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Abstract and key terms

Clinicians generally assume that Medical CompresSitockings (MCS) work by reducing vein
luminal diameter and, in this way, help to preveluiod pooling. Conflicting results have been
reported however in the case of lower leg deepsweimch call into question this hypothesis. The
purpose of this contribution is to study the biotrdcal response of the main lower leg deep
veins to elastic compression and muscle contraetitim the objective of improving our current
understanding of the mechanism by which MCS conbheyr benefits. The development of a
finite-element model of a slice of the lower legrir MR images is detailed. Analysis of the
finite-element model shows that the contributioririf MCS to the deep vein diameter reduction
is rather small, and in fact negligible, comparedhat of the contracting muscle (3% and 9%
decrease in the vein cross-sectional area witradegh compression stocking in the supine and
standing positions respectively, while completelapgde was obtained at the end of muscle
activation). A more accurate representation of rthescle activation is eventually proposed to
study the effect of muscle contraction on a veifi.Wédne impact on the venous blood draining is
discussed.

Key terms: Calf, Medical Compression Stockings, venous, ssdues

1. Introduction

Medical Compression Stockings (MCS) are considased mainstay in the treatment options for
patients suffering from lower leg deep venous ifisiehcy **. They have been shown to be very
effective in (i) preventing and managing Deep Vendinrombosis (DVT), post-thrombotic
syndrome® and ulcers of the leY (i) improving abnormal venous retuthand (iii) improving

muscle calf pumping functioff. Like other forms of mechanical treatments, MC& generally



thought to act by reducing vein luminal diameteand, thereby, preventing blood pooling or
stasis’. In a clinical study by Partsch et & for example, on a population composed of 9 healthy
subjects and 5 patients suffering from superfigehous insufficiency, the authors showed that
an external compression of 30-40 mmHg lead to sedse in the posterior tibial deep vein cross-
section.

Conflicting results however have been reportethin literature. Mayberry et a® for
example, studied the effect of 30-40 mmHg and 4@ABEHg elastic compression on 10 healthy
patients and 16 patients suffering from deep vennossfficiency. Their results showed that
elastic compression produced a decrease in supékfan cross-sectional area but had no effect
on the femoral and popliteal deep veins considamneithe study. The authors even reported a
small - but significant - increase in the poplitdakep vein cross-sectional area which lead them
to conclude that MCS only drains the blood from estipial to deep veins in the standing
position. These results underline the lack of cahpnsion regarding the mechanisms by which
elastic compression achieve their medical goalpaiients suffering from lower leg deep venous
insufficiency. More importantly, these results emgize the need to address the key question of
whether or not the benefits of action of MCS arerelated to a decrease in the vein luminal
cross-sectional area.

The difficulties related ton situ explorations make the development of simulatiosisto
especially attractive to study the response of desips to external compression. Computational
models have been developed By #° ** to investigate the change in deep vessel crog®sec
and have focused primarily on the treatment of D&mous Thrombosis (DVT) using
Intermittent Pneumatic Compression (IPC). Amongst $implifying assumptions however, the
authors assumed an ideal geometry for all the gegs and did not account for the differences

between the intra-muscular and inter-compartmeep deins amongst other parameters.



Another important aspect of compression therapyciwhhas not been addressed in the
literature, as far as the authors are concernetheignfluence of muscular contraction on the
response of deep veins to external compression.yMdinical studies suggest that MCS
contribute to improving the muscle pump in patiemith an impaired muscle punif However,
this has never been studied from a biomechanicappetive.

The purpose of this work is to study transmissibpressure in the soft tissues of the lower
leg during external compression with and without sol@ activation to improve our
understanding of the main biomechanical paramettfexting the response of lower leg deep
veins to external compression. To this end, weteceawo finite-element modelsone for the
study of intramuscular veins and another one fterimuscular veins - from MR images of the
calf cross section that replicate the major featwe the lower leg geometry, simulated the
biomechanical response of the leg to the combim#idraof elastic compression and muscular
contraction and studied the decrease in vein lueness-section. We also performed a parametric
study to evaluate the sensitivity of the model tffecent input parameters. Specifically, we
examine the effects of position (standing/lyindgpe tmodel parameters of the muscles, vein wall
and fascia. Finally, we refined the study with arenaccurate representation of the muscle to

characterize the effect of muscle contraction oria wall.

