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Abstract
Aims: To assess the spatial geometry of drug-eluting stents (DES) following extremely oversized proximal

postdilatation. Interventions of distal left main (LM) disease generally require stenting across the LM

bifurcation with inherent vessel tapering along this segment and a high likelihood of stent malapposition,

which can be avoided by such postdilations.

Methods and results: Sixteen DES (four 3.5 mm-samples of Cypher Select Plus, Taxus Liberté, Endeavor

Resolute, Xience V) were deployed in water; 12 samples were then proximally postdilated with non-

compliant 5.0 mm balloons at 18 atm. All samples were examined by micro-computed tomography. Taxus

Liberté, Endeavor Resolute, and Xience V, showed increased cell areas in the transitional region (just distal

to postdilated region), while Cypher Select showed its largest cells inside the postdilated region. Overall, the

largest maximum cell area was observed in Endeavor Resolute, while Cypher Select showed the smallest

(p<0.001, for both). In addition, the size of the very proximal postdilated cells was relatively small in most

DES except Xience V.

Conclusions: Extremely oversized partial stent postdilatation demonstrated significant between-DES

differences in final spatial stent configuration and maximum cell size. These data could be of practical

interest with regard to coronary interventions in LM stems with stenting across the LM bifurcation.
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Micro-CT in extremely postdilated DES

Abbreviations
DES: drug-eluting stent

Micro-CT: micro-computed tomography

PCI: percutaneous coronary intervention

LM: left main

setting, oversized postdilatation of the proximal part of the stent

(inside the LM stem) will generally be mandatory to avoid stent

malapposition, which could promote DES thrombosis and

restenosis.5-8 Such partial postdilation often requires significant

oversizing of the balloon compared to the nominal diameter of the

implanted stent (Figure 1), which may affect the final geometrical

stent configuration and the size of stent cells with potential

consequences for side branch access.9

The response of DES geometry to such extremely oversized

postdilatation of the proximal stent segment is greatly unknown. In

the present bench side study, we used micro-computed

tomography (Micro-CT) to examine this issue in four types of

commercially available DES.

Methods

DES samples examined
We examined four types of commercially available DES. A total of 16

DES were examined: four Cypher Select Plus™ (Cordis Europa,

Roden, The Netherlands), four Taxus Liberté™ (Boston Scientific

Corp., Natick, MA, USA), four Endeavor Resolute™ (Medtronic

Vascular, Santa Rosa, CA, USA), and four XIENCE V™ (Abbott

Introduction
There is growing evidence that – in case of a favourable anatomy –

percutaneous coronary interventions (PCI) with drug-eluting stents

(DES) may represent a valuable alternative to coronary artery

bypass grafting for the treatment of significant left main (LM)

coronary artery disease.1,2 Recently, it has been suggested that DES

use in unprotected left main disease should be considered as IIa

recommendation.3 Isolated mid LM stenoses can frequently be

treated by stenting the left main stem only, while distal LM disease

represents a more challenging situation as it requires stenting of the

transition between the distal LM stem and a proximal segment of

one of the major left coronary branches with inherent major tapering

and very substantial differences in lumen size between the distal

and proximal part of the coronary segment to be stented.4 In this

Figure 1. DES malapposition in the left main stem corrected by extremely oversized partial (proximal) postdilation of the DES. A) Implantation of
3.5/32 mm DES with subsequent postdilation with 4.0 mm balloon. B) DES malapposition in the LM stem demonstrated by intravascular
ultrasound (indicated by dotted gray line). C) Postdilation with 4.5mm balloon. D) Persistence of minor malapposition. E) Postdilation with 5.0mm
balloon. F) Disappearance of malapposition in the postdilated stent region.
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Vascular, Santa Clara, CA, USA). Stent dimensions were

3.5x23 mm for Cypher Select and Xience V and 3.5x24 mm for

Endeavor Resolute, and Taxus Liberté.

