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Abstract

Physiologic assessment has become an essential tool to guide revascularization decisions due to the multiple limitations of angiographic
and anatomic measures of physiologic significance. However, in certain cases the apparent physiologic measurement may not accurately
reflect the severity of coronary disease compared with anatomical measurements. This article will review how anatomy trumps physiology
in cases of acute coronary syndromes, left main disease, saphenous vein graft lesions, and myocardial bridging, and how to overcome
the limitations of physiologic measurement in these clinical situations.
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1. Introduction

Angiographic anatomy has been the standard for the
assessment of coronary artery disease since its inception in
1964 by Mason Sones of the Cleveland Clinic. However, in
the quantitation of specific ischemia-producing lesions, an-
giography fails. It falls short in attempting to translate the
three-dimensional artery stenosis morphology from two-
dimensional “lumenograms” into meaningful physiology.
Even precise quantification of stenosis severity by com-
puter assisted quantitative coronary angiography (QCA),
a technique more accurate than two- or three-dimensional
resolution of coronary luminograms, cannot produce a clin-
ically useful prediction of coronary physiology associated
with ischemia [1]. Improvements in coronary computer to-
mography as well as in-lab three-dimensional angiographic
vessel reconstruction can generate fractional flow reserve
(FFR) maps of the vessels. However, the in-lab angio-
graphically derived FFR is undergoing trials and has not yet
become incorporated into the daily cardiac catheterization
(cath) lab practice [2].

Direct guidewire-based measurements of intracoro-
nary blood flow and pressure provide unique information
that complements the angiographic (i.e., anatomic) evalua-
tion and facilitates better decision-making regarding the is-
chemic risk to guide therapy [3]. The application of this
technology with improved sensor angioplasty guidewires
has expanded to numerous clinical scenarios beyond the
simple functional assessment of intermediate lesions to
more complex scenarios. Despite this diffusion of in-lab
ischemia tests with physiology, there remain a few impor-
tant anatomic and clinical scenarios where physiologic test-
ing is questioned, and where anatomic considerations trump
physiology in patient management decisions. These issues
will be reviewed in this chapter.

2. Considerations for Anatomy Over
Physiology

In this chapter, anatomy will refer to any modality
which can display the coronary artery or coronary steno-
sis using either angiography (invasive or non-invasive) or
intravascular imaging with ultrasound (IVUS) or optical co-
herence tomography (OCT). When referring to physiology
in general, it implies the use of either hyperemic transle-
sional pressure measures (FFR) or non-hyperemic pressure
ratios (NHPR, such as iFR, Pd/Pa, dPR, DPR, RFR, etc.) or
any measure of coronary blood flow or resistance. Specific
applications for one method over another will be addressed
in the appropriate context.

Anatomy may trump physiology when (1) the physio-
logic measurement accuracy is questioned, (2) the clinical
presentation is associated with dynamically changing coro-
nary blood flow (e.g., during ST-segment elevation myocar-
dial infarction [STEMI]), or (3) the complexity of anatomy
makes it impossible to assess the physiology of individual
lesions such as may occur in multiple lesions in series or
diffuse disease. Table 1 lists considerations for use of in-
travascular imaging over invasive physiologic assessment
indices.

The techniques to obtain best accuracy of physiologic
measurements in the cath lab have been addressed in de-
tail elsewhere [4,5]. Accurate measurements require atten-
tion to tubing and electrical connections, bubble/blood free
lines, correct zeroing/calibrations, and standard dosing and
administration of adenosine or other hyperemic agents.
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Table 1. Common cases where physiologic assessment is limited. Listing of conditions where the use of either anatomic or physiologic assessment may be appropriate.

Favors anatomic assessment

Favors physiologic assessment

Comments

Microvascular bed subtended by non-IRA is in
close proximity to IRA
<24-48 hours of ACS in IRA

Acute coronary syndrome

Negative FFR in non-IRA may be falsely negative

Non-IRA in distant microvascular bed

>4-6 days after ACS in IRA
abnormal FFR in non-IRA stenosis is reliable

Positive/abnormal FFR in non-IRA stenosis is reliable

Negative/abnormal FFR in non-IRA may be falsely negative
Non-culprit TCFA with high atherosclerotic plaque burden >70%
or MLA of <4 mm are higher risk for recurrent events

LM disease with downstream LCX and LAD

Left main disease .
disease

Isolated LM disease

LM disease with severe downstream disease with LM disease with significant disease in LCX or

combined FFR <0.60

LAD when combined FFR >0.60

If the FFR epicardial (LM+LAD) is <0.60, the apparent LM FFR
in the CFX will potentially be falsely negative
In these situations, an intravascular ultrasound assessment of the
LM with a threshold minimal luminal area of <6.0 mm? is

recommended

Presence of distal collaterals with variable native

Saphenous vein grafts .
vessel obstruction

Absence of distal collaterals and FFR of native
vessel + SVG <0.80 suggestive of potential

ischemia

OCT of culprit lesions in old SVGs shows thin fibrous cap, plaque
rupture and thrombus with increasing evidence of thrombus in
myocardial infarction than unstable angina
Limited anatomic parameters of SVG lesions available to guide

intervention

M dial bridei Negative FFR or iFR with clinical presentation
ocardial bridgin,
Y gine or angiography concerning for ischemia in

myocardial bridging

Significant positive FFR or iFR findings

Significant plaque burden within or immediately
proximal to the myocardial bridge