2. Materials and Methods

The acquisition and segmentation of the MR images¢ate a geometric model are described in
sections 2.1. and 2.2. General mechanical considesasuch as constitutive laws, boundary
conditions and contact are detailed in section Bt numerical approaches developed to study

the biomechanical response of intra-muscular veind inter-compartment veins to elastic



compression and muscular contraction are then m@gein sections 2.4. and 2.5he
development of two different models (rather thare)owas motivated by the convergence
difficulties encountered when all the deep veinsenombined into one moddés a verification
step, the muscle activation of a simplified 3D moadkthe leg is simulated using the Finite

Element (FE) formulation of the Hill muscle modebposed by in section 2.6.

2.1. Magnetic resonance imaging of the calf

The data was acquired on a volunteer aged 45 foltpuwnformed consent and according to a
protocol which was validated by the local instibu@l ethics committee. The left calf was imaged
in the supine position using a 1.5 T Avanto Siemkls system. The imaging protocol was a
spin-echo sequence. 15 slices of image data wepgrad, showing the calf cross section in 3.9
mm increment along the length of the calf and presblution of 0.78 mm x 0.78 mm. To avoid

compression of the calf due to its weight, theWas supported at the ankle.

2.2. Geometrical modelling

2.2.1. Segmentation

The different components of the calf are segmeatethe MR image slice using a custom-built
MATLAB® subroutine (figure 1). (i) The skin and bes (tibia and fibula) are segmented
automatically using thresholding and smoothing gisindegree 5 Fourier polynomial to remove
noise. (i) The adipose tissue, the muscular apmsé and the four muscle compartments
(namely the anterior tibia compartment (ATC), latecompartment (LC), superficial posterior
compartment (SPC) and deep posterior compartmeRCjDespectively) are hand segmented

and smoothed using a degree 5 Fourier polynomta. SPC is divided into the soleus muscle



and the gastrocnemius muscles (interior and exjer{oi) The intra-muscular vein model is

made up of one of the soleus veins (figure 1(ahjsTs, according to clinical studies, the site
where thrombi start in the majority of patieifsand is, of course, of major interest given the
potentially high impact of the results (as DVT i€@mmon surgical complication). The model

developed to study inter-compartment veins constboth the posterior tibial and peroneal

veins and arteries (figure 1(b)). The posterioratimand peroneal arteries are included in our
model because of their assumed contribution iniamghct on the response of the neighboring
veins. For each vessel, segmentation is performpelleouser who selects points on the vein inner
wall (highest contrast of grey level). The innentwur of the vein is then defined as the best
ellipse that fits the data points in the least sgsi@ense. (iv) The MCS is modelled as a circle
centred at the centre of gravity of the calf withciscumference equal to manufacturers
recommendations (leg circumference in MRI slice wasasured as 260 mm and the

corresponding rest MCS circumference as 188 mm).

2.2.2. Reconstruction

The data points are imported in ABAQUS®\CAE and gleemetry of the different constituents
reconstructed individually using a custom-built FYON® subroutine (figure 1). For each vein,
the thickness of the vein wall is taken as 10%hef\vein lumen (average radius of the segmented
ellipse) based on the experimental measuremenarfnez et al?’. This thickness is added to
the ellipse dimensions to define the outer contduhe vein wall. Similarly, the wall thickness to
radius ratio of posterior tibial and peroneal agemas assumed to be 3*¢% For the muscular

aponeurosis a thickness of 1mm is defined by perifuy an offset of the segmented contour to



be consistent with the values reported in thedttee regarding the mean thickness of the deep

fascia in the lower limB2.