The Cypher Select is based on a laser-cut stainless steel platform

(based on a modification of BX Velocity; strut thickness 140 µm

with seven links between each two adjacent rings), covered with a

primer layer of paralyne C and a main coating layer made of

polyethylene-co-vinyl acetate (PEVA) and poly n-butyl methacrylate

(PBMA) and sirolimus.10

Taxus Liberté is based on a laser-cut, stainless steel stent platform

(Liberté™; strut thickness 97 µm with three links between adjacent

stent rings), coated with a 17.8 µm-thick layer of SIBS (styrene-b-

isobutylene-b-styrene) polymer and paclitaxel.11

Endeavor Resolute is based on the a cobalt-chromium stent

platform (Driver™; strut thickness 91 µm), which is made of stent

rings that are laser-welded at two to three points, the stent is

covered by 5.6 µm-thick (information obtained from manufacturer)

biolinx™ polymer and zotarolimus.12

Xience V is based on a laser-cut, cobalt-chromium stent platform

(Vision™, strut thickness 81 µm) that consists of stent rings that are

connected by three multi-links, covered by a 7.8 µm-thick layer of

fluoropolymer and everolimus.13

DES expansion protocol

All stents (sterile packed; expiration date not passed) were

expanded at 14 atm by an interventional cardiologist under sterile

conditions in a sterile water bath at 37ºC. Consecutively, the

proximal part of 12 DES sample (three of each DES type) were

postdilated at 18 atm with 5.0 /12 mm non-compliant balloon

catheters (Quantum Maverick Monorail®; Boston Scientific Corp.,

Natick, MA, USA). Four samples (one sample of each DES type)

were not postdilated and were used as control samples. All DES

were consecutively dried under laminar air flow. Stent expansion,

drying, and examination of the samples were performed at the

University of Twente in Enschede at an experimental laboratory with

laminar air flow, being almost free from dust. Figure 2 demonstrates

the location of the postdilatation balloon (and the balloon markers)

in relation to the stent.

Nomenclature of stent regions
(1) distal “non-postdilated region” subjected to the 14 atm

expansion pressure only;

(2) proximal “postdilated region” subjected to both 14 atm

implantation pressure plus postdilatation with a 5.0/12 mm

noncompliant balloon at 18 atm;

(3) the “transitional region” between the two aforementioned

regions in which the stent diameter showed a gradual decline.

Micro-CT examination
Four samples of each of the four DES types (n=16) were examined

with the Explore Locus SP Micro-CT (GE Healthcare, Milwaukee,

WI, USA). The greyscale image data obtained from the Micro-CT

scan were thresholded to distinguish between stent voxels and

space voxels. The spatial resolution applied was 8 µm (voxels being

8x8x8 µm3 volume-elements). Due to the metal nature of the

scanned stent samples, a copper filter was applied for optimal

visualisation. Visual assessment of 3D-reconstruction of each DES-

sample was followed by a meticulous quantitative analysis.

The spaces between adjacent stent rings were numbered from

proximal to distal. Links between adjacent stent rings (see above for

details on links in description of DES samples) divided each space

into two, three or seven stent cells. Stent diameters were measured

at the middle of each space between adjacent stent rings. In

addition, at each space between adjacent stent rings we measured

the size of cell areas. To accurately measure the area of stent cells,

cells were subdivided into small triangles and measurable

quadrangles which allowed the measured areas to follow the spatial

structure of the stents. The areas of these shapes were

subsequently measured and added up to form the total area of a

stent cell; five cell area measurements for each space between

adjacent stent rings for each individual DES type were performed

(a total of 330; 290 cells of postdilated stents and 40 cells of control

stents). In addition, the distances between adjacent stent rings

along each DES sample were measured, which permitted the

quantification of longitudinal stent stretch in the transitional regions

(expressed as percentage of between-ring distances in control

samples).

