS episodes
occurring in the vicinity of the index TAVR proced-
ure. Also, the high rate of T2MI along with the limited
sample size in this single-center experience may have
precluded an appropriate evaluation of the preven-
tive effect of antithrombotic therapy post-TAVR on
ACS, and this will have to be evaluated in future
studies with a much larger number of patients.

PREDICTORS OF ACS AFTER TAVR. The risk of ACS
following TAVR was mainly determined by the pres-
ence of male sex, pre-existing CAD and non-
transfemoral access. The predictive value of male sex
and prior cardiovascular disease re!ects well-
established risk factors for CAD and ACS, and has
been previously reported (25). Also, the presence of
CAD was an independent predictor of future cardio-
vascular risk in patients with T2MI in a recently
published study (26). Interestingly, these factors have
also been found to be strong predictors of adverse
outcomes in TAVR. Male sex has been associated with
poorer outcomes and increased risk for any hospital
readmission after TAVR (27). Ludman et al. (28) re-
ported an independent association between prior
CAD and late mortality after TAVR.

Nontransfemoral TAVR approach was associated
with increased risk of ACS. Patients undergoing

nontransfemoral access had more comorbidities
leading to a higher risk pro"le, and exhibited a 3-fold
increase in the prevalence of peripheral vascular
disease, re!ecting a very high systemic atheroscle-
rosis and in!ammatory burden, which may indeed
translate into an increased risk of developing CAD
and coronary events. The use of an alternative non-
transfemoral route was found to be an independent
predictor of mortality in prior TAVR studies (27,28),
and our study suggest that the higher incidence of
coronary events post-TAVR in these patients may
have also contributed to their poorer clinical
outcomes.

The lack of impact of completeness of revascular-
ization on ACS occurrence might be explained by a
thoughtful revascularization strategy pre-TAVR
(incomplete revascularization related to chronic to-
tal coronary occlusion or small/distal vessel disease in
60% and 25% of patients, respectively) and an unex-
pectedly high rate of T2MI in w40% of patients,
mostly linked to hemodynamic imbalances rather
than severe CAD. Despite the high prevalence of CAD
in patients undergoing TAVR, the proper treatment
strategy and the need for complete revascularization
before TAVR remain controversial (29,30). In the
absence of de"nitive evidence and pending the re-
sults of the ongoing ACTIVATION (ISRCTN75836930)
(10) and NOTION-3 (Revascularization in Patients
Undergoing Transcatheter Aortic Valve Implantation;

FIGURE 2 Time to First Acute Coronary Event Following TAVR

Abbreviations as in Figure 1.
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Assessing the Severity of CAD in Patients
Undergoing TAVI
The optimal treatment of CAD in patients with TAVI remains to
be elucidated. Although Dewey et al8 showed that CAD is an
independent predictor of early and midterm survival, this
!nding was not supported by other studies.37,38,42,43 In
addition, Khawaja and colleagues37 showed that CAD was not
a predictor of worse outcome, albeit in patients exhibiting a
SYNTAX (Synergy Between PCIWith Taxus and Cardiac Surgery)
score >9. Chauhan and colleagues43 found no signi!cant
association between the SYNTAX or Duke Myocardial Jeopardy
score with rates of their prespeci!ed primary composite end
point (all-cause mortality, major adverse cardiovascular and
cerebrovascular event, and postoperative coronary revascular-
ization) or secondary outcomes of the 30-day and 1-year
composite end point. Moreover, the authors went further and
questioned the role of coronary angiography as part of the TAVI
workup.43More recently, Paradis and colleagues41 showed that
neither the severity of CAD nor the residual SYNTAX score after
revascularization was associated with worse outcomes at 30
days and 1 year after TAVI.

As mentioned previously, the reported prevalence of CAD
in the population undergoing TAVI varies depending on the
de!nitions used to de!ne signi!cance (Table 1) and can be as
high as 75%.8–12 The severity of CAD in AS patients has
historically been assessed using angiography to further
determine the need for revascularization; however, it is well
known that functionally guided fractional "ow reserve PCI
strategies have shown improvements in patient outcome.44

Nonetheless, functional assessment of CAD in the presence
of AS becomes dif!cult due to diffuse subendocardial
ischemia leading to myocardial !brosis as well as left
ventricular remodeling and, often, severe hypertrophy.45,46

Consequently, coronary physiology is altered in patients with
severe AS, and although the use of fractional "ow reserve has
not been validated for this group, fractional "ow reserve has
been performed safely in contemporaneous studies of
patients with severe AS.47–51

Coronary Revascularization and TAVI Outcomes
Our meta-analysis suggests that routine revascularization of
patients with severe AS and concomitant CAD undergoing

Figure 2. Meta-analyses evaluating the cumulative risk of (A) mortality and (B) clinical
outcomes of patients undergoing transcatheter aortic valve implantation (TAVI) plus
percutaneous coronary intervention (PCI) vs TAVI alone. AKI indicates acute kidney injury;
CI, con!dence interval; M-H, Mantel-Haenszel.
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TAVI may be associated with an increased risk of major
vascular complications and 30-day mortality, although the
latter association was no longer present by 1 year. In this
regard, Van Mieghem et al29 have shown no signi!cant

difference between complete versus incomplete revascular-
ization or for SYNTAX scores !8 versus <8. One of the
theoretical arguments to support revascularization prior to
TAVI is the anxiety that periprocedural MI might occur during

Figure 2. Continued.
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groups had 100% prevalence of CAD, there was no signi!cant
difference in treatment effect estimates, likely due to a small
event rates (Figure 2A). Moreover, metaregression analysis
suggests that differences in the prevalence of CAD did not
in"uence this outcome. Finally, the presence of multiple
comorbid conditions explains overall 30-day mortality, since
cardiovascular mortality was similar.

Timing for Revascularization: Concomitant Versus
A Priori Approach
Performing TAVI shortly after PCI mandates that the TAVI
procedure be performed while a patient is treated with dual

antiplatelet therapy, potentially increasing bleeding risk;
however, our analysis shows that major and minor bleeding
complications were not signi!cantly different between pre-
TAVI PCI and isolated TAVI approaches. Studies that com-
pared concomitant and a priori revascularization approaches
found no signi!cant differences for AKI and the need for
hemodialysis.10,23,33 Interestingly, one would expect that the
likelihood of AKI increases with a concomitant approach,
owing to the larger contrast volumes and higher number of
catheter manipulations; however, as reported previously,
contrast amount per se was not associated with AKI during
TAVI procedures.52 In addition, in most studies that reported
the incidence of AKI, PCI was performed a priori rather than in

Figure 5. Subgroup analysis according to the prevalence of signi!cant coronary artery disease (CAD) evaluating the cumulative risk of (A) 30-
day mortality, (B) cardiovascular mortality, (C) 1-year mortality, (D) myocardial infarction, (E) acute kidney injury and/or need for hemodialysis,
and (F) major and life-threatening bleeding of patients undergoing transcatheter aortic valve implantation (TAVI) plus percutaneous coronary
intervention (PCI) vs TAVI alone. CI indicates con!dence interval; M-H, Mantel-Haenszel.
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each outcome and the nonrandomized nature of the included
studies, which introduced selection bias. Importantly, the
decision to perform PCI as revascularization versus medical
management for CAD was at the discretion of the heart team
and without consistent selection criteria. In this regard, the
decision to undertake PCI may relate to unstable symptoms,
limiting angina, or patients considered to be at higher risk.
Individual-patient level data were not available, precludingmore
robust adjustment for any differences in clinical or anatomical
variables or comparisons of severity or risk across the cohorts.
Finally, one should bear in mind that once TAVI is extended to
lower risk younger and less morbid patients, who also exhibit
longer life expectancy, it may be bene!cial to perform pre-TAVI
revascularization to prevent potential problematic coronary
artery accessibility in the future. The results of the ACTIVATION
trial53 will provide further insight into optimal revascularization
strategies in patients with CAD undergoing TAVI.