2.3. Geometrical and mechanical considerations

2.3.1. Materials

A summary of the constitutive properties used tgcdbe the mechanical behaviour of the
different soft tissues is given in Table I. We amesu for simplicity, that soft tissues are
homogeneous, isotropic (for the muscles, this méaaiswe assume that all muscles fibres are
normal to the transverse sections where the MR @wagre acquired) and incompressible
(constant volume). Biological soft tissues are espnted using a Neo-Hookean hyper-elastic
model. Constitutive parameters available in therditure are used (Table 1) except for the vein
walls. In that case, the values identified in @rgstudy by our group} by FE updating are used
(one in the supine position and one in the standgiogition respectively). The MCS is
represented using a linear elastic law (Hooke I&wge mechanical characterisation of the MCS
in the circumferential direction performed in theyious study based on the French norame

used. Bones are regarded as infinitely rigid aspaoed to the surrounding soft tissues.

2.3.2. Internal blood pressure and pre-stress in thvein wall

The intravascular pressure is accounted for bynagteat pressure applied on the inner surface of
the vein wall. For the veins, the pressure imposed5mmHg in the supine position and
90mmHg in the standing position. For the arteriks, internal pressure imposed is 100 mmHg
and 195 mmHg respectively in the supine and thadstg positions. This pressure load is

responsible for an initial pre-stress of the vesgell before applying compression, which is



considered by applying an initial circumferentiakfstress in the wall to counterbalance this
pressure. The value of the circumferential presstren each element of the vessel wall is

determined by applying the Laplace law.

2.3.3. Finite element discretization using ABAQUS®

Plane strain is assumed in this study to perforentito-dimensional analysis. Moreover, soft
tissues are considered as nearly incompressible.different parts of the model are therefore
meshed with plane strain hybrid elements (CPE4HG@RE3H in Abaqus®) and truss elements
(T2D2 in Abaqus®). Local mesh refinement is perfedrin and around the vein wall. Five

elements are imposed in the radial direction (théds) of the vein and arterial walls following a
convergence study based on the reduction of tha esdss-section in response to elastic

compression. The final mesh consists of 40 000 etgsnand about 130 000 degrees of freedom.

2.3.4. Boundary conditions

The tibia and fibula are fixed in this model.

2.3.5. Contact

A summary of the contact and constraint parameiteesl in the model is given in Table Il. The
contact is enforced using a pure master-slave cbatgorithm. To the best knowledge of the
authors, no studies have been reported in theatites regarding then vivo friction between
internal soft tissues of the lower leg. A coulomibtion model was therefore used with a friction
coefficient of 0.1, based on the experimental tesofi®* who reported experimental values for the

coefficient of friction between the finger flexardons and the structures over which they slide.
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2.3.6. Muscle activation

The biomechanical action of muscle activation oa thain deep vein walls is modelled as
pressure boundary conditions imposed on the intéacas of all the boundaries of the muscle.
This pressure load increases the hydrostatic pressuthe muscle which, according o) are
correlated with intra-muscular pressure. During deigctivation, the pressure load is increased
until the deep veins are collapsed. In this wank, muscle activation of the soleus muscle of the

SPC and the DPC are considered as illustratedjimefil.

2.3.7. Solution technique

The resolution is performed via an implicit schermée default convergence criteria of the

Newton-Raphson algorithm in ABAQUS/Standard aredu3éne numerical strategy to study the

response of intra-muscular lower leg deep veirexternal compression and muscle activation is
summarized in figure 2. The numerical strategy ttalyg the biomechanical response of inter-
compartment lower leg deep veins consists of opplsmentary step designed to account for the
interaction between the inter-compartment veins #rel muscle compartments. The whole

process is summarized in figure 3.

2.4. Parametric study

A parametric study was performed to investigateinflaence of the following parameters:

- Position (supine/ standing)

Internal blood pressure loads and material propemif the vein and artery walls are imposed
according to the position as detailed previously.

