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ABSTRACT
Negative Pressure Therapy (NPT) has emerged recently as a potential option for 
controlled, precise management of post operative swelling in and around closed surgical 
incisions in the pursuit of reducing surgical complications.  This study examines the 
underlying mechanism of action (MOA) involved during application of NPT to intact skin/
closed incisions and specifically evaluates the effects of NPT on interstitial fluid flow 
and transport using a finite element model.  A two-dimensional (2D) plane-strain poro-
hyperelastic finite element analysis (FEA) model of a distal femoral/thigh limb cross 
section was developed to analyze the interstitial fluid pressure fields generated in the 
underlying epidermis, dermis, subcutaneous fat, and muscle during NPT application 
for various pressure levels and dressing configurations. Results demonstrate a dose-
dependent response relationship between the device parameters (negative pressure 
(NP) level, dressing contact angle) and negative interstitial fluid pressures (hydrostatic 
tension values) in soft tissue layers beneath the dressing contact zone. These tissue 
distensions are likely to actuate lymphatic pores (initial lymphatics) and lymphatic 
capillaries, enhancing fluid clearance without drain collection, potentially reducing post-
operative edema around the incision site and surrounding tissue envelope.  Reducing 
edema risks following a surgical procedure may help facilitate early ambulation and 
patient compliance with post-operative rehabilitation protocols, potentially assisting with 
the restoration of muscle strength and range of motion, thereby helping improve the 
prognosis for improved long-term recovery.
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INTRODUCTION
Surgical site swelling, seromas and hematomas 

increase post-operative pain and risk of infections 
and are amongst the most frequent complications 
seen in patients undergoing total knee arthroplasty 
(TKA) and other procedures involving substantial soft 
tissue dissection & manipulation (Holm et al., 2010; 
Szöts et al., 2015). The interstitial fluid buildup in 
and around these surgically created wounds are 
known to be the most likely cause of edema and 
related post-surgical complications which originate 
because of impaired lymphatic systems coupled 
with inflammatory conditions.  These complications 
include delayed wound healing, suboptimal 
physiotherapy outcomes & return to ambulation, and 
overall increase in post-operative recovery time.

A range of treatment options have been explored 
for management of post-surgical swelling and 
seromas in TKA.  These include cold compression, 
elastic bandaging, compression bandages and 
compression therapy (Brock et al., 2017; Munk et 
al., 2013) which rely on applying compression to 
the limb or tissue to reduce the retention of fluid in 
the tissue compartments. The primary mechanism in 
these treatments is believed to be that of generating 
a hydrostatic compressive stress/fluid over-pressure 
in the soft tissue that impedes fluid egress from 
the capillary bed into tissue, as well as enhancing 
fluid transport into the lymphatics. The efficacy 
of compression therapy for TKA is not yet well 
understood due to lack of controlled studies reported 
in clinical literature and heterogenous approaches 
across studies (Brock et al., 2017). It is also 

challenging to quantify compression levels in many 
of these passive devices (e.g., bandages) since the 
input parameter, i.e., compressive stress or pressure 
is not directly measured or precisely controlled in 
these studies, further making it challenging to draw 
clear conclusions on efficacy and outcomes.

Negative Pressure Therapy (NPT) has emerged 
recently as a potential option for controlled and 
precise management of post operative swelling 
in and around closed surgical incisions.  In recent 
clinical studies and case series, NPT applied to 
closed surgical incisions    on high energy trauma and 
open fracture sites has lowered wound dehiscence 
and infection rates (Stannard et al., 2009; Stannard 
et al., 2006; Stannard et al., 2009) indicating the 
potential of this therapeutic approach for reducing 
complications.  Other clinical studies (Pachowsky et 
al., 2012; Pauser et al., 2014) also indicate that 
NPT applied to closed surgical incision sites and/or 
over intact skin following surgical interventions for 
femoral neck fracture and total knee replacements 
likely reduce the incidence of seroma and hematoma 
formation (Figure 1). Well controlled preclinical 
studies in a porcine model (Kilpadi & Cunningham 
2011), with NPT applied to closed surgical incisions 
showed statistically significant (63%) reductions 
in hematomas and seromas. This study Kilpadi 
& Cunningham (2011) demonstrated increased 
lymphatic clearance as tracked via enhanced 
transport of radiolabeled nanoparticle tracers to 
lymph nodes, concomitant with reduced fluid 
collection in the wound canister.  Clearly, there is a 
need to further elucidate the underlying mechanism 
of action (MOA) involved during application of NPT 

Figure 1 Representative images of TKA, prior to (A), with application of (B), and following removal of (C, D) of ciNPT dressing that covers 
the incision, a broad tissue envelope and a wide wrap angle (outlined in C). Intra-operative images prior to (E) and following (F) application 
of ciNPT dressing over incision.  Dressing removal at post-operative day 8 (G) showed improved hematoma resolution relative to adjacent 
untreated areas. A similar image has been reported by Pauser et al. (2014). Clinical images courtesy of Animesh Agarwal, MD.
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to intact skin/closed incisions to understand the role 
of the therapy in interstitial fluid flow and transport.

