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Load-sharing characteristics
of stenting and post-dilation
in heavily calcified coronary artery
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In this work, stenting in non-calcified and heavily calcified coronary arteries was quantified in terms of
diameter-pressure relationships and load transfer from the balloon to the artery. The efficacy of post-
dilation in non-calcified and heavily calcified coronary arteries was also characterized in terms of load
sharing and the changes in tissue mechanics. Our results have shown that stent expansion exhibits a
cylindrical shape in non-calcified lesions, while it exhibits a dog bone shape in heavily calcified lesions.
Load-sharing analysis has shown that only a small portion of the pressure load (1.4 N, 0.8% of total
pressure load) was transferred to the non-calcified lesion, while a large amount of the pressure load
(19 N, 12%) was transferred to the heavily calcified lesion. In addition, the increasing inflation pressure
(from 10 to 20 atm) can effectively increase the minimal lumen diameter (from 1.48 to 2.82 mm) of

the heavily calcified lesion, the stress (from 1.5 to 8.4 MPa) and the strain energy in the calcification
(1.77 mJ to 26.5 mJ), which are associated with the potential of calcification fracture. Results indicated
that increasing inflation pressure can be an effective way to improve the stent expansion if a dog bone
shape of the stenting profile is observed. Considering the risk of a balloon burst, our results support
the design and application of the high-pressure balloon for post-dilation. This work also sheds some
light on the stent design and choice of stent materials for improving the stent expansion at the dog
bone region and mitigating stresses on arterial tissues.

Stenting in heavily calcified coronary arteries is challenging due to the inherent residual stent underexpansion
and malapposition. Post-dilation with a shorter balloon at a higher inflation pressure has been widely adopted
to improve the stent expansion. However, it increases the risk of intima dissection and vessel rupture’. A retro-
spective study has scored stent sizing, balloon post-dilation, and pre-dilation to predict one-year adverse cardiac
events following implantations of bioresorbable stent’. So far, a similar scoring system is lacking for the metallic
stents and the role of the pre- and post-dilation of the metallic stents is not well studied, even controversial.
There is also mounting evidence to query if pre-dilation is necessary*®. A clinical report of eight patients has
demonstrated the efficacy of a non-compliant balloon with an ultra-high inflation pressure of 40 atm’. However,
the contribution of high inflation pressure to arterial mechanics was not clear. In addition, no existing publica-
tions quantified how the inflation pressure is transferred from the balloon to the stent-lesion system. The physical
characterization of stenting and post-dilation could help to address the aforementioned controversies and shed
light on better pre-clinical planning.

The finite element (FE) method has been widely used to evaluate stent behaviors®*™'* and predict vessel dam-
age and adaptations'!~1°. Specifically, three-dimensional patient-specific artery models have been developed by
coregistrating both optical coherence tomography (OCT) and computerized tomography (CT) images for per-
forming structural and hemodynamic analyses'’. It has been shown that the pre-dilatation and lesion composi-
tions, such as lipid pool, fibrous cap, intraplaque hemorrhage, and calcification, affect the arterial responses's-2°.
The abnormally high arterial stresses, induced by the stent implantation, is positively correlated with the risk of
restenosis*?. Using patient-specific artery models, our group has systematically inspected the influence of the
calcification attributes on the stenting outcomes, including stent underexpansion and malapposition*?*. Our
FE results have illustrated that a larger calcification angle constricted the stretchability of the lesion, and thus the
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stent expansion capacity. An in-vitro uniaxial tensile experiment also demonstrated that a larger calcification
volume leads to a reduced stretchability of the lesion?>. We conducted additional ex-vivo and in-silico experi-
ments to further test this indicator in the post-dilation procedures®. These observations directed our attention
to the stretchability of the lesion, i.e., the amount of fibrous plaque along the circumferential direction, which
might be the major determinant of stent expansion. With these accumulated studies on the correlation between
lesion features and stenting outcomes, now it’s necessary to link the stenting outcomes in varied lesions with the
required pressure for optimal stenting. So far as the authors know, the nominal pressure for a wire balloon is
around 12 atm, cutting balloon 6-8 atm*, and drug-eluting balloon 7-8 atm?®. Moreover, the BIB balloon has a
burst pressure of only 7 atm or less?. The nominal pressure of a balloon to expand a stent, or a non-compliant
(NC) balloon for post-dilation is usually 12 atm. We can see that the nominal pressure or rated burst pressure
is varied for different balloon types, but the required load for expanding the same specific lesion should be the
same with different balloon types. This indicates that not all pressure load is transferred to the lesion, quite an
amount is undertaken by the balloon itself. So far, there are no quantitative studies on load transfer/sharing,
which is essential for the balloon design and optimal stenting. Therefore, the quantification of load transfer
characteristics during stenting and post-dilation procedures are in immediate needs for enhanced understand-
ings of the stent-artery interaction and designing better clinical strategies.

