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Abstract
Vascular cross-clamping is applied in many cardiovascular surgeries such as coronary bypass, aorta
repair, and valve procedures. Experimental studies have found that clamping of various degrees
caused damage to arteries. This study examines the effects of popular clamps on vessel wall. Models
of the aorta and clamp were created in Computer Assisted Design and Finite Element Analysis
packages. The vessel wall was considered as a non-linear anisotropic material while the fluid was
simulated as Newtonian with pulsatile flow. The clamp was applied through displacement time
function. Fully coupled two-way solid-fluid interaction models were developed. It was found that
the clamp design significantly affected the stresses in vessel wall. The clamp with a protrusion feature
increased the overall Von Mises stress by about 60% and the compressive stress by more than 200%.
Interestingly, when the protrusion clamp was applied, the Von Mises stress at the lumen
(endothelium) side of artery wall was about twice that of the outer wall. This ratio was much higher
than that of the plate-like clamp which was about 1.3. The flow reversal process was demonstrated
during clamping. Vibrations, flow and wall shear stress oscillations were detected immediately before
total vessel occlusion. The commonly used protrusion clamp increased stresses in vessel wall,
especially the compressive stress. This design also significantly increased the stresses on
endothelium, detrimental to vessel health. The present findings are relevant to surgical clamp design
as well as the transient mechanical loading on the endothelium and potential injury. The deformation
and stress analysis may provide valuable insights into the mode of tissue injury during cross-
clamping.
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INTRODUCTION
Vascular cross-clamping is applied in many cardiovascular surgeries such as coronary bypass,
aorta repair, and valve procedures. Although some clamps are marketed as so called
“atraumatic”, evidence suggests otherwise. Experimental studies have found that clamping of
various degrees causes various degrees of damage to the artery, from endothelium denudation
to severe intima injury as observed with histology and Scanning Electron Microscope. (3, 7–
8, 20–21, 30)

Endothelial damage increases platelet uptake and may lead to accumulation of thrombus with
the risk of vessel occlusion. (20–21) Studies by Margovsky, et al found that deposition of
platelets was proportional to endothelial damage. Functional studies on vessel dilation or
constriction also revealed long term effects of clamping on vessel functions. Intramural stress
concentrations in the vessel wall and related injuries have been linked to disease processes
such as lipid invasion and calcification. (16,23) Aortic cross-clamping has been considered
risky and a culprit in adverse outcomes, such as strokes following coronary bypass surgery.
(9) The reason stems from the unpredictable atheroma in the aorta that could be released during
cross-clamping.

Since aortic clamping alone is performed in about half million patients per year worldwide
(25), a safer clamp would benefit many patients. The aim of this study is to provide insights
and guidance for clamp design. A common design feature of popular atraumatic clamps
involves a protruded clamp area for better gripping to prevent tissue slippage. The hypothesis
of this study is that such a design feature may induce stress concentrations and is thus more
prone to causing tissue injury. The vessel deformation and stress analysis can provide valuable
insights into the mode of injury (7,12,20–21).

Despite the apparent clinical significance, however, there have been few computational studies
of clamping. To our knowledge, the only clamp simulations have been provided by Gasser, et
al, 2002 and Calvo, et al, 2007, both of which did not consider fluid or Fluid-solid Interaction
(FSI). Furthermore, the models were not able to occlude completely (90% in Gasser, et al and
60% in Calvo, et al) and difficulties in achieving convergence when the vessel was highly
deformed were cited. The objective of the present study was to develop a computational clamp
model capable of full closure, incorporates FSI and is based on anisotropy of the vessel wall.

METHODS
The computational models were created in a Computer Assisted Design package –Pro/Engineer
and solved in a well validated Finite Element Analysis package -ADINA. For the present
application, the aorta was modeled as soft, non-linear material and the clamp was modeled as
rigid. Anisotropic material properties were considered. The detailed formulations are outlined
in the Appendix. Two kinds of clamps were modeled: a rectangular plate shaped clamp
representative of the Satinsky clamp and a clamp with a protrusion feature designed for the
purpose of more tissue gripping, representative of clamps similar to the Cooley clamp. The
stresses in the vessel wall as well as the fluid wall shear stresses imposed by the two clamps
were compared. The clamp was applied through a linear displacement time function to produce
total occlusion in about 1 second.