Data analysis and statistics

Data are presented as a mean±1SD. Between DES comparison of the

areas of corresponding stent cells was performed using the Kuskal-

Wallis test and Mann-Whitney test. While P-values <0.05 were

generally considered significant, Bonferroni-Holm’s correction was

applied for multiple testing. Statistical analyses were performed with

the software of SPSS version 15.0 (SPSS Inc., Chicago, IL, USA).

Experimental research

Figure 2. DES postdilatation (example of Endeavor Resolute stent): A)
Photograph of DES after expansion at 14 atm; B) High resolution
radiographic image of A; C) Photograph of partial proximal
postdilatation with 5 mm non-compliant balloon at 18 atm; D) High
resolution radiographic image of C (please note the large size of stent
cells at the position of the distal balloon marker).
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Results

Visual assessment of 3D-reconstructed Micro-CT
image data
In animated 3D-reconstructions of the DES samples (Figure 3,

Videos 1-8), the closed cell-designed Cypher Select stent showed

its largest cells in the postdilated stent region, while the other DES

(with open-cell designs) showed the maximum cell areas in the

transitional region just distal to the postdilated region (i.e., at the

level of the distal marker of the postdilatation balloon; see Figure 2).

The evaluation of cell size was even facilitated when DES were

virtually sliced in a longitudinal direction to eliminate overlapping

stent struts (panel A of Figures 4-7). In Cypher Select, Taxus

Liberté, and Endeavor Resolute, the most proximal stent cells in the

postdilated stent region were somewhat smaller than other cells in

that region.

Measurements of stent diameter
Stent diameter of Cypher Select, Taxus Liberté, Endeavor Resolute,

and Xience was in the control samples diameter values in 

controls 3.62±0.06 mm, 3.75±0.16 mm, 3.63±0.04 mm, and 

3.64 ±0.095 mm, respectively. In the non-postdilated stent region

(measured distal to the transitional region), the stent diameter

measured 3.45±0.2 mm, 3.59±0.09 mm, 3.55±0.06 mm, and

3.62±0.09 mm, while in the postdilated region it measured

4.88±0.04 mm, 4.85±0.04 mm, 4.78±0.06 mm, and 4.82±0.06 mm,

respectively (Figures 4-7).

Measurement of stent cell area
The measured cell area (n=40) in the control samples were:

3.48±0.29 mm2, 3.62±0.14 mm2, 6.49±0.25 mm2, 4.83±0.26 mm2

for Cypher Select, Taxus Liberté, Endeavor Resolute, and Xience V

respectively.

Measurements of 290 cell areas along the postdilated DES samples

are presented in Figures 4-7. The maximum cell area (for all DES

except for the Cypher Select stent being located in the transitional

stent region) differed between DES types (p<0.001): It was largest

in Endeavor Resolute (14.05±0.37 mm2; 216% of the cell area of

control sample; p<0.01); it was smallest in Cypher Select

(3.48±0.27 mm2; 140% of the cell area of control sample; p<0.01);

both Xience V (8.58±0.38 mm2; 183% of the cell area of control

sample) and Taxus Liberté (6.34±0.11 mm2; 175% of the cell area

of control sample) showed an intermediate size.

Distances between adjacent rings of each stent were measured to

examine the longitudinal expansion of stent cells, which was found

to be greatest just distal to the postdilated region (transitional region

where maximum cell areas were in open-cell design DES). At that

site, the between-ring distance was significantly larger (p<0.01) in

Endeavor Resolute 3.33±0.07 mm (181±4% of the distance

between adjacent stent rings in the control sample) compared to

both, Xience V 1.87±0.06 mm (166±5%) and Taxus Liberté

2.25±0.05 mm (165±3%). Only the postdilated Cypher Select did

not demonstrate such a pattern. In all DES but the Xience V, the

smallest between-ring distance of the postdilated region was

noticed in the most proximal postdilated region (Figures 4-7).