The objective of this work is to quantify the load sharing among the balloon, stent, artery and lesion compo-
nents (i.e., fibrous plaque, and calcification, if any), during stenting and post-dilation in non-calcified and heavily
calcified coronary arteries. The pressure-diameter relationship of the balloon, and the radial force transferred to
the balloon, stent and lesion will be characterized. Further, the efficacy of high-pressure post-dilation balloon
will be inspected in terms of strain energy in each component and the maximum principal stresses in the artery.
The fundamental understanding of load transfer and load sharing could better guide the optimal stenting in
complex lesions.

Materials and methods

Model construction

An idealized coronary artery was modeled as a cylinder with a length of 20 mm, an inner diameter of 3 mm,
and a thickness of 0.5 mm?®. The center-located plaque had a parabolic shape with a length of 8.5 mm and a
minimum diameter of 1.2 mm, mimicking a diameter stenosis of 60% (i.e., area stenosis of 84%). The fibrous
plaque was adopted for the case of the non-calcified lesion. For the case of the heavily calcified lesion, a block of
calcification over a thin fibrous plaque was adopted, as shown in Fig. 1. The superficial concentric calcification
had a maximum thickness of 0.64 mm, and the fibrous plaque had a maximum thickness of 0.26 mm. A com-
mercial metal-based stent from the Express product line (Boston Scientific, Natick, MA, USA) was used. It has
alength of 16 mm, a thickness of 0.13 mm and a nominal diameter of 3 mm at the nominal pressure of 12 atm.
The NC balloon used to expand the stent was simulated as a cylinder with an initial diameter of 0.8 mm, a length
of 17 mm and a diameter of 3 mm.

Material properties
The hyperelastic behaviors of the artery, fibrous plaque, and calcification were described by the reduced third-
order polynomial strain energy density function U:

Figure 1. Geometric model of the heavily calcified coronary artery with a crimped Express stent. The fibrous
plaque existed between calcification and artery. Symmetric boundary conditions in the Z-axis were applied to
both ends of the artery, while only radial displacements were permitted in the balloon.
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The material coefficients C;; were adopted from our previous work®', as shown in Table 1. A perfect plastic
model was used to describe the tissue compaction of the fibrous plaque, which is necessary to capture a realistic
stent expansion including stent recoil®>. The plasticity of fibrous plaque was initiated at a strain of 34% when its
stress reached its yield strength of 0.07 MPa®. The stress—strain relationship for all these lesion components is
shown in Fig. 2a.

The pressure-diameter data of a Medtronic NC Euphora balloon was used to derive the material properties
of the balloon (Fig. 2b). It is clear that the balloon exhibited a bilinear inflation behavior. The balloon diameter

C,o(MPa) | C,,(MPa) | C,,(MPa) Cy(MPa) | Cyy(MPa) | C3(MPa) | Cy3(MPa)
Artery 0.10881 -0.101 -0.1790674 | 0.0885618 | 0.062686
Fibrous plaque 0.04 0.003 0.02976
Calcification -0.49596 0.50661 1.19353 3.6378 4.73725

Table 1. Material coefficients.
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Figure 2. (a) Material properties of the artery, fibrous plaque, and calcification; (b) Pressure-diameter
relationship between manufacturer data and simulation (balloon expansion, and stent expansion in the air).
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increased faster when the inflation pressure is below 6 atm, and much slower when the pressure exceeded 6
atm. To convert this bilinear inflation behavior of the balloon to a stress—strain relationship, the hoop strain was
calculated as the relative change in diameter, and the hoop stress of a thin-walled cylinder was used to estimate
the wall stress:

D — Dy
£ =
Do 5)
_PD ©)
28

where D is the diameter during expansion, D, is the initial diameter of 0.8 mm, P is the inflation pressure, and
§ is the thickness of the balloon. The pressure-diameter curve obtained from simulation was compared with
the manufacturing data with maximum difference less than 5% for pressure interval from 6 to 25 atm (Fig. 2b).