IVUS characteristic findings include an echolucent band partially
or completely encircling target artery
Cross-sectional area, external elastic membrane and plaque burden
within and proximal to bridge correlate with degree of arterial

compression

Conventional angiography is the norm for
surveillance of CAV although is limited in
detection of early intimal disease
IVUS can detect early changes by quantitating
intimal medial changes

Cardiac allograft vasculopathy

Significant donor transmitted atherosclerosis

FFR and indexes of microcirculatory resistance
characterize vasomotor dysfunction in CAV

FFR <0.90 and IMR >20 measured in the proximal LAD 1 year
after transplant correlate with worse outcomes

Volumetric IVUS demonstrating early changes in intimal medial
volume in the proximal LAD associated with worse outcomes

Post-PCI FFR <0.90; iFR <0.95
Optimizing post-PCI FFR

Concern for stent under expansion,
malapposition, dissection or plaque protrusion
Anatomically challenging lesions

Post-PCI FFR of >0.90; iFR >0.95 associated
with optimal stent expansion and improved

outcomes

Downstream lesion of questionable significance

Minimal stent area can be measured by anatomic imaging while
guiding optimization of stent deployment

Degree of stent expansion not significantly different by IVUS-guided
or OCT-guided PCI

Abbreviations: ACS, acute coronary syndrome; CAV, coronary allograft vasculopathy; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; IMR, index of microcirculatory resistance; IRA,
infarct related artery; non-IRA, non-infarct related artery; IVUS, intravascular ultrasound; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; LM, left main coronary artery;

MLA, minimum luminal area; OCT, optical coherence tomography; SVG, saphenous vein graft; TCFA, thin-cap fibroatheromas.
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3. Common Clinical Scenarios

The most common clinical scenarios when anatomy
trumps physiology include the acute coronary syndromes,
left main stenosis with downstream disease, saphenous
vein bypass lesions, myocardial bridging and allograft vas-
culopathy. The best results following stent implantation
requires visualization of full strut apposition and expan-
sion and requires intracoronary imaging which physiology
cannot provide. Nonetheless, post-percutaneous coronary
intervention (PCI) physiology will be informative about
residual, hidden, or diffuse disease detection. In some
cases, such as lesion assessment prior to coronary artery
bypass grafting, the superiority of physiologic testing has
not been clearly established or accepted and anatomy is still
commonly used to guide treatment.

4. Acute Coronary Syndromes

In acute coronary syndromes (ACS), especially in
acute STEMI, the pathophysiology of the infarcted artery
and its subtended and infarcted or damaged microvascu-
lar bed is both dynamic and complex. The ability of FFR
to detect ischemia for either the culprit or non-culprit (i.e.,
the non-infarct related artery, non-IRA or NIRA) in ACS
has several limitations: (1) the microvascular bed in the in-
farct zone may not have uniform, constant, or minimal re-
sistance; (2) the hemodynamic severity of stenosis of the
infarct related artery, IRA, may evolve during the recu-
perative phase as occlusive thrombus and vasoconstriction
abate; and (3) in ACS, FFR measurements are not mean-
ingful when normal perfusion has not been achieved. Thus,
FFR has limited utility in the IRA during the first 24-48
hours after a STEMI or non-ST segment elevation myocar-
dial infarction (NSTEMI). In contrast, FFR has demon-
strated value in the non- IRAs [6] with increasing confi-
dence as the distance between the culprit territory and the
non-IRA territory becomes greater. Territories remote from
the injury area have more stable myocardial flow and hence
more reliable translesional physiology. Physiology of a pre-
sumed culprit lesion becomes reliable >2—4 days during the
recovery phase of acute MI.

In the infarct zone during the acute phase, myocardial
blood flow is reduced and FFR may be falsely elevated due
to the lower total flow (Fig. 1). For this reason, physiology
is not reliable in the STEMI culprit artery until 4—6 days af-
ter the event, when myocardial function is believed to sta-
bilize and achieve its normal maximal flow capabilities.

For the non-IRA, in STEMI/NSTEMI patients, the ex-
act borders of the zone of myocardial injury from the culprit
vessel is unknown but may extend close to the region sup-
plied by the non-IRA. As a result, a normal non-IRA FFR at
the time of STEMI might be lower several days later as the
coronary flow improves to the remote non-IRA zone, thus
potentially changing the initial treatment decision based on
a high FFR. Fortunately, however, for whatever level of
flow is generated across the non-IRA stenosis, a positive
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abnormal result remains reliable. It is nearly impossible to
have a false positive FFR barring any technical problem.
Subsequently, a low FFR indicates a significant flow limit-
ing lesion, while a high FFR may be misleadingly negative.