The evidence seen in these prior clinical and 
preclinical studies raises some interesting questions 
related to the interplay between the application 
of NPT at the skin surface, and the resulting 
biomechanical effects in the soft tissue layers 
beneath the surface of skin. Specifically, it would 
be of interest to understand the biomechanical 
interactions between NPT applied to the skin surface 
(Figure 2) and the resulting deformations in the 
surface and deep tissue layers that in turn, alter the 
interstitial fluid pressures and flow/transport.  

Interstitial fluid pressures are generated 
due to the well-known phenomenon of poro-
hyperelasticity or biphasic behavior of soft 
hydrated tissues (Barsimantov et al. 2024, Xu et 
al., 2024; Lavigne et al., 2025; Fahlgren et al., 
2012; Oomens et al., 1987) wherein mechanical 
loads produce tissue deformations which in turn, 
induce elevations or reductions in the interstitial fluid 
pressures (pore pressures). Poro-hyperelasticity in 
this context specifically refers to the mechanism of 
coupling between solid phase deformation (modeled 
as a hyperelastic solid) and fluid pressurization and 
pressure gradients which result in transport/flow of 
the fluid phase via diffusion through the solid matrix 
(modeled as a porous material with interstitial fluid 
flow).  When these coupled biomechanical effects 
are produced, i.e., tissue deformation and interstitial 
fluid pressure and flow, they are likely to induce 
corresponding changes in the biomechanics 
of the initial lymphatic vessels, and distension/

contraction of the draining lymphatic channels.   This 
hierarchical coupling between macro-level tissue 
mechanics and the likely micro-level engagement of 
fluid flow into and within the lymphatics potentially 
influence the clearance of serosanguinous infiltrate 
introduced interstitially due to inflammation and 
elevated capillary permeability.  Based on these 
prior clinical and preclinical observations of studies 
on foam-based closed incision Negative Pressure 
Therapy (ciNPT) (Pachowsky et al., 2012; Pauser 
et al., 2014; Kilpadi & Cunningham, 2011) and 
current computational and finite element analysis 
tools available to model tissue poro-hyperelasticity  
(Barsimantov et al. 2024, Xu et al., 2024; Lavigne 

et al., 2025; Dassault Systèmes Simulia Corp., 
2017; Fahlgren et al., 2012; Hendriks, 2005; 
Livarinen et al., 2016; Oomens et al., 1987; 
Wheatley et al., 2017), it is possible to quantify the 
variation in interstitial fluid pressure fields.  Such an 
understanding and quantification of the interstitial 
pressure distributions will enable further elucidation 
of the potential mechanisms of action involved 
during NPT application to soft tissue and help 
design more focused preclinical or clinical studies to 
study the mechanism of action of NPT and lymphatic 
clearance.

This study describes the development of a poro-
hyperelastic finite element model of a distal femoral/
thigh limb cross section to explore the following 
key research questions related to the MOA of NPT 
applied to intact skin.   

1.	 What are the potential effects of NP level 
(0 to -125 mmHg) on spatial variations in interstitial 

Figure 2 3M™ Prevena Restor™ Incision Management System applied to a closed incision in a TKA patient.
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fluid pressure fields in tissue layers (dermis, fat, and 
muscle) beneath intact skin?

2.	 What are the effects of the circumferential 
wrap angle of a foam based ciNPT dressing on the 
spatial variations in interstitial fluid pressures in tissue 
layers during NPT application?

MATERIALS & METHODS
Two-dimensional (2D) plane-strain poro-

hyperelastic finite element analysis (FEA) models 
were developed to analyze the biomechanical 
response during application of NP via a foam-based 
ciNPT system to intact tissue.  The model simulates 
the nonlinear mechanics of an NPT dressing and 
drape applied to a femoral cross section proximal 
to the knee (mid-thigh) containing the epidermis, 
dermis, subcutaneous fat, muscle, and bone 
regions (Fig 3).  The resulting model is utilized to 
examine the dose response relationships between 
NP level and dressing wrap angle on the variations 
in interstitial fluid pressure distributions in the soft 
tissue layers below the dressing.