The Express stent model incorporated elasto-plastic characteristics based on usual mechanical specifications
of stainless steel 316L. These specifications encompass a Young’s modulus of 190 GPa, a Poisson’s ratio of 0.3, and
ayield strength of 207 MPa. Beyond the yield point, a perfectly plastic response was assumed™.

Finite element simulations of the calcified coronary artery in the context of idealized or patient-specific mod-
els have been well validated in our previous work by matching the stented lumen area with ex-vivo experiments,
or matching the simulated stress level with the published data*?%%. As part of these studies, mesh convergence
analyses were conducted, unveiling the consistency of the results when employing an element size smaller than
0.12 mm. Hence, a total 123,100 hexahedron elements were generated for the current study’s artery model in
accordance with this criterion (convergence graph shown in the Supplementary Material). Symmetric bound-
ary conditions (i.e., the displacement along the longitudinal direction is constrained, while along the transverse
direction allowed) were applied to both ends of the artery such that the stenting procedure does not alter the
lesion length far from the implantation site. In contrast, the balloon was constrained in all directions except for
the radial component. For the stenting procedure, 10 atm was applied to the inner surface of the balloon. For the
post-dilation, three pressures (i.e., 10 atm, 20 atm, and 30 atm) were sequentially applied to the inner surface of
the balloon. General frictionless contacts were used for all interacting surfaces*. Energies were monitored during
the stenting and post-dilation procedures to ensure that the dynamic effect (i.e., inertial forces) was acceptable.
The ratio of the kinetic energy to the internal energy of the whole model was kept below 5%. The models were
solved using Abaqus/Explicit 2022 (Dassault Systemes Simulia Corp., Providence, RI, USA), with each simula-
tion taking approximately 7 h to complete.

Following simulation, the load transfer and load sharing were quantified. The load transfer refers to the
action-reaction force between balloon, stent, and lesions. The load sharing refers to the strain energy stored
in each component of the lesion and the stent. The pressure load is calculated as the radial force applied to the
inner surface of the balloon:

F, = PnDL 7)

where P is the inflation pressure, D is the diameter of the balloon, and L is the length of the balloon. The radial
forces applied on the inner surface of the stent and artery were obtained by adding all the radial component of
the contact force at each node on their inner surface.

Results

Stenting in both non-calcified and heavily calcified lesions was compared. The load transfer from inflation pres-
sure to the balloon, stent, and artery were quantified. The stress analysis and load sharing among the balloon,
stent, and artery were used to further quantify the efficacy of the high-pressure balloon in improving the stent
expansion in heavily calcified lesion.

Stent expansion and pressure-diameter curve

The stent expansion in the non-calcified lesion and heavily calcified lesion are shown in Fig. 3. As inflation pres-
sure increased to 10 atm, the stent expansion in the non-calcified lesion reached an inner diameter of 2.80 mm
in the non-calcified artery, with a nearly cylindrical shape (Fig. 3a top). Stent underexpansion was observed in
the heavily calcified artery, forming a dog bone shape with a minimal diameter of 1.48 mm (Fig. 3a bottom),
leading to a residual stenosis of 49% in diameter and 74% in area. The associated pressure-diameter relationship
is shown in Fig. 3b. The stent expansion in the non-calcified lesion was quite similar to the expansion in air,
indicating the non-calcified lesion has minimal resistance and load sharing. On the contrary, the stent expansion
in the heavily calcified lesion requires a much higher pressure beyond the normal pressure of 10 atm to obtain
the predefined minimal diameter. As the inflation pressure increased from 10 to 30 atm, the minimal diameter
of the non-calcified lesion increased from by only 19% (2.8 mm to 3.2 mm), while of the heavily calcified lesion
it increased by 90% (from 1.48 to 2.82 mm).