Geometry and Mesh
The vessel segment was 80 mm long and 16.5 mm in diameter, representative of a typical
ascending aorta. (Fig. 1) The length was chosen to facilitate computation and to allow
recirculations to develop. The clamp edges were designed with rounded edges to avoid stress
concentrations caused by sharp corners. The vessel wall and fluid meshes were structured and
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refined toward the clamped region with a ratio of 4:1 or four times denser. Mesh for the clamp
was also carefully structured and refined. A mesh convergence test showed that doubling the
number of elements only resulted in less than 3% difference in wall shear stress and peak von
Mises stresses. The stress distributions also did not change appreciably. Hence, the mesh
density was sufficient for the proposed simulations.

Fluid-structure Interaction
Fluid-structure interfaces were defined at the lumen surfaces of the vessel, and the wall
boundaries of the fluid. The ALE (Arbitary Lagrange-Eulerian) method was used. This method
allows the fluid mesh to deform around the moving vessel, which is necessary for this
application with the large deformation. Instead of using either a single Lagrangian approach
or a single Eulerian approach, the ALE describes the motion of fluid in a moving reference
frame. The detailed descriptions of FSI can be found in the Appendix.

RESULTS
The simulation results were independent of the time steps, as various time steps were attempted
and the resulting stress and wall shear stress patterns and magnitudes were very similar. A total
of six hundred time steps were used in the current simulations. The flow field near closure is
shown in Figure 3 where strong FSI is observed. A dramatic reduction of flow velocity near
closure is observed. Figure 3A shows the flow field with mostly forward flow while Fig. 3B
shows flow field during the transition to reversal. In the final stage of clamping, the flow clearly
reversed upstream as shown in 3C. As can be seen from panel 3B, the flow upstream were
reduced to almost zero where the flow vectors near the boundary were already negative while
the center flow was still forward. This is the transition point when the flow starts to reverse.
Panel C shows the flow field after the reversal with well defined negative flow with parabolic
profile.

The maximum flow velocity during clamping is shown in Fig. 4A. The predicted maximum
flow velocity of 1.35 m/s is consistent with the aortic flow experimental data [27]. Figure 4B
shows the flow velocity upstream of the clamp. The velocities immediately upstream (3 mm
from occlusion) was plotted. During the final stage of clamping (at about 90% occlusion), flow
reversal in the upstream section was observed as indicated by the negative flow. The wall shear
stress on vessel wall is shown in Fig. 4C. The wall shear stress spiked before closing and a
high shear in the occlusion region is observed as expected. The shear stress at the endothelium
had large peaks immediately (3 mm) upstream and downstream of occlusion at clamp center
in the vessel. Oscillations were also indicated during closure which caused significant
oscillatory shear stress.

The solid stresses in the vessel wall induced by the two types of clamps were compared. The
maximum Von Mises stresses with displacement driven clamp is plotted in Fig. 5. It is shown
that the maximum Von Mises stresses in the vessel wall (lumen side of clamped area) are much
higher with the clamp with protrusion. The stresses spiked as the tissue was being compressed
near closure (Figs. 5 & 6).

The protrusion clamp caused much larger stresses than the plate clamp in each of the stress
components, e.g., radial compression of −170 vs −45 KPa (Fig. 6A& B). For the protrusion
clamp, the simulation shows that the radial compression and axial stresses were large at closure:
−170 KPa and 160 KPa, respectively. In comparison, shear was modest at about 25 KPa. For
the plate like clamp, the simulation revealed that axial stresses (90 KPa) were larger than
compressive (−45 KPa) and shear stresses (20 KPa). Figure 6C shows the shear stress caused
by the plate and protrusion clamps.
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Figure 7A shows the maximum stresses at the inner and outer vessel wall caused by protrusion
clamp. It is seen that the maximum stresses in the vessel wall (lumen side of clamped area) are
much higher with the protrusion clamp. The maximum Von Mises stress spiked as the tissue
was being compressed near closure. Figure 7B shows the vessel wall velocity during clamping
by the two kinds of clamps. The wall velocity changed rapidly towards closure, just before the
wall motion ceased. The vessel wall under the plate clamp had higher rate of change of wall
velocity or acceleration. This large fluctuation of velocity indicates vibration of the vessel wall.