Geometric Abstraction

The anatomical portion of the model was 
derived from a publicly available online site 
(https://radiopaedia.org/cases/normal-mri-of-the-

thigh?lang=us; image dataset first downloaded on 
September 15, 2018).  This image contained cross 
sectional magnetic resonance imaging (MRI) data 
for the left mid-thigh (Figure 3) region proximal to 
the patella, representing approximately the proximal 
femoral segment of a surgical incision created for a 
TKA procedure. The tissue layers in the limb cross 
section were segmented into the epidermis, dermis, 
fat, muscle and bone compartments to allow for 
representation of a heterogenous set of hyperelastic 
(epidermis) and poro-hyperelastic (dermis, fat, 
muscle) soft tissue properties (Figure 3).  The 
major muscles in the thigh were all combined into 
one single compartment to decrease computational 
complexity (Figure 3).  

FEA Modeling of Tissue Layers

The resulting segmented geometric model was 
converted into an FEA model in the ABAQUS™ 
Software (Dassault Systèmes Simulia Corp.,2017). 
The dermis, fat, and muscle were modeled in 
ABAQUS™ (Figure 4) using plane strain poro-
hyperelastic elements – CPE4P (Dassault Systèmes 
Simulia Corp., 2017).  The constitutive response 
was modeled using experimental data from prior 
studies (Fahlgren et al., 2012; Oomens et al., 1987; 
Wheatley et al., 2017; Oomens et al., 2001; Wilkes et 

Figure 3 (A,B) Normal compartmental anatomy of the left mid-thigh cross section with major layers denoted as follows: 1 – 
Epidermis, dermis, 2- Fat, 3 – Muscles of the Thigh, 4 – Shaft of Femur (Bone) & Bone Marrow.  Letters A, M, L, P indicate anterior, 
medial, lateral, and posterior locations. (B) Segmented regions of the thigh cross section, as well as layout of an NPT dressing and 
drape in the 90-degree wrap angle configuration.
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al., 2012.  Briefly, these models included Polynomial 
or Ogden hyperelastic strain energy functions with 
associated material constants for the solid phase 
(Table 1), and fluid permeability constant(s) (k – 
Table 1) to describes the fluid flow through the 
porous solid skeleton in response to deformation 
induced changes in interstitial fluid (pore) pressure 
(Dassault Systèmes Simulia Corp., 2017; Fahlgren 
et al., 2012; Oomens et al., 1987; Wheatley et al., 
2017; Oomens et al., 2001; Wilkes et al., 2012). 
The epidermis and dermis were represented with 
plane strain elements (Figure 4) and modeled as 
an impermeable hyperelastic material represented 
using a Polynomial hyperelastic strain energy 
function, while bone was modeled using a linear 
elastic constitutive model (Table 1).  Based on the 
orders of magnitude differences between bone and 
soft tissue mechanical properties, the bony region of 
this model was expected to behave as a rigid body.  
In addition to the solid phase constitutive properties, 
fluid permeability constants, k, were specified for the 
dermis, fat, and muscle to enable the simulation of 
coupled tissue deformation, interstitial fluid pressure 
and flow (Table 1) (Fahlgren et al., 2012; Oomens 
et al., 1987; Wheatley et al., 2017; Oomens et al., 
2001; Wilkes et al., 2012).  

FEA Modeling of the Dressing

FEA models of the NPT dressing and drape 
geometries placed over intact skin on the thigh 
with four different dressing wrap angles (90, 180, 
270 and 360 degrees) were developed (Figure 
4).  A currently used ciNPT dressing (3M™ Prevena 
Restor™ Incision Management System, 3M, Inc., 
Saint Paul, MN, USA) was incorporated in this model 
in contact with the skin to simulate application of 
NPT.  The NPT foam dressing portion of the model 
was modeled using plane strain elements with 

material behavior represented using the Hyperfoam 
constitutive model in ABAQUS™ (Table 1).  The 
drape was modeled with one dimensional beam 
elements representing the tensile and bending 
stiffness of the drape material, with the material 
response represented using the Ogden hyperelastic 
constitutive model.  Material constants for all the 
dressing components and the tissue layers were 
extracted from prior work (Dassault Systèmes 
Simulia Corp., 2017; Fahlgren et al., 2012; Oomens 
et al., 1987; Wheatley et al., 2017; Oomens et al., 
2002; Wilkes et al., 2012) and are summarized in 
Table 1. 