Complete revascularization in the STEMI/NSTEMI
patient is associated with better outcomes. Failure to ad-
dress the non-culprit vessels whether at the same setting or
staged, results in higher rates of heart failure, recurrent ACS
and the need for further revascularization with lower sur-
vival. The PRIMULTI study demonstrated that at 2 years,
major adverse cardiac events occurred in 22% of patients
who received culprit-only PCI of the STEMI vessel but only
in 13% of participants in the FFR-guided revascularization
of all significant, non-infarct related arteries (Hazard Ratio
(HR) 0.56, p=0.004) [7]. Therefore, reliable assessment of
non-culprit lesions within the acutely infarcted microvas-
cular bed would influence decisions to treat at the time of
primary PCI and improve outcomes. Ntalianis et al. [6]
demonstrated that FFR of non-culprit lesions is reliable and
accurate when comparing values at the index procedure to
those at 3 month follow up. Nonetheless, variations in indi-
vidual anatomy and proximity of non-culprit lesions to the
infarcted microvascular bed will play a role in the clinical
usefulness of pressure measurements.

In ACS patients, anatomic assessment with intravas-
cular imaging may be considered to improve prognosis. In
the PROSPECT study, 697 patients with ACS underwent
IVUS of culprit and non-culprit vessels after primary PCI
and the cumulative rate of major adverse cardiovascular
events after 3 years was monitored. Non-culprit lesions that
were classified as thin-cap fibroatheromas (HR 3.35, p <
0.001), had high atherosclerotic plaque burden >70% (HR
5.03, p < 0.001), or minimal luminal area of <4 mm? (HR
3.2, p < 0.001) were more likely to be associated with re-
current events than non-culprit lesions that did not exhibit
these properties [8]. While the IVUS findings were not used
to guide therapy, this study highlights morphologic find-
ings that may have clinical utility in identifying high risk
non-culprit lesions that should be treated. In a retrospective
cohort study, IVUS-guided PCI during acute myocardial
infarction (AMI) was also associated with a lower rate of
major adverse cardiac event (MACE) at 1 year and beyond
compared to angiography-guided PCI only (HR 0.766, 95%
CI: 0.650-0.903, p = 0.002) in propensity matched analy-
sis [9]. This benefit is largely attributed to stent selection
and optimization, with subgroup analyses pointing towards
a greater benefit in patients with CKD. Although further in-
vestigation is needed before IVUS can be used to guide pre-
ventive stenting, anatomic assessment can provide valuable
information when the accuracy of FFR is in question.

5. Left Main Stenosis

Accurate assessment of the hemodynamic signifi-
cance of left main coronary lesions (LM) is critical for pa-
tient decision making for medical therapy, PCI or coronary
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Non-IRA assessment with FFR is unreliable

Culprit lesion and IRA

Target lesion
in non-IRA

Infarcted
myocardium

Overlapping infarcted
microvascular bed

Non-IRA assessment with FFR likely reliable

Culprit lesion and IRA

Target lesion
in non-IRA

Infarcted
myocardium

Fig. 1. Anatomic dependence of non-IRA assessment in acute coronary syndromes with zones of perfusion and infarcted my-

ocardium. Overlapping infarcted microvascular bed represents a source of error in non-IRA FFR. Abbreviations: FFR, fractional flow

reserve; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; LM, left main coronary artery; IRA, infarct

related artery; non-IRA, non-infarct related artery.

artery bypass grafting (CABG) surgery. FFR has been used
to assess intermediate LM lesions, particularly in cases of
isolated LM lesions or LM lesions with significant disease
in either the left circumflex coronary artery (LCX) or left
anterior descending coronary artery (LAD). Fearon ef al.
[10] demonstrated that although the apparent FFR of inter-
mediate LM lesions measured in a non-diseased LCX or
LAD is elevated when there is downstream disease in the
other, the magnitude of this effect is rarely clinically sig-
nificant unless the combined FFR of the LM and LAD is
<0.60. However, in the complex case where both the LAD
and LCX have significant downstream disease, FFR for the
LM was not deemed accurate and anatomic imaging be-
came the tool of choice. Cases of left main disease with
significant LCX and LAD disease present a challenge to
physiologic assessment wherein anatomy with intravascu-
lar imaging modalities may provide more reliable informa-
tion than FFR [11]. Furthermore, aorto-ostial lesions create
unique challenges for the use of pressure-derived FFR due
to the requirement to disengage the guide catheter and in-
ability to administer intracoronary adenosine.

Physiology is often favored for assessment of sim-
ple, isolated LM stenosis or distal LM bifurcation stenosis
which can be easily assessed with two FFR/NHPR measure-
ments, one in the LAD and another with the pressure wire
in the CFX. However, interpreting the LM FFR in the pres-
ence of significant downstream branch lesions is more com-
plicated because the LM and LAD/CFX lesions behave like
serial lesions. The true flow across the LM is potentially
reduced by a severe downstream stenosis, artifactually el-
evating the LM FFR when measured in the unobstructed
vessel.

In this scenario, maximal hyperemia across the LM
stenosis may be attenuated due to a severe LAD lesion re-
ducing the LAD bed size (i.e., flow). Flow through the
LM artery is proportional to the size of each artery’s vi-
able myocardial bed. When LM FFR is measured in the un-
obstructed CFX artery, the reliability of this measurement
will depend on whether the LAD stenosis is severe enough
to impair flow. The lower LM flow would produce an er-
roneously elevated FFR because true maximal hyperemia
would not be achieved (Fig. 2).