Radial force transferred from inflation pressure to balloon, stent, and lesion

The radial force transferred from the inflation pressure to the balloon, stent, and lesion are depicted in Fig. 4.
The inflation pressure of 10 atm (i.e., 1.013 MPa) resulted in a cylindrical expansion with an inner diameter of
2.76 mm (Fig. 3), corresponding to a pressure load of 152 N exerted onto the balloon surface. For stent expansion
in the non-calcified lesion, a radial force of 23.8 N (i.e., 15% of the pressure load) was transferred to the stent
and lesion, of which 1.4 N (i.e., 0.8% of the pressure load) was transferred to the non-calcified lesion. For stent
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Figure 3. (a) Stent expansion profile in non-calcified (top) and heavily calcified (bottom) lesion; (b) Pressure-
diameter relationship for stent expansion in the air, non-calcified lesion, and heavily calcified lesion.

expansion in the heavily calcified lesion, a radial force of 34.5 N (i.e., 22% of the pressure load) was transferred
to the stent and lesion, and 19 N (i.e., 12% of the pressure load) was transferred to the lesion. We could convert
the radial force transferred to the lesion to an equivalent pressure using Eq. 7. Therefore, a pressure of 0.092 atm
(i.e.,70 mmHg) was transferred to the non-calcified lesion, while a pressure of 1.25 atm (i.e., 950 mmHg) was
transferred to the heavily calcified lesion. It should be noted that all the above load calculation is based on cylin-
drical shape assumption. Considering the actual dog-bone shape in the case of the heavily calcified lesion, the
pressure load was less than 152 N, but the difference was less than 10%.

Load sharing in terms of strain energy during stenting and post-dilations

Strain energy stored in the artery, fibrous plaque, calcification (if any), and stent during the stenting and post-
dilation procedures are shown in Fig. 5. The stacked areas are used to show how each component contributes
to the total strain energy of the stented lesion. It is clear that, regardless of the lesion type, the absorbed strain
energy in all components reached its peak at each target inflation pressure, and then recoiled back following
the balloon deflation. For the non-calcified lesion, the peak strain energy of fibrous plaque was 0.184 m] at the
full expansion of the stent (arrow in Fig. 5a), and was 0.182 mJ, 0.184 mJ, 0.189 m)], respectively, during three
sequential post-dilations with increased inflation pressures. The peak strain energy stored in both stent and
lesion was 0.35 m] during stenting and increased to 0.55 m] during the 3™ post-dilation at the inflation pressure
of 30 atm. In the heavily calcified lesion, the corresponding total strain energy stored in the stent, fibrous plaque
and artery was 0.21 mJ during stenting and sharply increased to 0.90 m]J during the 3 post-dilation at infla-
tion pressure of 30 atm. The peak strain energy in the calcification alone (labeled in the right y-axis of Fig. 5b)
was 1.77 mJ, and increased to 26.5 m]J (15 times) during the 3™ post-dilation at the inflation pressure of 30 atm,
making it substantially higher than the other components. The huge increase of the strain energy in calcification
indicates a potential fracture.

Maximum principal stresses induced in lesions after stenting and post-dilations

The distribution of maximum principal stress (MPS) on the lesions at 10 atm was depicted in Fig. 6a. The time
history of the peak value of MPS in the non-calcified and heavily calcified lesions during stenting, and the three
sequential post-dilations at pressures of 10, 20 and 30 atm, were plotted in Fig. 6b. The peak value of MPS in
the non-calcified lesion, occurred in the artery, was 40 kPa during stenting at an inflation pressure of 10 atm,
and increased to 70 kPa during the 3™ post-dilation at an inflation pressure of 30 atm. For the heavily calcified
lesion, the peak value of MPS, occurred in the calcification, was 1.5 MPa during stenting at an inflation pressure
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Figure 4. Radial force transferred from inflation pressure to the balloon, stent, and lesion in cases of stent
expansion in non-calcified and heavily calcified lesions: (a) Clustered columns of radial force and equivalent
pressure; (b) Stacked columns of pressure load percentage.

of 10 atm, and increased to 8.4 MPa during the 3™ post-dilation at an inflation pressure of 30 atm. It is worth
noting that the MPS time history is consistent with the load sharing analysis (Fig. 5). For the non-calcified lesion,
the arterial tissue only stores a small portion of the strain energy and doesn't increase proportionally along with
the increase of the inflation pressure. This indicates a lower risk of vessel rupture. On the contrary, strain energy
stored in the calcification increases 14 times as the inflation pressure increases from 10 to 30 atm, indicating a
higher probability of calcification fracture.

