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Immediate stent recoil: a forgotten

phenomenon

JULIAN GUNN, DAVID BEACOCK, ALLISON MORTON, JOHN BOWLES, DAVID CROSSMAN

Abstract
e sought to measure immediate stent recoil
W(before vs. after deflation of the deployment
balloon) in diseased coronary artery segments.
Immediate recoil has not been assessed since the early
days of stenting.

We performed a prospective study in 120
consecutive, high pressure-stented coronary artery
lesions. Angiographic images of the stent on the
balloon during final balloon inflation, and of the
treated segment of artery immediately afterwards,
were recorded in two projections. The unconstrained
balloon was measured at nominal pressure in the aorta
for validation. Measurements were made blind, off-line.
Comparison was made with the diameters quoted by
the manufacturer for the balloon pressures used.

The stent deployment pressure was 12.82(SEM 0.30)

o
atm. Measurement of the balloon at nominal pressure OQ ata

in the aorta disclosed an accuracy of 99% (the
manufacturer's stated balloon/stent diameter at @
nominal pressure was 3.16[0.07] mm and the Qﬁ
value was 3.20[0.07] mm). The manufacturer’ r@
balloon/stent diameter at deployment pr%w

3.37(0.05) mm ("100%"), whereas the b

Even using contemporar
undersizing of the stent
manufacturer's stated st ent pressure.
There is immediate @ of a further 6% when the
balloon is deflated; pteSumably due to constraint by the
surrounding atherostlerotic vessel. Stents may prevent
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late, but not immediate, recoil. The stented segment
diameter is 10% smaller than intended.
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Introduction

\
After balloon dilatatign &nosed coronary artery segment, as
much as 23% (0. No acute gain can be lost as soon as
the deploying % is@ d." This loss of luminal diameter
may be ter %m@&a\t ecoil. It is widely known that stents
achieve be\@c , to some extent, long-term) results than
balloor@i pl achieving (and maintaining) a smaller post-
pr ura §i%hl stenosis by preventing acute (and chronic)
re tter two are measured from the time after the
balloon is deflated until the end of the procedure or
r time-point, respectively. Acute and chronic recoil may be
ured readily using intravascular ultrasound imaging (IVUS).*
ediate recoil is not amenable to IVUS assessment, because

}K\ owever rapidly the deploying balloon and the IVUS catheter are

inserted, immediate recoil has already occurred.

Haude et al. studied immediate recoil in 1993 in the 'slotted
tube' Palmaz-Schatz stent.> The immediate recoil in the stent
group was 0.10+0.07 mm in a vessel of reference diameter
3.3040.43 mm (about 3%), comparing favourably with a figure
after balloon angioplasty of 0.98+0.50 mm in a vessel of
3.22+0.47 mm (about 30%).° In the Stent REStenosis Study
Investigators (STRESS) study (in which the Palmaz-Schatz stent
was also used), immediate recoil in the stent group was
15+11%, but this was taken to be a favourable result, because
the corresponding figure for the balloon angioplasty group was
24415%.° The reduction in acute recoil achieved with stenting
(compared with balloon angioplasty) contributed to the estab-
lishment of stenting as routine in the percutaneous treatment of
coronary artery disease.

Also of relevance to the question of immediate recoil is the
information provided by the stent manufacturer. This is usually
supplied, in the packaging of each balloon/stent, as a table of
diameters achieved by the stent over a range of balloon pres-
sures. These measurements are obtained at bench-top testing,
and reflect the balance between the expansile effect of the fluid
in the balloon against the constraining effect (compliance) of the
balloon material and the stent. These figures are often referred
to during percutaneous coronary intervention (PCl), and are
widely believed to be accurate. These measurements make no
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Figure 1. A 62-year-old man presented with chronic stable angina and a high-grade stenosis in the proximal right coronary artery (A). This underwent stent
implantation (B) with a 3.5x15 mm Lekton stent (Biotronik), with full stent expansion at 14 atm (manufacturer's stated diameter at this
pressure=3.65 mm). There was an excellent angiographic result (C). The difference in diameter between (B) and (C) is termed immediate recoil.
Automated quantitative analysis was made, in two orthogonal views, of the inflated balloon/stent in the lesion (D,E) and of the stented segment
afterwards (F,G). The balloon was then inflated at nominal pressure (10 atm) in the aorta, and the measurements repeated (H). Measurements
were made at one half and one quarter of the distance along the stent/segment

allowance, however, for the potentially constraining effect
surrounding atherosclerotic lesion. %
We hypothesised therefore that, even with mo&
and deployment methods: there is significant immedigtese
the stent in the lesion; and the manuf&s
balloon/stent size for a given deployment&ss

