High-fidelity translesional pressure gradients

during percutaneous transluminal coronary

angioplasty: Correlation with quantitative

coronary angiography

A fiberoptic pressure sensor mounted on an 0.018-inch guidewire (Pressure Guide) was used to
measure the transstenotic pressure gradient in 30 patients undergoing percutaneous
transluminal coronary angioplasty (PTCA) with lesions considered suitable for quantitative
coronary angiographic (QCA) assessment. The aim of the study was to correlate pressure
gradients with parameters obtained with QCA. After intracoronary injection of 125 ng of
nitroglycerin, multiple angiographic views were taken of the lesion. The Pressure Guide fiberoptic
sensor was then positioned distal to the stenosis and the pressure gradients were recorded
before and after PTCA. There was a significant correlation between mean pressure gradients
(AP) and percent diameter stenosis (r = 0.73; p < 0.001) and absolute stenosis diameter

(r= — 0.67; p < 0.001) and with percent area stenosis (r = 0.69; p < 0.001) and absolute stenosis
area (r= —0.63; p < 0.001). The closest relationship, though, was found with stenotic flow
reserve (SFR), which is an integrated parameter calculated from QCA. This relationship can be
described by the equation: AP = 65.2 — 12.6.-SFR (r = —0.79; p < 0.001). With a measured
gradient of >15 mm Hg, the sensitivity was 94% and the specificity 96% to predict an SFR <3.5.
In conclusion, a statistically significant relationship could be found between stenosis pressure
gradients and angiographic parameters in this study with lesions without complicated
morphology. The independent information obtained by pressure gradient measurement may be of
particular value in intermediately severe lesions or in stenoses where the angiographic
assessment otherwise is difficult. (Am HEART J 1993;126:66-75.)
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Although computer-assisted quantitative coronary
angiography (QCA) allows a more user-independent
and reproducible stenosis evaluation in comparison
with visual assessment, 1t still carries several inher-
ent limitations. For example, estimation of the
stenotic area by using edge detection assuming a cir-
cular model may be less accurate if the lumen is slit-
like or irregular. After percutaneous transluminal
coronary angiloplasty (PTCA) contours are some-
times hazy as a result of a split of the intimal surface
or a dissection. More than one orthogonal projection
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and the use of densitometry will help to improve the
coronary artery analysis, but there will still be situ-
ations when the angiographic method 1s suboptimal.
Identification of the “normal’ reference diameter
can also be controversial, especially in ostial lesions,
in highly tapering lesions, and when diffuse disease i1s
present.’

Measurement of translesional pressure gradients
has been used as a physiologic method of evaluating
coronary stenoses, especially during PTCA.? The
conventional technique has been to measure the dis-
tal coronary pressure through the lumen of the bal-
loon catheter and to compare it with the pressure
measured through the lumen of the guiding catheter
in the ostium of the coronary artery. By using this
technique, the pressure drop across the stenosis will
be falsely increased even in moderate narrowings be-
cause of the reduction of the true luminal area.’™®
Another disadvantage 1s the low-frequency response
obtained when measuring pressure through the thin
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liquid-filled lumen of the balloon catheter. Because
of these technical drawbacks, the interest for pres-
sure gradient measurements has diminished. The
initial experiences with the Pressure Guide (Radi-
Medical Systems, Uppsala, Sweden) a new fiberoptic
pressure sensor for intracoronary use, have recently
been reported.” The sensor element is mounted on an
0.018-1nch guidewire and will pass through standard
angloplasty balloon catheters that accept this size
culdewire. The cross-sectional area of the sensor
guidewire (0.17 mm?) is substantially lower than that
of a balloon catheter (>0.9 mm?) and will to a lesser
extent falsely increase the pressure gradient.% 19
Transstenotic pressure gradients and stenotic flow
reserve (SFR) may be calculated using standardized
values for aortic pressure and coronary flow velocity
taking into account angiographically measured val-
ues of stenosis length and cross-sectional area.ll-!3
SFR has been proposed as a useful parameter for de-
scribing the physiologic importance of a coronary
stenosis, and it has been shown in animal experi-
ments to correlate better with direct measurements
of coronary flow reserve than with single stenosis pa-
rameters like percent-diameter stenosis, obstructive
area, or stenosis length.!! However, the validity of the
theoretic pressure gradient and the calculated SFR in
the clinical situation has not yet been fully estab-
lished. The aim of this study was to correlate the
magnitude of transstenotic pressure gradients as re-
corded with the Pressure Guide fiberoptic sensor be-
fore and after PTCA with the morphologic severity of
the stenosis measured from QCA. In addition, com-
parison of the physiologic importance of the lesions

were made by correlating pressure gradients and
predicted SFR.

