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Abstract Studies performed in the last two decades
demonstrate that after successful percutaneous coro-
nary intervention (PCI) of a chronically occluded
coronary artery, the physiology of the chronic total
occlusion (CTO) vessel and dependent microvascu-
lature does not normalise immediately but improves
significantly over time. Generally, there is an increase
in fractional flow reserve (FFR) in the CTO artery,
a decrease in collateral blood supply and an increase
in FFR in the donor artery accompanied by an in-
crease in blood flow and decrease in microvascular
resistance in the myocardium supplied by the CTO
vessel. Analogous to these physiological changes,
positive remodelling of the distal CTO artery also
occurs over time, and intravascular imaging can be
helpful for analysing distal vessel parameters. Follow-
up coronary angiography with physiological measure-
ments after several weeks to months can be helpful
and informative in a subset of patients in order to
decide upon the necessity for treatment of residual
coronary artery stenosis in the vessel distal to the
CTO or in the contralateral donor artery, as well as
in deciding whether stent optimisation is indicated.
We suggest that such physiological guidance of CTO
procedures avoids unnecessary overtreatment during
the initial procedure, guides interventions at follow-
up, and improves our understanding of what PCI in
CTO means.
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Introduction

To answer the question as to what coronary physiol-
ogy teaches us during and after percutaneous coro-
nary intervention (PCI) of chronic total occlusion
(CTO), it is important to emphasise that interven-
tional treatment should be based upon knowledge
and understanding of the underlying pathophysiol-
ogy. Why does a patient suddenly present with angina
caused by a CTO that has existed for years? How does
a stenosis in the donor artery influence CTO blood
supply? What kind of improvement can be expected
following PCI?

For a long time, coronary physiology measurement
was underappreciated in chronic coronary occlusions,
but it has attracted more interest in recent decades [1,
2]. In most CTOs with viable distal myocardium, col-
lateral blood supply is present and sufficient to main-
tain resting metabolism (hibernation) or even con-
traction at rest. This collateral circulation generally
develops over several weeks to months and the extent
of the collateral network depends on the acuity of the
occlusion, the duration and frequency of ischaemia,
genetic influence and co-morbid states, e.g. diabetes
[3]. Lee et al. [3] also compared two groups of to-
tal occlusions, i.e. the acute occlusions during my-
ocardial infarction and the chronic total occlusions.
They noticed that the collateral flow assessed by coro-
nary wedge pressure in relation to aortic pressure was
higher in CTO than in acute occlusions.

Mostly, however, even in the presence of collat-
erals, frank ischaemia occurs in the CTO-supplied
myocardium with increasing demand during stress/
exercise [4, 5]. With viable myocardium (e.g. demon-
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strated by preserved wall motion at rest) and typical
chest pain, additional ischaemia testing is not nec-
essary and PCI of CTO can be planned. In cases of
regional wall motion abnormalities in the territory of
the CTO, other objective evidence of viability should
be sought before making the decision to perform PCI
[6]. This is more important because PCI of CTO is
complex and target lesion failure is still much higher
compared to non-CTO PCI [7]. Physiological mea-
surements in the recanalised CTO artery, its depen-
dent myocardium and donor artery may be helpful
in optimising the procedure and might improve long-
term clinical outcomes.

The last two decades in physiology

With the evolution of intracoronary physiological
evaluation, CTO vessels have also become a topic
of interest and many studies have attempted to ex-
plain the complex physiology in CTO vessels and the
dependent myocardium. CTO-vessel PCI has three
major physiological effects: (1) effects on the CTO
vessel and the dependent myocardium; (2) effects on
the donor vessels; and (3) effects on the interaction
between the two, i.e. the collateral circulation. Table 1
summarises a number of these studies categorised by
the site of change and according to the technique

used [3, 5, 8-18].
Roughly, these studies can be divided into three
‘groups’: the flow and velocity studies (coronary flow

Table 1 Overview of human physiology studies, last two decades
Author Technique n Baseline value  Value imme- p-value  Value at follow-up  p-value Interval to follow-up
diately after
procedure