Discussion

Rationale and design of the study

Significant LM stenoses can be observed in 6-18% of patients

undergoing diagnostic coronary angiography14,15 and involves in

two-thirds of these cases the distal LM stem.16 In the era of DES

implantation, such lesions still carry a particularly high PCI-risk

(compared to lesions in the proximal or mid LM stems)17,18 as they

require stenting of the transition between the distal LM stem and/or

the proximal left anterior descending or circumflex artery with

Figure 3. Micro-CT 3D-image reconstruction of the four DES examined.
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Figure 4. Cypher Select. A) Micro-CT image of a virtually sliced DES with
only slightly larger cells in the mid postdilated region. B) The horizontal
axis represents the cell order from proximal to distal (e.g., cell one
represents the most proximal cells, located in the space between the two
most proximal stent rings). The upper curve represents area measurements
of stent cells (see left vertical axis); the lower curve represents stent
diameter (see right vertical axis) from the postdilated stent region (left)
through the transitional region (mid) to the non-postdilated region (right).

Figure 5. Taxus Liberté. A) Micro-CT image of a virtually sliced DES with
larger cells in the transitional region. The cells in the most proximal part of
the postdilated region (left hand side) are smaller. B) See legend to Figure 4.

Figure 6. Endeavor Resolute. A) Micro-CT image of a virtually sliced
DES with increased cell size in transitional region and somewhat
reduced cell size in the most proximal postdilated region. B) See
legend to Figure 4.

Figure 7. Xience V. A) Micro-CT image of a virtually sliced DES with
increased cell size in transitional region. B) See legend to Figure 4.
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inherent major vessel tapering (i.e., very substantial difference in

vessel size between distal and proximal parts of the segment to be

stented).

The size of the proximal left anterior descending or circumflex artery

will generally limit the maximum nominal stent diameter that can be

safely implanted without significant risk of dissection. This will

usually lead to significant undersizing and malapposition of the DES

in the distal LM stem which could (if not corrected) promote DES

thrombosis.19 Therefore, significantly oversized postdilatation of the

proximal part of the DES will usually be required.5-7 However, the

consequences of this practice for DES geometry are greatly

unknown and may differ between various DES types.

In the present study, DES with a nominal diameter of 3.5 mm were

examined as this diameter corresponds well with the size of most

proximal left anterior descending coronary arteries. All DES were

first expanded at 14 atm as in previous bench side studies;20,21 the

proximal part of all DES were then postdilated with a 5.0 mm non-

compliant balloon to achieve approximately 130% stent

overexpansion in diameter which corresponds well with usual left

main stem dimensions.4

Configuration of DES
Visual assessment of coronary stent configuration has provided

useful information on stent deformation in the context of bifurcation

stenting.22-25 More recently, Ormiston et al performed bench side

testing of the crush technique in DES with Micro-CT.26 Micro-CT is a

precise imaging modality that permits high resolution, non-

destructive imaging and 3D-reconstruction of spatial objects to be

examined.27 The technique is very suitable to accurately measure

small distances between stent struts. In this study, we used Micro-

CT to visualise the struts of the stent platforms of four DES types,

while structural irregularities of DES coatings are better visualised by

other techniques such as scanning electron microscopy (SEM).28

In our present bench side study, all four DES types showed an acute

increase in cell area. In Taxus Liberté, Endeavor Resolute, and

Xience V, this increase was located in the transitional region (just

distal to the postdilated region). Only Cypher Select showed its

largest cell areas inside the postdilated stent region. Overall, the

largest maximum cell area was observed in Endeavor Resolute

while Cypher Select showed the smallest (p<0.001, for both).

In this study, we were able to demonstrate the main mechanisms that

led to this increase in stent cell area. Due to the difference in stent

diameter between the postdilated and the non-postdilated region,

stent cells in the transitional region were exposed to forces that led to

both, (1) circumferential stent expansion (gradually decreasing from

proximal to distal) and (2) longitudinal stent expansion (average

stretch ranged from 165% to 181% for different open-cell DES).