METHODS

Patients. Thirty patients scheduled for coronary
angloplasty were included in the study. There were 5
women and 25 men, with a mean age of 59 years (47
to 78 years). T'wenty-eight patients had stable angina
and evidence of 1schemia on a stress test, and two
patients had unstable angina. Eight patients had
suffered a subendocardial myocardial infarction be-
fore PT'CA. The two patients with unstable angina
and another patient with diabetes had a moderately
reduced left ventricular ejection fraction (45% to
51% ), whereas the remaining 27 patients all had
normal LV function (ejection fraction >60%).
Twenty patients had one-vessel disease, 7 had two-
vessel disease and 3 patients had three-vessel disease.
The left descending artery was dilated in 17 patients,
a diagonal branch was dilated in 1 patient, the
circumflex artery was dilated in 6 patients, and the
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right coronary artery was dilated in 6 patients.
Lesions selected for the study had to be considered
suitable for QCA and for stenosis gradient measure-
ment. This included proximal, concentric, or eccen-
tric stenoses in a straight segment of the vessel.
whereas ostial, long (>20 mm), tortuous, diffuse, or
sequential lesions were excluded. The morphologic
characteristics of the stenoses are summarized in
Table I.

Quantitative coronary angiography. The anatomy
before and after PTCA was analyzed by using Phil-
ips DCI angiography equipment (Philips Medical
Systems, Eindhoven, The Netherlands). The angio-
grams of the first 10 patients were analyzed from cine
films by the computer-based Cardiovascular Angiog-
raphy Analysis System (CAAS) (Pie Data Medical
B.V., Maastricht, The Netherlands) as previously
described.'® In principle, the CAAS analysis is based
on digitized cine frames. The contours of the coro-
nary segment are automatically detected. The refer-
ence diameter is identified by an automated interpo-
lation technique, manual corrections are made if
necessary, and correction for pin-cushion distortion
1s included. Calibration of the diameter data in abso-
lute values is achieved by detecting the boundaries of
a segment of the catheter and comparing the com-
puted mean diameter with the known size in milli-
meters. In vivo validation of the CAAS system has
been performed by using precision drilled phantom
stenoses implanted in porcine coronary arteries.!?

The remaining 20 patients were analyzed on-line in
the catheterization laboratory with Philips’ Auto-
mated Coronary Analysis (ACA) program (Philips
Medical Systems).!® The images are stored directly in
digital form with a 512 X 512 matrix. The analysis,
including the calibration procedure, is based on the
same technique as the CAAS system for contour de-
tection and identification of the reference diameter.
However, in the ACA program no correction for pin-
cushion distortion is included. The ACA program has
recently been validated in comparison with the
CAAS system and was found to provide highly reli-
able measurements.!’

For all stenoses a theoretic pressure gradient may
be calculated.!® These calculations can be derived
from fluid dynamics of narrow tubes. The following
equation was used: AP = f.Q + s-Q?, where AP is the
theoretic pressure gradient across the stenosis, f is
the Poiseuille resistance, and s is the turbulent resis-
tance. Q 1s the mean coronary volume flow in milli-
liters per second. From stenosis geometry, constants
f and s can be deducted. Volume flow is calculated
from the interpolated reference cross-sectional area,
assuming a coronary blood flow velocity of 20 cm/
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Table I. Morphologic characteristics of the lesions before and after angioplasty, respectively

