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Chapter 6
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ABSTRACT

Objectives. We sought to assess in-stent variations in fractional flow reserve (FFR) in patients
with previous percutaneous coronary intervention (PCl) and to associate any drop in FFR with
findings by optical coherence tomography (OCT) imaging.

Background. Suboptimal post-PCl FFR values was previously associated with poor out-
comes. It is not known to which extent in-stent pressure loss contributes to reduced FFR.

Methods. In this single-arm observational study, 26 patients who previously underwent
PCl with drug-eluting stent or scaffold implantation were enrolled. Motorized FFR pullback
during continuous intravenous adenosine infusion and OCT assessments was performed.
Post-PCI FFR <0.94 was defined as suboptimal.

Results. At a median of 63 days after PCI (interquartile range: 59 to 64 days), 18 out of
26 patients (72%) had suboptimal FFR. The in-stent drop in FFR was significantly higher in
patients with suboptimal FFR vs. patients with optimal FFR (0.08+0.07 vs. vs. 0.01+0.02,
p<0.001). Receiver operating characteristic (ROC) curve analysis showed that an in-stent FFR
variation of >0.03 was associated with suboptimal FFR. In patients with suboptimal FFR, the
OCT analyses revealed higher mean neointimal area (respectively: 1.06+0.80 vs. 0.51+0.23
mm?; p=0.018) and higher neointimal thickness of covered struts (respectively 0.11+0.07 vs.
0.06+£0.01 mm; p=0.021).

Conclusions. Suboptimal FFR values following stent-implantation are mainly caused by
significant in-stent pressure loss during hyperemia. This finding is associated to a larger
neointimal proliferation.
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INTRODUCTION

Ischemia-driven percutaneous coronary intervention (PCI) in patients with stable coronary
artery disease has been associated with improved clinical outcome (1-3). Targeting PCl to
flow-limiting epicardial vessel stenoses with the use of fractional flow reserve (FFR), in com-
bination with newer generation drug-eluting stents (DES) and optimal medical treatment,
enriched by thienopyridinic dual antiplatelet therapy regimen, has significantly improved
effectiveness of PCl in this clinical subset (4,5).

We hypothesize that post-PCl functional assessment may contribute to further improve-
ment of procedural results. By definition, normal epicardial vessels have an FFR value of 1.0
throughout their entire length, indicating normal arterial conductance (6,7). Accordingly,
PCl of hemodynamically relevant stenoses (i.e. FFR <0.80) aims at normalization of arterial
conductance and subsequent restoration of myocardial blood flow. Optimal stent deploy-
ment by intracoronary IVUS imaging was previously associated with FFR value > 0.94 after
PCl (8) and suboptimal stent expansion was shown to cause flow pattern alterations and
abnormal coronary conductance (9,10). Of note, many patients after anatomically successful
PCl are left with suboptimal final FFR values, translating into worse outcomes (11,12). Thus it
becomes essential to understand the mechanisms leading to suboptimal post-PCI FFR values,
whether related to procedural technique and/or diffuse coronary atherosclerosis.

Highly detailed intracoronary imaging by means of optical coherence tomography (OCT)
allows precise in-vivo visualization of stented coronary segments and quantification of vessel-
wall or stent-strut abnormalities (13). Therefore, in the present study we sought to assess
in-vivo FFR variations in stented coronary segments and to identify related co-registered
morphological abnormalities by OCT.

METHODS

Patient population

Patients with previously implanted DES or bioresorbable vascular scaffolds undergoing elec-
tive coronary angiography were prospectively enrolled from 1°* August 2011 to 31% October
2012 at the Cardiovascular Research Center Aalst, OLV-Clinic, Aalst, Belgium.

Exclusion criteria were myocardial infarction, hemodynamic instability, renal insufficiency,
contraindications to intravenous adenosine administration, and anatomical characteristics
such as extreme vessel tortuosity and severe calcification that might prevent the advance-
ment of the OCT catheter.

The study was performed in accordance with the guidelines set by the Declaration of
Helsinki (14) and with the local legal requirements. No extramural funding was used to sup-
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port the study. The authors wrote the manuscript and are responsible for the completeness
and accuracy of data gathering and analysis.