DISCUSSION
This paper explores the effects of clamp design for two popular vessel clamps. The simulations
show that the clamp design significantly alters the stresses in vessel wall. Vibrations were
detected immediately before total vessel closure. The so called “atraumatic” clamps exert
significant stress on the vessel wall and particularly in the intima during total occlusion. The
limitations and implications of the model are enumerated.

Solid Mechanics
The sharp edges of the protrusion caused difficulties in achieving convergence during contact
with vessel wall; as the result, the time steps were very small and numerous, totaling 600 steps.
The maximum stresses in the arterial wall were higher on the inner than the outer surface at
full occlusion (Figs. 7A). This is important as the endothelium resides on the lumen side of the
artery. Furthermore, as the media and intima are less capable of carrying axial and compressive
loads than the outer advantitia, these higher stresses may damage the more vulnerable intima
and media. (14,26)

It was found that the protrusion clamp caused much larger stresses than the plate clamp in each
of the stress components: e.g. radial compression of −175 vs −40 KPa, axial stresses, 170 vs
100 KPa and shear stresses, 25 vs 20 KPa (Figs 5 & 6). In the case of the protrusion clamp,
the simulations show that the radial compression and axial stresses had the largest magnitudes
(−175 KPa and 170 KPa, respectively). Therefore, the injury mechanism is likely to stem from
compression and axial stresses caused by the clamps (Fig. 6). The vessel may be more prone
to injury by the large compressive stress during closure since the aorta normally does not
experience significant compression. The high compressive stresses predicted by the model are
consistent with vessel clamp injuries as revealed by histological studies (20–21).

In the case of the plate like clamp, the simulations show that axial stresses were larger than
compression and shear stresses (90 KPa vs −50 KPa & 20 KPa, respectively). (Fig. 6) It should
be pointed out that even stress magnitudes that are considered non-destructive could have long
term effects as revealed by experimental studies on vessel functionality such as the ability to
relax or constrict (1). Intramural stress concentrations in the vessel wall and related injuries
have also been linked to disease processes such as lipid invasion and calcification. Stress
induced injuries would initiate the inflammatory response.

Fluid Dynamics
Figures 3 & 4 illustrate the dynamic and highly transient nature of the fluid during the closure
process and support the importance of implementing the FSI model. Fluid shear stresses
became higher towards vessel wall where endothelium resides. It is well known that abnormally
low or high wall shear stress have effects on endothelial biology (17–19). It can be seen from
Fig. 5 that the wall shear stress spiked during closure indicating high rate of change of wall
shear stress which may activate platelets leading to micro emboli formation.(29) Although
these effects are transient and hence acute, they may cause early thrombosis. (Figs. 3 & 4)
Indeed, experimental studies by Margovsky, et al, (20–21) found that endothelial damage from
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“atraumatic” clamps increased platelet uptake and may lead to accumulation of thrombus with
the risk of thrombosis or vessel occlusion. They further found that deposition of platelets on
the clamped surface was proportional to the extent of endothelial lesions.

The predicted maximum flow velocity of 1.35 m/s (Fig. 4A) is consistent with the aortic flow
experimental data [27]. Although this model was used to study the cross-clamping process, the
FSI model can also simulate various stages of stenosis, 80%, 90%, 95%, etc. (Fig. 3). Fig 3b
demonstrates that at about 80% occlusion, flow reversal in the upstream section was observed
as indicated by the negative flow. This has important implications as reverse flow can cause
endothelium to produce more superoxides which can scavenge nitric oxide. (15,17)

For the purpose of reducing the wall stresses (Figs. 5 & 6), the plate clamp design was superior.
The likely reason is that under the rectangular clamp, there is an elongated contact area which
reduces and smoothes the stress.