estimate in a diseased artery. \2\
Methods \O QQ‘

Study design %

We performed a prospective;& 0 %e(utive, successfully-
stented coronary artery lesigna in patQ?Undergoing either rou-
tine elective or emerge |, performed by a single operator
(JG) in a teaching haGpitat” There were no patient-related inclu-
sion or exclusion critetfa. The only criteria related to the proce-
dure, the artery and the stent. The angioplasty was performed
according to standard modern practice. The stent must have
been successfully deployed, as assessed by the presence of TIMI
grade lll flow and by the lack of any significant residual stenosis
on 'eyeball' assessment of the final angiograms by the operator.
The arterial lesion morphology or degree of calcification were
not investigated, simply the quality of stent deployment by visu-
al assessment. Care was taken to ensure that the stents were
deployed at a pressure greater than that quoted by the manu-
facturer as 'nominal'.

Angiographic protocol
Two clear views of the stent were required, in orthogonal pro-
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%gs wherever possible, free of visual overlap from other
s

Q els, near the centre of the frame (to avoid 'pin-cushion' dis-
ortion), and with good quality images of the guide catheter,

which was used for calibration. Any number of stents could be
studied in any one patient, provided the lesion-based criteria
described above were met for each stent. The contrast:saline
ratio for balloon inflation was 3:1 to provide maximum clarity
for quantitative coronary angiographic (QCA) measurements of
the balloon, which were performed 'off-line' at the end of the
procedure.

Digital images of the stent on the balloon were obtained dur-
ing final balloon inflation (to assess the actual stent size
achieved), and of the treated segment of artery during the final
angiogram (to assess immediate recoil). Where the dilatation was
judged inadequate by the operator and further dilatation was
undertaken, the diameters of the final balloon were used and
the QCA angiograms were repeated in both projections. The
accuracy of the QCA was validated by measurement of the
unconstrained balloon, inflated to nominal pressure, in the aorta
at the end of the procedure.

Images were recorded using an Integris HM3000 system and
transferred, by LAN ethernet, to an Easivision RF/R2 workstation
for off-line measurement (all supplied by Philips Medical Systems,
Best, The Netherlands).

Stent and artery measurements
The angioplasty operator (JG) was blinded to the QCA, and the
radiographer performing the QCA (JB) was blinded to the sizes
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of the balloon and stent. The measurements of the balloon/stent
and the corresponding stented segment were made at points
approximately one quarter and one half of the distance along
the stent in each projection to avoid the confounding effect of
tapering at the ends of the balloon. The stent and artery diame-
ters were compared with the diameter of the balloon/stent quot-
ed by the manufacturer for the final dilatation pressure used. The
end point was the collection of a full set of QCA and manufac-
turer's data for each patient.

Statistics

The four measured diameters of the balloon/stent and stented
arterial segments (two for each of two projections) were aver-
aged and expressed, for the whole population, as mean (SEM).
These measurements were also expressed as percentages of the
manufacturer's ideal at the pressure used for deployment. The
actual balloon/stent diameters achieved were compared with the
ideal, and with the final arterial diameters, with paired Student's
t-tests. Significance was sought at the 95% level.

Results

Patients, stents and lesions

A total of 120 consecutive stented lesions which fitted the crite-
ria laid out above were studied in 82 patients. Sixteen lesions
were excluded due to inadequate imaging or recording of
images. The 104 remaining lesions were derived from 74

anterior descending, 22% in the circumflex, 27% in
coronary artery and 6% in other vessels. The stents we
BiodlivYsio (Biocompatibles, Farnham, UK) in 64%

Braun, Sheffield, UK) in 17%; S7 (Medtronic, ap
in 12%; and others in 11%. The nominal ste i was
9(0.31)
were no

3.16(0.04) mm, the final deployment press

atm and the stent length was 14.3(

major procedural complications (a nclu5|on) no
cases of in-hospital coronary @* graft (CABG) or
death, and all patients were %rleft hospital.
Measurements of st q arteries and recoil

The diameter of thefully=expanded balloon/stent, according to
the manufacturers' tabtés, should have been 3.37(0.05) mm. Our
measurement of this parameter in the diseased segment of
artery was 3.23(0.05) mm, 96% of the manufacturers’ stated
diameter (p<0.00001). Our measurement of the final luminal
diameter of the stented segment of artery was 3.02(0.05) mm,
90% of the manufacturers’ stated diameter (p<0.00001). Figure

1 shows examples and figure 2 shows aggregated data for bal-
loon stent diameter.