Conclusion
Our !ndings suggest that revascularization before or during
TAVI confers no clinical advantage with respect to several
patient-important clinical outcomes and may be associated
with an increased risk of major vascular complications and
30-day mortality. These data, however, are based on obser-
vational studies including initial high-risk cohorts of patients
with limited follow-up and may not be applicable to lower risk
cohorts with greater life expectancy. Randomized controlled
trials are needed to determine the role of routine revascular-
ization in patients with signi!cant CAD undergoing TAVI.
Meanwhile, in the absence of de!nitive evidence, careful

evaluation of patients on an individual basis by a dedicated
heart team is of paramount importance to identify patients,
such as those with signi!cant CAD affecting proximal main
epicardial vessels, for whom the bene!ts of elective revascu-
larization are balanced against the potential risks.
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hemodialysis.10,23,33 Interestingly, one would expect that the
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owing to the larger contrast volumes and higher number of
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contrast amount per se was not associated with AKI during
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Figure 5. Subgroup analysis according to the prevalence of signi!cant coronary artery disease (CAD) evaluating the cumulative risk of (A) 30-
day mortality, (B) cardiovascular mortality, (C) 1-year mortality, (D) myocardial infarction, (E) acute kidney injury and/or need for hemodialysis,
and (F) major and life-threatening bleeding of patients undergoing transcatheter aortic valve implantation (TAVI) plus percutaneous coronary
intervention (PCI) vs TAVI alone. CI indicates con!dence interval; M-H, Mantel-Haenszel.
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3.6.2 Atrial fibrillation

Detailed recommendations on the management of patients with
atrial fibrillation (AF) including management of anticoagulation are
provided in specific guidelines.74 NOACs are recommended in
patients with aortic stenosis, aortic regurgitation or mitral regurgita-
tion presenting with AF75!78 as subgroup analyses of randomized
controlled trials (RCTs) support the use of apixaban, dabigatran,
edoxaban, and rivaroxaban. The use of NOACs is not recommended
in patients who have AF associated with clinically significant mitral
stenosis or those with mechanical prostheses.

Surgical ablation of AF combined with mitral valve surgery effec-
tively reduces the incidence of AF but has no impact on adjusted
short-term survival. An increased rate of pacemaker implantation has
been observed after surgical ablation (9.5%, vs. 7.6% in the group
with AF and no surgical ablation).79 Concomitant AF ablation should
be considered in patients undergoing cardiac surgery, balancing the
benefits of freedom from atrial arrhythmias with the risk factors for
recurrence, such as age, LA dilatation, years in AF, renal dysfunction,
and other cardiovascular risk factors. In addition, left atrial appendage

(LAA) occlusion should be considered in combination with valve sur-
gery in patients with AF and a CHA2DS2VASc score >_2 to reduce
the thromboembolic risk.80!82 The selected surgical technique
should ensure complete occlusion of the LAA. For patients with AF
and risk factors for stroke, long-term oral anticoagulation (OAC) is
currently recommended, irrespective of the use of surgical ablation
of AF and/or surgical LAA occlusion.

Recommendations for the management of AF in native VHD are
summarized in the following table. The recommendations concerning
patients with valve prostheses, and the combination of anticoagulants
and antiplatelet agents in patients undergoing PCI, are described in
section 11 (section 11.3.2.2 and related table of recommendations
for perioperative and postoperative antithrombotic management of
valve replacement or repair).

3.7 Endocarditis prophylaxis
Antibiotic prophylaxis should be considered for high-risk procedures
in patients with prosthetic valves, including transcatheter valves, or
with repairs using prosthetic material, and in patients with previous
episode(s) of infective endocarditis.4 Particular attention to dental
and cutaneous hygiene and strict aseptic measures during any invasive
procedure are advised in this population. Antibiotic prophylaxis
should be considered in dental procedures involving manipulation of
the gingival or periapical region of the teeth or manipulation of the
oral mucosa.4

Coronary angiography is recommended in the

evaluation of severe SMR.
I C

Coronary CT angiography should be considered

as an alternative to coronary angiography before

valve surgery in patients with severe VHD and

low probability of CAD.d

IIa C

Indications for myocardial revascularization

CABG is recommended in patients with a pri-

mary indication for aortic/mitral/tricuspid valve

surgery and coronary artery diameter stenosis

>_70%.e,f

I C

CABG should be considered in patients with a

primary indication for aortic/mitral/tricuspid

valve surgery and coronary artery diameter

stenosis >_50!70%.

IIa C

PCI should be considered in patients with a pri-

mary indication to undergo TAVI and coronary

artery diameter stenosis >70% in proximal

segments.

IIa C

PCI should be considered in patients with a pri-

mary indication to undergo transcatheter mitral

valve intervention and coronary artery diameter

stenosis >70% in proximal segments.

IIa C

CABG = coronary artery bypass grafting; CAD = coronary artery disease;
CT = computed tomography; LV = left ventricle/left ventricular;
PCI = percutaneous coronary intervention; SMR = secondary mitral regurgitation;
TAVI = transcatheter aortic valve implantation; VHD = valvular heart disease.
aClass of recommendation.
bLevel of evidence.
cChest pain, abnormal non-invasive testing.
dCoronary CT angiography may also be used in patients requiring emergency sur-
gery with acute infective endocarditis with large vegetations protruding in front
of a coronary ostium.
eStenosis >_50% can be considered for left main stenosis.
fFFR <_0.8 is a useful cut-off indicating the need for an intervention in patients
with mitral or tricuspid diseases, but has not been validated in patients with aortic
stenosis.
Adapted from45,72

Recommendations on management of atrial fibrillation
in patients with native VHD

Recommendations Classa Levelb

Anticoagulation

For stroke prevention in AF patients who are eli-

gible for OAC, NOACs are recommended in

preference to VKAs in patients with aortic

stenosis, aortic and mitral

regurgitation.75!78,83,84

I A

The use of NOACs is not recommended in

patients with AF and moderate to severe mitral

stenosis.

III C

Surgical interventions

Concomitant AF ablation should be considered

in patients undergoing valve surgery, balancing

the benefits of freedom from atrial arrhythmias

and the risk factors for recurrence (LA dilata-

tion, years in AF, age, renal dysfunction, and

other cardiovascular risk factors).79,85!90

IIa A

LAA occlusion should be considered to reduce

the thromboembolic risk in patients, with

AF and a CHA2DS2VASc score >_2 undergoing

valve surgery.82

IIa B

AF = atrial fibrillation; LA = left atrium/left atrial; LAA = left atrial appendage;
NOAC = non-vitamin K antagonist oral anticoagulant; OAC = oral anticoagula-
tion; VKA = vitamin K antagonist.
aClass of recommendation.
bLevel of evidence.
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3.6.2 Atrial fibrillation

Detailed recommendations on the management of patients with
atrial fibrillation (AF) including management of anticoagulation are
provided in specific guidelines.74 NOACs are recommended in
patients with aortic stenosis, aortic regurgitation or mitral regurgita-
tion presenting with AF75!78 as subgroup analyses of randomized
controlled trials (RCTs) support the use of apixaban, dabigatran,
edoxaban, and rivaroxaban. The use of NOACs is not recommended
in patients who have AF associated with clinically significant mitral
stenosis or those with mechanical prostheses.

Surgical ablation of AF combined with mitral valve surgery effec-
tively reduces the incidence of AF but has no impact on adjusted
short-term survival. An increased rate of pacemaker implantation has
been observed after surgical ablation (9.5%, vs. 7.6% in the group
with AF and no surgical ablation).79 Concomitant AF ablation should
be considered in patients undergoing cardiac surgery, balancing the
benefits of freedom from atrial arrhythmias with the risk factors for
recurrence, such as age, LA dilatation, years in AF, renal dysfunction,
and other cardiovascular risk factors. In addition, left atrial appendage

(LAA) occlusion should be considered in combination with valve sur-
gery in patients with AF and a CHA2DS2VASc score >_2 to reduce
the thromboembolic risk.80!82 The selected surgical technique
should ensure complete occlusion of the LAA. For patients with AF
and risk factors for stroke, long-term oral anticoagulation (OAC) is
currently recommended, irrespective of the use of surgical ablation
of AF and/or surgical LAA occlusion.