Before After
MLD PDS STL AP MLD PDS STL AP
Patient (mm) (% ) (mm) STS (mmHg)  SFR (mm) (% ) (mm) STS (mmHg)  SFR
1 0.91 74 4.59 0.61 25 2.20 2.34 50 4.49 0:33 2 4.90
2 0.69 68 5.80 0.15 43 1.75 1.23 39 7.10 0.44 28 4.00
3 0.61 65 5.74 0.42 46 1.50 0.81 64 2.24 0.58 24 2.50
4 0.87 54 7.76 0.62 45 2.75 1.78 15 3.98 0.04 5 4.90
5 0.61 74 3.9 0.60 60 1.10 2.08 19 2.07 0.96 12 4.95
6 1.92 49 6.63 0.40 3 4.16 2.66 29 2.03 0.24 4 4.75
7 0.72 7 0.20 0.16 28 2.00 0.92 o7 8.77 0.22 32 2.00
8 1.30 63 21.05 .86 o4 2.43 2.08 41 10.77 0.36 12 4.15
9 1.00 63 12.15 0.77 34 2.50 1.92 19 212 0.96 4 4.82
10 1:17 71 16.46 0.55 46 1.37 1.87 44 12.84 0.35 9 3.53
11 1.20 DO 12.69 0.70 43 2519 1.70 33 0.91 0.17 6 4.01
12 0.97 ] 14.17 0.73 5 2.25 3.29 4 1.94 0.69 0 4.98
13 182 04 6.00 0.90 0 3.02 1.65 39 4.79 0.64 0 4.70
14 1.09 64 11.09 0.38 71 2.48 4.27 0 8.89 0.64 5 4.75
15 1.03 65 10.96 0.42 75 213 2.71 29 6.10 0.35 5 4.70
16 1.05 62 11.25 0.85 37 2.04 2.62 23 2.50 0.79 1 4.45
17 1.29 63 12.52 0.79 o1 2.49 2.04 45 0.22 0.50 0 4.78
18 1.42 50 11.65 0.61 3 3.58 1.76 32 4.48 0.18 0 4.60
19 0.80 62 18.91 0.73 34 1.85 1.14 44 9.39 0.80 8 3.54
20 1.49 61 8.73 (.80 46 2.04 2.01 32 0.52 0.24 0 4.62
21 0.97 71 8.10 0.62 21 1.63 2.48 26 6.10 0.41 5 4.79
22 0.83 79 13.50 0.83 43 0.36 2.98 22 7.65 0.64 1 4.76
23 1.24 52 12.60 0.91 39 3:22 1.84 26 2.60 0.50 6 4.82
24 1.58 48 732 0.86 9 4.31 3.36 14 012 0.33 4 4.90
20 0.32 7 10.16 .68 39 0.34 2.42 21 2.72 .80 7] 4.88
26 1.50 61 13.61 0.98 3% 2.49 3.28 21 9.46 0.78 4 4.90
27 1.85 40 11.86 0.41 13 4.30 2.50 25 8.76 0.57 10 4.82
28 (.89 13 14.55 0.96 i 1.7 1.60 02 10.00 0.40 15 3.7
29 1.07 66 9.24 0.74 59 2.45 1.90 41 10.25 0.77 12 4.55
30 1.52 49 14.92 .34 2 3.70 2.59 24 2.41 .91 1 4.7
Mean 1.11+0.37 62+10 10.75+4.26 0.65+0.23 3720 2.40+1.01 2.21+0.77 31+15 5.93+£3.17 0.52+0.25 7+8 4.45+0.66
+SD

MLD, Minimal luminal diameter; PDS, percent diameter stenosis; STL, stenosis length; ST'S, stenosis symmetry index, where 1.0 indicates a concentric le-
sion and values closer to 0 increasing eccentricity'®; AP, mean pressure gradient; SFR, stenotic flow reserve.

sec.!® By inferring increasing flow rates and combin- transmitted back through the same optic fiber and
ing these with the theoretically calculated pressure detected by a photo diode in the control unit. The
drop, an SFR value was calculated for each stenosis. sensor has been validated in vitro with regard to sig-

This calculation 1s based on the assumption of a nal transfer characteristics, linearity, compliance,

standardized aortic pressure of 100 mm Hg, aresting  and frequency response.!”: =

coronary flow velocity of 20 cm/sec, and an SFR of 5.0 The control unit is the interface between the optic