Fractional flow reserve measurement — Motorized pullback

Myocardial FFR was measured using a 0.014-inch miniaturized pressure monitoring guide
wire system PressureWire, St. Jude Medical, St. Paul, MN, USA). The wire was introduced
through a 6F guiding catheter, calibrated before introduced into the guiding catheter, ad-
vanced into the coronary artery, and, after equalization, positioned distal to the stenosis as
previously described (6,15). Adenosine was administered to induce maximum hyperemia
using intravenous infusion at 140 pg/kg/min. FFR was calculated as the ratio of mean hy-
peremic distal coronary pressure measured by the pressure wire to mean aortic pressure
measured by the guiding catheter (Pd/Pa). Previous pioneering experience by Hanekamp et
al. showed that FFR in truly normal coronary arteries equals 0.94 to 1.00 (8); optimum stent
deployment according to coronary pressure measurement was then defined by a cut-off
value of FFR >0.94. Accordingly, we define suboptimal FFR <0.94 when the pressure wire
was placed 10 mm distally to the distal edge of the previously implanted stent (defined as
“distal-vessel FFR") (8). This value reflects the overall epicardial vessel conductance.

For the shake of simplicity we report the following Pd/Pa ratios during maximal hyperemia,

defined as follows (from distal to proximal):

e Distal-vessel FFR, defined as the FFR value retrieved with the pressure sensor placed 10
mm distally to the distal edge of the stent

e Distal stent-edge FFR, defined as the FFR value retrieved with the pressure sensor placed
exactly at the distal edge of the stent

e Proximal stent-edge FFR, defined as the FFR value retrieved with the pressure sensor
placed exactly at the proximal edge of the stent

e Proximal-vessel FFR, defined as the FFR value retrieved with the pressure sensor placed 10
mm proximally to the proximal edge of the stent

Accordingly, in-stent gradient was defined as follows:
In-stent gradient = Proximal stent-edge FFR — Distal stent-edge FFR

Motorized pullback of the pressure wire was performed using a conventional pullback-device
as previously described (16,17). The pullback was performed under constant maximal hy-
peremia at speed 1.0 mm/s until the pressure sensor placed at the proximal radio-opaque
extremity of the wire tip reached the left main stem or right coronary ostium. Angiography at
the initial position of the pressure wire allowed precise localization of the pressure sensor. In
case the FFR value in the guiding catheter was not back to 1.00, the pullback was repeated
after repeat signal equalization. Digital FFR data were extracted, co-registered with angio-
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graphic and OCT data and analyzed off-line using the QAngioOCT Software (QAngioOCT
Research Edition 1.0, Medis Specials BV, Leiden, the Netherlands).

Optical coherence tomography — Acquisition and analysis

OCT pullbacks were performed at 20 mm/s by non-occlusive flushing technique using a
2.7 Fimaging catheter with a dedicated workstation (C7-XRTM OCT Intravascular Imaging
System, St. Jude Medical, St. Paul, MN, USA). Blood was cleared during the pullback by injec-
tion of contrast medium at 3-4 ml/sec over a period of 3-4 sec. OCT images were recorded at
100 frames/sec and converted to DICOM format at a resolution of 512 x 512 pixels. Z-offset
calibration was performed before converting to DICOM format for the subsequent analysis.

