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Abstract

Aims: The aim of this study was to evaluate the predictability of resting distal coronary pressure wave
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forms for fractional flow reserve (FFR).

e drug-eluting stent

e fractional flow
reserve

e other technique

Methods and results: Resting coronary wave forms were qualitatively evaluated for the presence of (i)
dicrotic notch, (ii) diastolic dipping, and (iii) ventricularisation. In a development cohort (n=88), a scor-
ing system was developed that was then applied to a validation cohort (n=428) using a multivariable lin-
ear regression model to predict FFR and receiver operating characteristics (ROC) to predict FFR <0.8. In
the development cohort, all three qualitative parameters were independent predictors of FFR. However, in
a multivariable linear regression model in the validation cohort, qualitative wave form analysis did not fur-
ther improve the ability of resting distal coronary to aortic pressure ratio (Pd/Pa) (p=0.80) or instantaneous
wave-free ratio (iFR) (p=0.26) to predict FFR. Using ROC, the area under the curve of resting Pd/Pa (0.86
versus 0.86, p=0.08) and iFR (0.86 versus 0.86, p=0.26) did not improve by adding qualitative analysis.

Conclusions: Qualitative coronary wave form analysis showed moderate classification agreement in pre-
dicting FFR but did not add substantially to the resting pressure gradients Pd/Pa and iFR; however, when
discrepancies between quantitative and qualitative analyses are observed, artefact or pressure drift should
be considered.
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Abbreviations

CL core laboratory

FFR fractional flow reserve

IC intracoronary

iFR instantaneous wave-free ratio
v intravenous

Pd/Pa  distal coronary to aortic pressure ratio

Introduction

The use of a pressure wire to calculate fractional flow reserve (FFR)
during maximal hyperaemia is a technique to assess the functional
severity of an epicardial coronary artery stenosis'. Multiple ran-
domised clinical trials have demonstrated that FFR-guided revascu-
larisation improves clinical outcomes?®?, and both U.S. and European
guidelines have endorsed its use*’; however, the need for coronary
hyperaemia as a prerequisite for FFR measurements may have con-
tributed to a relative lack of adoption of this technique in clinical
practice due to increased cost, time, and patient discomfort.

The instantaneous wave-free ratio (iFR) measures coronary pres-
sure during a specific period of diastole when resting resistance is
the lowest during the resting cardiac cycle®. Several head-to-head
comparisons with non-invasive techniques demonstrated similar
diagnostic yield for FFR and iFR in identifying ischaemia-gen-
erating stenosis™®, and two large randomised trials have demon-
strated similar clinical outcomes at one year with an iFR- versus
an FFR-based revascularisation strategy®!?. Whether the addition of
a qualitative wave form analysis further improves the classification
agreement of resting pressure measurements is currently unknown.

Spectral analysis of the arterial pressure wave form has identi-
fied the dicrotic notch as a marker for high-frequency content of
the pressure signal''. Previous studies demonstrated that analysis
of the pressure wave form may be associated with the degree of
atherosclerotic vascular disease'>"®, and attenuation of the high-
frequency components of the pulse wave form can be an indica-
tor of the presence of a significant stenosis'!*. Accordingly, we
hypothesised that qualitative wave form analysis of the resting dis-
tal wave form may improve the classification agreement of the
resting distal coronary to aortic pressure ratio (Pd/Pa) and iFR in
their ability to predict FFR.

Methods

PATIENT POPULATION

This is a substudy of a multicentre, international study comparing
the accuracy of contrast FFR versus standard FFR obtained with
intravenous (IV) and intracoronary (IC) adenosine (CONTRAST:
Can cONTrast Injection Better Approximate FFR compAred to Pure
reSTing Physiology; NCT02184117). Details of the study method-
ology and results have been published previously'". Briefly, patients
underwent routine physiologic lesion assessment for clinical indica-
tions; subsequent clinical care was left to physician discretion but
was predominantly based on the obtained FFR measurement. Each
subject gave informed consent as approved by the local institutional
review board of that participating centre.