1f no stenosis 1s present. sensor and the signal output and can be connected to
Pressure measurement. The sensor, which has a di- the ordinary pressure recording systems in the cath-

ameter of 0.45 mm (0.17 mm?), and the optic fiber are eterization laboratory. Acquisition of data was done
integrated into an 0.018-inch guidewire (Pressure with a personal computer equipped with special
Guide) which can be used in angioplasty balloons hardware. The analogue electrocardiogram (ECGQG)
with large enough inner lumen. The sensor element and pressure signals were continuously sampled with
1s located 3 ¢cm proximal to the floppy tip. The prin- 1 KHz per channel and stored on the hard disk for the
ciple of this fiberoptic device is that light 1s emitted off-line investigation. The linear working range of the

from a control unit and transmitted through a beam- pressure sensor is —20 mm Hg to +300 mm Hg and
splitter along the fiber to the sensor (Fig. 1). Pres- within 0.0 Hz and 200 Hz and the upper frequency of
sure-induced elastic movement of the sensor modu- the interface between the fiberoptical and electrical

lates the intensity of reflection, and the signal is then  systems 1s >1 kHz.
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Fig. 1. Construction of fiberoptic sensor.

Procedure. Angiography was performed before and
after PTCA following intracoronary administration
of 125 ug of nitroglycerin. A mean of 2.0 (range 1-3)
projections was used. The same projections were used
both before and after PT'CA. For balloon angioplasty,
a Pinkterton balloon catheter (Advanced Cardiovas-
cular Systems Inc., Santa Clara, Calif.) was used. In
proximal lesions 1n straight vessels the Pressure
(Guide fiberoptic sensor could be positioned directly
without the support of the balloon catheter. How-
ever, this was done only in six patients; in the
remainder, an 0.014-inch guidewire (High Torque
Floppy, Advanced Cardiovascular Systems, Inc.,
Santa Clara, Calif.) was used to negotiate the steno-
sis. The balloon was then positioned at the site of the
stenosis, after which the guidewire was withdrawn
and replaced by the Pressure Guide fiberoptic sensor.
With the balloon retracted into the guiding catheter,
the pressure gradient was measured by pulling back
the wire slowly until the sensor was proximal to the
stenosis, but the tip still distal. Eight cardiac cycles
were sampled for subsequent analysis of pressure
values in each position. The wire was then reposi-
tioned distal to the lesion, and PTCA was performed
according to clinical practice. After the dilatation
procedure, new measurements were performed sim-
illarly to pretreatment. The study was approved by
the ethical committee at the Goteborg University.

Statistical analysis. Least squares linear and non-
[inear regression analyses were used to define the
best-fit relations between the pressure gradient and
coronary angiographic variables. A p value of <0.05
was considered statistically significant.

RESULTS

In four patients only moderate stenoses (range
40 % to 55% ) and low-measured gradients (range 0 to
13 mm Hg) were found initially. As a result of
convincing clinical findings, PTCA nonetheless was
performed in all cases. In five patients the final mea-
surements were done after implantation of a stent
(four Palmaz-Schatz [Johnson & Johnson Interven-
tional Systems Co., Warren, N.J.] and one Wiktor
stent [Medtronic Inc., Minneapolis, Minn.|). A pres-
sure gradient >15 mm Hg and a stenosis diameter of
>50% was found in three patients after PTCA. In
two of these cases this was due to coronary dissection;
in the third case the stenosis recoiled immediately
and no satisfactory result could be obtained.

Fig. 2 shows the pressure recordings of patient 25.
Before PTCA the distal coronary pressure falls rap-
1dly in the early diastolic phase compared with the
proximal pressure, providing peak transstenotic gra-
dient. The systolic gradient in this case is intermedi-
ately high and because of the short duration of the
systolic phase, contributes little to the mean value.
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Fig. 2. Pressure recordings of patient 25, who had 87 % diameter stenosis of left anterior descending ar-
tery. Note high early diastolic gradient before PTCA. The mean gradient of 39 mm Hg exceeds both the
peak systolic (21 mm Hg) and the mean diastolic (32 mm Hg) gradient.

The mean gradient thus will be higher than the peak
systolic and the end-diastolic gradients.