Recommendations for the management of AF in native VHD are
summarized in the following table. The recommendations concerning
patients with valve prostheses, and the combination of anticoagulants
and antiplatelet agents in patients undergoing PCI, are described in
section 11 (section 11.3.2.2 and related table of recommendations
for perioperative and postoperative antithrombotic management of
valve replacement or repair).

3.7 Endocarditis prophylaxis
Antibiotic prophylaxis should be considered for high-risk procedures
in patients with prosthetic valves, including transcatheter valves, or
with repairs using prosthetic material, and in patients with previous
episode(s) of infective endocarditis.4 Particular attention to dental
and cutaneous hygiene and strict aseptic measures during any invasive
procedure are advised in this population. Antibiotic prophylaxis
should be considered in dental procedures involving manipulation of
the gingival or periapical region of the teeth or manipulation of the
oral mucosa.4

Coronary angiography is recommended in the

evaluation of severe SMR.
I C

Coronary CT angiography should be considered

as an alternative to coronary angiography before

valve surgery in patients with severe VHD and

low probability of CAD.d

IIa C

Indications for myocardial revascularization

CABG is recommended in patients with a pri-

mary indication for aortic/mitral/tricuspid valve

surgery and coronary artery diameter stenosis

>_70%.e,f

I C

CABG should be considered in patients with a

primary indication for aortic/mitral/tricuspid

valve surgery and coronary artery diameter

stenosis >_50!70%.

IIa C

PCI should be considered in patients with a pri-

mary indication to undergo TAVI and coronary

artery diameter stenosis >70% in proximal

segments.

IIa C

PCI should be considered in patients with a pri-

mary indication to undergo transcatheter mitral

valve intervention and coronary artery diameter

stenosis >70% in proximal segments.

IIa C

CABG = coronary artery bypass grafting; CAD = coronary artery disease;
CT = computed tomography; LV = left ventricle/left ventricular;
PCI = percutaneous coronary intervention; SMR = secondary mitral regurgitation;
TAVI = transcatheter aortic valve implantation; VHD = valvular heart disease.
aClass of recommendation.
bLevel of evidence.
cChest pain, abnormal non-invasive testing.
dCoronary CT angiography may also be used in patients requiring emergency sur-
gery with acute infective endocarditis with large vegetations protruding in front
of a coronary ostium.
eStenosis >_50% can be considered for left main stenosis.
fFFR <_0.8 is a useful cut-off indicating the need for an intervention in patients
with mitral or tricuspid diseases, but has not been validated in patients with aortic
stenosis.
Adapted from45,72
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14. SURGICAL CONSIDERATIONS

14.1. Evaluation and Management of CAD in Patients With VHD

14.1.1. Management of CAD in Patients Undergoing TAVI

14.1.2. Management of CAD in Patients Undergoing Valve
Surgery

14.2. Intervention for AF in Patients With VHD

Recommendations for Management of CAD in Patients Undergoing TAVI
Referenced studies that support the recommendations are summarized in Online Data Supplement 45.

COR LOE RECOMMENDATIONS

1 C-EO
1. In patients undergoing TAVI, 1) contrast-enhanced coronary CT angiography (in patients with a low

pretest probability for CAD) or 2) an invasive coronary angiogram is recommended to assess coronary
anatomy and guide revascularization.

2a C-LD
2. In patients undergoing TAVI with signi!cant left main or proximal CAD with or without angina, revas-

cularization by PCI before TAVI is reasonable (751,752).

2a C-LD
3. In patients with signi!cant AS and signi!cant CAD (luminal reduction >70% diameter, fractional "ow

reserve <0.8, instantaneous wave-free ratio <0.89) consisting of complex bifurcation left main and/or
multivessel CAD with a SYNTAX (Synergy Between Percutaneous Coronary Intervention With Taxus and
Cardiac Surgery) score >33, SAVR and CABG are reasonable and preferred over TAVI and PCI (753,754).

Recommendations for Management of CAD in Patients Undergoing Valve Surgery
Referenced studies that support the recommendations are summarized in Online Data Supplement 45.

COR LOE RECOMMENDATIONS

1 C-LD
1. In patients with symptoms of angina, objective evidence of ischemia, decreased LV systolic function,

history of CAD, or coronary risk factors (including men >40 years of age and postmenopausal women),
invasive coronary angiography is indicated before valve intervention (755–762).

1 C-LD
2. In patients with chronic severe secondary MR, invasive coronary angiography should be performed as part

of the evaluation (763–765).

2a B-NR
3. In selected patients with a low to intermediate pretest probability of CAD, contrast-enhanced coronary

CT angiography is reasonable to exclude the presence of signi!cant obstructive CAD (766–772).

2a C-LD
4. In patients undergoing valve repair or replacement with signi!cant proximal CAD ($70% reduction in

luminal diameter in major coronary arteries or $50% reduction in luminal diameter in the left main
coronary artery and/or physiologically signi!cance), CABG is reasonable for selective patients (754,773).

Recommendations for Intervention for AF in Patients With VHD
Referenced studies that support the recommendations are summarized in Online Data Supplement 46.

COR LOE RECOMMENDATIONS

1 C-LD
1. In patients with VHD and AF for whom surgical intervention is planned, the potential symptomatic

bene!ts and additional procedural risks of adjunctive arrhythmia surgery at the time of cardiac valvular
surgery should be discussed with the patient (774–784).

2a B-R
2. For symptomatic patients with paroxysmal or persistent AF who are undergoing valvular surgery, surgical

pulmonary vein isolation or a maze procedure can be bene!cial to reduce symptoms and prevent
recurrent arrhythmias (774,775,785–788).

2a B-NR
3. For patients with AF or atrial "utter who are undergoing valve surgery, LA appendage ligation/excision is

reasonable to reduce the risk of thromboembolic events (789–792).
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FFR and myocardial hypertrophy: Aortic stenosis – simulation (II)



Improvement of physiological reserve with TAVI

Davies et al. Circulation 2011

n=11  pre- and post- TAVI
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The syndrome entails the perfect storm of valve, ven-
tricular, and vascular abnormalities, with valve steno-
sis, concentric LV remodeling (culminating in restrictive 
physiology), and high Zva with markedly lower systemic 
arterial compliance and higher arterial resistance.85–90

A low-indexed stroke volume predicts mortality and 
risk increases sharply when it is <35 mL/m2.91–93 Although 
still controversial, the bulk of evidence suggests that 
patients with AS and SVi <35 mL/m2 have markedly 
worse outcomes.82,86–88,92,94–106 Some discrepant stud-
ies (which include a high proportion of asymptomatic 
patients or fail to account for stroke volume)107–110 have 
been criticized for imprecise data analysis and misclas-
sification.111 The phenomenon of distinct remodeling is 
poorly understood, and there is a paucity of invasive 
data to characterize the cohort and understand factors 
that predict poor outcome and the response to valve 
intervention.

European112 and American113 guidelines provide a 
Class IIA indication for aortic valve intervention in symp-
tomatic pLFLG AS but only after careful confirmation 
of clinical, hemodynamic, and anatomic data (in the 

normotensive setting), and exclusion of pseudo-steno-
sis, where the myopathic ventricle fails to generate ade-
quate force. Although survival is improved when it is 
treated,80,99,105,106,114,115 these patients have adverse out-
comes during and after valve intervention when com-
pared with other AS cohorts,82,100,106 perhaps related 
to the burden of myocardial fibrosis.116,117 This fibrosis 
also impacts on myocardial perfusion reserve owing to 
reduced arteriolar and capillary density.