Coordinate Systems & Dressing Wrap Angle

Coordinate axes were defined and centered at 
the intersection of the anterior-poster plane and 
medial-lateral plane within the marrow cavity space 
[Figures 3, 4].  The dressing wrap angle was defined 
as the angle created by the intersection of the lines 
extending parallel to the edges of the foam portion 
of the dressing through the origin of the coordinate 
system [Figures 3,4].  Frictional interaction between 
dressing and skin was modeled to mimic perfect 
stick (no slip) conditions as well as a Coulomb 
friction coefficient of 0.25 to examine the effect of 
interface friction on the output variables.

Loading & Boundary Conditions

NP was applied to the exposed surfaces of the 
dressing, drape and tissue as a linear ramp from 0 
to –125 mmHg, i.e., 0 to -0.0167 MPa (Figure 4).  
This ramp occurred over a 90-second time frame 
corresponding to clinically relevant dressing use 
protocols. The inner surface of the bone was fixed 
in the x and y directions to constrain the model and 
prevent rigid body translational modes. The resulting 
FEA models were run in the time domain using the 

Figure 4 Finite element analysis model and meshes for the 4 different NPT dressing wrap angles (90, 180, 270, and 
360 degrees)
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Table 1 Material Types, Hyperelastic Models, Permeability Models and associated constants utilized in FEA model
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Figure 5 Dressing deformations (collapse) and interstitial fluid (pore) pressure contours as a function of increasing 
negative pressure (-50, -75, -100, -125 mmHg) at the 90-degree wrap angle. Negative pore pressure values indicate 
regions of hydrostatic tension, i.e, tissue dilatation or expansion, and positive values represent regions of hydrostatic 
compression (tissue compression). All contour values are in MPa (N/mm2).  Note 0.001 MPa = 7.5 mmHg.

Figure 6 (A-D) Zoomed in view of dressing deformations (collapse) and interstitial fluid pressure contours as a function 
of increasing negative pressure (-50, -75, -100, -125 mmHg) at the 90-degree wrap angle. Negative pore pressure values 
indicate regions of hydrostatic tension, i.e., tissue dilatation or expansion, and positive values represent regions of hydrostatic 
compression (tissue compression). All contour values are in MPa (N/mm2); Note 0.001 MPa = 7.5 mmHg.
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poro-hyperelasticity (SOILS, CONSOLIDATION) 
module in ABAQUS™ (Dassault Systèmes Simulia 
Corp., 2017) to calculate the transient evolution 
of the coupled tissue deformation (strains) and 
interstitial fluid pressures (referenced in the model 
as “pore fluid pressures” or “pore-pressures”) during 
the ramp loading and at the end of the 90-second 
hold time.  Results were compared for the different 
scenarios, i.e., effects of the NP pressure level as 
well as the effects of the wrap angle. 

RESULTS
Overall deformations

As the NP level is increased linearly from 0 to 
–125 mmHg (over 90 seconds) for the 90-degree 
dressing wrap angle, the dressing collapses within 
the negative pressure control volume created 
by the drape and the skin, with the skin and 
underlying tissue displacing upwards (Figure 5,6) 
and the drape/top surface of the foam deflecting 

Figure 7(A-D) Zoomed in view of dressing deformations (collapse) and interstitial fluid pressure contours as a function of increasing 
NP (-50, -75, -100, -125 mmHg) at the 180-degree wrap angle. Negative pore pressure values indicate regions of hydrostatic 
tension, i.e., tissue dilatation or expansion, and positive values represent regions of hydrostatic compression (tissue compression). 
All contour values are in MPa (N/mm2); Note 0.001 MPa = 7.5 mmHg.