Differences in design and material of the bare metal platform may

account for between DES differences in maximum cell area. For

example, the closed cell design Cypher Select showed the smallest

increase in the cell area and no longitudinal expansion between stent

rings. In addition, it is very likely that stent material and design also

account for the observed differences in spatial configuration of the

proximal postdilated region. In fact, only Xience V showed a fairly

invariable cell size along the postdilated region.

Mortier et al used Micro-CT data of various DES for the calculation

of the maximum theoretically achievable stent cell area.9 In parallel

with Mortier et al, we found the largest cell areas in Endeavor

Resolute stents (DES based on Driver bare metal stent). In the

present study, the measured maximum cell size differed between

Taxus Liberté and Xience V, while according to calculations by

Mortier et al (based on Micro-CT data), the maximally achievable

stent cell area should be the same.9 Of note, the mechanisms that

led to the maximum cell size (measured or presumed) differed

between both studies (i.e., extremely oversized postdilatation of

proximal part of DES only vs. postdilatation of stent cell with balloon

catheter through stent struts). Therefore, both studies may be right;

balloon dilatation through the struts of DES may thus result in

similarly sized cells for Taxus Liberté and Xience V, however, after

highly oversized partial postdilatation of DES (without balloon

dilatation through stent struts), no such cell size was measured.

Implications
Between various DES types, there was a significant difference in the

size of the largest stent cells that were for most DES types located in

the transitional stent region (just distal to the postdilated region).

This may be of practical interest in the context of distal LM stenting,

as very large stent cells in DES provide better side branch access,

but can be disadvantageous with regard to plaque scaffolding and

prevention of recoil and restenosis.29 In the clinical setting, larger

DES cells in the transitional region may be associated with less

plaque coverage, which may have also consequences for drug

distribution. Smaller stent cells – on the other hand – may provide

better plaque scaffolding and prevention of recoil and restenosis

while side branch access is often more difficult. An intermediate

maximum cell size may represent a compromise between both

extremes. The demands on a DES of choice for distal LM stenting

may vary significantly between individual patients, depending on

the specific lesion morphology and plaque distribution, and on side

branch involvement with or without need for side branch access

(e.g., in partially bypass-protected LM stems [see Figure 1] and in

the presence of small or occluded LM side branches, access may

not be required). As in the present bench side study, the maximum

cell size differed between DES types, it may be allowed to

hypothesize that there could be a difference between DES with

regard to the necessity to perform final kissing balloon inflations

following DES procedures in the distal LM stem.

Changes in stent length may also have clinical implications. Partial

postdilatation of open-cell design stents in the current study

resulted in DES elongation in the transitional stent region. In

addition, most DES types demonstrated shortening of the most

proximal part of the postdilated region. Changes in stent length

could result in endothelial damage, however, in the clinical setting,

the stent struts will be lodged in the arterial wall which could limit

changes in stent length as observed in vitro.

Limitations
The present in vitro data should be interpreted cautiously as bench

side studies cannot exactly mimic conditions in vivo. Nevertheless,

we feel that meticulous Micro-CT examinations are important
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because they add valuable information to the overall picture of a

DES, and may help to interpret clinical data. DES were not

implanted in standard vascular phantoms as they could have

limited significant partial DES oversizing, which was critically

important for this study protocol. The consequences of

simultaneous (kissing) balloon inflations on DES geometry were not

addressed in the present study but may be subject of further

research. However, as two-balloon approaches are inevitably

associated with some oversized partial DES postdilatation, our

present study addresses a major component of the optimisation

process of stents implanted along major coronary bifurcations.

Conclusions
In four commercially available DES, extremely oversized

postdilatation of the proximal stent region demonstrated significant

differences in final spatial configuration and maximum cell size,

which was found inside the postdilated stent region of a closed-cell

DES and just distal to the postdilated region in various open-cell

design DES. The findings of this bench side study could be of

practical interest in the context of left main interventions with

stenting across the left main bifurcation, where the choice of DES

may depend upon lesion morphology, plaque distribution, side

branch involvement, and the need for side branch access.
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