STRUCTURAL REMODELING IN LOW-
GRADIENT AS
The complex collagen weave is responsible for much of 
the ventricle’s passive diastolic stiffness,118 and remodel-
ing in response to pressure overload causes fibroblast 
proliferation and collagen I accumulation.119 Myocardial 
collagen deposition is a common end point of many 
pathologies and accompanies advanced aging.120 
Myocardial hypertrophy is detrimental to overall sur-
vival121–123 and correlates with fibrosis, impaired longitu-
dinal shortening, and worsening diastolic function. This 
fibrosis associated with AS124–127 is a crucial determinant 
of cardiac dysfunction and prognosis,116,124,125,128,129 
and replacement fibrosis may be the result of myocyte 
apoptosis accounting for progression to heart failure.130 
Interstitial, subendocardial, and mid-wall patterns of 
fibrosis have been demonstrated in patients with AS 
and normal coronary arteries.85,116,117,123,131–137

While endomyocardial biopsy is the gold standard 
for confirming fibrosis,138 cardiac magnetic resonance 
imaging has been widely used in its detection, either 
using T1 mapping to calculate extracellular volume frac-
tion or late gadolinium enhancement. Extracellular vol-
ume fraction can detect extracellular volume expansion 

Figure 5. Factors implicated in disrupted coronary flow and reduced coronary flow reserve in aortic stenosis.  
Compensatory mechanisms fail because of structural and mechanical effects on the ventricle and coronary circulation. There is reduced physiological reserve as a 
result of inadequate myocardial oxygen supply and increased oxygen demand. BEW indicates backward expansion wave; CBF, coronary blood flow; DPT, diastolic 
perfusion time; and VTI, velocity-time integral.

Figure 6. Classification of aortic stenosis according to flow (low-flow 
<35 mL/m2, normal-flow >35 mL/m2) and gradient (low-gradient mean 
pressure gradient [MPG] <40 mmHg, high-gradient MPG >40 mmHg).  
Low-flow low-gradient can be further subdivided into classical and paradoxi-
cal according to the presence or absence of impaired left ventricular function. 
LFHG indicates low flow-high gradient;  LFLG, low flow-low gradient; NFHG, 
normal flow-high gradient; and NFLG, normal flow-low gradient.
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FFR before TAVI/AVR underestimate stenosis severity
iFR probably less sensitive to AS severity

TAVI/AVR restore/improve microcirculation and increase hyperemia capacity
stenosis severity, their physiological principles rely
on the fact that pressure is proportional to underlying
coronary !ow during their measurement. Therefore,
any change in coronary !ow will lead to a change in
the pressure-only index.

FFR is measured over the whole cardiac cycle. As
a result, it includes systolic !ow. The signi"cant
change in hyperemic systolic !ow immediately after
TAVR has a signi"cant effect on whole-cycle !ow
and therefore FFR. The blunted whole-cycle hyper-
emic !ow pre-TAVR leads to FFR’s systematically
underestimating coronary stenosis severity in the
presence of AS, with an increase in hyperemic !ow
post-TAVR resulting in FFR values becoming
signi"cantly lower across the same coronary steno-
sis (Figure 7).

iFR is a nonhyperemic index of stenosis severity
that is measured during the diastolic wave-free
period (6). During this period pressure and !ow are
proportional. We demonstrate that this diastolic
wave-free period exists in patients with severe AS.
Furthermore, coronary !ow during the diastolic

wave-free period does not change post-TAVR, indi-
cating its relative independence from the acute relief
of AS. This ability to discriminate the coronary ste-
nosis severity from AS appears to be true of this
period at rest and during hyperemia. The consistency
of !ow during this period post-TAVR means that, in

FIGURE 5 Changes in Fractional Flow Reserve and
Instantaneous Wave-Free Ratio After Transcatheter
Aortic Valve Replacement

Figure demonstrating the change in fractional !ow reserve
(FFR) and instantaneous wave-free ratio (iFR) values after
transcatheter aortic valve replacement. FFR decreases signi"-
cantly, whereas iFR remains constant. The bars denote mean
values, with the error bars denoting SEs.

FIGURE 4 Coronary Flow Velocity Before and After
Transcatheter Aortic Valve Replacement

Figure demonstrating the changes in coronary !ow before and
after transcatheter aortic valve replacement (TAVR). The left
side of the graph is resting !ow over the whole cardiac cycle
(PdPa-!ow); themiddle side of the graph is resting !ow during
the wave-period of diastole (iFR-!ow); and the right side of
the graph is hyperemic !ow over the whole cardiac cycle
(FFR-!ow). Both PdPa-!ow and FFR-!ow increase signi"cantly
more post-TAVR than iFR-!ow, which is constant. The bars
denote mean values, with the error bars denoting SEs.

TABLE 5 Indices of Coronary Stenosis Severity Before and After
Transcatheter Aortic Valve Replacement

Pre-TAVR Post-TAVR p Value

Hyperemic indices

Fractional !ow reserve 0.87 ! 0.08 0.85 ! 0.09 0.0008

Hyperemic stenosis resistance 0.34 ! 0.32 0.40 ! 0.32 0.06

Resting indices

Instantaneous wave-free ratio 0.88 ! 0.09 0.88 ! 0.09 0.94
Basal stenosis resistance 0.31 ! 0.29 0.32 ! 0.26 0.50
Pd/Pa 0.91 ! 0.29 0.92 ! 0.06 0.82
Diastolic Pd/Pa 0.88 ! 0.10 0.89 ! 0.09 0.75

Values are mean ! SD.

TAVR " transcatheter aortic valve replacement.
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Effect of BO on RV Function

Occlusion of the RCA was associated with deterioration in
markers of systolic and diastolic function compared to

baseline. Table 2 shows that at the end of BO, SW, ejection
fraction, and dP/dtmax were signi!cantly reduced; Tau and
EDP increased. Systolic function reached suprabaseline levels
at 1 minute after reperfusion with signi!cant increases in

Figure 2. Comparisons of systolic function (A) stroke work (SW) and diastolic function (B) end-
diastolic pressure (EDP) and (C) Tau, at baseline (BL) and 15-minute recovery following low-pressure
balloon occlusion (BO) of the right coronary artery (15 minutes). Comparisons of systolic function (D)
SW and diastolic function (E) EDP and (F) Tau, at BL and 15 minutes after rapid pacing (RP) for valve
deployment (15 minutes). *P<0.05, **P<0.01.
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subsequently been used for the RV.20,21 The time varying
volume, V(t), was calculated as follows: V(t)=1/a9L2/r9[G
(t)!G(p)]; a is the ratio of the conductance-derived stroke
volume to the true stroke volume (calculated from the indirect
Fick measure of cardiac output), L is the interelectrode
distance, r is the blood conductivity (the reciprocal of the
speci!c resistivity of the blood measured directly with the
Millar cuvette), and G(p) is the parallel conductance (conduc-
tance of "uids and tissues surrounding the RV). G(p) was
calculated using the hypertonic saline injection technique as
previously described by Baan et al.19

Pressure Volume Loop Data Acquisition
The conductance technique was used to measure the
pressure-volume-loop relationship during breath hold in

midexpiration to provide a beat-to-beat assessment of RV
function at steady state for at least 5 cardiac cycles
(Figure 1). Pressure-volume-loop data were continuously
recorded at baseline, during a 1-minute low-pressure
(<4 atm) BO (BO group) or during a median of 38.5
(24.8–62.3) s at a mean rate of 200"18 beats per minute
of cumulative RP (RP group). The rate, frequency, and
duration of RP was at the operator’s discretion guided by
the surrogate of reduced LV ejection—a systolic blood
pressure <40 mm Hg. RP was applied intermittently for
pacing test capture, balloon aortic valvuloplasty, and TAVR
(Edwards SAPIEN III Transcatheter Heart Valve (Edwards
Lifesciences, Irvine, CA) positioning and deployment. Pres-
sure-volume-loop data were recorded continuously postin-
tervention over a 15-minute period of recovery. Once data
collection was completed, PCI was performed in the BO