Off-line stent strut analysis was performed using the ODIERNA software (UZ Leuven,
Leuven, Belgium). Correspondence of segments between coronary angiography, FFR and
OCT was established using QAngioOCT (Research Edition 1.0, Medis Specials BV, Leiden,
the Netherlands). Quantitative strut level analysis was performed every third frame (0.6 mm
interval) along the entire target segment. Malapposition was identified when the stent lu-
men distance was greater than the sum of strut thickness plus abluminal polymer thickness,
according to each stent manufacturer’s specifications, plus a compensation factor of 20 pm
to correct for strut blooming, and was considered significant if the stent lumen distance
was greater than 200 pm (18-20). The thickness of neointimal hyperplasia was measured
as the distance between the luminal surface of the neointima and the adluminal surface
of the strut, and an uncovered strut was defined as having a neointimal thickness of 0 mm
(21). The percentage of uncovered struts was calculated as (number of uncovered struts/
total number of struts) x 100. A completely covered stent was defined as a stent with all
analyzable struts covered by neointima. A cross-section with uncovered struts was defined
if > 1 stent struts was uncovered, and a cross-section with uncovered strut ratio >0.3 was
defined when the ratio of uncovered struts to total stent struts per cross-section was >0.3
(22). In case of bioresorbable scaffold implantation, strut malapposition (SM) was defined
as incomplete scaffold apposition (ISA) area delineated by the abluminal side of the frame
border of the malapposed strut (covered or uncovered) and the endoluminal contour of the
vessel wall; likewise, Neointimal hyperplasia area was defined as previously reported (Scaffold
area —[Lumen area + Black box area]) if all struts were apposed, while it was calculated as
([Scaffold area +ISA area + Malapposed strut with surrounding tissues] — [Lumen area + strut
area]) in case of malapposed struts (23).

Statistical analysis

Continuous variables are presented as mean = standard deviation and were compared
using the Student’s unpaired t-test for comparisons. Kolmogorov-Smirnov goodness-of-fit
test confirmed the normal distribution of the variables reported as mean = standard devia-
tion. Categorical variables are presented as counts and percentages, and were compared
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using chi-square or Fisher’s exact tests, as appropriate. All probability values reported are
two-sided, and a probability value <0.05 was considered significant. Findings are compared
between patient subgroups with suboptimal (FFR <0.94) vs optimal FFR, as assessed at 10
mm distance from the distal edge of the previously implanted stent (defined as “distal-vessel
FFR"). The Jonckheere-Terpstra test was used to determine if there is a statistically significant
monotonic trend between (sub-)optimal post-PCl FFR and in-stent pressure drop. Receiver
operating characteristic (ROC) curve analysis was performed to establish the value of in-stent
FFR-drop most predictive for suboptimal FFR. All statistical analyses were performed using
SPSS 17.0 (SPSS Inc., Chicago, lllinois).

RESULTS

Patient population
Follow-up invasive diagnostic assessment was performed at a median of 63 days (interquar-
tile range 59 to 64 days) after PCI.

Baseline demographic and clinical characteristics, as shown in Table 1, were not differ-
ent between the two patient subgroups (sub-optimal vs. optimal FFR). Most of the patients
(n=21, 80.7%) underwent control coronary angiography with OCT-imaging as part of clinical
study protocol following PCI. Of the remaining 5 patients, 3 had evidence of silent ischemia
and 2 had recurrent angina. Different DES had been implanted in these patients (Table 1). In
2 cases, everolimus-eluting bioresorbable scaffolds were implanted.

Optical coherence tomography results

Cross-section and strut-level OCT analyses are shown in Table 2.

Overall, 11,582 stent struts have been analyzed for a total of 919 OCT cross-sections.

By cross-section analysis, mean neointimal area was 0.51+0.23 mm? in optimal vs.
1.06+0.80 mm? in the suboptimal PCl subgroup (p=0.018). The maximum length of seg-
ments with malapposed struts and maximum malapposition distance tended to be larger in
patients with suboptimal FFR (respectively: 0.02+0.02 mm vs. 0.07+0.15 mm, p=0.062; and
0.04+0.16 vs. 0.08+0.19 mm, p=0.083).

At the strut-level analysis, neointimal thickness of covered struts was 0.06+0.01 in optimal
vs. 0.11£0.07 mm in the suboptimal subgroup (p=0.021).

Fractional flow reserve measurements

The motorized pullback at a speed of 1.0 mm/s, alongside with the co-registration software,
allowed the precise localization of every FFR value to the corresponding vessel cross-section
(stented or not) (Figures 1 and 2). Retrieved FFR values during pullback increased signifi-
cantly from the distal stent edge to the proximal stent edge in both patients with optimal
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Table 1. Baseline demographic, clinical and device-related characteristics of the study population.