CTO vessel changes
Coronary flow reserve (CFR) or Doppler velocity
Werner [8] CFR Doppler + FFR 42 2.01 Same n.s. Immediate
Werner [9] CFR Doppler + FFR 120 2.01 2.50 <0.01 5 months
f;c[?]umacher (CFR) PET 193 1.59 2.88 <0.01 3 months
Stuijfzand [11]  MBF (PET) 69 1.22 2.40 <0.01 3 months
Schumacher CFR (PET) 193 1.52 2.89 <0.01 3 months
2]
Fractional flow reserve (FFR)
Zimarino [13] FFR 42 <0.5 >0.8 <0.01 Immediate
Sachdeva [5] FFR 100 0.45 0.90 <0.01 Immediate
Lee [3] FFR 74 0.48 0.86 <0.01 0.87 n.s. 12 months
Karamasis [14] FFR 26 0.82 0.89 <0.01 4 months
Absolute blood flow and resistance measurements (ml/min and Wood units)
Keulards [15] Absolute flow/ 25 148 221 <0.01 2 months

resistance
Donor vessel changes
Coronary flow reserve (CFR) or Doppler velocity
Ladwiniec [16]  CFR Doppler + FFR 34 2.24 2.33 0.57 Immediate
Instantaneous wave-free ratio (iFR)
Mohdnazri [17]  iFR 34 0.86 0.88 <0.05 0.90 <0.05 4 months
Fractional flow reserve (FFR)
Sachdeva [18]  FFR 14 0.76 0.86 <0.01 Immediate
Ladwiniec [16]  FFR+ Doppler 34 0.78 0.81 <0.01 Immediate
Mohdnazri [17]  FFR 34 0.76 0.75 0.267 0.79 <0.05 4 months
Collateral circulation regression
Collateral fractional flow reserve (FFRcop)
Zimarino [13] FFRcoll 42 0.42 0 <0.01 Immediate
Karamasis [14]  FFRcol 26 0.29 0.33 n.s. 0.18 <0.01 4 months

CTO chronic total occlusion, MBF myocardial blood flow, PET positron emission tomography, n. s. not significant
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(velocity) reserve, CF(V)R); the pressure studies (frac-
tional flow reserve (FFR), instantaneous wave-free
ratio (iFR)); and absolute blood flow and resistance
studies.

First, CFVR reflects the ratio between basal and
hyperaemic coronary flow velocity, measured by
a Doppler wire. This tells us something about the
functionality of the whole coronary circulation, both
epicardial and microcirculatory, but does not enable
us to distinguish between these two compartments.
It reflects blood flow increase during stress/exercise
situations (or hyperaemia in the catheterisation labo-
ratory). A value =2.0 is often considered to be normal,

Normal coronary artery

FFRmyo= FFRe + FFRea (FFRea= 0)
Aorta 1.0=1.0+0
P, 100 r;ml{g A T— P'Omml{gv
L}
RCA
LAD — \"/
a \_/_
CTO vessel
FFRmye= FFReor + FFReat
Aorta
0.33=0+0.33
Chronic
occlusion
P, 100 mmHg P, through collateral P.0m mHgv

33 mmHg

RCA

Collateral
artery

C

Fig. 1 Fractional flow reserve (FFR) in a normal vessel (a),
in an intermediate stenosis (b) and a chronic coronary to-
tal occlusion (CTO) (c). Generally, when using myocardial
FFR (FFRmyo), venous pressure (Py) is neglected and FFR is
defined as the distal coronary to aortic pressure ratio (Pq /
P3) at maximum hyperaemia. When there is no stenosis (a)
there is no pressure loss over the coronary artery, meaning Pa
and Pgq are equal and FFR is 1.0. In an intermediate steno-
sis (b) FFR is decreased due to the loss of pressure over the

LAD — \"/

which means that basal coronary blood flow can dou-
ble during hyperaemia. CFVR is used as an equivalent
to coronary flow reserve (CFR), defined as the ratio
of absolute hyperaemic blood flow to baseline blood
flow. CFR can also be approximated by thermodilu-
tion using a bolus of saline to measure mean transit
time at rest and during maximum hyperaemia. CFR
measured by thermodilution is then represented by
the ratio of mean transit times [19].

Studies with CFR or CFVR show the same trends:
peak flow (velocity) increases directly after opening
the CTO vessel [20] corresponding to a higher hyper-
aemic flow, and CF(V)R increases further over time,

Intermediate stenosis
FFRmo= FFRew + FFReat

Ao rta 0.81=0.77 +0.04
P.100 mm!-l!' 7 81 munllg PO mmHgv
RCA
LAD — Vv
| \_/_
b

stenosis and the contribution of collateral blood flow is small.
In the case of CTO (c) collateral flow becomes the predomi-
nant contributor to distal myocardial perfusion. The collateral
contribution can be calculated separately by FFRcoi=Pw / Pa,
where Py, is wedge pressure. If there is elevated Py, this com-
ponent should be measured separately. FFRcor coronary FFR,
RCA right coronary artery, LAD left anterior descending artery,
V venous pressure
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indicating further improvement of the myocardium
and/or epicardial remodelling [9, 12].