A C

B D

Figure 1. A, Fluoroscopic image of the conductance catheter located in the right ventricle (RV) during
low-pressure balloon occlusion of the right coronary artery. B, RV pressure volume (PV)–loops recorded at
baseline (blue), at the end of the low-pressure balloon occlusion (red), and at 15-minute recovery (green). C,
Fluoroscopic image of the conductance catheter located in the RV during SAPIEN 3-valve deployment. D, RV
PV-loops recorded at baseline (blue), at the end of the rapid paced valve deployment (red), and at 15-minute
recovery (green).
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Post pacing
15’ post pacing

subsequently been used for the RV.20,21 The time varying
volume, V(t), was calculated as follows: V(t)=1/a9L2/r9[G
(t)!G(p)]; a is the ratio of the conductance-derived stroke
volume to the true stroke volume (calculated from the indirect
Fick measure of cardiac output), L is the interelectrode
distance, r is the blood conductivity (the reciprocal of the
speci!c resistivity of the blood measured directly with the
Millar cuvette), and G(p) is the parallel conductance (conduc-
tance of "uids and tissues surrounding the RV). G(p) was
calculated using the hypertonic saline injection technique as
previously described by Baan et al.19

Pressure Volume Loop Data Acquisition
The conductance technique was used to measure the
pressure-volume-loop relationship during breath hold in

midexpiration to provide a beat-to-beat assessment of RV
function at steady state for at least 5 cardiac cycles
(Figure 1). Pressure-volume-loop data were continuously
recorded at baseline, during a 1-minute low-pressure
(<4 atm) BO (BO group) or during a median of 38.5
(24.8–62.3) s at a mean rate of 200"18 beats per minute
of cumulative RP (RP group). The rate, frequency, and
duration of RP was at the operator’s discretion guided by
the surrogate of reduced LV ejection—a systolic blood
pressure <40 mm Hg. RP was applied intermittently for
pacing test capture, balloon aortic valvuloplasty, and TAVR
(Edwards SAPIEN III Transcatheter Heart Valve (Edwards
Lifesciences, Irvine, CA) positioning and deployment. Pres-
sure-volume-loop data were recorded continuously postin-
tervention over a 15-minute period of recovery. Once data
collection was completed, PCI was performed in the BO

A C

B D

Figure 1. A, Fluoroscopic image of the conductance catheter located in the right ventricle (RV) during
low-pressure balloon occlusion of the right coronary artery. B, RV pressure volume (PV)–loops recorded at
baseline (blue), at the end of the low-pressure balloon occlusion (red), and at 15-minute recovery (green). C,
Fluoroscopic image of the conductance catheter located in the RV during SAPIEN 3-valve deployment. D, RV
PV-loops recorded at baseline (blue), at the end of the rapid paced valve deployment (red), and at 15-minute
recovery (green).
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subsequently been used for the RV.20,21 The time varying
volume, V(t), was calculated as follows: V(t)=1/a9L2/r9[G
(t)!G(p)]; a is the ratio of the conductance-derived stroke
volume to the true stroke volume (calculated from the indirect
Fick measure of cardiac output), L is the interelectrode
distance, r is the blood conductivity (the reciprocal of the
speci!c resistivity of the blood measured directly with the
Millar cuvette), and G(p) is the parallel conductance (conduc-
tance of "uids and tissues surrounding the RV). G(p) was
calculated using the hypertonic saline injection technique as
previously described by Baan et al.19

Pressure Volume Loop Data Acquisition
The conductance technique was used to measure the
pressure-volume-loop relationship during breath hold in

midexpiration to provide a beat-to-beat assessment of RV
function at steady state for at least 5 cardiac cycles
(Figure 1). Pressure-volume-loop data were continuously
recorded at baseline, during a 1-minute low-pressure
(<4 atm) BO (BO group) or during a median of 38.5
(24.8–62.3) s at a mean rate of 200"18 beats per minute
of cumulative RP (RP group). The rate, frequency, and
duration of RP was at the operator’s discretion guided by
the surrogate of reduced LV ejection—a systolic blood
pressure <40 mm Hg. RP was applied intermittently for
pacing test capture, balloon aortic valvuloplasty, and TAVR
(Edwards SAPIEN III Transcatheter Heart Valve (Edwards
Lifesciences, Irvine, CA) positioning and deployment. Pres-
sure-volume-loop data were recorded continuously postin-
tervention over a 15-minute period of recovery. Once data
collection was completed, PCI was performed in the BO
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Figure 1. A, Fluoroscopic image of the conductance catheter located in the right ventricle (RV) during
low-pressure balloon occlusion of the right coronary artery. B, RV pressure volume (PV)–loops recorded at
baseline (blue), at the end of the low-pressure balloon occlusion (red), and at 15-minute recovery (green). C,
Fluoroscopic image of the conductance catheter located in the RV during SAPIEN 3-valve deployment. D, RV
PV-loops recorded at baseline (blue), at the end of the rapid paced valve deployment (red), and at 15-minute
recovery (green).
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mortality (11.1%, 7.7%, and 18%, respectively, P=0.015)
(Table 3, Figure 1).

A multivariate Cox regression indicated that AKI (OR 3.27
[1.763–6.09], P<0.001), euroSCORE II (OR 1.06 per unit
[1.01–1.12], P=0.03), and 3+ pacing episodes (OR 2.35
[1.18–4.7], P=0.02) were the only independent predictors for
1-year mortality.

Subgroup analysis including patients who underwent any
RVP (groups 1–2 and 3+ pacing episodes) (n=352) showed a
mean cumulative pacing duration of 30 seconds (IQR
17–41 seconds). Paced patients were divided into 3 tertiles
based on the cumulative pacing duration (T1: 3–24 seconds;
T2: 24–35 seconds; T3: >35 seconds). Baseline and procedu-
ral characteristics of patients in the 3 tertiles were comparable
(Table S1). The rates of balloon expandable valve and balloon
predilation, but not balloon postdilation increased with longer
pacing duration (Table S2). Patients undergoing longer cumu-
lative pacing duration (T3) were signi!cantly more likely to
suffer from AKI, new atrial !brillation, sustained intra-
procedural hypotension, and stroke as compared with shorter
pacing duration (Table 4). Also, post-procedural elevated

biomarkers were progressively more common with increasing
pacing duration. No signi!cant differences were found among
groups with respect to vascular complications and bleeding
(Table 4).

Among patients who underwent rapid pacing, those in the
upper tertile of cumulative pacing time were more likely to die
than those in the !rst and second tertiles (in-hospital
mortality: 2.6%, 0.9%, and 6%, P=0.077; 1-year mortality:
9.2%, 6.8%, and 16.8%, P=0.043, respectively, for T1, T2, and
T3). Kaplan–Meier analysis of 1-year mortality according to
tertiles of cumulative pacing time is shown in Figure 2.

Discussion
Themain !ndings of the present study indicate that themajority
of TAVR patients undergo RVP during the procedure. Perfor-
mance of 1 or 2 RVP episodes during the procedure seems safe
and does not increase the risk for early or late adverse events.
However, performance of !3 RVP episodes is associated with
increased risk for peri-procedural AKI, and atrial !brillation, as
well as higher in-hospital and 1-year mortality.

Table 3. In-Hospital Outcomes and 1-Year Mortality

No Pacing Episodes (n=54) 1 to 2 Pacing Episodes (n=247) 3+ Pacing Episodes (n=111) P Value

AKI 0.001

Stage 1 5 (9.3) 35 (14) 18 (17)

Stage 2 4 (7.4) 7 (2.9) 4 (3.7)

Stage 3 1 (1.9) 1 (0.4) 9 (8.3)

Vascular complications 0.89

Minor 16 (30) 58 (24) 28 (26)

Major 1 (1.9) 5 (2) 3 (2.7)

Bleeding 0.6

Minor 9 (17) 26 (11) 13 (12)

Major 2 (3.7) 11 (4.5) 5 (4.5)

Life threatening/disabling 2 (3.7) 4 (1.6) 5 (4.5)

Prolonged hypotension 0 39 (16) 28 (25) <0.001

New atrial fibrillation 3 (5.6) 18 (7.3) 16 (15) 0.047

New onset left bundle branch block 15 (28) 81 (33) 27 (25) 0.3

High-degree atrioventricular block 5 (9.3) 41 (17) 18 (17) 0.38

Permanent pacemaker implantation 6 (12) 46 (19) 20 (19) 0.46

Postprocedure troponin >x15 ULN 18 (33) 128 (52) 70 (63) 0.002

Postprocedural CPK >x5 ULN 4 (7.4) 18 (7.3) 21 (19) 0.003

Stroke 3 (5.6) 6 (2.4) 8 (7.3) 0.09

Peri-procedural mortality 0 0 1 (0.9) 0.26

In-hospital mortality 1 (2) 4 (1.7) 7 (6.5) 0.045

1-y death 6 (11) 19 (7.7) 20 (18) 0.015

All numbers expressed as n (%). AKI indicates acute kidney injury; CPK, creatine phosphokinase.
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consensus of a multidisciplinary heart team. Selection of the
transcatheter heart valve, approach and anesthesia was
chosen at the discretion of the physician. Patients undergoing
non-transfemoral approach were excluded.