Figure 8 Angular distribution of interstitial fluid pressures in the region beneath the dressing contact for the 90-degree wrap angle 
cases.  Note the dose response as a function of increasing levels of NP. At -50, and -75 mmHg, a substantial percentage of the arc of 
contact beneath the dressing experiences positive values (hydrostatic tissue compression).  At higher levels of NP (-100 and –125 
mmHg) the majority or the entirety of the tissue along the arc of contact experiences negative interstitial fluid pressures, i.e, tissue 
dilatation/distention.
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downwards.  This is typically seen in all applications 
of NPT.  At higher wrap angles (180, 270, 360 
degrees), “lobing” of the dressing is seen (Figures 
7,10,12), a phenomenon which has been observed 
clinically as a higher order “wrinkling” of the foam 
dressing surface during application (Figure 11).  
In the current model, the mesh density (Figure 3) 
in this region of the dressing/foam is not refined 
enough to capture this high order wrinkling, as a 
result of which the observed deformation manifests 
as a coarser “lobing” morphology (Figures 7,10,12).  
However, mesh sensitivity studies indicated that 
this mesh size in this region of the model (i.e., the 
top surface of the dressing) does not affect the 
magnitude or distribution of NP at the dressing skin 
interface, or the resulting pore (interstitial) fluid 
pressures in the underlying tissue regions. Thus, the 
mesh density chosen was deemed to be sufficient 
to provide the desired simulation accuracy while 
balancing computational solution times (CPU time) 

and consistency of pore fluid pressure calculations 
in the simulations.

Pore (Interstitial) fluid pressures

In all the simulation results discussed in this study, 
negative values of interstitial fluid pressure represent 
tissue dilation/distension (hydrostatic tension) 
which is considered desirable from the perspective 
of achieving distension of lymphatic channels 
to enhance fluid ingress into the channels and 

achieve associated improvements in fluid clearance.  
Compressive (positive) values of interstitial fluid 
pressure represent tissue compression (hydrostatic) 
and are likely less desirable from the standpoint of 
engaging lymphatic channels. Results for interstitial 
fluid pressures were processed from the models to 
examine the region of tissue directly beneath the 
dressing contact and excluding the drape tension 
induced edge effects in the tissue regions adjacent 
to the contact zone.

90-Degree Wrap Angle Results: At the 
90-degree wrap angle, a very interesting dose-
response relationship is observed between applied 
NP and the resulting interstitial fluid pressures 
(Figure 8) with peak values of negative (tensile) 
interstitial (pore) fluid pressure seen at -100 mmHg.   
In addition, it is important to note the angular 
variation of interstitial fluid pressures along the arc 
of contact between dressing and tissue (Figure 8), 

and the associated extent (or percentage) of tissue 
engagement which also depicts a dose response 
dependency on NP. Notably, at lower NP levels (-50, 
-75 mmHg), significant portions of the tissue beneath 
the dressing experience high positive interstitial 
fluid pressures (compressive). With elevation in 
NP to –100 mmHg, peak values of negative fluid 
pressures are seen, in addition to which, most of the 
tissue (>90%) beneath the dressing experiences 
negative interstitial pressures, (Figure 8), indicating 

Figure 9 Angular distribution of interstitial fluid pressures in the region beneath the dressing contact for the 180-degree wrap angle 
cases.  Note the dose response as a function of increasing levels of NP. At -50, and -75 mmHg, a substantial percentage of the arc 
of contact beneath the dressing experiences positive values (hydrostatic tissue compression).  At  higher levels of NPT (-100mmHg 
and -125mmHg) the majority or the entirety of the tissue along the arc of contact experiences negative interstitial fluid pressures, 
i.e., tissue dilatation/distention.
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tissue distension/expansion. Finally at an NP level of 
-125 mmHg, while the peak interstitial pressure is 
lower than the value achieved at -100 mmHg, it is 
noted that the entirety (100%) of the tissue along 
the arc of contact with the dressing experiences 
negative interstitial fluid pressures.   

180-degree wrap angle results: Very similar trends 
are observed at the 180-degree wrap angle (Figure 
9), with substantial portions of tissue experiencing 
compressive (positive) values of interstitial fluid 
pressures at the lower NP levels (-50, -75 mmHg).  
The highest values of negative interstitial pressures 
(tissue distension) are again achieved at the  

Figure 10 (A-D) Deformations and Interstitial fluid (pore) pressures at NP level of –50 mmHg across 4 different dressing 
wrap angles (90-360 degrees).  Note the lobing of the drape/foam top surface at higher wrap angles (see Fig 7). Negative 
pore pressure values indicate regions of hydrostatic tension, i.e., tissue dilatation or expansion, and positive values 
represent regions of hydrostatic compression (tissue compression). All contour values are in Mpa (N/mm2); Note 0.001  
Mpa = 7.5 mmHg.

Figure 11 Close up of dressing deformations during NP application showing the lobing or wrinkling phenomenon seen 
as the foam collapses under NP.  This validates the lobing mechanism observed in the FEA models (Figure 7)
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-100 mmHg level, albeit localized to small regions of 
the tissue along the arc of contact, with other regions 
experiencing positive values (Figure 9).  As in the 
case of the 90-degree wrap angle, elevation of NP 
to -125mmHg for the 180-degree wrap condition 
achieves complete negative pressure engagement 
of the tissue along the entirety (100%) of the arc of 
contact beneath the dressing (Figure 9).