Discussion

Suboptimal stenting (stent underexpansion, malapposition etc.) in complex lesions, especially in heavily calcified
lesions, has gained increasing attention. Plaque modification and/or post-dilation with a high-pressure balloon
has been developed to improve stent expansion and apposition. The cardiologists are under pressure to choose
efficient procedures for a target stent expansion with less risk of vessel rupture. In this work, the link between the
inflation pressure to the exact force exerted on the inner surface of various lesions was inspected with computer
simulations. To our best knowledge, this is the first study to quantify the load transfer of the stent-artery interac-
tion and the load-sharing capacities of the different components during stenting and post-dilation procedures.
Results have emphasized the monitoring of the stent expansion during stenting and supported the design of the
high-pressure balloon. The stent expansion showed a nearly cylindrical shape in the non-calcified lesion and
the balloon undertook most of the increasing inflation pressure load. In contrast, stent expansion showed a dog
bone shape in the heavily calcified lesion, suggesting that an increasing inflation pressure can effectively increase
the minimal lumen area, increase the stresses in the calcification, and potentially lead to a calcification fracture.
The efficacy of the increasing inflation pressure in the heavily calcification lesion is due to the dog bone shape
of the stent expansion.
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Figure 5. Stacked area graph of strain energy following stenting and post-dilations in (a) non-calcified lesion
and (b) heavily calcified lesion. The right axis is for calcification curve only.

Most previous computational studies of stent-artery interactions focused on the mechanical environment
change (i.e., stress and strain) in arterial tissues'®*® or stent fracture when exposed to cardiac wall movement
following stenting®. Our previous works have investigated the influence of calcification attributes on stenting
expansion with stylized and patient specific artery models***’, and results have shown that the calcification will
reduce the stretch capability of the lesion, further leading to stent underexpansion. In this work, load transfer
analyses were conducted for stenting in non-calcified and heavily calcified lesions to quantify the effective load for
stent expansion. Only a small portion of the pressure load (1.4 N, 0.8% of the total pressure load) was transferred
to the non-calcified lesion. This small portion of the pressure load only induced an effective pressure of 75 mmHg,
which is slightly less than the tested blood pressure in a human body, which is around 100 mmHg?®. Additionally,
the balloon pressure for stenting, which is usually around 12 atm (or 9120 mmHg), is much higher than the blood
pressure. This drastic difference between the dilation pressure and the exact pressure required for expanding the
lesion has previously been ignored in studies on stent-artery interactions. The load transfer and load sharing
analysis will build a direct link between the increasing pressure and the effective force to the lesion, which will
provide a rational index for optimal stenting. In addition, a radial force of 22.4 N was required to expand the
stent, which is similar to the reported studies®**’. These agreements validate the feasibility of our model and
methods. For the heavily calcified lesion, the concentrated, thick calcification acts as a stiff ring, which induces
high restoration forces that prevents the proper expansion of the balloon and causes the observed dog bone
shape. For example, the non-calcified lesion can expand to 2.8 mm at 10 atm, while the heavily calcified lesion
expands to only 1.48 mm. The balloon which expands in a dog bone shape was not able to undertake as high of
a pressure load as the cylindrical shaped balloon. Because of this, a higher-pressure load of 19 N (1027 mmHg)
was transferred to the lesion, which is more than 12 times than what is shown in the non-calcified lesion. We
can image that as the lesion changes from non-calcified to a mild, medium, and then heavily calcified lesion, the
balloon stent expansion will change from a nearly cylindrical shape to a more irregular and/or dog bone shape,
during which the pressure load transferred to the lesion will increase from a lower to a higher value. Our previous
virtual bench tests also have shown that the resultant contact along the normal of one cut plane increased from
1.5N to 2.5N, to 3.5 N as the calcification angle increased from 60°, to 180°, to 270°%.,
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Figure 6. (a) Direct stenting-induced maximum principal stress (unit: MPa) maps in non-calcified (top) and
heavily calcified lesions (bottom) at the balloon pressure of 10 atm; (b) The peak maximum principal stress of
plaque for stent expansion in non-calcified lesion case (orange) and heavily calcified lesion case (blue) during
stenting and three sequential post-dilations at pressure of 10, 20 and 30 atm.