Use of CF(V)R in clinical practice is limited because
of the fact that coronary blood flow (velocity) is influ-
enced by many factors, such as blood pressure, heart
rate, vessel diameter, age and others. This is partic-
ularly due to difficulties in obtaining an unequivocal
resting value. Consequently, there is a large variation
in ‘normal’ values. Taking this into consideration, val-
ues can vary significantly in the same patient and over
time. In addition, Doppler techniques are sensitive to
patient motion, breathing, minimal position changes
of the sensor and are as such operator-dependent.

A second method used to investigate coronary
physiology is based on pressure measurements. The
FFR provides information specific to the epicardial
stenosis. To measure FFR, a high-fidelity intracoro-
nary pressure wire is used to record the distal coronary
pressure (Pg) during maximum hyperaemia. FFR is
the ratio between Py and aortic pressure (P, and
specifies the pressure loss across a stenosis (Fig. 1a).
Normal FFR is close to 1.0 and a value >0.80 is con-
sidered to be non-ischaemic, which means that if
less than 20% of coronary pressure is lost across the
stenosis during hyperaemia, no ischaemia will occur
(Fig. 1a).

When using FFR in CTO physiology, it is important
to realise that FFR as usually used (and represented
by P4 / P.) represents the influence of a coronary
stenosis on myocardial blood flow and that myocar-

CTO vessel
FFRmyo= FFRcor + FFRcon
Aorta 0.33=0+0.33
Over the wire
belloon, Pressure wire
L | .
v \ l
P = FFRa=033 | v
100mmHg ' =
RCA Pw"lhmu?h
5 ramilg
LAD — \"}

T

Fig. 2 Collateral fractional flow reserve (FFRco) assessment
using coronary wedge pressure (Pw). Example of how to as-
sess Py. In order to evaluate the contribution of collateral ves-
sels a pressure wire can be advanced into the just opened
chronic total occlusion (CTO) vessel. Then a balloon is ad-
vanced over the pressure wire and inflated at low atmospheric
pressure to occlude the vessel transiently (preferably within
the just placed stent) and Py is measured. FFR is still repre-
sented by the ratio of Py (called now Py) and Pa. When ante-
grade flow is 0, FFR consists exclusively of FFRcon. FFRmyo my-
ocardial FFR, FFRcor coronary FFR, RCA right coronary artery,
LAD left anterior descending artery, V venous pressure

dial blood flow is the sum of coronary artery blood
flow and collateral blood flow. Under normal cir-
cumstances, the role of collateral flow is negligible,
but with severe stenosis and in particular in CTO,
collateral flow becomes important. This can be quan-
tified by FFR (originally called FFRmyocardium) because
it can be split up as: FFRmyocardium (FFRmyo) = FFRcoronary
(FFRcor) + FFRcoltaterat (FFReoi), and all of these three
compartments can be assessed separately by pressure
measurements (Fig. 1). To do so, measurement of
coronary wedge pressure (during balloon occlusion
of the coronary artery) is mandatory, as explained in
Figs. 1 and 2.

Lee et al. [3] and Karamasis et al. [14] showed that
during follow-up measurements in the CTO vessel,
FFR increased significantly over time. In the study by
Karamasis et al., comprehensive FFR measurements
were accompanied by FFRqi assessment immediately
after CTO PCI and at 16-week follow-up. The study
showed that the increase of FFRyy, over time was
accompanied by a significant reduction of collateral
function as expressed by FFReu (Fig. 3c,d). This was
also in line with the earlier publication by Zimarino
et al. [13], who showed that FFR.. decreased signifi-
cantly.

In addition to antegrade blood flow in the re-
opened CTO artery, donor vessels have also been
evaluated extensively ([14, 16-18, 21]; Fig. 3b-d).
Most studies showed a slight increase in donor artery
FFR and iFR directly after PCI. Longer-term follow-
up studies showed a more pronounced increase in
FFR of the donor artery, explained by the decrease of
its perfusion territory. The late change in FFR also
confirms delayed collateral regression.