In Fig. 3, A, the relationship i1s shown between
mean gradient (AP) and the minimal luminal diam-
eter (MLD), including the best fit curve. Figure 3, B,
illustrates the corresponding relationship with the
percent diameter stenosis for all patients. The rela-
tionship between AP and minimal luminal cross-sec-
tional area (MLCA) 1s shown in Fig. 4, A, and
between AP and percent area stenosis (A %) in Fig-
ure 4, B. The regression lines follow the equations
AP = 5.8 + 21.0/MLCA - 1.5/MLCA* (r = —0.63;
p <0.001) and AP = 0.8 + 4.5[100/(100 — A%)] —
7.9[100/(100 — A%)?] (r = 0.69; p < 0.001), respec-
tively.

The relationship between AP and the predicted
SFR values of all stenoses before and after PTCA is
shown in Fig. 5 and can be described by the follow-
Ing equation: AP =652 —-12.6-SFR (r = -0.79,
p < 0.001). The sensitivity, specificity, and positive
and negative predictive values for a measured gradi-
ent of >15 mm Hg to predict an MLD< 1.3 mm, ML-
CA< 2.0 mm?, or SFR < 3.5 is shown in Table II.

DISCUSSION

General considerations. The conventional technique
for measuring intracoronary pressure gradients via a
liquid-filled balloon catheter is associated with damp-
ening of the curves, and the pressure drop over the
stenosis is falsely increased even across low-grade

coronary stenoses.?® 1021 Leiboff et al.!” have stud-
ied the importance of the variables that influence the
transstenotic pressure gradient measured through a
catheter positioned across the stenosis. They found
that the ratio of the size of exploring catheter-to-
stenosis diameter was the most important parameter.
Native vessel diameter, stenosis length, and blood
flow also influence the pressure drop over the steno-
sis, but to a lesser extent. These data have recently
been corroborated by de Bruyne et al.® by using a
fluid-filled 0.015-inch guidewire.® Only in small-sized
coronary arteries with tight stenosis (>85% area re-
duction) can a clinically significant overestimation of
the pressure gradient be expected. The Pressure
Guide fiberoptic sensor used in the present study has
a diameter of 0.45 mm (0.018 inch). Applying the re-
sults of Leiboff et al., the increase of the transstenotic
gradient caused by the presence of the guidewire in
the vessel lumen will be >10% only if MLD 1s <1.2
mm. A low-grade or moderate coronary stenosis most
often has an MLD that exceeds 1.2 mm; this 1s also
the case in most dilated segments after a successtul
PTCA. In addition, the Pressure Guide fiberoptic
sensor has a high-frequency response resulting in
high-fidelity pressure recordings.

Should we use systolic, mean or diastolic gradients?
Ganz et al.** *° have measured gradients in coronary
arteries through a 2F perfusion catheter and ob-
served that the gradients often are largest in the early
diastolic phase. Bateman et al.** recorded gradients
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Fig. 3. Relationship between mean pressure gradient and minimal luminal diameter (MLD, A). B, Rela-
tionship between gradient and percent diameter stenosis. Best fit curves are shown. In A, lines indicating
MLD of 1.3 mm and pressure gradient of 15 mm Hg have been interposed.

in vein grafts during a by-pass operation and thus did
not have to cross the lesion with a catheter.?* They
likewise preferred to use the diastolic gradient as a
measure of stenosis severity. In this study we have
also found that the gradient during diastole usually
contributes most to the mean gradient value. A com-
mon pattern is a steep fall in distal coronary pressure
early in diastole, which sometimes leads to a mean
cradient that is higher than the mean systolic and
end-diastolic gradients. Consequently, neither mean
systolic, mean diastolic, nor end-diastolic gradients
adequately reflect the physiologic nature of the
stenosis, especially because the systolic gradient

shows a large scatter and may be higher, equal to, or
lower than the diastolic gradient in different pa-
tients. For these reasons we have considered the
mean gradient during the entire cardiac cycle to be
the most representative parameter for use in correla-
tion with QCA variables in this study.

Relation of pressure gradient to angiographic sever-
ity. A curvilinear relation was found between pressure
eradient and stenosis diameter and area, respec-
tively. The relation was strongest between pressure
oradient and MLCA. Thus a mean gradient >15 mm
Hg was highly predictable of an obstructed area of <2
mm?. On the other hand, if the gradient were <15 mm
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Fig. 4. Relationship between mean gradient and minimal luminal cross-sectional area (MLCA; A) and be-
tween gradient and percent area stenosis (B). Regression lines and corresponding equations are indicated.
In A, lines indicating MLCA value of 2.0 mm?® and pressure gradient of 15 mm Hg have been added.