- Muscular aponeurosis impairment
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Three types of muscular aponeuroses are introdogestaling the reference parameteggand

K of the Neo-Hookean strain energy function by dastl, 1/3 and 1/1000 respectively. These
correspond respectively to a healthy (referencenaprosis, an impaired aponeurosis, and a
completely degenerated aponeurosis in the mecHas@asse i.e. the mechanical action is
virtually inexistent.

- External compression

Compression stockings are commercially availabléour categories of compression levels in
France, defined according to an official norm, gmescribed according to the severity of the
pathology to be treated. Three MCS were introdunpetthis study to study the influence of the
three strongest compression levels on deep vargrades 1l (15-20 mmHg), 11l (20-30 mmHgQ)
and IV (30-40 mmHg).

- Tangent modulus of the vein

Three types of veins are introduced by scaling riéference tangent modulus E of the vein
identified by by factors 1/3, 3 and 10 respectively in both shpine and standing positions.
The corresponding parameterg @nd K of the Neo-Hookean Strain energy functioniierred.

- Typeof muscle

Three types of muscles are introduced by scalipgrsg¢ely the reference parametekg &d K

of the Neo-Hookean Strain energy function by faxtbt3, 3 and 10 respectively to evaluate the

influence of inter-subject variability on the bioamanical response of deep veins.

2.5. Refined approach used for modelling muscle acation

It is assumed in this work that the biomechanictiba of muscle activation can be modelled as a

pressure load imposed on the internal faces dhalboundaries of the muscle. In the case of the
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intra-muscular vein, this pressure load is constfirdround the vein wall. To have more insights
on this aspect, muscle activation is modelled usireg Finite Element formulation of the Hill
muscle model proposed ByThis model was implemented using the USERMAT fiamality of
ANSYS %, The muscle activation of a simplified 3D muscléhwan intramuscular vein is
considered. On order to evaluate the influence dyfeesffect, three geometries are designed,

illustrated in figure 4, with the vein centeredy(fre 4(a)), slightly awayoffset of 0.5 cm) from

the center (figure 4(b) and further awayf¢et of 0.8 cm) from the center (figure 4(c)).

2.6. Post-analysis

2.6.1. Biomechanical response of the deep veins the combined action of elastic
compression and muscle activation

The biomechanical response of deep veins to thebicead mechanical action of external
compression and muscle activation is presentetieasdrmalized variation of the cross section
(final cross sectional area / initial cross sedloarea) as a function of the normalized muscle
activation (pressure load / maximum pressure |oBlig. ordinate at the origin corresponds to the

decrease in cross-sectional area due to externgression only (zero muscle activation).

2.6.2. Parametric study

The relative influence of each parameter set ligteskction 2.4. (denoted, ¥ this paragraph to
make the explanation easier) on the biomechaniegbpanse of the deep veins to elastic
compression and muscle activation is representediasction of the relative influence on (a) the
variation of the cross section of the vein (denoddand (b) the muscle activation (pressure

boundary condition) required to collapse the veampletely (denoted;P The normalization is
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performed as followed (i) each parameter ses>scaled to bring all values into the range [k1,1
(i) The corresponding normalized set of variatmithe cross section;Afinal cross sectional
area / initial cross sectional area) due to elastmpression only is calculated. (i) The
corresponding muscle activation (pressure boundamgition) R required to completely collapse
the vein is also computed. (iii) A simple lineagression is then used to calculate the slopgs S1
and S2of the plots (X Ai) and (%, P) respectively. The normalized slopes are therutatied as
the ratio S1/ max(S1) and S22/ max(S2 respectively to bring all the values in the range

[0%,100%].

3. Results

3.1. Transmission of pressure during compression ithe supine position

The distribution of hydrostatic pressure predicted the model during a grade Il external
compression (15-20 mmHg) in the supine positiodegicted in figure 5. The resulting pressure

field is heterogeneous with higher pressures lacat¢he superficial soft tissues.