Although FFR measurement before and after PCI is
feasible and safe, it does not provide information on
the function of the microvasculature. To make a bet-
ter distinction between epicardial coronary artery
function and microvascular function, CFR has been
combined with FFR. ‘Low’ CFR (<2.0) and ‘high’ FFR
(=0.80) would indicate a normal epicardial artery but
abnormal microvascular function. However, such
combined measurements at best provide qualitative
information but do not allow true quantification of
microvascular function.

At this point, a relatively new and promising
methodology to measure absolute coronary blood
flow and microvascular resistance quantitatively
comes into consideration [22-25]. The measurement
of absolute blood flow and resistance uses a technique
of thermodilution with continuous low-rate infusion
of saline. The application of this established method
is very easy, reproducible and without noticeable side-
effects [22]. The measurements are performed during
maximum hyperaemia induced by saline [26] using
a multifunctional monorail infusion catheter as de-
scribed and validated extensively (Rayflow, Hexacath,
Paris, France) (23, 24, 27]. The method is based on
the calculation of flow (Q in ml/min) and microvas-
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Aorta CTO SITUATION

Aorta AFTER PCI

Q = 161 ml/min i/’x
82 A7~

LAD —

v

Q =246 ml/min
FFR donor = 0.79

FFR=n; 0.82=0.53 +0.29

C

Fig. 3 Example synthesising all angiographic and physiolog-
ical measurements before and after percutaneous coronary in-
tervention (PCl) and at follow-up. All values in the images are
based on measurements in one selected patient. To date, no
large studies have combined all measurements. a Schematic
and angiographic situation before intervention with a chronic
total occlusion (CTO) of the right coronary artery (RCA) and
donor arteries from the left anterior descending (LAD) artery
to the distal RCA. b Situation before PCI of the CTO when
assessment of only collateral and donor vessel flow is pos-

cular resistance (R in dyn-s/cm™, mmHg-1/min, or
Wood units). The flow is calculated after continuous
intracoronary infusion of saline at a chosen infusion
rate creating maximum hyperaemia [26]. The distal
coronary temperature () is measured using a normal
pressure wire X (PWX, Abbott, Chicago, IL, USA). After
reaching steady-state hyperaemia (mostly within 20s)
and measuring T, the pressure wire is pulled back
into the Rayflow catheter to determine the infusion
temperature of the saline (7;). Absolute blood flow is
then calculated by dividing the infusion temperature
by the distal temperature and multiplying it by the
infusion rate of the pump, following the equation
below:

T;
Q»=1.08 7‘01

Aorta BEFORE PCI

LAD — v

Q =250 m/min
FFR donor = 0.78

FFR=s;0.33=0+0.33

Aorta AT FOLLOW-UP

Q = 300 mUmin
S R =243 WU

FFR==0.18 b

LAD = v

Q=215 mi/min
|_FFR donor = 0.81

FFR-+;0.89=0.71+0.18

sible. ¢ Situation immediately after opening the CTO vessel.
Now both assessment of antegrade flow and fractional flow
reserve (FFR) of the CTO vessel and donor/collateral supply is
possible. d Assessment of all values is possible. FFRcor frac-
tional flow reserve of the coronary artery, FFRcon collateral
fractional flow reserve, FFRmyo myocardial fractional flow re-
serve (= FFRcor+ FFRcol), Q absolute myocardial blood flow
in ml/min, R microvascular resistance in Wood units (WU)
(mmHg - ml/min), V venous pressure

where Q is the flow in ml/min. The constant 1.08
relates to the difference between the specific heats
and densities of blood and saline. 7; is the infusion
temperature of the saline at the infusion holes of the
Rayflow catheter and T'is the distal coronary tempera-
ture measured by the pressure wire, both expressed as
the difference to body temperature. Q; is the infusion
rate of the pump in ml/min.

Simplified this means that when T is 1°C below
body temperature and 7; is 5°C below body tempera-
ture, the absolute blood flow is 5 times the set rate of
saline infusion. So in this example, with a saline infu-
sion rate of 20 ml/min, blood flow will be 108 ml/min.
Microvascular resistance is calculated in analogy to
Ohm'’s law by dividing the distal pressure and flow.

All calculations for absolute flow and resistance,
explained above, are automatically made using the
Coroventis software program (Coroventis, Uppsala,
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Sweden). The accuracy and reproducibility of these
absolute flow and resistance measurements have
been validated extensively, and the procedure can be
performed safely and quickly following regular FFR
measurement [22, 25].