Hg the area range was broad (0.76 to 8.5 mm?~). A
reasonable interpretation of these findings might be
that a gradient of >15 mm Hg is virtually always as-
sociated with a stenosis of significant physiologic 1im-
portance. The correlations found between pressure
gradient and MLCA in our study were very similar to
those obtained in another study in PTCA patients in
whom a 0.015-inch fluid-filled guidewire was used.®

Relation of pressure gradients to predicted physio-
logic parameters. SFR may be derived by combining
the theoretically calculated pressure drop across a
stenosis with various flow levels under standardized

physiologic conditions. Kirkeeide et al.'! found in an
experimental study in dogs that angiographically
predicted SFR correlated better with true flow mea-
surements of coronary flow reserve than did relative

or absolute obstructive area. Vogel et al.>> and Wil-
son et al.?® 2’ found a good correlation between pres-
sure gradients recorded at rest and coronary flow re-
serve measured by angiographic densitometric tech-
nique and Doppler technique, respectively. In studies
in man, Zijlstra et al.?® 3 demonstrated a better cor-
relation between the calculated transstenotic gradi-
ent and measured coronary flow reserve than with
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how much. Ideally, the Pressure Guide fiberoptic
sensor should be placed as the primary wire to avoid
this problem. However, refinements of steerability
and floppiness are required before this may become
possible in all cases. Another limitation of this study
might be that pressure gradients were only measured
in the resting position and not during maximal
vasodilatation. Because the predicted pressure gra-
dients and SFR are calculated assuming hyperemic
conditions, it is conceivable that the correlation with
SFR might be different (and theoretically better) af-
ter papaverine or adenosine administration.

Rationale for the clinical use of pressure measure-
ment. [t may be argued that because the angiograph-
ically predicted physiologic parameters and the mea-
sured pressure gradients seem to yield similar infor-
mation about the importance of the stenosis, the need
for gradient measurement would be relatively lim-
ited. However, it is important to note that although
not only discrete, short, type A lesions were included
in this study, lesions were avoided where QCA eval-
uation would be dubious, such as tandem lesions and
ostial lesions. In two patients a post-PTCA dissection
occurred, a situation where the angiographic evalua-
tion is often difficult. In these and similar situations
the measured pressure gradient probably would be
superior to the angiographic analysis. Furthermore,
measured gradients provide actual physiologic infor-
mation in contrast to the theoretic gradient or the
SFR, which are parameters calculated under stan-
dardized physiologic conditions.

It can be deducted from basic fluid dynamic prin-
ciples that relative coronary flow reserve and myo-
cardial flow reserve, respectively, may be calculated
by measurement of the transstenotic pressure gradi-
ent, coronary artery wedge pressure, and central
venous pressure.’’ In a similar way the contribution
of collateral flow to total coronary flow can be
assessed. This model has successfully been validated
in dog experiments, but experience in human beings
is still limited. The animal data are intriguing be-
cause they offer information of relative flow through
the different parts of the coronary circulation from
pressure measurements only. They also demonstrate
that only transstenotic gradient recording is an
incomplete approach to describing stenosis severity
because it does not take into account the collateral
flow. Finally, with improved technologic ability of
measurement of coronary flow velocity, 1t 1s soon
possible to achieve recordings of instantaneous pres-
sure-flow and pressure gradient—flow relationships.
In animal models these parameters have proved to be
hemodynamically independent indexes of the phys-
iologic significance of coronary stenoses.”"
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Conclusions. This study demonstrates a significant
correlation between the transstenotic pressure gra-
dient and morphologic measures of a stenosis ac-
quired with QCA, at least in lesions with relatively
uncomplicated geometry. The closest relationship
was found with SFR, which is a parameter derived
from QCA, taking several stenosis characteristics
into account. The independent information provided
by pressure gradient measurement may be of partic-
ular value in intermediately severe lesions or in
stenoses where the angiographic assessment other-
wise is difficult. Future studies will clarify whether
the pressure gradient should be combined with some
other parameter, such as coronary artery wedge
pressure, coronary flow, or flow velocity to obtain an
optimal determinant of the physiologic significance
of a coronary stenosis.
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