In practice, the LM FFR in the setting of LM and LAD
disease is assessed by placing the pressure wire sensor dis-
tal to the LAD lesion, administering adenosine hyperemia
(either intravenously or intracoronary), and calculating the
FFR across both lesions, which is called FFRepicardial. If
FFRepicardial is >0.80, neither lesion is physiologically
significant, and no further intervention is needed. How-
ever, if the FFRepicardial is <0.80, the operator can mea-
sure FFR in the CFX. An apparent LM FFR (FFR,,p) in
the CFX, of >0.80 indicates that the LAD, but not the LM,
is hemodynamically significant. However, if the FFR epi-
cardial (LM+LAD) is <0.60, the apparent LM FFR in the
CFX will potentially be falsely negative. In these situations,
an intravascular ultrasound assessment of the LM with a
threshold minimal luminal area (MLA) of <6.0 mm? is rec-
ommended. The reliability of the LM FFR depends on op-
erator technique, accurate hemodynamic signal acquisition,
and adequate maximal hyperemia (Fig. 3).

In addition to providing information on plaque and
luminal characteristics, IVUS or OCT measurements of
cross-sectional areas and lesion lengths will establish the
significance of LM disease and guide the decision to in-
tervene. In the multicenter, prospective LITRO study, an
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1. FFR reliable

2. FFR reliable. Measure both
LAD and CFX

3. FFR LM may be falsely
negative. Distal Lesion
reduces bed. FFR LM close to
FFR true if LAD+LM FFR >0.60

4. FFR LM falsely negative

Fig. 2. FFR of left main stenosis with downstream disease. FFR
is reliable in isolated LM disease and distal LM disease with ostial
involvement when FFR is measured across both LAD and LCx.
LM FFR may be falsely negative when FFR of LAD+LM together
fall below 0.60 or when significant downstream disease is present
but FFR is measured across only the LM lesion. Abbreviations:
FFR, fractional flow reserve; LAD, left anterior descending coro-
nary artery; LCx, left circumflex coronary artery; LM, left main
coronary artery.

MLA of <6 mm? has been identified as a safe threshold for
intervention in intermediate LM lesions. 178 patients with
an MLA of 6 mm? or more had intervention deferred and
exhibited a 97.7% cardiac death-free survival, and 87.3%
event free survival after 2 years. 158 patients with an MLA
<6 mm? received intervention and had a 94.5% cardiac
death-free survival and 80.6% event-free survival after 2
years (p = 0.5 and p = 0.3 respectively, compared to the
intervention group) [12].

A retrospective Spanish study of pooled patient data
including 505 participants who underwent IVUS guided
LM PCI with drug eluting stents (DES) propensity-matched
with 505 individuals who had PCI without IVUS guidance
demonstrated that survival free of cardiac death, myocardial
infarction, and target lesion revascularization at 3 years was
88.7% in the IVUS group and 83.6% in the no-IVUS group
(p»=0.04) for the population with any LM intervention. The
subgroup with distal LM exhibited 90% and 80.7% 3-year
survival free of major adverse cardiac events in the IVUS
and no-IVUS groups respectively (p = 0.03) [12]. IVUS
may be a valuable tool in the assessment of complex LM
lesions and identifying cases where intervention would be
beneficial based on luminal anatomy.

6. Saphenous Vein Graft Lesions

Saphenous vein grafts (SVGs) are susceptible to accel-
erated degradation compared to their arterial counterparts
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:_;Variable Downstream
| .LAD Disease

After balloon inflation,
FFR,, decreases to 0.35

epi

“FFR of LM in nondiseased LCx
FFR{ye = 0.77 FFRa"p =0.82 .
e

Fig. 3. Effects of simulated distal obstruction on LM FFR.
(Top) Coronary pressure recorded from the distal LAD as a bal-
loon is inflated simulating variable downstream LAD disease and
the effect on FFRp;. (Bottom) Coronary pressure recorded simul-
taneously as the top panel but from the LCx (representing FFR e
and FFR,y,p) as the balloon is inflated in the LAD. Green line rep-
resents distal coronary pressure (Pd), the red line represents aortic
pressure (Pa), and the yellow line is the calculated FFR value. Ab-
breviations: FFR, fractional flow reserve; FFR,p,, apparent FFR;
FFRepi, epicardial FFR; FFRne, true FFR; LAD, left anterior de-
scending artery; LCx, left circumflex coronary artery; LM, left
main coronary artery. Taken from Fearon et al. JACC Cardiovasc
Interv. 2015 Mar; 8(3): 398-403 available under open access.

despite normal flow. Neointimal growth with macrophage
invasion results in early atherosclerosis. Unique to SVGs is
the distal myocardial bed which is perfused from 3 sources.
When assessing SVG lesions, one should consider that sup-
ply to the downstream location where Pd is measured in-
cludes the native epicardial artery, the bypass conduit, and
any collateral circulation that has developed. The mea-
sured FFR is thus the summed response of the of the three
competing flows during maximum hyperemia. The relative
contributions of each source of flow and pressure is depen-
dent upon the extent of native vessel occlusion, the sever-
ity of stenosis within the SVG, and degree of collateraliza-
tion from long-standing disease (Fig. 4). The net SVG FFR
measurement indicates the potential ischemia in the region
but the decision to intervene on SVG lesions must also con-
sider the active biology of the degenerated conduit as much
as the FFR before undertaking SVG PCI with the potential
to accelerate graft failure.
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Aorta [ SVG lesion

LAD stenosis

4

RCA
FFR

measurement
zone

Collateral

circulation

Fig. 4. Multiple sources of flow in the assessment of saphe-
nous vein grafts. FFR measured distal to the SVG attachment
site reflects flow from the SVG graft, the native vessel and any
collateral circulation that has formed and may be misleading in
assessing the significance of SVG lesions. Abbreviations: FFR,
fractional flow reserve; LAD, left anterior descending coronary
artery; RCA, right coronary artery.