Post-dilation has long been adopted to improve stent expansion by increasing inflation pressure or using a
larger balloon. One study has even shown that high pressures up to 40 atm can lead to an improved stent deploy-
ment in heavily calcified lesions’. Some other retrospective studies, however, have showed that a pressure of
16 atm and a balloon diameter of 0.5 mm larger than the nominal diameter of stent are two critical cap values, and
there will be more complications if the inflation pressure exceeds these?. In this work, the load sharing analysis
for post-dilation with increasing pressure was done to evaluate the efficacy of the procedure. In the non-calcified
lesion, the stent expansion has a nearly cylindrical profile (diameter close to manufacturing data) and the bal-
loon undertook most of the pressure load. Therefore, the increasing pressure did not significantly increase the
minimal lumen diameter, stress levels, or strain energy within the lesion. For the heavily calcified lesion, the stent
expansion has a dog bone shape, and the increasing pressure load can effectively increase the minimal lumen
diameter, stress levels and strain energy in the calcification, and the potential of calcification fracture. Based on
this observation, increasing pressure can be an effective procedure to improve the stent expansion if a dog bone
shape was observed. In addition, a larger balloon may cause the lesion to rupture if the calcification suddenly
fractures at a high pressure, which may lead to acute myocardial infarction as reported in clinics®. These findings
indicate that the monitoring of the stenting process, especially the stenting profile and diameter at the target infla-
tion pressure, may help in making optimal stenting decisions for patients. Our results also support the design and
application of the high-pressure balloon. Currently, the burst pressure of most post-dilation balloons is around
20 atm, while it cannot induce a calcification fracture, and the cardiologists shift to a larger balloon, with the risk
of vessel rupture. As we noticed that the increasing pressure can effectively exert more force to the lesion, the
high-pressure balloon can be a safe way to induce the calcification fracture by increasing the inflation pressure
to a higher-pressure limit of the balloon. Computational studies of patient-specific models can aid in estimating
the required pressure to induce fracture, as they offer valuable insights into not only the stent deployment but
also the more precise assessment of load-sharing characteristics in an in-vivo environment.

In the light of using high-pressure balloons to induce calcification fracture, it is essential to also give due
consideration to the mechanical performance of the stent. Higher pressure rates during post-dilation are expected
to result in notable stresses and plastic deformations in the vicinity of the strut interconnections, which may
lead to stent rupture. According to our simulation analysis, the maximum equivalent plastic strain within the
stent rises from 15% during stenting at 10 atm to 30% during post-dilation at 30 atm. Typically, the elonga-
tion at break of stents is around 43%, implying the need for careful consideration when selecting the pressure
levels*2. Additional research should be conducted on various stent geometries to assess the practicability of
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high-pressure applications. Furthermore, this observation may also serve as an opportunity to improve stent
design for a given inflation condition, along with the implementation of materials with greater strength and
elongation characteristics.

There are some limitations in this work, such as the selection of material model and simulation techniques,
as well as simplifications to the overall testing systems and assumptions. The isotropic hyperelastic models
were adopted to describe the mechanical behavior of the arterial tissue without considering the anisotropic or
viscoelastic behaviors. The plaque was simplified into two materials: fibrosis and calcification. The complexity
and eccentricity of the lesion were also simplified as the symmetric model for comparison with the analytical
results. The balloon characteristics were also simplified to help better understanding of the load transfer. These
simplifications may cause a deviation in the stress analyses but won't affect the global values such as the resulted
force or strain energy, so the conclusions in this work can still be applied for a model with further specificity.
The fracture behavior of the calcification was not considered in this work since our focus is the load sharing
analysis to provide the fundamental understanding, the fracture behavior will affect the evolution of the restored
strain energy. We simulated the balloon with a cylindrical surface, rather than the three-folded balloon based
on our benchtop test in which the balloon exhibited a cylindrical shape even at very low pressure (1 atm). Once
the inflation pressure exceeded the nominal pressure, the balloon showed a larger resistance. We captured the
bilinear behavior of the balloon and verified it with the manufacturer data. Of notice, the findings from this
work were derived from idealized model with a single stent type, and the conclusion from this work should be
further validated with clinical observations.

Conclusion

In this work, the diameter-pressure curve and load transfer analysis for stenting in non-calcified and heavily
calcified coronary artery were performed. Further load sharing and stress analyses were conducted to investigate
the efficacy of increasing the pressure over improving the stenting expansion in heavily calcified coronary artery.
The stent expansion showed a nearly cylindrical shape in the non-calcified lesion and the balloon undertook most
of the increasing inflation pressure load. In contrast, stent expansion showed a dog bone shape in the heavily
calcified lesion, and the increasing inflation pressure can effectively increase the minimal lumen area, stress in
the calcification, and potential of calcification fracture. This study suggested that monitoring the stenting process
with angiography imaging, especially the precise stent expansion profile at the target inflation pressure, will help
optimize the stenting procedure in complex lesions. Our results also support the design and application of the
high-pressure balloon for post dilation.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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