The full disclosure of procedural 3-lead ECG tracings and
invasive blood pressure recordings during the entire TAVR
procedure were reviewed retrospectively and each episode of
pacing was recorded, including number of pacing episodes
during the procedure, duration of each pacing episode, and
duration of recovery of blood pressure. For the purpose of this
study patients were divided according to the number of rapid
pacing episodes during the TAVR procedure comparing
patients undergoing no pacing, 1 to 2 pacing episodes, and
! 3 (3+) pacing episodes.

To assess the clinical impact of cumulative pacing
duration, a sub-group analysis of paced patients (1–2 and
3+ pacing groups) was performed according to the cumulative
pacing time (in paced seconds), dividing patients into tertiles
of pacing duration.

Pre-speci!ed clinical and laboratory data were collected for
all patients at baseline before the procedure, immediately
post-procedure, during the index hospitalization, and during
long term follow up. Collected data included medical history,
ECG, echocardiography studies, laboratory tests, and clinical
outcomes. In-hospital outcomes were collected according to
the Valve Academic Research Consortium (VARC)-2 consen-
sus document5 and included acute kidney injury (AKI), peri-
procedural myocardial infarction, stroke, bleeding, vascular
complications, and death. In addition, data on new-onset atrial
!brillation, myocardial biomarker levels post-procedure (cre-
atinine phosphokinase and troponin I) and sustained intra-
procedural hypotension (de!ned as a reduced systolic
pressure under 80 mm Hg for over 1 minute or requiring
administration of vasopressor drugs) was collected. All
suspected events were adjudicated by a blinded interventional
cardiologist.

Statistical analyses were performed with SPSS version 21.
Categorical variables were reported as frequency and per-
centages, and continuous variables as means and standard
deviations or medians and interquartile range (IQR). Categor-
ical variables were compared using Chi-square test and
continuous variables using ANOVA (Scheffe’s method for post
hoc analysis) or Kruskal–Wallis test (Mann–Whitney for post
hoc analysis). Univariate Cox regression was used to evaluate
the association between low, intermediate and high risk
categories and mortality. Multivariate Cox regression was
used to evaluate the association while controlling for potential
confounders. Age, sex, kidney injury, predilation, euroSCORE,
and residual paravalvular leak were included in the multivari-
ate cox regression block. Kaplan–Meier plot was used to
describe the mortality between categories and log-rank test to
compare between them. A 2-tailed P<0.05 were considered
statistically signi!cant.

Results
This study included 412 consecutive patients with mean age
of 82!7 years, of which 47% were male, with a mean
euroSCORE II of 4.9!5.2. Balloon expandable valves were
used in 45% and self-expandable valves in 55% of patients.
RVP was used in the vast majority of the procedures (87%)
among which 247 patients (60%) underwent 1 to 2 RVP
episodes (mean pacing duration 24!13 seconds) and 111
patients (27%) underwent 3+ RVP episodes (mean pacing
duration 48!45 seconds). Only 54 patients (13%) underwent
TAVI with no RVP.

Baseline characteristics of patients undergoing no pacing,
1 to 2, and 3+ pacing episodes are shown in Table 1. Minor
differences were found between groups. The 3+ pacing group
had more males and a higher euroSCORE II, however no
difference in Society of Thoracic Surgeons score was noted
between groups. Prevalence of permanent pacemakers at
baseline was higher among the no pacing group. Patients who
were not paced during the procedure were universally
implanted with a self-expandable valve (Table 2). Balloon
expandable valves were progressively more often used in the
1 to 2 and 3+ pacing groups. Predilation was performed
signi!cantly more often in the 3+ pacing group, whereas
postdilation was performed in around a quarter of patients in
the 1 to 2 and 3+ pacing groups. Importantly, no signi!cant
differences in incidence of !nal paravalvular leak (PVL) were
found between groups. No signi!cant differences between the
groups were noted with respect to the majority of procedural
complications including bleeding, vascular injury, and proce-
dural death (Table 3). However, the rates of new atrial
!brillation (5.6% versus 7.3% versus 15%, respectively, for 0,
1–2, and 3+ groups, P=0.047) as well as the rates of any
kidney injury (18% versus 18% versus 28%, respectively,

Clinical Perspective

What Is New?

• In this study, the largest to evaluate the effect of rapid
pacing episodes on outcomes in patients undergoing
transcatheter aortic valve replacement, patients undergoing
!3 pacing episodes had worse outcomes including greater
incidence of acute kidney injury, in-hospital and 1-year
mortality.

What Are the Clinical Implications?

• Transcatheter aortic valve replacement operators should
aim to minimize the use of rapid ventricular pacing,
especially in patients at risk of acute kidney injury.
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relative to the coronary ostia, making it dif!cult to
determine whether the commissural post may
impede the ability to reaccess coronaries. Nonethe-
less, it remains essential to understand the 3-
dimensional geometric interaction among the valve
prosthesis, the aortic root, and coronary ostia to help
predict and prepare for potential challenges of coro-
nary reaccess in these patients (Central Illustration).

GEOMETRIC INTERACTION BETWEEN

SELF-EXPANDING AND

BALLOON-EXPANDABLE VALVES

AND CORONARY OSTIA

Pre-procedural planning predominantly focuses on
predicting the likelihood of acute coronary obstruction

because of the life-threatening nature of this rare
complication (42). However, to date, there has not
been any emphasis on factors that will affect future
coronary reaccess, such as valve design and selection,
positioning during deployment, as well as potential
interactions between the transcatheter valve and the
native aortic valve lea"ets, coronary ostia height, and
sinus of Valsalva diameter and height.

SELF-EXPANDING VALVE. The CoreValve self-
expanding valve is composed of 2 parts; the self-
expanding nitinol support frame with diamond cell
con!guration and the trilea"et porcine pericardial
tissue valve. The frame has 3 levels:

1. The in"ow exerts a high radial expansive force that
secures the frame across the annulus.

CENTRAL ILLUSTRATION Coronary Reaccess After TAVR

Yudi, M.B. et al. J Am Coll Cardiol. 2018;71(12):1360–78.

Summary of factors impacting coronary access and imaging evaluation after TAVR. MDCT ! multidetector computed tomography; TAVR ! transcatheter aortic valve
replacement.
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the coronary ostia; the wider the sinus the more room
there is to manipulate a catheter toward the coronary
ostia, particularly in the scenario shown in Figure 3. A
narrow sinus would require a very acute angle for the
catheter to be pointing toward the ostia for a nonse-
lective coronary angiogram. If selective engagement
is required, a coronary wire would have to be
manipulated into the coronary artery, and the guide,
or a guide extension catheter, would then have to be
railed into the ostium. This represents the most
dif!cult scenario: a valve commissure overlying a low
coronary ostium in a patient with a narrow sinus of
Valsalva. Of course, this description has not accoun-
ted for the native aortic lea"et height and severity of
calci!cation facing the left and right sinuses. A tall
and bulky lea"et may extend beyond the 13- or
14-mm sealing skirt of the repositionable Evolut-PRO
self-expanding valve and would likely further add to

the challenge of coronary reaccess based on these
scenarios.

