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ABSTRACT
Closed incisional Negative Pressure Therapy (ciNPT) has demonstrated improved post-surgical healing with reduced oedema 
and hematoma/seroma formation in patients. The underlying mechanism of action is poorly understood, although evidence indi-
cates that lymphatics play a role. The effects of ciNPT on oedema and lymphatic recovery were assessed following bilateral, sur-
gical undermining of swine mammary tissues. One incision was treated with ciNPT, and the control covered with clear dressing. 
Near-infrared fluorescence imaging was used to visualise lymphatic activity. Oedema and lymph node size were measured using 
ultrasound. LYVE-1 and podoplanin were quantified with ELISA. Analysis of lymphatic activity revealed a contralateral effect 
of ciNPT on control sites. Statistically higher pulsatile rates were observed at both incisions when ciNPT was active, compared 
with when it was removed. Separate evaluations with dressings off and on showed no differences between treatments. While 
not significant, lower surgical site oedema, lymph node volume, and incidence/severity of seroma were observed in treated sites 
along with increased lymphatic vessel markers in lymph draining tissues. Taken together, evidence suggests that ciNPT may 
influence watersheds outside the treated area. Similar systemic impacts owing to manual lymphatic drainage have previously 
been reported in healthy individuals and those with cancer-related lymphedema.

1   |   Introduction

Oedema is a common post-surgical complication arising from the 
body's natural inflammatory responses due to incisions, tissue 
manipulation, and closure methods. In most cases, inflamma-
tion is moderate and resolves within a few weeks with minimal 
intervention such as ice and compression. However, prolonged 
or excessive tissue swelling may increase pressure along the 
incision line, leading to dehiscence and increased risk of infec-
tion. Additionally, the accompanying pain and discomfort from 

excessive post-surgical oedema can inhibit muscle recruitment, 
limiting mobility, and subsequently slowing the healing process.

In the 1930s researchers determined that the lymphatics played 
a primary role in the removal of fluid from oedematous tissue 
[1]. Today, a number of strategies, including the traditional rec-
ommendation of rest, ice, compression, elevation (RICE) [2], 
are recommended to help prevent fluid accumulation and man-
age post-operative oedema, but these methods do not focus on 
stimulating lymphatic activity. Approaches involving physical 
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manipulation of tissues, including ultrasound, manual lym-
phatic drainage, and topical negative pressure therapy, have 
been shown to encourage lymphatic activity and improve oe-
dema resolution [3].

Since their introduction and clinical adoption, closed incision 
Negative Pressure Therapy (ciNPT) systems have reduced the 
incidence of incision-related complications, particularly of 
surgical site infection and wound dehiscence in many closed-
incision surgical applications including breast surgery [4, 5], 
orthopaedic trauma [6, 7], and laparotomies [8]. Other reported 
improvements include reduced incidence of hematoma/seroma 
[4, 9–11] and wound necrosis [4, 5], reduced oedema [11, 12], and 
improved range of motion [11]. While there is clearly a lower 
incidence of healing complications, the underlying physiologic 
mechanism(s) of action behind these improvements is poorly un-
derstood. Increased blood flow, as measured using Doppler im-
aging, as well as increased levels of angiogenesis-related growth 
factors, including vascular endothelial growth factor (VEGF), 
epidermal growth factor (EGF), platelet-derived growth factor 
(PDGF), and angiotesin-2, have been reported after commenc-
ing negative pressure wound therapy (−125 mmHg pressure) 
in a study of subjects with infected wounds [13–15], though re-
duced blood flow has been reported at higher suction pressures 
in another study of healthy subjects using radioisotope perfu-
sion to assess perfusion under the dressing [16]. Other proposed 
physiologic mechanisms include the reduction of swelling, 

wound exudate removal, and, owing to the associated dressings, 
decreased exposure to bacterial contamination [17], all of which 
promote wound healing.