PHYSIOLOGY PROTOCOL

For FFR measurements, a PressureWire™ Certus™ or Pressure Wire™
Aeris™ guidewire and the QUANTIEN™ acquisition unit (all
St. Jude Medical, St. Paul, MN, USA) were used. Lesion selec-
tion for FFR was left to the individual operators based on clinical
necessity and study inclusion criteria. Equalisation of the pressure
wire and the aortic pressure was performed at the tip of the guide
catheter prior to all measurements. The pressure wire was then
advanced distal to the stenosis in a stable location to ensure high-
quality tracings.

As detailed previously, the complete physiology protocol con-
sisted of duplicate measurements of resting pressure (Pd/Pa) as
well as the iFR, contrast FFR, and FFR obtained with IC and
IV adenosine®. The IC adenosine dose was left to operator discre-
tion, but a strong recommendation was made for 100 to 200 pg.
IV adenosine infusion was administered at a standard rate of
140 pg/kg/min, and the duration of the infusion was approxi-
mately two minutes. At the end of the procedure, a drift check
was recommended by pulling the pressure wire back to the tip of

the guide catheter to the same location as the initial equalisation.

CORE LABORATORY ANALYSIS

All pressure tracings were sent to the Cardiovascular Research
Foundation (New York, NY, USA) physiology core laboratory
(CL) for standardised and centralised review. The CL was blinded
to both individual patients and their pressure tracings, thus the CL
carried out a post hoc analysis without knowledge of the locally
determined Pd/Pa or FFR value, method of hyperaemia, enrolling
site, or subject/lesion characteristics.

The RadiAnalyzer™ Xpress instrument (St. Jude Medical) was
used for coronary pressure measurements. The physiology CL
assessed each individual tracing for quality based on pre-speci-
fied criteria'®. Each tracing received a binary decision regarding
adequate quality for inclusion, and Pd/Pa or FFR was calculated
independently for each tracing. In cases where a final drift check
was performed, the quality of the pullback was assessed along
with the amount of drift. iFR was calculated off-line in the core
laboratory using the Volcano Harvest software package (Volcano
Corporation, San Diego, CA, USA), which contains the iFR com-
putational algorithm developed at Imperial College London's.

For this substudy, the first resting Pd/Pa and the first FFR value
with IV adenosine was used. If the first measurement was not
available or rejected by the CL, the second resting Pd/Pa or the
second FFR value with IV adenosine was used. If both of these
measurements were rejected, an acceptable measurement with
IC adenosine was used for the FFR value. Ultimately, one techni-
cally adequate resting Pd/Pa and one FFR without any artefact per
patient was used in this analysis.

CL DEFINITIONS

CL definitions have been described previously'®. Briefly, pressure
drift is defined as a separation of the aortic pressure recorded via
the guide catheter and distal coronary pressure as recorded by the



coronary wire pressure sensor over time. An arbitrary range of
0.97 to 1.03 was used as acceptable values, while drift was defined
as measurements of <0.97 or >1.03. Aortic pressure ventriculari-
sation was defined as diastolic dipping of the wave form, similar
to a left ventricular pressure tracing. Aortic wave form distortion
was defined as a blunting of the aortic wave form with loss of the
dicrotic notch and sinusoid appearance of the wave form.

The resting distal wave form was evaluated based on the fol-
lowing three binary characteristics: (i) dicrotic notch, defined as
the pressure wave form having a distinct incisura (Figure 1A); (ii)
diastolic dipping, defined as Pa and Pd not being parallel (decrease
of Pd) (Figure 1B); and (iii) ventricularisation (similar to the pres-
sure pattern of the left ventricle) (Figure 1C). Per definition, both

diastolic dipping and ventricularisation cannot exist together.

Dicrotic
notch

Parallel

Diastolic dipping

Ventricularisation

Figure 1. Representative case examples. Typical patterns of the
aortic and distal pressure wave forms based on lesion severity.