3.2. Variation of vessel diameter as a function ofhe pressure transmitted

through the soft tissues and muscle activation

3.2.1. Biomechanical response of the intra-musculaein

The responses of the intramuscular vein in botrstiptne and standing positions are depicted in
figure 6. When there no muscle activation (ordiratéhe origin), the graph gives the normalized
variation of the cross section (final cross sedl@rea / initial cross sectional area) due totielas
compression only. Figure 6 shows that the decrefides vein cross-sectional area due to a grade

Il compression stocking is of the order of 3% ie #tanding position and of the order of 9 % in
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the supine position. During muscle activation, gnaph gives the normalized variation of the
cross section due to the combined action of elasiimpression and muscle activation. Our
results show that the deep vessel cross sectiediged until complete collapse following a non-
linear response characteristic of collapsible tuliesan also be observed, from the geometries of
the veins accompanying figure 6 that the vein hdarger bending stiffness in the standing
position than in the supine position i.e. the veiall has a higher resistance in the standing
position its cross-section is less distorted (®esdia smaller amount) for the same decrease in

transmural pressure.

3.2.2. Biomechanical response of the inter-musculaeins

Likewise, the biomechanical response of the intemgartment veins and arteries in the supine
position is given in figure 7. Each component hadiséinct response: arteries are less affected
than veins and globally, tibial posterior veins #re most affected by both external compression
and muscle activation (15-20 % decrease in cragsosal area due to compression and about 90

% decrease due to muscle activation).

3.3. Parametric study

The relative influence of each parameter on (i)akerage variation of the cross-sectional vein
area and (ii) the muscle activation (pressure loae@¢ded to collapse the deep veins is
summarized on the bar chart in figure 8. Basedhenrésults, it can be summarized that the
biomechanical response of veins is subject to thmeén mechanical factors: the position
(supine/standing), the stiffness of the muscleg ([@arameter) and the external compression

applied on the leg.
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3.4. Stress profile of muscle activation in transvse plane

The hydrostatic pressure exerted on the vein comtotesponse to muscle activation is extracted
from the refined activation model presented in sgben 2.7. The results for the three vein
positions is illustrated in Figure 9. When the visimt the center of the muscle (geometry A), the
biomechanical action of muscle on the vein contswonstant. Then, the more the vein is moved

out of the center, the more the hydrostatic prespuofile changes.

4. Discussion

The clinical benefits of wearing MCS are generalifributed to a reduction of the vein luminal
diameter and, as a result, to prevention in bloodlipg (in the veins). This has never been
conclusively demonstrated for lower leg deep véinwever. As a matter of fact, conflicting
results have been reported which call into questiois hypothesis. The purpose of this
contribution was therefore to study the biomechaniesponse of the main lower leg deep veins
to elastic compression and muscle contraction \ilig objective of improving our current
understanding of the mechanism by which MCS conkiely benefits.

The results obtained in this study confirm thokelinical studies showing that MCS have
virtually no effect on reducing the cross-sectioasta of deep veins in the standing position
(figure 6). In a study including 30 volunteers (f@@rmal legs, 13 varicose legs), Lord and
Hamilton ?° reported that 20-30 mmHg stockings did not congpdeep calf veins (posterior
tibial veins, peroneal veins, and soleal veins) nwitlee wearer stood erect. This is in good
agreement with the simulation results reported eétie a grade Il MCS. Similarly, using a G-

scan® machine (Esaote, Genova), Partsch®traported that deep veins are slightly narrowed
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by an external pressure of 42 mmHg in the stangogition - which is twice the pressure exerted
by a grade Il MCS - and are only clearly compredsg@n external pressure of more than 80
mmHg®*. Using ultrasound, Partsch et Alalso reported complete occlusion of deep lower leg
veins (Posterior Tibial Vein) in the standing pmsit with about 70 mm Hg (maximum 90
mmHg) of external pressure. Overall, these resultsalso coherent with the hypothesis made by
Mayberry et al?® that “elastic stockings are not capable of exgrtimeir effects in the upright
position” through several centimeters of soft tessua rigid fascia layer and in the presence of a
significant column of hydrostatic pressure.