Sub-optimal

Total Optimal FFR
(n = 26) FR (n=8)
(n=18)

Age (years) 57+ 18 60.4 +12.3 63.7+9.4 0.504
Male, n (%) 20 (76.9) 14 (77.8) 6 (75.0) 0.518
Hypertension, n (%) 14 (53.8) 11(61.1) 3(37.5) 0.665
Diabetes, n (%) 2(7.7) 2(11.1) 0(0) 0.372
Hyperlipidemia, n (%) 17 (65.4) 12 (66.6) 5(62.5) 0.694
Smoker, n (%) 11(42.3) 8 (44.4) 3(37.5) 0.973
Family history, n (%) 3(11.5) 2(11.1) 0(0) 0.372
Prior M1, n (%) 13 (50.0) 9(50.0) 4 (50.0) 0.658
Multivessel disease, n (%) 13 (50.0) 9 (50.0) 4 (50.0) 0.658
Clinical presentation 0.589
e Study-driven control*, n (%) 21(80.7) 15(83.3) 6 (75.0)
e Silent ischemia, n (%) 3(11.5) 2(11.1) 1(12.5)
e Stable angina, n (%) 2(7.8) 1(5.6) 1(12.5)
LVEF (%) 67.4+9.6 68.9+9.8 63.9+88 0.242
Vessel location 0.117
e LAD 13 (50.0) 12 (46.2) 1(3.8)
o (X 7(26.9) 4(15.4) 3(11.5)
e RCA 6(23.1) 3(11.5) 3(11.5)
Diameter Stenosis (%) 208+9 208+8 208+ 11 0.995
Minimal luminal diameter (mm) 237+0.6 2.26 £ 0.5 2.68 0.7 0.095
Reference vessel diameter (mm) 2.98 £ 0.6 2.86 0.6 335+0.6 0.061
Number of implanted stents 1.11+0.32 1.05+0.23 1.29 £ 0.49 0.264
Total stent length, mm 23.56 + 7.37 22.74 +5.39 26.57 + 11.40 0.421
Stent diameter, mm 3.25+0.33 3.21+0.30 3.39 +0.41 0.307
Stent type, n (%) 0.245
e BVS 2(7.8) 1(5.6) 1(12.5)
e Combo 5(19.2) 4(22.2) 1(12.5)
e EES 10 (38.5) 5(27.8) 5(62.5)
e MICELL 4(15.4) 4(22.2) 0(0)
o ZES 5(19.2) 3(16.7) 2(25.0)
e Terumo TCDT 2(7.8) 2(11.1) 0(0)

Numbers are % (count/sample size) or mean = SD (N). BVS: bioresorbable vascular scaffold; LVEF: left ventricular ejection
fraction; MI: myocardial infarction.
* Study-driven controls were asymptomatic during the index procedure.

functional results (ANOVA p=0.003) and in patients with suboptimal FFR (ANOVA p<0.001).
The median in-stent pressure drop was 0.01 for patients with optimal post-PCI FFR and 0.05
for patients with suboptimal post-PCI FFR, respectively. The observed increase in FFR value
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Table 2. OCT cross-section and strut-level analyses.

Suboptimal FFR  Optimal FFR p
(n=18) (n=8)

Cross-section level analysis

Analyzed cross-sections/patient, n 36+10 34114 0.654
Struts analyzed/cross-section, n 10.93+2.31 11.46+2.62 0.643
Frequency of cross-sections with uncovered struts, % 30.46+34.96 42.16+24.50 0.354
Frequency of cross-sections with 30% uncovered struts, % 16.8+13.4 13.3+7.7 0.570
Maximum length of segments with uncovered struts, mm 0.72+0.74 0.97+0.70 0.436
Maximum length of segments with malapposed struts, mm 0.07+0.15 0.02+0.02 0.062
Maximum malapposition distance, mm 0.08+0.19 0.04+0.16 0.083
Area of malapposition, mm? 0.09+0.30 0.08+0.21 0.195
Minimum stent area, mm? 6.75+2.15 7.48+4.00 0.685
Mean stent area, mm? 7.64+2.05 8.57+3.62 0.574
Mean neointimal area, mm? 1.06+0.80 0.51+0.23 0.018
Strut-level analysis