Influence of stent calibre

The data were subdivided into three groups according to stent
diameter: 2.5 and 2.75 mm (24% of stents); 3.0 mm (36% of
stents); and 3.5 and 4.0 mm (40% of stents). The immediate
recoil was almost identical in all three groups (table 1).
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patients, of whom 53 (72%) were male, and their age
63(1.0) years. In all, 45% of the stents were placed in th&

Figure 2. Comparison of diameters: 1) manufacturer's quoted
balloon/stent diameter at deployment pressure; 2) the
measured balloon/stent diameter in the lesion at deployment
pressure; 3) the final diameter of the stented segment. The
difference between columns 1 and 2 represents
under-achievement of the intended stent size. The difference
between columns 2 and 3 represents immediate stent recoil.
The final result (column 3) is 10% smaller than the intended
diameter (column 1)

3.6

35

3.3

3.2

p<0.001
3.1

Diameter (mm)

3.0

&

%

;(5\ Influence of stent type

The data were subdivided according to the three commonest
stent types used in this study (BiodivYsio [64%], Coroflex [17%]
and S7 [12%]). Whilst the Coroflex and BiodivYsio stents are
manufactured from a steel tube, the former have fewer longitu-
dinal connecting struts and more open cells. The S7 stent is a
‘coiled wire’ with a greater flexibility but less radial strength than
the ‘slotted tube’ designs. There were no differences in deploy-
ment pressures between individual stent manufacturers. The
degree of recoil was very similar for the first two types (figure 3),
but the small number in the S7 group precluded any definite
conclusion.

Validation of the QCA

The accuracy of the angiographic measurements, as assessed by
measurements of the deployment balloon (unconstrained and
inflated at nominal pressure in the aorta) was to within 99% (the
measured balloon diameter was 3.20[0.07] mm and the manu-
facturer's stated size at nominal pressure was 3.16[0.05] mm).

Discussion

In this simple study we have shown that a coronary artery stent,
deployed optimally (according to routine modern clinical criteria),
achieves a diameter which is 10% less than that intended. This
is because the inflated balloon/stent is 4% smaller than intend-
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Table 1.  Recoil data divided into small, medium and large stent sizes.

The degree of recoil is similar for the whole range of stent sizes

Stent diameter (mm) 2.5-2.75 3.00 3.5-4.0
% of all stents 24 36 40
Inflation pressure (atm) 12.10 12.80 13.30
SEM 3.00 3.10 3.40
Nominal diameter (mm) 2.81 3.20 3.85
SEM 0.16 0.1 0.31
Balloon/stent diameter (mm) 2.67 3.10 3.63
SEM 0.07 0.04 0.04
% of nominal 95 97 94
Stented segment diameter (mm) 2.54 2.86 3.39
SEM 0.07 0.05 0.05
% of nominal 90 89 88

Key: SEM = standard error of the mean

ed, and the stented segment recoils immediately by a further 6%
after deflation of the balloon. This result is valid for all stent sizes
and is similar for three currently used stent designs. These data
are similar to those obtained with early stent designs a decade
ago.
The most obvious explanation for these findings is that stent

expansion is constrained by the surrounding diseased segment of Q‘ OQ~

arterial wall. It has been axiomatic since their inception that 'SID
ted tube' stents do not allow arterial recoil (unlike coil s%

which possess less radial strength).” In fact, the way reeg|
been measured (with either QCA or IVUS) has g@‘
e

allowed assessment of immediate, but rather
(acute), recoil because the baseline measureme beer

S

n
at the time of either the angiogram after stentegeplapwgght or
the IVUS run after this. In the early instanceS\whete ediate

recoil was measured, the magnitude A
10% is certainly consistent with th

More recent studies have cor@d t Qgree of immediate
recoil using QCA measurement ainalys d on measurements
of a stent in a single planQSuch rements may be open
to greater variation th use of measurements of a given
stent from orthogon{l platies. Danzi et al. used single plane mea-
surements to measureross-sectional area at various points with-
in a stent.” These measurements were not compared to the man-
ufacturers' sizes for the stents. Hehrlein et al. introduced a ‘stent
delivery balloon expansion ratio’ based on the differences in
diameter of the inflated balloon at stent delivery deployment
pressure.® Stent performance based on immediate recoil was also
measured.

In both these studies, similar degrees of recoil were obtained
at similar inflation pressures to our study but post-dilatation
effects were not incorporated into the result. Our study extends
this work by demonstrating that recoil still exists when visual
assessment suggests optimal stent deployment. By including
post-dilatation procedures as the final intervention which was
incorporated into our results, we have shown that ‘real world’
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Figure 3. Comparison of recoil measurements for the three most
frequently used stents in this study: BiodlivYsio
(Biocompatibles), Coroflex (B-Braun), and S7 (Medtronic).
Red columns=manufacturer's stated balloon/stent diameter
at deployment pressure; black=measured balloon/stent
diameter at deployment pressure; white=measured diameter
of stented segment of artery. *=p<0.05. Immediate recoil is
represented by the difference between the black and the
white columns. There is an almost identical degree of acute
recoil for the first two designs

110 1

105 A

100 A

Diameter (% of intended)
O
Ul

BiodivYsio Coroflex

S
rocedures still result in significant immediate loss of stent cali-
bre.