A) The presence of a dicrotic notch with a parallel downslope of Pd
to the aortic wave form, consistent with a haemodynamically
non-significant stenosis. B) A more severe stenosis with typical
“diastolic dipping” of the Pd and loss of the parallel downsloping
compared with the aortic wave form. C) A critical coronary stenosis
with loss of dicrotic notch and ventricularisation of the Pd. Pd.: distal

coronary pressure
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STATISTICAL ANALYSIS

A random sample was selected for the “development” cohort,
with the remaining assigned to the “validation” cohort. Using the
development cohort, the best linear estimate of FFR by resting
Pd/Pa or three qualitative parameters (dicrotic notch, diastolic
dipping, ventricularisation) was calculated in a linear regression
model. Using the validation cohort, the additive predictability of
three qualitative parameters on resting Pd/Pa was tested using the
square roots of the coefficient of determination (R* values) by
Steiger’s Z-test. Using receiver operating characteristic (ROC)
analysis, the additive predictability of three qualitative parameters
on resting Pd/Pa for FFR <0.8 was tested by chi-squared test. The
entire process was then repeated by replacing Pd/Pa with iFR.
The positive predictive values were defined as the probability of
the absence of a dicrotic notch, the presence of diastolic dipping,
or the presence of pressure ventricularisation to predict an FFR
<0.80. Inter- and intra-observer variability of wave form analysis
using 40 randomly selected cases was assessed by two independent
observers and by the re-analysis of a single observer six months
after the initial evaluation, respectively, and evaluated using kappa
statistics. All statistical analyses were performed using SAS 9.4
(SAS Institute, Cary, NC, USA), and a two-sided p-value <0.05
was considered statistically significant. Further details are avail-
able in Supplementary Appendix 1.

Results

STUDY POPULATION

After eliminating pressure drift, aortic pressure ventricularisa-
tion, and distorted aortic wave forms, a total of 592 patients with
acceptable wave forms for resting Pd/Pa and either IV or IC aden-
osine FFR were evaluated. Out of this group, 100 patients were
randomly selected as the development cohort, and the remain-
ing 492 patients were used as the validation cohort. There were
12 patients in the development cohort and 64 patients in the vali-
dation cohort who did not have a dicrotic notch in the aortic wave
form and thus were additionally excluded. In total, 88 patients in
the development cohort and 428 patients in the validation cohort
were included (Figure 2). Only minor differences were observed
in patient and procedural characteristics between the development
and validation cohorts (Table 1).

DEVELOPMENT COHORT

Of the 88 patients in the development cohort, 14 (15.9%) did not
have a dicrotic notch in the resting Pd wave form, 32 (36.4%) had
diastolic dipping, and 14 (15.9%) had pressure ventricularisation.
A multivariable linear regression model (Table 2) confirmed that
qualitative wave form analysis, resting Pd/Pa, and iFR were all
independent predictors for FFR.

VALIDATION COHORT

Of the 428 patients in the validation cohort, 32 (7.5%) did not have
a dicrotic notch, 252 (58.9%) had diastolic dipping, and 40 (9.3%)
had pressure ventricularisation. Among the 32 patients without
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763 patients enrolled

———

— 108 patients with signal drift

— 44 patients with either distorted wave
form or aortic ventricularisation for both
IV.and IC adenosine

— 19 patients with either distorted wave
form or ventricularisation for resting Pd/Pa

‘ 592 patients

|

Development cohort
100 patients

}

Validation cohort
492 patients

|5 12 patients without obvious

5 64 patients without obvious
dicrtic notch in aortic wave form

dicratic notch in aortic wave form

‘ 88 patients ‘ 428 patients ‘
Figure 2. Study flow chart. Includes the proportion of patients and

tracings that were analysed by the core laboratory and found to have
signal drift, aortic wave form ventricularisation, or distortion.

a dicrotic notch, 30 patients also had pressure ventricularisation.
The positive predictive value of an absent dicrotic notch to pre-
dict FFR <0.80 was 1.00 (32/32); the presence of diastolic dipping
to predict FFR <0.80 was 0.56 (141/252), while the positive pre-
dictive value of pressure ventricularisation was 0.95 (38/40). The
presence of a dicrotic notch and the absence of diastolic dipping
or ventricularisation predicted FFR >0.80 in 82.4% (112/136). The
lowest resting Pd/Pa, iFR, and FFR values were associated with an
absent dicrotic notch (Table 3).