This dose-response with rising NP level is 
recapitulated at the other dressing wrap angles 
with the peak values of interstitial fluid pressures 
achieving a maximal value and then dropping at 
higher NP levels. Notably, at any level of NP, an 
increase in wrap angles from 90 to 360 degrees 
generally results in elevations in negative fluid 
pressures (Figures 10, 12). However, it is evident 
that wrap angle increases to 270 or even 360 
degrees do not appear to significantly increase 
the magnitude or peak value of negative interstitial 
fluid pressures, although there is a greater volume 

of tissue engaged in distention (negative fluid 
pressure), which can be explained on the basis of 
the increased arc of contact. Concurrently, increased 
engagement of a larger volume of tissue beneath 
the dressing is observed all along the increased arc 
length of the dressing contact zone (Figure 10,12).  
Like the trends seen for the 90-degree wrap angle, 
higher wrap angles also produce compressive 
interstitial fluid (positive) pressures at the lower 
NP levels which change to hydrostatic tensile 
(negative) values as NP levels are increased (Figure 
12).  This is likely due to the evolving interface 
contact conditions between dressing and skin, and 
the time-dependent/transient effect of interstitial 
pressurization and fluid redistribution.  

Overall trends in peak negative interstitial fluid 
pressures

Interstitial fluid pressures are examined in terms 
of the peak negative values achieved as a function of 

Figure 12 (A-D) Deformations and Interstitial fluid (pore) pressures at NP level of –100 mmHg across 4 different dressing wrap 
angles (90-360 degrees).  Note the lobing of the drape/foam top surface at higher wrap angles (see Fig 7). Negative pore pressure 
values indicate regions of hydrostatic tension, i.e, tissue dilatation or expansion, and positive values represent regions of hydrostatic 
compression (tissue compression). All contour values are in Mpa (N/mm2); Note 0.001 Mpa = 7.5 mmHg.
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NP level and wrap angle (Figure 13). In addition, the 
extent of tissue engagement along the arc of contact 
is also examined, expressed as the percentage of the 
tissue along length/arc of contact that experiences 
negative values of interstitial pressure (Figure 14).  

At the 90- and 180-degree wrap angles, the 
highest values of interstitial negative fluid pressures 
are seen at -100 mmHg, with interstitial pressures 
dropping to lower levels at NP of -125 mmHg (Figure 
13).  However, while the peak values of interstitial 
pressures are lower at the -125 mmHg NP level, it 

is important to note that at this level of NP, 100% 
of the tissue beneath the arc of contact experiences 
negative interstitial fluid pressures (Figure 14).  At 
NP levels of -50 mmHg and -75mmHg, only about 
37-77% of the arc of contact experiences negative 
fluid pressures for the 90- and 180-degree wrap 
angle conditions. 

In contrast, at the 270- and 360-degree wrap 
angles, the highest values of interstitial fluid pressures 
are observed at -75 mmHg (Figure 13), although it 
is evident that these peaks are highly localized to 
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small regions of tissue beneath the dressing contact 
zone (Figure 10,12,14) with less than 75% of the 
arc of contact experiencing negative interstitial fluid 
pressures.  Notably, at these wrap angles (270 
and 360 degrees), elevation of NP levels to -100 
mmHg and-125 mmHg results in 90-100% tissue 
engagement along the entire arc of contact and a 
negative interstitial pressure. 

Overall, it appears that at the higher NP levels 
(> -100 mmHg) a substantial volume of tissue 
beneath the arc of contact experiences time varying 
interstitial fluid pressures that are negative (tensile), 
signifying a predominant tissue dilation effect 
during application of NPT to intact skin.  The 
transient variations in interstitial pressures can be 
attributed to evolving dressing contact, NP level, 
diffusion/flow of tissue fluid, and most importantly 
regional heterogeneity as well as patient-to-patient 
variations in tissue mechanical and fluid permeability 
properties.