Number of struts analyzed/patient 407+153 405+246 0.989
Number of uncovered struts/patient 109.47+124.90 113.29+65.92 0.921
Frequency of uncovered struts/patient, % 26.78+30.69 27.97+16.27 0.323
Number of malapposed struts/patient 8.79+£16.19 17.86+23.27 0.369
Frequency of malapposed struts/patient, % 2.04+4.49 7.95+13.29 0.290
Neointimal thickness of covered struts, mm 0.11+0.07 0.06+0.01 0.021

Numbers are % (count/sample size) or mean =+ SD (N). BVS: bioresorbable vascular scaffold; CABG: coronary artery bypass
grafting; CAD: coronary artery disease; LVEF: left ventricular ejection fraction; MI: myocardial infarction; PCl: percutaneous
coronary intervention.

from the distal to the proximal edge of the stent was statistically significant (p=0.004). In
these latter, the in-stent gradient was significantly higher vs. patients with optimal FFR (0.08
+ 0.07 vs 0.01 + 0.02, p<0.001). By ROC curve analysis, an in-stent gradient >0.03 was
associated with suboptimal FFR (specificity 57 %, sensitivity 56%) (Figure 3).

DISCUSSION

Main findings of the present study are as follows:

1. We provide a quantification of the in-stent pressure drop, demonstrating that most of
pressure drop occurs within the previously implanted stent (Table 3).

2. We find that this in-stent pressure drop is significantly higher in patients that have sub-
optimal FFR at follow-up (0.08+0.07 vs. 0.01+0.02, p<0.001) (Table 3).
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FFR value

Figure 1. Patient example — Optimal FFR.

Panel A: Coronary angiography of the stented proximal RCA. Panel B: Motorized pullback FFR output, illustrating co-
registered FFR values along the distance from distal stent edge till the tip of guiding catheter. Panel C: longitudinal OCT
view, showing the strut shadowing.

In each panel, the two green lines correspond to the stent edges, while the red line illustrates the pressure sensor location,
as it moved along the analyzed segment. FFR at the present location 5 mm beyond the distal stent edge (red line) was 0.97.
FFR: fractional flow reserve; OCT: optical coherence tomography; RCA: right coronary artery.

3. The OCT strut-level analysis offers an interesting insight of the possible mechanism
behind the observed in-stent pressure drop, namely accentuated neointimal hyperplasia,
often considered as normal vessel “healing” after stent implant. (Table 2).

This study shows that a sizeable proportion of patients undergoing PCl have sub-optimal
FFR values, despite the axiom that stenting of an epicardial stenosis should — theoretically —
“normalize” the vessel’s conductance. This finding has been previously attributed — at least
partially — to diffuse atherosclerotic disease (24,25). Using motorized FFR pullback during
hyperemia, co-registered with multiplanar angiography and OCT, we have observed that
significant losses in FFR can occur inside previously implanted stents. Using OCT imaging,
suboptimal FFR was significantly associated with larger neointimal thickness and area, and
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Table 3. Functional measurement during motorized pullback.

FFR value retrieved by the pressure sensor Suboptimal FFR (n = 18) Optimal FFR (n = 8) p

Proximal-vessel 0.95 +0.04 0.99 +0.02 0.001
Proximal stent-edge 0.95 + 0.04 0.98 + 0.02 0.012
Distal stent-edge 0.87 +0.06 0.97 £ 0.02 <0.001
Distal-vessel 0.84 +0.07 0.96 + 0.02 <0.001
p <0.001 0.003 =

In-stent gradient 0.08 +0.07 0.01 +0.02 <0.001

Numbers are mean + SD (N). FFR: fractional flow reserve.
# All values are measured — by definition — during maximal hyperemia

Figure 2. Patient example — Sub-optimal FFR.

Panel A: Coronary angiography of stented mid LAD. Panel B: Motorized pullback FFR output, illustrating co-registered FFR
values along the distance from distal stent edge till the tip of guiding catheter. Panel C: longitudinal OCT view, showing the
strut artefacts. Panel D: OCT cross-section showing neointimal hyperplasia.

In panel A-C, the two green lines correspond to the stent edges, while the red line illustrates the pressure sensor location,
as it moved along the analysis segment. FFR at the present location inside the stent (red line) was 0.83.