A limited prospective study compared outcomes of de-
ferring intervention on SVG lesions to native coronary ar-
teries with measured FFR >0.80. 33 patients underwent
FFR of SVG lesions compared to 532 who underwent na-
tive vessel FFR during the study. At a median follow-up of
3.2 years, the rate of MACE was significantly higher in the
SVG group (36% versus 21%, log rank p = 0.01). The rate
of target vessel failure was also significantly higher in the
SVG group (27% versus 14%; p = 0.01). These findings
suggest that negative FFR measurements in SVG lesions
do not provide the same reassurance against MACE as for
native vessel lesions [13].

Another small, underpowered study comparing FFR
of SVG lesions to results of myocardial perfusion imaging
in 10 patients found that the sensitivity and specificity of
FFR for SVG lesions were 50% and 75%. The study also
showed poor correlation between FFR and angiographic de-
gree of stenosis for SVGs [14]. Taken together, the evi-
dence recommends avoiding clinical decision making based
on the physiologic assessment of SVG lesions and FFR has
not been routinely adopted for this application.

With this background, imaging has the potential to im-
prove decisions for intervention in SVGs. An OCT study of
culprit SVG lesions in ACS found they were characterized
morphologically by thin fibrous caps and fibrofatty com-

position. In the acute phase, thrombus was seen with in-
creasing prevalence in NSTEMI and STEMI compared to
unstable angina. 100% of culprit SVG lesions resulting in
STEMI demonstrated a thin fibrous cap compared to 53.3%
for NSTEMI and 20% for unstable angina (p = 0.03), a find-
ing that may be useful in identifying culprit SVG lesions
[15]. Anatomic intravascular imaging may play a larger or
complementary role in investigating SVG lesions in the fu-
ture.

7. Myocardial Bridging

Myocardial bridging occurs when a segment of an epi-
cardial coronary artery traverses into the myocardium re-
sulting in tunneling and subsequent compression by the sur-
rounding myocardium during systole. The myocardium
forms a bridge over the buried segment of the coronary
artery. The extent to which symptomatic ischemia is ob-
served depends upon the depth of the tunneled artery, the
length of the tunneled segment, the number and location of
affected side branches and ultimately, the degree of systolic
compression. The classic finding is an angiographic sys-
tolic narrowing of the vessel (>70% reduction in the min-
imal luminal diameter during systole and persistent >35%
reduction in minimal luminal diameter during mid to late
diastole), although conventional angiography has demon-
strated low sensitivity in detecting myocardial bridging
[16].

FFR has been used in the evaluation of myocardial
bridging, however its utility in evaluating dynamic obstruc-
tions is limited. Tarantini et al. [17] demonstrate that fol-
lowing dobutamine infusion when coronary compression
was maximal and patients developed ischemic changes, me-
dian FFR did not significantly change. This potentially re-
lates to the artificial reduction in systolic pressure gradients
due to “distal pressure overshooting” or the phenomenon of
increased pressure measured distal to the myocardial bridge
resulting in a falsely high FFR. Diastolic FFR or iFR may
be more accurate in the functional assessment of a myocar-
dial bridge but is relegated to measurements in diastole with
limited assessment during systolic coronary compression.

IVUS has demonstrated the ability to measure arterial
wall compression in a reproducible fashion. Characteristic
findings include an echolucent band partially or completely
encircling the target artery with compressive changes dur-
ing systole. IVUS can also reliably measure the cross-
sectional area, external elastic membrane and plaque bur-
den within and immediately proximal to the myocardial
bridge which has been shown to correlate with the degree of
arterial compression [18]. In comparison, OCT can provide
detailed information regarding the morphology of vulnera-
ble plaque owing to its superior resolution, although may
be limited in the detection of myocardial bridging due to
limited penetration depth and rapid pullback protocol com-
pared to IVUS [16].
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8. Cardiac Allograft Vasculopathy (CAV)

For heart transplant vasculopathy, IVUS has been a
standard by its ability to quantitate intimal medial thick-
ening, a characteristic of early cardiac allograft vasculopa-
thy (CAV). While conventional angiography is the norm
for surveillance of CAYV, it cannot detect early intimal dis-
ease or microvascular disease. It has been demonstrated
that FFR of <0.90 and index of microcirculatory resistance
(IMR) of >20 measured in the proximal left anterior de-
scending (LAD) 1 year after transplant correlate with worse
outcomes by detecting early microvascular dysfunction and
severity of donor-transmitted atherosclerosis [19].