Comparisons with Previous Studies
In a clamping study by Gasser, et al (2002), the model did not have fluid or FSI and did not
attain total occlusion. In a recent clamping study by Calvo, et al (2007), the model also was
not coupled with fluid and achieved occlusion level of 60%. The authors reported that axial
stresses at the inner wall were significantly increased and were cited as the potential culprit for
vessel injury. Here we show that the radial compression can be very significant as the vessel
is occluded. During the closure process, Fig. 5 shows that the overall effective stresses rose to
about twice as high as the magnitude before closure. Importantly, Gasser et al and Calvo et al
studies did not identify the high compressive stress as their models did not reach closure during
which the compressive stress spikes. As shown in Fig. 6B, the compressive stress was nearly
negligible until closure was reached. It was only during the closure that the compressive stress
rose dramatically. This is an important finding as it reveals a potentially important mechanism
of tissue injury. This prediction by the FSI model is consistent with histological observations
of clamp injuries in the experimental studies by Margovsky et al. which clearly showed
compressive injuries (20, 21).

Limitations of Model
The plate-like clamp in the current model has a smooth contact surface. Some surgical clamps
have tiny teeth like surfaces. A model incorporating this feature is under development. Future
models will also include contact with friction.

This is a model of normal aorta where a disease state such as hypertension with thicker and
stiffer vessel wall, was not considered. In future models, the dimensions and material properties
for the vessel model can be adjusted accordingly. A stiffer aorta will have higher wall stresses
at a given deformation. The relative trend, however, is likely to be similar when comparing the
different clamp designs. Furthermore, various hemodynamics (pressure, heart rate, flow, etc.)
can be inputted into the model. Ideally measurements can be made from the patient to allow a
patient specific analysis.

The current model did not incorporate plaque structures in the vessel wall which is relatively
common in patients requiring cross-clamping. (8,22) Future models should include the non-
homogenous structure of the vessel wall, i.e., calcification and lipid pool. These plaque
structures may create local stress concentrations. It should be noted that FSI simulations are
10–20 times more computationally demanding than CFD or fluid only simulations. Given the
complexity of FSI models, it is necessary to take a step by step approach.
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Significance of Study
The present model simulates the aortic cross-clamping process with emphasis on the effects
of clamp geometry on the closure dynamics of solid and fluid. Both the fluid and solid
mechanics during the closure process are found to be highly transient and dynamic. The utility
of the model is to enable optimization of the design of clamps that may cause less trauma to
arteries. Clearly, the protrusion design feature is traumatic to the arterial wall and better designs
are warranted. The vibrations during the closure process may be used for development of a
clamp with a sensor that can detect such vibrations.

Future Studies
This model may serve as a guide for in silico design of clamps. A number of notable
observations were made here that can impact design of better clamps. For example, a flat plate
type of design is less traumatic than the present so called “atraumatic” design. The flat plate
design reduces the wall stress, and also results in larger vibration signal. The vibration signal
predicted by the simulations could be used for a “smart” clamp that avoids wall damage by
stopping as soon as near total occlusion is achieved.

Future models could be developed as optimization tools. The detailed stress and flow analysis
cannot be easily done through experimental means. The models could be used for design
optimization, i.e., to obtain the optimal width of the clamp, etc. For the case of protrusion
clamp, the effects of length and width of the protrusion feature; the effects of the clamp material,
e.g., with rubber coating, resin stem, metal stem, etc. These simulations may save both time
and cost of building and testing various prototypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The geometry and mesh of the clamp with protrusion. A) Overall view; B) Zoom-in view.
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Figure 2.
Figure 2A):The geometry and mesh of the plate-like clamp; B) Stress distribution.
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Figure 3.
The flow field and detailed flow features: A) The flow field with mostly forward flow; B) Flow
field during the transition to reversal; C) Final stage of clamping with the flow clearly reversed
upstream.
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Figure 4.
Figure 4A): The maximum fluid flow velocity during clamping by protrusion clamp at
occlusion area; B) The maximum fluid flow velocity during final stage of clamping at near
occlusion (3 mm away) and occlusion areas; C) Wall shear stresses on vessel endothelium by
protrusion clamp at center of clamped area and immediately (3 mm) upstream and downstream.
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Figure 5.
The vessel wall stresses induced by the protrusion clamp: A) Stress profile in vessel wall and
clamp before closure; B) The maximum Von Mises stresses in vessel wall induced during
clamping
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Figure 6.
The axial, radial and shear stress components caused by the plate and protrusion clamps.
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Figure 7.
Figure 7A) The Von Mises stresses caused by the protrusion clamp at the inner and outer vessel
wall; B) Vessel wall velocity during clamping by plate and protrusion clamps. Rapid changes
of wall velocity indicate vibration just before closure.
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