Table 1. Baseline characteristics.

Table 2. Linear regression model in development cohort.
Regression | 95% confidence
coefficient interval

Qualitative model; FFR=0.74—0.053xDiastolic dipping-0.18x
Ventricularisation+0.088xDicrotic notch

Independent variables

p-value

Diastolic dipping -0.053 [-0.10, -0.011 0.02
Ventricularisation -0.18 [-0.27, -0.091] 0.0002
Dicrotic notch 0.088 [0.00, 0.17] 0.04

Resting Pd/Pa model; FFR=—0.22+1.11xResting Pd/Pa

Resting Pd/Pa [0.97,1.25] | <0.0001

iFR model; FFR=0.083+0.79xiFR
iFR 0.79

[0.68, 0.901] <0.0001

p-value for all 3 models is <0.0001. FFR: fractional flow reserve;
iFR: instantaneous wave-free ratio

R? values of estimated FFR using linear regression equations
were significantly lower for qualitative analysis when compared
with resting Pd/Pa and iFR (both p<0.0001) (Figure 3). When the
qualitative analysis was added into a multivariable model to rest-
ing Pd/Pa, there was no significant change in R? (0.67 versus 0.67,
p=0.80). Similarly, when the qualitative analysis was added into
a multivariable model to iFR, R? remained unchanged (0.58 ver-
sus 0.58, p=0.26). This indicates that the qualitative analysis did not
contribute to the ability of resting Pd/Pa or iFR to predict FFR.

In ROC analysis using FFR <0.8 as abnormal, the area under
the curve for (i) qualitative analysis, (ii) resting Pd/Pa, or (iii) both
qualitative analysis and resting Pd/Pa was 0.75 (95% confidence

Development cohort (n=88) | Validation cohort (n=428) | p-value

Age (years) 64+9 66+10 0.94
Male 64 (72.7) 313 (73.1) 0.88
Body mass index (kg/m?) 27.7+5.4 27.4+4.5 0.10
Target vessel Left main 2(2.3) 11 (2.6)

Left anterior descending 59 (67.0) 254 (59.3) e

Left circumflex 12 (13.6) 80 (18.7)

Right 15(17.0) 83(19.4)
Prior myocardial infarction 22 (25.0) 123 (28.7) 0.13
Prior percutaneous coronary intervention 14 (15.9) 69 (16.1) 0.92
Family history of premature coronary artery disease 16 (18.2) 109 (25.5) 0.002
Hypertension 58 (65.9) 320 (74.8) 0.003
Dyslipidaemia 61 (69.3) 291 (68.0) 0.62
Diabetes mellitus 21 (23.9) 128 (30.0) 0.01
Smoking (current or past) 45 (51.1) 202 (47.2) 0.67
Renal insufficiency (estimated glomerular filtration rate <60 mL/min) 8(9.1) 46 (10.7) 0.35
Clinical Stable coronary artery disease 70 (79.5) 341 (79.7)
plesEialor Unstable angina 10 (11.4) 41 (9.6)

Non-ST-segment elevation myocardial infarction 7 (8.0) 42 (9.8) 0.91

ST-segment elevation myocardial infarction 1(1.1) 4 (0.9)

Data presented as n (%) or meanzstandard deviation.
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Table 3. Physiology measurements stratified by wave form analysis in the validation cohort.