DISCUSSION
The poro-hyperelasticity simulations indicate 

that application of NPT to intact skin encompassing 
90 to 360 degrees of a limb’s circumference can 
trigger dispersed tissue expansion, rather than 
compression, immediately beneath the dressing, 
especially at NP levels exceeding –100 mmHg.  
The calculated negative interstitial fluid pressures 
imply tissue dilation or volumetric expansion in the  
2-5 mm deep region immediately below the 
dressing-tissue interface.  The magnitudes of 
negative fluid pressures beneath the dressing are 
approximately one order of magnitude lesser than 
the applied surface NP levels, and along with the 
depth of the effect (a few mm) provides some 
insight into the energy dissipation of NP into the 
underlying tissue layers. Most notably, negative 
interstitial fluid pressures imply tissue dilatation 
(volumetric expansion) which could open lymphatic 
pores, potentially allowing for fluid clearance. 
These results could partially explain the mechanism 
observed in porcine preclinical studies wherein 
NPT applied to closed incision sites produces 
statistically significant reductions in hematomas 
and seromas and increased lymphatic clearance 
concomitant with reduced fluid collection in the 
wound canister (Kilpadi & Cunningham, 2011). 
The presence of tissue dilation (or distension) and 
negative pore pressures of similar magnitudes has 

also been observed in similar computational models 
investigating the application of NPT to the intact skin 
of the forearm (Livarinen et al., 2016).

The study results show a strong dose dependent 
(NP level and wrap angle) effect on temporal peak 
values and spatial distribution of interstitial fluid 
pressures in the tissue beneath the dressing. The 
maximal effect, as measured by 2 parameters, peak 
negative interstitial pressures (Figure 13) and the 
percentage of tissue contact experiencing negative 
pressures (Figure 14) appears to be between -100 
and -125 mmHg, with tissue engagement depths 
from 2 to 5 mm below the dressing contact interface. 
While there is a dose dependence on both NP level 
and wrap angle, it appears that the NP levels greater 
than –100 mmHg erase any effects of the wrap 
angle dependence especially when evaluated based 
on percentage tissue engagement underneath the 
dressing contact.

The occurrence of the peak at -100 mmHg (90- 
and180-degree wrap angles), and at -75 mmHg 
(270- and 360-degree wrap angles) in the current 
modeling work is a function of the tissue permeability 
coefficients and the elasticity of the solid phase 
which establish the time scale over which the fluid 
pressure equilibrates within the control volume (limb 
cross section). If permeability is lower than these 
values, the time scale to achieve equilibrium would 
be higher and peak values would be achieved at later 
times and higher NP levels. Similarly, variations in 
the solid phase tissue properties would also change 
the transient levels of interstitial fluid pressures and 
the associated maximal values achieved during the 
90-second ramp phase of the NP application. For 
example, tissue properties (solid phase as well as 
permeability values) could vary in actual patients 
due to underlying chronic diseases such as venous 
insufficiency, diabetes, and peripheral artery disease.  

This study also reveals the importance of 
examining the extent of tissue engagement via NPT, 
as measured in this work via the percentage of the 
arc of tissue contact length that experiences negative 
interstitial fluid pressures. While peak values of 
negative interstitial pressure provide some insight 
into dose response, the arc of contact is a powerful 
metric that enables a more balanced interpretation 
of the results via examination of the entire influence 
zone under the dressing contact region. Future 
preclinical studies, as well as clinical studies should 
be explored in conjunction with these computational 
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modeling and sensitivity studies to further quantify 
these effects and evolve our understanding of the 
MOA underlying the application of NPT to intact skin.

The MOA of NPT applied to intact skin or 
closed surgical incisions is likely very different from 
compression therapy and merits discussion and 
further research.  The mechanics of interstitial fluid 
transport is based on the movement of fluid between 
3 compartments, i.e., the arterial capillary bed, 
the tissue compartment interstitial space, and the 
initial lymphatics which serve as the entry point for 
interstitial fluid and the subsequent transport through 
the lymphatic capillaries to the draining lymph nodes.  
It is likely that NPT introduces a fundamentally 
different set of biomechanical interactions between 
these 3 compartments compared to compression 
therapies commonly used for clinical management of 
swelling and seroma incidence.  While compression 
therapy works via interstitial fluid compression 
which controls fluid egress from the arterial 
capillary bed into the tissue and subsequently the 
lymphatics, NPT produces distension in the tissue 
layers inducing negative interstitial fluid pressures.  
Tissue distension induced by NPT is also likely to 
affect the biomechanical interaction between the 
collagen network in the interstitial compartment and 
the anchoring filaments connecting this network to 
the initial lymphatics (Arasa et al., 2021), posing 
the question whether NPT participates in enhancing 
fluid ingress into the lymphatics.   NPT could also 
produce cyclical extrinsic biomechanical pressures 
around the lymphatic capillaries to further impact 
drainage.   While the model currently does not have 
the ability to answer these questions, it does for 
the first time demonstrate the presence of tissue 
distension and subsequently the possible new 
mechanisms at play in terms of lymphatic clearance 
that is worth investigating in experimental and 
computational studies.  