IVUS can also detect early changes in intimal medial
thickness and vascular remodeling before their appearance
on conventional angiography. A prospective study of 101
patients using volumetric IVUS demonstrated that para-
doxical vessel remodeling characterized by intimal volume
change in the proximal LAD was associated with death or
need for re-transplantation [20]. Similar studies evaluating
intimal medial thickness with IVUS, and OCT have pro-
posed criteria for identifying early CAV, however standard
metrics have not yet been published. Nonetheless, intravas-
cular imaging has been an important tool for understanding
the pathophysiology of and diagnosing CAV.

9. Anatomic Assessment in Optimizing
Post-PCI FFR

Physiology plays little role in knowing the final sta-
tus of a deployed stent except to test whether a post stent
pressure gradient is associated with a mechanical defect
(i.e., edge dissection) or whether another downstream le-
sion previously ignored now becomes manifest. The degree
of stent expansion and apposition as defined by minimal
stent area (MSA) after PCI portends the likelihood of stent
thrombosis or restenosis. IVUS guidance of stent place-
ment has been shown to be superior to angiography with
reduced rates of major adverse cardiac events. Specifically,
intravascular imaging can identify under expansion, malap-
position, and plaque protrusion. Modern OCT and IVUS
software include utilities that assist the operator in stent se-
lection and pre-PCI planning to optimize deployment and
post-PCI MSA. Since 2013, the Society of Cardiovascular
Angiography and Interventions expert consensus guidelines
have recommended the use of IVUS as a definitely ben-
eficial method for determining optimal stent deployment
by helping to identify complete stent expansion, apposition
and edge dissection [4].

A 2016 meta-analysis of 7 trials including 3192 pa-
tients comparing outcomes of IVUS versus angiographic
guidance of PCI with DES found that after 15 months,
IVUS was associated with a lower risk of MACE (6.5%
versus 10.3%, OR 0.60, p < 0.0001), cardiovascular mor-
tality (0.5% versus 1.2%, OR 0.46 with p = 0.05) and stent
thrombosis (0.6% versus 1.3%, OR 0.49, p=0.04) [21]. Al-
though IVUS was utilized as the initial intravascular imag-
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ing modality due to earlier introduction, OCT is gaining
traction with a growing number of studies comparing their
effects on outcomes.

The ILUMIEN II study compared the relative degree
of stent expansion after OCT guided FFR PCI in 354 pa-
tients to the degree of stent expansion by IVUS-guided FFR
PCl in 572 patients from the ADAPT-DES study using both
a covariate-adjusted analysis of all participants as well as a
propensity-matched pair analysis. The degree of stent ex-
pansion was not significantly different between OCT and
IVUS guided FFR PCI (p = 0.29 in the matched-pair anal-
ysis and p = 0.84 in the covariate-adjusted analysis) [22].
The rapid development of new hardware and software fea-
tures as well as improvements to imaging acquisition will
influence operator preference and applicability of one tech-
nology over the other.

Further studies to assess whether use of IVUS guided
optimization of post-PCI FFR compared to no additional
intervention (standard of care) will improve MACE rates
associated with post-PCI FFR of <0.90 are underway. The
FFR-REACT trial is a prospective, single-center random-
ized controlled trial evaluating 290 patients randomized 1:1
to either IVUS or standard of care. The primary endpoint
has been defined as a composite of cardiac death, target ves-
sel re-infarction and target vessel failure requiring revascu-
larization after 1 year. The study will also evaluate procedu-
ral success, stent thrombosis, and changes in post PCI FFR
as well as physiologic and anatomic dimensions as mea-
sured by FFR and IVUS [23]. In the interim, IVUS has
demonstrated benefit for optimizing stent deployment, thus
should be considered when post-PCI FFR/NHPR falls be-
low 0.90.

10. Anatomic versus Physiologic Guidance of
Coronary Artery Bypass

Although the utility of physiologic assessment and
FFR in guiding PCI has been well-established, its role in
guiding lesions for bypass grafting is less clear. A num-
ber of prospective trials comparing FFR-guided to angiog-
raphy guided bypass grafting have shown mixed results.
The Graft Patency After FFR-Guided versus Angiography-
Guided CABG (GRAFFITI) trial showed no difference in
overall graft patency or MACE after | year [24]. However,
a repeat analysis after 6 years showed a significant reduc-
tion in the rate of death or MI in the FFR-guided group
(HR 0.59, 95% CI: 0.38-0.93, p = 0.020) [25]. Why data
supporting the use of FFR-guided bypass is not as robust
as compared to PCI may be due to higher complexity of
lesions (including serial lesions, or diffuse epicardial dis-
ease with impaired distal microcirculation). For many sur-
geons, angiographic significance defined as >50% stenosis
remains the threshold for bypass, and in such cases, avoid-
ance of physiologic testing may reduce procedural time,
contrast exposure and risk of native vessel injury, subse-
quently reducing the risk of complications during CABG.
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Nonetheless, the accurate assessment and identification of
functionally significant lesions for bypass remains of criti-
cal importance as grafting less critical stenoses contributes
to early vein or arterial graft failure from competitive flow
[26]. Additional prospective studies are needed to demon-
strate that functional assessment has a significant benefit in
coronary bypass surgery.