Our results also show that, in the standing mositit is mainly muscle contraction that is
responsible for narrowing deep veins luminal diamethe interface pressure applied by
commercially available MCS being insufficient toveaa significant impact. This mechanism
(referred to as the calf muscle pump in the liteig)t although well established in the clinical
literature® 2% had never been modelled before with the Finient&int Method. The proposed
numerical approach allows simulating complete vailapse of lower leg deep veins due to
elastic compression and muscle activation. Theneefiapproach used for modelling muscle
activation detailed in section 2.7. is also in gaggeement with the functional approach used in
section 2.3.6. Our results, however, strongly ssgggeat the functional approach used in
ABAQUS is valid only insofar as the geometry issdoto the “ideal” situation simulated in
section 2.7. Indeed, the more the vein is far ftbecenter of symmetry, the more the pressure
profile on the vein wall changes (figure 9).

Nonetheless, the results computed with the prgbosumerical approach yield
(normalised) pressure-area curves for the soleuns(figure 6) that are in good agreement with

those reported for collapsible tubg<® and in vivo on human leg veifisThe proposed approach
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therefore, seems to give acceptable results frarpénspective of the deformation of the soleus
vein.

Overall, the simulation results (main trends) allecoherent with MRI observations and
clinical results reported in the literature (sewtid.1l. above). This supports the idea that the
assumptions made in this study regarding the bicdébgoft tissues (homogenous, isotropic and
their representation with a Neo-Hookean hyper-gasinstitutive model) are acceptable.

72534 that have been focused on the

Similar biomechanical models reported in theditere
treatment of Deep Venous Thrombosis (DVT) usingnmittent Pneumatic Compression (IPC)
and which are based on the pioneer work by Kammhasidoworkers®. In these studies, (i)
personalization of the vein geometry was very bési¢® - which is by far the most complex
model ever published - the geometry, diameter aall thickness of all the deep veins are
identical and fixed by the authors because of éiatively poor quality of the MR images), (ii)
the question of sliding has never been addresseaare than (iii) the question of the muscle
activation.

A special effort has been made in this studynprove the realism of the model by
capturing a larger amount of details. This haswald us to gain better insights into the
biomechanical response of lower leg deep veingddriicular, our results suggest that intra-
muscular veins and inter-compartment veins haviergifit responses to external compression
and muscle activation: (i) Intra-muscular veins am@edded in soft tissues, and in that case, we
observed that it is primarily the increase in puessin the surrounding soft tissues that is
responsible for narrowing and collapsing the véin. Inter-compartment veins, on the other
hand, are embedded in the loose connective tidsiiie dascia constituting the interface between

muscle compartments, and in that respect, aretsent the deformation of the muscles.

From a clinical point of view, the results re@attin this study suggest that MCS actually
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act on the micro-circulation. Indeed, in a previstusdy by our group’, we reported that MCS
are effective in reducing the vein luminal diametdrlower leg superficial veins. In this
contribution, we report that, in good agreementwiinical studies, MCS have only but a small
effect in narrowing lower leg deep veins in theigipt position. As a matter of fact, Mayberry et
al. 2 for example observed that that elastic compressioduced a decrease in superficial vein
cross-sectional area but had no effect on the fehaod popliteal deep veins. Interestingly, some
studies also reported that, irrespective of theat$f on the luminal diameter, MCS lead to an
increase in the blood flow in deep veihslt can be hypothesised, from all these resutat t
MCS, by increasing the tissue pressure, are reggen®r emptying the blood present in the
micro-circulation. This blood is forced into the imaeep veins which carries the blood back to
the heart. Lower leg deep veins therefore carryenbwod during compression (increased venous
blood flow) but do not see their luminal diametecieased, as observed clinically. The fact that
the deep veins are not significantly narrowed by3V€ actually sound because, otherwise, the
blood return would have been hindered by MCS. #nisisaged to investigate in the near future
the response of the deep micro-circulation to eslecompression. As reported in a recent study
by Grenier et al*?, work on the effect of compression on the micrmudation is already under
progress. Using skin thermal conductivity sensting, authors demonstrated that a moderate
interface pressure applied by compression stockiregb a direct positive effect on the skin
micro-circulatory activity.