FFR <0.80

Resting Pd/Pa

Qualitative abnormality

None (n=136) 0.97 [0.95, 0.98] 0.96 [0.94, 0.98] 0.871[0.83, 0.91] 17.6%
Diastolic dipping (n=252) 0.91 [0.89, 0.94] 0.89[0.85, 0.92] 0.79[0.74, 0.85] 56.0%
Ventricularisation (n=40) 0.77[0.71, 0.85] 0.72[0.60, 0.771] 0.66 [0.59, 0.74] 95.0%
No dicrotic notch (n=32) 0.76 [0.68, 0.83] 0.69[0.56, 0.75] 0.64 [0.58, 0.69] 100.0%
FFR: fractional flow reserve; iFR: instantaneous wave-free ratio; Pa: proximal coronary pressure; Pd: distal coronary pressure

interval [CI]: 0.71-0.79), 0.86 (95% CI: 0.82-0.89), and 0.86
(95% CI: 0.83-0.90), respectively (all p<0.0001). Qualitative ana-
lyses were significantly worse than Pd/Pa alone in predicting an
abnormal FFR (0.75 versus 0.86, p<0.0001), and they did not
add significantly when added to Pd/Pa (0.86 versus 0.86, p=0.08)
(Figure 4A). Data for iFR were similar, demonstrating that qualita-
tive analyses were inferior to iFR and did not add further discrimi-
natory value (Figure 4B).

There was a good concordance of inter- and intra-observer agreement

forassessmentofthe wave formanalysis (=0.89and 0.93, respectively).

Discussion
The present study suggests that: (i) qualitative wave form analyses
including the absence of a dicrotic notch and the presence of dias-
tolic dipping and ventricularisation were predictive of an abnormal
FFR; (ii) qualitative analyses were statistically inferior to quantita-
tive resting pressure measurements including Pd/Pa and iFR; and
(iii) adding the qualitative analysis to either resting Pd/Pa or iFR
did not further contribute to these indices’ ability to predict FFR.
Previous studies demonstrated that the presence of a distal
coronary dicrotic notch was predictive of an FFR >0.76'". On the
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other hand, it has been shown that an abnormal pressure wave
form with the absence of a discrete dicrotic notch is associated
with significant atherosclerotic vascular disease'>!*. Moreover,
the absence of a dicrotic notch in the distal pulse pressure wave
form among patients with peripheral arterial disease was assoc-
iated with a significant stenosis'’. Pulse transmission coefficient
is a novel non-hyperaemic parameter for the physiologic assess-
ment of coronary artery stenosis with significant correlation to
FFR and an ability to predict an FFR <0.75 with high accuracy'.
The present data confirm these prior findings in that the presence
or absence of a dicrotic notch in the distal coronary pressure wave
form is significantly correlated to FFR. Specifically, the presence
of a dicrotic notch and the absence of diastolic dipping at rest had
a high negative predictive value (0.82) for an abnormal FFR.
With increasing stenosis severity, the distal coronary pressure
wave form changes in morphology. We have recently reported
on the importance of recognising these morphologic wave form
changes to improve the accuracy of FFR measurements's. It is
important to examine the distal wave form in the context of the
actual FFR measurement and the angiographic stenosis severity.
For example, in the presence of a modest angiographic stenosis
and a low FFR value, a careful analysis of the distal wave form
should be performed. If there is no substantial change in the distal
wave form when compared with the aortic wave form, the FFR is
probably artificially low due to signal drift. A pullback of the wire
should be performed to align the pressure sensor with the guide
catheter, and re-normalisation of the pressures should be per-
formed if necessary. In the most severe lesions there is substantial
deformation of the distal wave form with the typical appearance

of pressure ventricularisation, which proved to have a very high
positive predictive value (0.98) of an abnormal FFR.

Even though qualitative wave form analysis is important for the
proper interpretation of FFR, it does not contribute significantly
to the overall ability of resting gradients (i.e., Pd/Pa and iFR) to
predict FFR. Therefore, it appears that all the information is con-
tained within the resting pressure gradient rather than the wave
form. If a stenosis acted like a pure resistor, then Pd would be
practically identical to Pa. However, because of capacitive and
inductive effects as well as non-linear effects due to epicardial/
myocardial interaction, the system does not behave like a pure
resistor. Nevertheless, while there are substantial distal wave-form
changes confirming non-resistor effects for an epicardial stenosis,
the resistor effects remain the largest contributor, allowing simple
pressure gradient measurements. The predominant use of a quali-
tative wave form analysis is therefore to consider possible artifi-
cial FFR values due to signal drift or other artefacts, especially
when the measured FFR is very different from the expected FFR
based on clinical symptoms and angiographic findings.