FFR: fractional flow reserve; LAD: left anterior descending artery; OCT: optical coherence tomography.

to a lesser extent (trend) with increased length of malapposed struts. Thus, neointimal pro-
liferation following stent implantation, even in the absence of restenosis, may jeopardize the
restoration of normal coronary conductance.

Previous studies of putative mechanisms behind in-stent pressure losses were based on
intravascular ultrasound (IVUS) imaging studies performed immediately after stent implanta-
tion (8,10,26). Insufficient deployment pressure was identified as the principal cause of sub-
optimal post-PCl FFR, due to gross malapposition visualized by IVUS. Currently, OCT allows
qualitative and quantitative assessment of stented coronary segments with unprecedented
detail. Using co-registered OCT imaging, we have identified neointimal proliferation as root
cause for in-stent pressure loss during hyperemia. In contrast to previous reports, we did not
obtain intravascular imaging and FFR measurements immediately after stent implantation,
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but during follow-up. Therefore, our findings reflect the anatomical and functional conse-
quences of stent implantation in atherosclerotic epicardial vessels. Other than the pressure-
drop observed previously immediately after the stent implantation, we report for the first
time a correlation between the neointimal coverage of the implanted stent and sub-optimal
FFR-values during follow-up

Neointimal proliferation observed at follow-up can be part of the “healing” mechanism
following an initial strut malapposition. Kawamori et al. showed a significant association
between the mean neointimal thickness and the OCT-phenotype defined as “resolved malap-
posed struts” (i.e. malapposition observed immediately after PCl that vanishes at follow-up
due to strut coverage from neointima) (27). In addition to these findings, our results sug-
gest that neointimal proliferation at follow-up is a possible cause of in-stent pressure drop,
highlighting an active interrelationship of anatomic and functional variations following stent
implantation. We observed 4 patients with late stent malapposition (15.4%), similar to the
rate observed by Kawamori et al. (17.5%). Despite these relatively small rates, our findings
suggest that late stent malapposition may have a role (observed trend) in defining a function-
ally suboptimal PCl result, which may be part of an abnormal healing process.

Clinical relevance of these findings resonates with prior studies showing that subopti-
mal FFR after PCl was an independent predictor of adverse events (11,12). In the present
study, co-registration with OCT confirms that FFR drop can occur not only outside, but also
within the boundaries of the stented coronary segment. On average, 50% of the obstacle
to hyperemic flow was located within the stent (Table 3), meaning that the loss of in-stent
conductance is mainly responsible for the observed drop in FFR value. This mechanism lends
itself to improvement through optimization of procedural technique and perfection of stent
performance.
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Study limitations

Our study is limited by the low patient number, although 10,000+ stent struts and nearly
1,000 cross-sections have been analyzed qualitatively and quantitatively. The observed
changes by cross-section and strut-level analyses are unlikely to be associated to clinical
events, even with larger sample sizes. Likewise, this was the reason that other possible causes
possibly associated with suboptimal PCI results (e.g. plague protrusion or incomplete stent
expansion) were not detected. Second, for the shake of simplicity we report the retrieved
Pd/Pa values during maximal hyperemia as FFR values spatially corresponding in different
points of the epicardial vessel. We acknowledge that the FFR value, as by definition, is only
one for every epicardial vessel (stented or not), expressing the overall vessel conductance.
Accordingly, the FFR value corresponds to the hereby reported as distal-vessel FFR (Table 3).
Third, OCT and FFR measurements were not obtained immediately after stent implantation.
Therefore, the dynamics of strut malapposition and coverage as well as their interaction with
FFR is unknown. Finally, despite the significant association between in-stent gradient and
sub-optimal FFR, sensibility and specificity values were relatively low. Further multi-modality
co-registration studies including baseline and follow-up will be needed to elucidate the
procedural and biological mechanisms leading to suboptimal FFR values at any point in time.

CONCLUSION

This study demonstrates in vivo that suboptimal FFR values 2 months after PCI are mainly
caused by significant in-stent pressure losses that are associated with a larger neointimal
proliferation.
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