11. Conclusions

Despite advancements in modern cardiovascular inter-
vention, anatomic assessment will never be supplanted by
physiology. Anatomy though will continue to fail in con-
sistently demonstrating hemodynamic lesion significance.
Recognizing the shortcomings of coronary pressure mea-
surements is of particular importance when their findings
influence decisions to proceed down major decision branch
points of clinical management, such as the decision to refer
for surgery. For the less common cases where physiology
is known to fail, as highlighted above, the understanding of
which imaging methods can reliably guide or optimize in-
tervention is invaluable. Prospective comparative studies
will illuminate when anatomic assessments improve out-
comes as well as establish definitive parameters for use.
Until then, there is a strong argument for integrating both
anatomic (angiographic FFR, IVUS/OCT, and FFRCT) and
physiologic assessment into standard practice.

Author Contributions

NP performed literature review wrote the original
draft of the manuscript. MJK and AHS supervised the lit-
erature review, reviewed and edited the manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest. Arnold H.
Seto is serving as one of the Guest editors of this journal.
We declare that Arnold H. Seto had no involvement in the
peer review of this article and has no access to informa-
tion regarding its peer review. Full responsibility for the
editorial process for this article was delegated to Jerome L.
Fleg. Dr. Seto received research grants from Acist Medi-
cal and Philips/Volcano, and is a speaker for Terumo, Gen-
eral Electric, and Janssen, and has received consulting fees
from Medtronic and Medicure. Dr. Kern is a consultant and
speaker for Abbott/St. Jude, Philips/Volcano, Acist Medi-
cal Inc., Opsens Inc. Dr. Premyodhin has no disclosures.

References

(1]

[10]

[11]

[12]

[13]

Suzuki N, Asano T, Nakazawa G, Aoki J, Tanabe K, Hibi K, et
al. Clinical expert consensus document on quantitative coronary
angiography from the Japanese Association of Cardiovascular
Intervention and Therapeutics. Cardiovascular Intervention and
Therapeutics. 2020; 35: 105-116.

Morris PD, Curzen N, Gunn JP. Angiography-Derived Frac-
tional Flow Reserve: More or Less Physiology? Journal of the
American Heart Association. 2020; 9: e015586.

Tonino PAL, De Bruyne B, Pijls NHJ, Siebert U, Ikeno F, van’t
Veer M, et al. Fractional Flow Reserve versus Angiography
for Guiding Percutaneous Coronary Intervention. New England
Journal of Medicine. 2009; 360: 213-224.

Lotfi A, Jeremias A, Fearon WF, Feldman MD, Mehran R, Mes-
senger JC, et al. Expert consensus statement on the use of frac-
tional flow reserve, intravascular ultrasound, and optical coher-
ence tomography: a consensus statement of the Society of Car-
diovascular Angiography and Interventions. Catheterization and
Cardiovascular Interventions. 2014; 83: 509-518.

Lotfi A, Davies JE, Fearon WF, Grines CL, Kern MJ, Klein LW.
Focused update of expert consensus statement: Use of invasive
assessments of coronary physiology and structure: a position
statement of the society of cardiac angiography and interven-
tions. Catheterization and Cardiovascular Interventions. 2018;
92: 336-347.

Ntalianis A, Sels J, Davidavicius G, Tanaka N, Muller O, Trana
C, et al. Fractional Flow Reserve for the Assessment of Noncul-
prit Coronary Artery Stenoses in Patients with Acute Myocardial
Infarction. JACC: Cardiovascular Interventions. 2010; 3: 1274—
1281.

Engstrom T, Kelbak H, Helqvist S, Hefsten DE, Klovgaard L,
Holmvang L, et al. Complete revascularisation versus treatment
of the culprit lesion only in patients with ST-segment eleva-
tion myocardial infarction and multivessel disease (DANAMI-
3—PRIMULTI): an open-label, randomised controlled trial. The
Lancet. 2015; 386: 665-671.

Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E,
Mintz GS, et al. A Prospective Natural-History Study of Coro-
nary Atherosclerosis. New England Journal of Medicine. 2011;
364: 226-235.

Choi 1J, Lim S, Choo EH, Hwang B, Kim CJ, Park M, et al.
Impact of Intravascular Ultrasound on Long-Term Clinical Out-
comes in Patients with Acute Myocardial Infarction. JACC: Car-
diovascular Interventions. 2021; 14: 2431-2443.

Fearon WF, Yong AS, Lenders G, Toth GG, Dao C, Daniels
DV, et al. The Impact of Downstream Coronary Stenosis on
Fractional Flow Reserve Assessment of Intermediate Left Main
Coronary Artery Disease. JACC: Cardiovascular Interventions.
2015; 8: 398-403.

Ramadan R, Boden WE, Kinlay S. Management of Left Main
Coronary Artery Disease. Journal of the American Heart Asso-
ciation. 2018; 7: e008151.

de la Torre Hernandez JM, Hernandez Hernandez F, Alfonso F,
Rumoroso JR, Lopez-Palop R, Sadaba M, ef al. Prospective ap-
plication of pre-defined intravascular ultrasound criteria for as-
sessment of intermediate left main coronary artery lesions results
from the multicenter LITRO study. Journal of the American Col-
lege of Cardiology. 2011; 58: 351-358.