Study limitations

It is important to note some limitations of the 
current simulation-based study.   By modeling a 2D 
planar cross section, these models assume that all 
the tissue deformation and interstitial fluid transport 
takes place within this section.  In addition, the 
tissue is assumed to be a passive fluid-saturated 
solid volume with the implicit assumption that 
conservation of mass applies, i.e., the total volume 
of interstitial fluid available in the cross section is 
constant.  This assumption implies that there is 

no source term (arterial capillary bed) that will or 
could introduce more fluid into the interstitial space.  
Similarly, there is also no sink term (lymphatics 
and venous) that remove fluid from the tissue.  
These assumptions imply that all fluid movement 
is redistribution of this fixed volume of fluid due to 
interstitial pressure gradients occurring in response 
to the NP applied over the time scale of the simulation 
in this model.   Future models should consider 
3D geometries to develop a better understanding 
of the out-of-plane fluid pressures, although such 
models will not necessarily address the more 
complex issue of source (capillary bed) and sink 
(lymphatic vessel) terms.  Accurate modeling of the 
transport mechanisms will need more sophisticated 
approaches to capture the hierarchical structures 
at multiple length scales and the net result of the 
structure of the arterial capillary bed, tissue, and 
lymphatics on the movement of free fluid.   

It is also noted that the model results are 
specific to a set of tissue material properties (solid 
phase hyperelastic constants, and fluid phase 
permeabilities), which are treated as controlled 
variables in this study, since the primary objective 
of this work was to examine the effect of NP level 
and dressing wrap angle (independent variables) on 
the interstitial fluid pressures (response measure/
dependent variable). Despite these limitations in 
the current work, it is important to note that these 
models provide important insight and quantify the 
extent of the interstitial fluid pressurization effect 
in tissue beneath the dressing contact zone, in 
response to NP loading on intact skin.  At the same 
time this work highlights the need for future in vitro 
experiments and computational modeling in parallel 
with preclinical in vivo evaluations to establish the 
foundational principles of this important MOA of NPT 
on intact skin.

SIGNIFICANCE
Patient outcomes after major surgeries like 

total knee arthroplasty (TKA) are impacted during 
the post operative management phase which in 
the current clinical setting involves coordination 
between surgical drains, swelling management, and 
infection prevention. With the most important goals 
being restoration of normal range of motion and 
recovery during physiotherapy and rehabilitation, it 
is exceedingly important to develop new strategies 
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to reliably manage complications like seroma and 
swelling.   NPT provides a new alternative to the 
clinician in terms of the ability to more precisely 
tailor post-operative treatment protocols using NPT, 
such as NP level, dressing wrap angle, and the 
application of cyclic or continuous NP.  The likely 
effect of NPT in terms of actuating the lymphatic 
pores (initial lymphatics) as well as lymphatic 
capillaries to enhance fluid clearance without drain 
collection is potentially attractive to the personnel 
involved in post operative management (surgeons 
and nurses), and most importantly the patients who 
may be able to navigate challenging physiotherapy 
with lesser pain.  Application of NPT could reduce 
post-operative edema around the incision site and 
surrounding tissue envelope, for example following a 
TKA surgical procedure. Reducing edema following a 
surgical procedure such as a TKA may help facilitate 
early ambulation and patient compliance with post-
operative rehabilitation protocols, potentially helping 
with muscle strength restoration and range of 
motion, thereby helping improve the prognosis for 
improved long-term recovery.

ACKNOWLEDGMENT
We thank the following Solventum (formerly 

3M Company) employees, Marisa Schmidt, Manny 
Landez, Mason Haggerty and Kurt Hudson, for 
providing input and perspective based upon their 
experiences in the field and for their careful reviews 
of the manuscript. Samantha Mann and Animesh 
Agarwal, M.D. are gratefully acknowledged for 
creating the graphics and providing the clinical 
images, respectively, used in Figure 1.

FUNDING
This study was funded by Solventum (Formerly 

3M Company).

NOMENCLATURE

NPT	 Negative Pressure Therapy

ciNPT	 Closed Incision Negative Pressure Therapy

NP	 Negative Pressure

TKA	 Total knee arthroplasty

FEA	 Finite element analysis

MOA	 Mechanisms of Action
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