Study limitations

Pressure wire pullbacks after FFR measurements to determine sig-
nal drift were available in only ~80% of the population. Assuming
a similar rate of drift among patients who did not have a recorded
pullback, some tracings were included that may have had signi-
ficant drift. The analysis was based on subjective classification of
pressure wave forms in three categories, and not on a continuous or
automatic manner. FFR data were determined from either IC or IV

adenosine administration, potentially leading to minor variations.



Conclusions

Qualitative wave-form analysis showed moderate classification
agreement in predicting FFR but did not add substantially to the
resting pressure gradients Pd/Pa and iFR; however, when discrep-
ancies between quantitative and qualitative analyses are observed,
artefact or pressure drift should be considered.

Impact on daily practice

Qualitative distal coronary wave-form analysis such as the pres-
ence of dicrotic notch, diastolic dipping, and ventricularisation
showed moderate classification agreement in predicting FFR
but did not add to the more simple resting pressure measure-
ments of Pd/Pa and iFR. However, wave-form analysis may be
helpful when discrepancies between quantitative and qualitative
analyses are observed to exclude possible artefacts.
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Supplementary data

Supplementary Appendix 1. Statistical methods

A random sample was selected for the “development” cohort, with the remaining assigned to the
“validation” cohort. Using the development cohort, an X-Y plot was created for FFR versus
resting Pd/Pa to assure that the relationship between these two variables was approximately
linear. After confirming this, the development cohort was used to fit the best linear estimate of

FFR using Pd/Pa:
FFR = b, + b1 x Resting Pd/Pa

A second linear regression that included three binary variables that are parameters of the
qualitative resting wave form analysis (presence/absence of dicrotic notch, diastolic dipping, or

ventricularisation) to predict FFR was also fitted to the test data:

FFR = b, + b1 x Diastolic dipping + b, x Ventricularisation + bz X Dicrotic notch

Regression coefficients obtained from these two equations were then used to create two
analogous estimates of FFR in the validation data set. These two linear composites were
designated as SCOREpq/pa and SCOREquatitative. Because these composites were derived from the
development data set, they permitted comparisons to be made in the validation data set that took
into account the effects of “shrinkage” (i.e., an overestimation of the predictive value of a linear
composite) due to capitalisation on chance variability. A linear regression of each composite on

the observed values of FFR in the validation data set was then performed. Finally, a third linear



regression that included both composites (i.e., SCOREpq/p. and SCOREqguaiitative) together to

predict FFR was fitted to the data.

The square roots of the coefficients of determination (R? values) were compared between the
regression equations obtained from SCOREpgpa and SCORE guatitative using Steiger’s Z-test for
comparison of two dependent correlations. This same comparison was made between the
coefficients of determination obtained from the regression of SCOREpq/p. on FFR versus the

regression of both SCOREpg/pa and SCOREgualitative on FFR.

FFR was then dichotomised as positive (FFR <0.80) versus negative (FFR >0.80). The
probability of FFR positive was then modelled as a function of (i) SCOREpg/pa, (i1)
SCOREualitative, and (ii1)) SCOREpg/pa + SCOREqualitative using logistic regression. Receiver
operating characteristic (ROC) curves were then created for each equation and compared
between equations using the chi-squared test. The entire process was then repeated by replacing
Pd/Pa with iFR. The positive predictive values were defined as the probability of the absence of
a dicrotic notch, the presence of diastolic dipping, or the presence of pressure ventricularisation
to predict an FFR <0.80. All statistical analyses were performed using SAS 9.4, and a 2-sided p-

value <0.05 was considered statistically significant.