The current biomechanical model is currently tégpaf simulating the response of lower
leg intramuscular and inter-compartment deep véindoth elastic compression and muscle
activation in 2D under the assumption of planeirstrahe next step will be to extend this model

to include 3D effects in view of developing patispiecific tools. Another future perspective is to

study the effect of elastic compression and musdgvation on blood circulation. More
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specifically, one aspect which has never been addcein the literature is the response of
perforator veins - which connect the superficiaingeto the deep veins - and which play an

important role in the apparition and developmentearfous insufficiency.

5. Conclusion

We have elaborated a 2D FE biomechanical moddiefdwer leg to study the response of the
main deep veins to both elastic compression andcleusontraction. The integration of the
biomechanical action of muscle activation in thedelgrovided a useful basis for improving our
current understanding of the mechanism by which MG®vey their benefits. More especially,
preliminary results showed that it is mainly musatgivation that is responsible for narrowing
deep veins luminal diameter, not the interface qaress applied by commercially available MCS
which is insufficient to have a significant impa€hese results are in good agreement with many
clinical studies that support the idea that theefiesrof action of MCS on lower leg deep veins
are not correlated to a decrease in the vein lunchoss-sectional area. The developed approach
opens the way to further work, such as, for examnple development of biomechanical models
to study perforator veins - which connect the sfigaft veins to the deep veins - and which play

an important role in the apparition and the develept of venous insufficiency.
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Figure 1

Geometric model of (a) the calf with an intra-muacwein (soleus vein
and (b) the calf with inter-compartment veins (post tibial and fibular
veins and arteries). The arrows are a representafidhe biomechanica
action of muscle activation on the intra-musculamwwall (modelled in

this study as pressure boundary conditions imposdthe internal faces ¢

the soleus muscle of the SPC and the DPC musclé®).MR image slice

was chosen in such a way that it correspondedeadiphenian junctior
This anatomical landmark is clinically relevant f@scular surgeons and

easily identifiable on the MR images.
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Figure 2

Summary of the proposed approach to study the wbarecal response (

intramuscular deep vein to the combined actionlagtee compression and

muscular contraction. (a) Initial MR image of thalfc(b) Image
segmentation in Matlab (c) Step 1: Response todbjpwessure loading an
initial stress in vein wall (d) Step 2: Biomechalicesponse to elast

compression (colour map represents increase inokiatic pressure) (€

pf

d
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Step 3: Biomechanical response to both elastic cessppn and muscuITr




contraction.

Figure 3

Summary of the proposed approach to study the lmbarecal response of

inter-compartment deep veins to the combined actmn elastic
compression and muscular contraction. The moddistanof the posterig
tibial artery and veins and the peroneal artery egids. (a) Initial MR
image of the calf (b) Image segmentation in MafigbStep 1: Simulating
non-zero initial stress state to approximate the-zero in vivo state of th
leg. Muscle compartments are pushed aside, cotdacktions are define

with veins and the equilibrium is calculated (d)itid state of the

biomechanical model (e) Step 2: Biomechanical respoto elastic
compression (colour map represents increase inobktatic pressure) (e

Step 3: Biomechanical response to both elastic cesspn and muscular

contraction.
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Figure 4

Muscle activation of simplified 3D muscle is moaell Three veirn
positions are considered: (a) the vein is centerethe axis of the musc
(b) the vein is positioned at 30 % of the radiushaef muscle (c) the vein

positioned at 50 % of the radius of the muscle.