Since the patient acts as her/his own control during
follow-up procedures, accurate evaluation of blood
flow and resistance at follow-up of both the epicar-
dial artery and the microvasculature is possible. In an
exploratory study by Keulards et al. [15] these mea-
surements were performed in both the CTO and donor
vessel territory and showed a significant increase in
hyperaemic coronary blood flow and improvement
in microvascular function a few weeks following the
procedure. Maximum blood flow in the CTO artery
increased by 49% and microvascular resistance de-
creased by 29% at follow-up compared to the situation
immediately after the index procedure (Fig. 3d). At
the same time, distal CTO vessel diameter increased.
It appears that the increase in coronary flow is a com-
bination of two factors, i.e. decrease in microvascu-
lar resistance, reflecting further improvement of the
microcirculation, and decrease in distal epicardial re-
sistance with positive remodelling of the distal CTO
artery. Fig. 3 summarises all the physiological changes
mentioned above.

What does integrated coronary physiology tell
us?

The studies mentioned above demonstrate that af-
ter successful PCI of a chronically occluded coronary
artery, blood flow in the CTO vessel and microvascular
function do not normalise immediately but improve
significantly over time. This is reflected by an increase
in absolute blood flow and FFR of the CTO artery, de-
crease in microvascular resistance, and regression of
collaterals with decrease in FFRc. As a corollary, cor-
responding changes in the donor artery can often be
observed. The FFR of the major donor vessel may
increase, reflecting decrease of collaterals.

Being aware of such anticipated physiological and
anatomical changes may have three important conse-
quences for interventional decision-making. First, the
diameter of the vessel distal to the occlusion directly
after opening the CTO is still negatively remodelled,
which may mislead the operator into taking a smaller
stent for CTO treatment even after an optimal dosage
of nitroglycerin. Second, due to negative remodelling
of the distal segment, a distal stenosis can seem sig-
nificant. This can lead to longer stents and even more
restenosis [28]. And thirdly, FFR of an intermediate
stenosis in the donor artery with values slightly be-
low the ischaemic thresholds before the CTO artery
is opened may increase over time, thereby avoiding
PCI of that intermediate lesion. In the current ESC
guidelines [6] it is suggested that the donor vessel is
stented first. But when CTO PCI is planned anyway,
this strategy may be changed if there are ischaemic le-

sions in the donor artery. Larger trials are required to
add further support to this strategy, but such adjust-
ments may decrease the number of stents, the rate of
restenosis over time and improve our knowledge and
patient care.

Previous research reflected on a sort of ‘vascular
wall hibernation’ of the distal coronary segments of
a recanalised CTO failing to show a response to en-
dothelium-dependent and endothelium-independent
stimuli [20, 29]. The increase in hyperaemic abso-
lute coronary blood flow over time can be partially
explained by the above findings and strongly supports
improved distal coronary artery wall function.

Role of intracoronary imaging

For follow-up of the aforementioned positive remod-
elling of the distal CTO artery over time, both intravas-
cular ultrasound (IVUS) and optical coherence tomog-
raphy (OCT) can be helpful for measuring ‘true distal
vessel’ parameters. In daily practice, IVUS is preferred
to OCT for PCI guidance in CTO cases, because using
OCT increases the risk of dissection before stenting
and requires high volumes of contrast. It is impor-
tant to realise, however, that even when intracoronary
imaging is used, vessel diameters can still be underes-
timated due to chronic negative remodelling. Also, us-
ing IVUS it has been shown that positive remodelling
occurs over time [30]. Intracoronary imaging at fol-
low-up can also be used to decide whether the stents
have been undersized and need to be optimised [28,
31]. We have learned that as a rule of thumb stents
with a diameter that is 0.4 mm larger should be chosen
in cases of CTO to diminish late stent malapposition,
but when there is doubt regarding sizing a follow-up
invasive examination with re-evaluation of stent size
can be useful.

The future

The number of large cohort studies in CTO is still lim-
ited. Presently, the IMPACT-CTO 2 trial is being per-
formed (ClinicalTrials.gov identifier: NCT03830853),
in which all relevant physiological indices (FFR,
FFRcon, absolute flow and resistance) are assessed
both in the donor vessel and in the CTO artery imme-
diately after PCI and after 12 weeks. This is combined
with intracoronary imaging, to account for remod-
elling of the distal CTO artery. These measurements
will likely provide an integrated and more complete
insight into coronary physiology and anatomy after
PCI of CTO arteries and can be helpful in planning
a CTO follow-up procedure.
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use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article
areincluded in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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