Third, the repositionable Evolut-R self-expanding
valve has a concave central portion (“waist”) that
measures 20 to 24 mm, depending on the valve size.
Clearly, this is narrower than native aortic root di-
mensions; therefore, it is not surprising that smaller
catheters, such as a JL3.5 or JL3, have frequently been
used to engage the LCA. On the contrary, engagement
of the RCA can usually be managed with a JR4 cath-
eter. If the sinus width is large, there is a larger dis-
tance from the valve frame to the ostium, and thus a
longer catheter tip would be required. In this
circumstance, JR4.5, JR5, Amplatz right (AR) 2 cath-
eters would be more suitable.

CT analysis post-TAVR with the self-expanding
valve can aid in identifying potential issues of coro-
nary reaccess, such as the relationship between skirt

FIGURE 4 CT Analysis Pre–Left Main Intervention

(A) The commissural posts (yellow arrows) are clearly not in front of the left main coronary artery, and the diamond is open at the top of the
left main ori!ce (2 blue dots). (B) The diamond narrows down at the base of the left main ori!ce (blue dots). (C) The left main coronary
artery origin is 14.0 mm from the annular plane (blue double-headed arrows) and 23.4 mm from the base of the Evolut-R (Medtronic, Galway,
Ireland) (yellow double-headed arrows); thus, the skirt (13 mm in height) will not interfere with left main engagement. (D) Nonselective, but
diagnostic angiogram was performed using JR4 catheter showing left main stenosis (red arrow). (E) An Ikari Right 1.0 guide (white arrow)
was used with a guide extension catheter (red arrow) for extra support to perform the left main PCI. (F) Post-dilation of the implanted left
main stent was performed with a 4.0-mm balloon, which extended through valve diamonds to ensure that the ostium was treated optimally.
CT ! computed tomography; JR ! Judkins right; PCI ! percutaneous coronary intervention.
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FIGURE 7 Coronary Reaccess in a Patient After TAVR With a Balloon-Expandable Valve

White arrows depict the commissural tabs visible on !uoroscopy, and the numbers 1 to 4 refer to the open cells separating the commissural tabs. Bulky calcium
(orange arrow) and the height of the Sapien 3 valve frame (Edwards Lifesciences, Irvine, California) can make advancement of a guide catheter into the left main ori"ce
challenging (A). A narrow sinotubular junction, and the presence of a commissural tab facing the left main ori"ce, can make coronary access dif"cult, requiring the guide
to be placed on either side of the commissural tab to access the sinus of Valsalva for a semiselective injection (B and C). TAVR ! transcatheter aortic valve
replacement.

FIGURE 8 CT Analysis of Coronary Anatomy After TAVR

CT shows the stent frame of a Sapien 3 balloon-expandable valve (Edwards Lifesciences, Irvine, California) extending above the left main
coronary ostium (white arrow) in axial (A), coronal (B), and reconstructed views (C and D). Colored dots approximately depict the respective
nadir of the non (yellow), right (green), and left (red) coronary cusp forming the annular plane. Abbreviations as in Figures 4 and 7.
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additional step of invasive coronary angiography),
and also patients expressed a preference for reduced
elective hospital visits. Despite a reduction in
recruitment and a !nal sample size of 235 patients,
the higher-than-expected primary event rate (driven
by rehospitalizations) suggested no difference be-
tween pre-TAVR PCI and no PCI in the as-treated
population. This does not, however, re"ect an over-
all bene!t of either strategy, and pre-TAVR PCI is not
without risk in the elderly population, and there was
no sign at all that PCI was associated with reduced
mortality despite allowing for a 10% absolute reduc-
tion. Owing to the shared pathophysiology of AS and
CAD in the elderly population, coronary disease is
often complex and heavily calci!ed and may require
adjunctive calcium modi!cation therapies and risk
hemodynamic instability. There was a range of lesion
complexity in this cohort ranging from single vessel,
short lesions to 2- or 3-vessel angioplasty, vein graft
intervention, and long lesions. This trial

demonstrated no difference in death or rehospitali-
zation but numerically higher incidence of AKI and
major bleeding in the PCI arm at 30 days post-TAVR.
If more patients had been enrolled into the trial,
there is the possibility that we would have seen
further bleeding events in the PCI arm, thus
increasing the difference between groups. Although
the majority of bleeding events occurred at 30-day
follow-up with higher rates in the PCI arm, this only
reached statistical signi!cance at 1 year post-TAVR.
On review of the antithrombotic therapy, this ap-
pears to be predominantly driven by the increased
use of DAPT in the PCI arm, whereas the distribution
of triple therapy or single antiplatelet with coumarin
was similar between groups. In practical terms, there
was a 40% reduction in bleeding events in the no-
PCI arm relative to the PCI arm. This !nding is of
particular importance, as we know that major
bleeding and access site complications are associated
with poor outcomes post-TAVR. These !ndings

CENTRAL ILLUSTRATION The ACTIVATION Trial of PCI Compared With No PCI Prior to TAVR Demonstrated No
Difference in the Primary Endpoint of Death or Rehospitalization at 1 Year and Increased Bleeding Events in the
PCI Arm

Patterson, T. et al. J Am Coll Cardiol Intv. 2021;14(18):1965–1974.

(A) Time to event curves presenting the cumulative risk of death or rehospitalization from transcatheter aortic valve replacement (TAVR) to 1 y after. (B) Time-to-event
curves of any bleed from randomization to 1 y after. ACTIVATION ! percutAneous Coronary inTervention prIor to transcatheter aortic VAlve implantaTION;
PCI ! percutaneous coronary intervention.
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adequate time for capillary bed gas transfer. In normal 
hearts, aortic and LV pressures are coupled during sys-
tolic ejection and higher perfusion pressure gradients 
enable coronary perfusion during diastole. There is a 
nonlinear connection between cross-sectional area and 
transmural pressure because vascular tone is influenced 
by metabolic/neurohormonal mediators and physical 
forces. According to Ohm’s law, flow through a vascular 
bed is equal to the perfusion pressure gradient divided 

by vessel resistance, 8!l/"r4 (Hagen-Poiseuille equation, 
where ! is blood viscosity, l is vessel length, and r is ves-
sel radius). Microvascular resistance is therefore primar-
ily determined by lumen diameter and vasodilatation is 
the principle means of microcirculatory autoregulation.

During maximal coronary vasodilatation, coronary 
flow depends on the relative duration of diastole.32 This 
diastolic time fraction (the length of diastole/length 
of cardiac cycle) has an inverse relationship with heart 
rate and is also determined by other modulators of sys-
tolic duration (such as altered myocyte contraction). 
Decreased coronary perfusion pressure induces an 
increase in diastolic time fraction, which in turn reduces 
the duration of intramyocardial vessel compression.

CORONARY WAVE INTENSITY 
ANALYSIS
Studies of wave intensity analysis have identified 4 main 
coronary waves within the cardiac cycle in health and 
disease33 (Figure!3).

Quantification of net wave intensity through the 
product of changes in pressure and flow velocity makes 
it possible to segregate components of coronary flow 
into forward or backward traveling waves from the 
aorta or microcirculation, and those caused by suction 
(expansion) or compression—blood can be pushed into 
or pulled out of the coronary circulation. Flow from 
the coronary circulation to the myocardium is largely 
determined by the prominent backward expansion 
wave (BEW), originating at the onset of LV relaxation. 
The decelerating backward compression wave and for-
ward expansion wave impede coronary flow, while the 
BEW and forward compression wave are accelerating 
waves. Information concerning the size, direction, and 

Figure 1. Myocardial contraction results in muscle shortening and 
thickening to cause extravascular coronary compression.  
The mechanism of myocardium-vessel interaction is a collective effect of 
contraction-induced intramyocyte pressure and LV pressure-derived interstitial 
pressure.12 Adapted from Westerhof et al13 with permission. Copyright 
©2006, The American Physiological Society.