Almomani A, Pothineni NV, Edupuganti M, Payne J, Agarwal
S, Uretsky B, et al. Outcomes of Fractional Flow Reserve-Based
Deferral in Saphenous Vein Graft Narrowing. The American
Journal of Cardiology. 2018; 122: 723-728.

Agel R, Zoghbi GJ, Hage F, Dell’Italia L, Iskandrian AE. Hemo-
dynamic evaluation of coronary artery bypass graft lesions using
fractional flow reserve. Catheterization and Cardiovascular In-

&% IMR Press


https://www.imrpress.com

[15]

[16]

[17]

(18]

[19]

[20]

[21]

terventions. 2008; 72: 479-485.

Davlouros P, Damelou A, Karantalis V, Xanthopoulou I,
Mavronasiou E, Tsigkas G, et al. Evaluation of Culprit Saphe-
nous Vein Graft Lesions with Optical Coherence Tomography in
Patients with Acute Coronary Syndromes. JACC: Cardiovascu-
lar Interventions. 2011; 4: 683-693.

Sternheim D, Power DA, Samtani R, Kini A, Fuster V, Sharma
S. Myocardial Bridging: Diagnosis, Functional Assessment, and
Management: JACC State-of-the-Art Review. Journal of the
American College of Cardiology. 2021; 78: 2196-2212.
Tarantini G, Barioli A, Nai Fovino L, Fraccaro C, Masiero G, Il-
iceto S, e al. Unmasking Myocardial Bridge-Related Ischemia
by Intracoronary Functional Evaluation. Circulation: Cardio-
vascular Interventions. 2018; 11: €006247.

Yamada R, Tremmel JA, Tanaka S, Lin S, Kobayashi Y, Hollak
MB, et al. Functional Versus Anatomic Assessment of Myocar-
dial Bridging by Intravascular Ultrasound: Impact of Arterial
Compression on Proximal Atherosclerotic Plaque. Journal of the
American Heart Association. 2016; 5: e001735.

Yang H, Khush K, Luikart H, Okada K, Lim H, Kobayashi Y, et
al. Invasive Assessment of Coronary Physiology Predicts Late
Mortality after Heart Transplantation. Circulation. 2016; 133:
1945-1950.

Okada K, Kitahara H, Yang H, Tanaka S, Kobayashi Y, Kimura
T, et al. Paradoxical Vessel Remodeling of the Proximal Seg-
ment of the Left Anterior Descending Artery Predicts Long-
Term Mortality after Heart Transplantation. JACC: Heart Fail-
ure. 2015; 3: 942-952.

Elgendy 1Y, Mahmoud AN, Elgendy AY, Bavry AA. Outcomes

&% IMR Press

[22]

[23]

[24]

[25]

[26]

with Intravascular Ultrasound-Guided Stent Implantation. Cir-
culation: Cardiovascular Interventions. 2016; 9: ¢003700.
Maehara A, Ben-Yehuda O, Ali Z, Wijns W, Bezerra HG, Shite
J, et al. Comparison of Stent Expansion Guided by Optical
Coherence Tomography Versus Intravascular Ultrasound: The
ILUMIEN II Study (Observational Study of Optical Coherence
Tomography [OCT] in Patients Undergoing Fractional Flow Re-
serve [FFR] and Percutaneous Coronary Intervention). JACC:
Cardiovascular Interventions. 2015; 8: 1704-1714.

van Zandvoort LJC, Masdjedi K, Tovar Forero MN, Lenzen MJ,
Ligthart J, Diletti R, et al. Fractional flow reserve guided per-
cutaneous coronary intervention optimization directed by high-
definition intravascular ultrasound versus standard of care: Ra-
tionale and study design of the prospective randomized FFR-
REACT trial. American Heart Journal. 2019; 213: 66-72.

Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman
F, Ramos R, et al. Graft patency after FFR-guided ver-
sus angiography-guided coronary artery bypass grafting: the
GRAFFITI trial. Eurolntervention. 2019; 15: €999—¢1005.
Fournier S, Toth GG, De Bruyne B, Johnson NP, Ciccarelli
G, Xaplanteris P, et al. Six-Year Follow-up of Fractional Flow
Reserve-Guided Versus Angiography-Guided Coronary Artery
Bypass Graft Surgery. Circulation: Cardiovascular Interven-
tions. 2018; 11: e006368.

Paterson HS, Bannon PG, Taggart DP. Competitive flow in coro-
nary bypass surgery: the roles of fractional flow reserve and ar-
terial graft configuration. The Journal of Thoracic and Cardio-
vascular Surgery. 2017; 154: 1570-1575.


https://www.imrpress.com

	1. Introduction
	2. Considerations for Anatomy Over Physiology
	3. Common Clinical Scenarios 
	4. Acute Coronary Syndromes
	5. Left Main Stenosis
	6. Saphenous Vein Graft Lesions 
	7. Myocardial Bridging
	8. Cardiac Allograft Vasculopathy (CAV)
	9. Anatomic Assessment in Optimizing Post-PCI FFR
	10. Anatomic versus Physiologic Guidance of Coronary Artery Bypass
	11. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