Figure 5

Hydrostatic pressure in the soft tissues of the thging elastic
compression (a) in the intramuscular model (b)hie inter-compartmen

model in the supine position (deformed configunatio

Figure 6

Biomechanical response of the intra-muscular desp to the combine

mechanical action of external compression and reusclivation for both
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the supine and standing positions.

Figure 7

Biomechanical response of the inter-compartmenp degns and arterie

to the combined mechanical action of external ca&sgion and muscl

activation in the supine position. The average oasp of veins i$

represented with a dashed line.

4

Figure 8

Sensibility of the model to the different paramstémvestigated. The

relative influence of each parameter set is repiteseas a function of the

relative influence on (a) the variation of the ar@ection of the vein (re
bars) and (b) the muscle activation (pressure bayncondition) require

to collapse the vein completely (blue bars).

d

)

Figure 9

Hydrostatic stress pressure contour plotife three vein positions.
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Material MODEL Material parameters Source
' Fat ' Hyper-elastic Neo- : C_=0.005 MPa K
- Hookean ' D1=0.14 MPE
‘Muscle  Hyper-elastic Neo- ~ {C =0.003MPa %

i Muscle

7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

Hyper-elastic Neo-

 Muscular

| aponeurosis

_____________________________________________________________________________________________________________

. Hyper-elastic Neo-

Vein wall

(supine)

—————————————————————————————————————————————————————————————————————————————————————————————————————————————

Hyper-elastic Neo-

' Vein wall

(standing)

i Hyper-elastic Neo-

. Artery wall

\ Hookean
Hookean

Hookean

Hookean
Hookean

. Hookean

' C,=0.003 MPa
b 10
| D1=0.14MP&

' ' ' '
b oo e e e e e e e e e e e o e, Il
'

. Hyper-elastic Neo-

: C._ =10 MPa
P 10

' D;=0.14 MPd

-------------------------------------------------------------------------------------------------------------

: 24
: C =0.016 MPa
¢ 10

D, = 62 MPa!

' C_=0.017 MPa
10

. D;=0.14 MP&d

12
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Interface

ONTACT/CONSTRAINT PROPERTIES

" Skin-MCS

__________________________________________

. Tangential Behaviour:

. Fat-aponeurosis,

. Muscle-aponeurosis Muscle-

. muscle
: Muscle-vein
i Vein-vein

Vein-artery

: Tangential Behaviour:

i Tibia-muscle

| Fibula-muscle

Tangential Behaviour:

Friction formulation=PENALTY

' Friction coefficient = 0.3°

Normal Behaviour :

Pressure-overclosure relationship=HARD

| Enforcement method=PENALTY

____________________________________________________________________________________

Friction formulation=PENALTY

Friction coefficient = 0.1

Normal Behaviour :

Pressure-overclosure relationship=HARD
Enforcement method=PENALTY

Friction formulation=FRICTIONLESS
Normal Behaviour :

Pressure-overclosure relationship=HARD

Enforcement method=PENALTY

i Internal surfaces of veins and Auto-contact

| arteries

__________________________________________

. Tibia-aponeurosis

. Tibia-muscle

____________________________________________________________________________________

Klnematlc Tie constraint (each node on the slavtasa is

5 constrained to have the same motion as the poittiemaster

surface to which it is closest)
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(a) Intra-muscular (b) Inter-compartment
vein model veins model

(c) Step 1

(e) Step 3 (d) Step 2
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===Posterior Medial Tibial Vein

===Medial Fibular vein

normalized variation of the cross

Biomechanical response to the combined action of external

compression (grade Il) and muscle activation

Posterior Tibial Artery ===Fibular artery
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Type of muscle (C10 parameter)

Muscular aponeurosis impairment

Type of muscle (D1 parameter)

Hydrostatic pressure (Pa)
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m Reduction in vein cross-sectional area at the end of the compression step

® Muscle contraction needed to collapse vein

Position (supine/standing)

External compression

Tangent modulus of the vein
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relative influence in %

Hydrostatic pressure plot
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