Figure 2. Structural and functional coronary and myocardial changes during the cardiac cycle and vasodilator stress.  
A, Diagrammatic representation of the extravascular forces and intraluminal pressures affecting myocardial layers, demonstrating greater subendocardial contrac-
tion during systole. B, Perfusion quantification map in a patient with AS (rows from top to bottom are basal, mid, and apical slices, respectively, with stress, rest, 
and myocardial perfusion reserve [MPR] in columns left to right). Global endocardial-epicardial gradient 0.9, MPR 2.0. PINTRAMURAL indicates intramural pressure; 
PLUMEN, pressure in the left ventricular lumen; and PPERICARDIUM, pressure in the pericardial space. Adapted from Duncker and Bache and Bell and Fox25,26 with permis-
sion. Copyright ©2008, The American Physiological Society.
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Patients with aortic stenosis and an aortic valve 
area (AVA) < 1 cm2 exhibit distinct pathophysiological 
responses to pressure overload. The ventricle remodels 
in response to pressure overload in different ways, gen-
erating a range of flow and pressure gradient patterns 
which ultimately cause varying microvascular effects. 
Detailed understanding of the pressure-flow relation-
ship in this setting is important in fully understanding 
a patient’s symptoms and the complex relationship 
between disrupted coronary flow, left ventricular 
mechanics, and surrogate markers of ischemia.

CARDIAC-CORONARY COUPLING IN 
HEALTH
Normal resting coronary blood flow comprises around 
4% of total cardiac output,8 and both oxygen extrac-
tion and the myocardial metabolic rate are high when 
compared with skeletal muscle. During the cardiac cycle, 
cardiac contraction cyclically increases intramural tissue 
and microvascular pressures to impede systolic flow. 
This contraction induces greater subendocardial resis-
tance and blood displacement in comparison with the 
subepicardium.9,10 Once the aortic valve closes and left 
ventricular (LV) relaxation ensues, the coronary vessels 
embedded in the myocardium recoil and blood flow 
accelerates. Coronary flow is dictated by this effect of 
cardiac contraction—the intramyocardial pump—which 
pushes blood backward and draws it in during systole 
and diastole, respectively,11 (Figure!1)12,13 but is also mod-
ulated by aortic and LV pressure, and inotropic state.

The waterfall model14 proposes that external hydro-
static vascular pressure causes temporary partial col-
lapse of the lumen. Distal luminal pressure therefore 
becomes similar to external (or intramyocardial) tissue 
pressure. This external pressure is presumed to result 
from intraventricular cavity pressure, creating a force 
against the myocardial walls that reduces from sub-
endocardium to subepicardium. The intramyocardial 
pump model15 expands on this further to allow phase-
lag between arterial and venous flows and the role of 
vascular compliance. Subendocardial vulnerability to 
ischemia in normal hearts therefore reflects changes in 
2 main factors16:

1. Increased tension because of systolic compression 
and increased subendocardial wall stress, accom-
panied by increased myocardial oxygen require-
ments.17 Both invasive and noninvasive studies 
have demonstrated increasing intramyocardial 
pressure from the epicardial to the endocardial 
surface of the ventricular wall.18–20

2. Decreased subendocardial perfusion, secondary to:
(a)  Systolic backflow from endocardial to epi-

cardial vessels causing preferential epicardial 
blood flow.21

(b)  Thinned subendocardial vessel walls relative 
to their respective subepicardial counter-
parts22,23 making them more prone to external 
pressure and stress.

(c)   Greater subendocardial vascular volume 
density24—although, with fewer (but larger) 
perfusion territories, the subendocardium 
is perfused by a small subset of penetrating 
arteries (Figure!2).25,26

According to Laplace law, circumferential wall tension is 
equal to the product of the vessel pressure and radius, 
divided by wall thickness (T=P.r/Th) meaning that the 
diameter-to-thickness ratio of the vessel or chamber 
plays an important role. Wall tension and extravascular 
compressive forces are therefore greatest in the inner-
most layers of the LV wall. Supporting intramyocardial 
pressure as a strong determinant of subendocardial 
blood flow, an early study on anesthetized dogs dem-
onstrated a flow gradient favoring the subendocardium 
during hyperemia in cardiac arrest (thereby minimiz-
ing intramyocardial pressures). However, when tissue 
pressures were maximized by rapid pacing and coro-
nary perfusion maintained through autoperfusion, the 
gradient of flow favored the subepicardium.27 At low 
preload, intramyocardial pressure shuts off systolic cor-
onary blood flow across the entire LV wall.28 Conversely, 
there is preferential subepicardial blood flow at high 
preload.29 Coronary blood flow is therefore a balance 
between intravascular arterial and extravascular tissue 
pressure.30

MYOCARDIAL BLOOD SUPPLY IN 
HEALTH
The coronary vascular bed acts as the primary gate-
keeper to myocardial blood supply. Resting myocardial 
blood flow (MBF) is the greatest in the subendocardium 
(endocardial/epicardial flow ratio 1.29–1.3511,31), but 
subepicardial MBF is augmented during adenosine-
induced hyperemia to a greater extent. During sys-
tole, there is significant subendocardial underperfusion 
because of the aforementioned physical determinants 
(transmural perfusion endocardial to epicardial ratio 
0.3811). After a period of ischemia, reactive hyperemia 
is earliest in the subepicardium,9 and this delayed sub-
endocardial response is thought to be because of slug-
gish reopening of the coronary vasculature embedded 
in ischemic, poorly compliant myocardium.

Among many other mechanisms, the gradient in 
coronary perfusion pressure (difference between aor-
tic and LV end diastolic pressure) facilitates coronary 
perfusion, and flow is determined by the product of 
the net velocity-time integral and cross-sectional arte-
rial area (Q=VA). The largest cross-sectional area exists 
in the microvasculature where reduced velocity allows 
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ABSTRACT: Aortic stenosis is a heterogeneous disorder. Variations in 
the pathological and physiological responses to pressure overload are 
incompletely understood and generate a range of flow and pressure 
gradient patterns, which ultimately cause varying microvascular effects. 
The impact of cardiac-coronary coupling depends on these pressure and 
flow effects. In this article, we explore important concepts concerning 
cardiac physiology and the coronary microcirculation in aortic stenosis and 
their impact on myocardial remodeling, aortic valve flow patterns, and 
clinical progression.

“There is a form of cardiac lesion, not infrequent in occurrence, which has 
a clinical picture so characteristic that it deserves more frequent recognition 
than it commonly receives.”

Henry A Christian, 18th July 19311

Severe symptomatic aortic stenosis (AS) has a bleak prognosis2,3 and no medi-
cal treatment exists. As the population ages, the clinical importance and bur-
den of AS are increasing, yet its diagnosis and management are multifaceted, 

especially in the era of percutaneous interventions. AS is characterized by progres-
sive valve narrowing, which clinically manifests as dyspnea, syncope, and angina 
despite normal coronary arteries, and patients have a truncated life span of around 
2 years without intervention. However, symptomatology is subjective and con-
founded by comorbidities (particularly in the aging population), and assessment of 
transvalvular pressures is heavily flow dependent. The clinician is therefore faced 
with the challenge of evaluating discordant parameters and balancing the poten-
tial risks and benefits of valve intervention.

In 1616, William Harvey was the first to propose that blood circulates because 
of pulsatile cardiac force.4 Interactions between the cardiac cycle and coronary 
circulatory flow were described in 1696 by Scaramucci who suggested that the 
coronary vasculature is filled in diastole and squeezed empty during systole.5 
Cardiac-coronary coupling is pertinent in AS because alterations to the coronary 
microcirculation are synonymous with the pathophysiology of progressive disease. 
Disruption to the coronary circulation by ventricular hypertrophy, high left ven-
tricular pressure, low coronary perfusion pressure, and extravascular forces (among 
many other factors) reduce physiological reserve. The ominous symptom of angina 
correlates with impaired myocardial perfusion reserve and is strongly associated 
with increased ventricular mass index.6 The fact that clinical symptoms occur at 
the end of the ischemic cascade (whereas perfusion abnormalities can be detected 
earlier) places great expectation on the physiological evaluation of AS.7 https://www.ahajournals.org/journal/
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