Since the object of this study was to investigate the immedi-
ate recoil of an implanted stent, we deliberately did not investi-
gate the morphology of the vessel wall. Further study may deter-
mine if our results are due to our study population having a
greater prevalence of coronary calcification, which could create a
greater degree of recoil than would have occurred with earlier
studies. Similarly, the effects of recoil may be influenced by stent-
ing an acute unstable plaque, as in primary PCl in the treatment
of acute myocardial infarction. This also requires future study.

Could our finding be explained in any other way? The system
of QCA used here could have introduced a systematic under-esti-
mate of the diameter of any object measured. For this to be the
case, it would be necessary to postulate that it under-estimated
the size of the stented arterial segment (10%) significantly more
than the balloon/stent assembly (4%) or the balloon at nominal
pressure, unconstrained (1%). This seems unlikely. It would also
be necessary to disregard the findings of previous investigators.>®

What are the implications of our findings and what is their
practical importance? Stent deployment in the present study
conformed to everyday standard clinical practice. With a mean
final balloon pressure of > 12 atm, recoil cannot be attributed
to using too low a deployment pressure. Hanekamp et al.
showed that optimum stent deployment, according to QCA,
IVUS and myocardial fractional flow reserve criteria, can be
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%) Key messages

® |mmediate recoil refers to loss of the acute gain as soon
as the deploying balloon in a stenosed coronary artery
segment is deflated

® The study showed that a coronary artery stent, when
deployed optimally, achieves a diameter which is 10%
less than that intended

® [nterventionists should be encouraged to examine the
final angiographic result rigorously

achieved using a pressure > 12 atm.* Haude et al., like us,
showed that immediate recoil occurred across the range of stent
sizes to a similar degree (in contrast to their balloon-only group,
in which larger balloons were associated with greater recoil).®
The use of deployment pressure beyond 12 atm with a semi-
compliant balloon would tend to oversize the stent but would
carry the risk of end-dissection. It would be unfortunate to trade
a potentially lower restenosis rate for a higher acute complica-
tion rate with this approach. A non-compliant balloon taken to
high pressure might achieve the desired result in terms of stent
diameter. However, there is no guarantee of abolishing the acute
recoil which we have documented, because this occurs after b
loon deflation and probably depends more on lesion chara
tics and stent hoop strength than balloon inflation para %
Perhaps there is scope to improve an operator’s
of what comprises an ‘optimal’ result. This judgem
mal' stent deployment (implying 0% residual st
fact, as much as 16% residual stenosis by

t

m @n
LA %/US-
controlled studies, a consistent tendencystoNindas on the
basis of the angiogram has been fou Q& @US is used
to optimise sizing, as much as a ;@wc M stent mean
luminal diameter can safely be@m Ve ch a concomitant
reduction in target vessel revascula¥isati single figures at six
months.>® Therefore, on?ossibi or pragmatic clinical
improvement, apart fro g IVUS, might be to use cautious
increments in baIIoor@ﬂrj ure (perhaps using QCA in two views)
to achieve perfectly cyihdrical deployment. A separate prospec-
tive study would be required to address this question.

Another way of reducing immediate recoil would be to mod-
ify stent or strut geometry, although this would have to be done
without sacrificing flexibility. This may be readily achievable by
design modification. In the present study, for example, rather to
our surprise we found almost identical degrees of acute recoil in
the Coroflex and the BiodivYsio stents, even though the former
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is more flexible than the latter. It may also be possible to devel-
op alloys with improved characteristics of both radial strength
and flexibility. However, the advent of drug-eluting stents may
make this sort of refinement irrelevant if the amount of restenot-
ic tissue can be significantly and permanently reduced by phar-
macological means.

Conclusions

We have shown that 'real world' stent implantation, using mod-
erately high deployment pressures, does not achieve the expect-
ed in-stent calibre even when the result is judged optimal by the
operator. Typically, the diameter achieved is 90% of that expect-
ed, a figure that has probably not_improved much in the last
decade. The most likely explanati @ 10% immediate recoil is
the constraint imposed upon nt by the diseased artery.
Interventionists should be &aged to rely on rigorous exam-
ination of the final angi n\wic result, perhaps in two views,
rather than rely upq, manufacturer's stated balloon/stent
dimension at the fi a&te'n loyment pressure, because this is
a considerable i what is actually achieved.
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