As with open wounds, the application of negative pressure may 
optimise the healing environment of closed incisions by increas-
ing fluid transport via the lymphatics, as measured by increased 
lymph pumping rates, to aid in the reduction of post-surgical oe-
dema. This work assesses the impact of ciNPT on oedema reso-
lution and lymphatic pumping function and recovery, following 
bilateral, surgical transection of lymphatic vessels and mam-
mary tissue undermining in a healthy swine model, using near-
infrared fluorescence lymphatic imaging (NIRF-LI). NIRF-LI 
has previously been used to assess lymphatic (dys)function in 
murine [18] and porcine [19, 20] models, as well as in human 
[21, 22] health and disease.

2   |   Materials and Methods

2.1   |   Materials

A 15.5 × 10 cm polyurethane film with acrylic adhesive (3M 
Tegaderm Transparent Film Dressing, Solventum, St. Paul, MN) 
was placed over the control incision site before applying the test 
article on the contralateral incision.

A 13 cm, ciNPT dressing/device (3M Prevena Peel and Place 
Incision Dressing, Solventum, St. Paul, MN) served as the ex-
perimental test article. The foam dressing was placed over the 
contralateral incision to allow negative pressure to be applied. 
Due to the limited distance between the two sites, 1–2 cm of the 
test article adhesive film border overlapped the previously cov-
ered control site.

The test article consists of an interfacial fabric layer comprised 
of 0.019% ionic silver bonded to a reticulated open cell foam 
dressing encased in a polyurethane film with acrylic adhesive. 
A small negative pressure pump (3M Prevena 125 Therapy unit, 
Solventum, St. Paul, MN) was attached to the dressing and set 
to maintain a constant −125 mmHg pressure over the course of 
the study.

2.2   |   Intradermal Injections

Indocyanine green (ICG; Diagnostic Green, Farmington Hills, 
MI) was reconstituted per the manufacturer's instructions 
(25 mg ICG into 10 mL sterile water) and then serially diluted to 
obtain a final concentration of 250 μg/mL (1 mL stock ICG solu-
tion into 9 mL sterile saline).

For each NIRF-LI imaging session, intradermal injections of 
50 μL of the diluted ICG solution provided lymphatic contrast 
to assess function. In Pig 1, 100 μL injections of diluted ICG 
(used at baseline Day −4 and Day 0) provided excessive con-
trast that made visualisation of lymphatic ‘pumping’ difficult 
and hence, subsequent studies employed the smaller volume. 
Because lymphatic anatomy differed between animals, im-
aging on Day −4 initially employed a < 10 μL intradermal in-
jection of diluted ICG above the second row of teats. If the 

Summary

•	 Closed incisional Negative Pressure Therapy (ciNPT) 
engages the lymphatics to promote oedema resolution 
and post-surgical recovery.

•	 The effects of ciNPT on oedema and lymphatic recov-
ery were assessed following lymphatic vessel transec-
tion and bilateral mammary tissue undermining in 
eight female swine. Surgical sites were treated with 
either ciNPT or covered with a clear film dressing 
after surgical closure. Near-infrared fluorescence 
imaging and indocyanine green were used to visual-
ise lymphatic activity. Areas of fluid accumulation 
surrounding the surgical site and tissue thickness 
measurements were performed to assess oedema, 
and lymphatic vessel markers were quantified with 
ELISA.

•	 The study was concluded early after interim analy-
sis revealed that the ciNPT device appeared to stim-
ulate lymphatic function systemically. Analysis of 
lymphatic activity revealed no significant differences 
between treatments at each study visit; however, 
statistically higher pulsatile rates were observed for 
both treatments when ciNPT was active, compared 
with when it was removed. Despite seeing slight im-
provements for ciNPT in oedema measures, seroma 
scoring, and lymphatic vessel markers, no significant 
differences were found between treatments, possibly 
owing to small sample size (n = 8). Taken together, evi-
dence suggests that, in swine models, ciNPT may have 
a systemic affect, influencing watersheds outside the 
treated area.
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injection site drained cranially or merged with a neighbour-
ing lymphatic vessel, a new injection site was selected. Once 
an acceptable drainage pattern was identified the remaining 
dosage, up to 50 μL, was administered. Final injection sites 
were located such that, when possible, lymphatic vessels were 
visible on the medial and lateral aspects of the bilateral sets 
of teats. At subsequent imaging sessions, the injections were 
performed at the same four identified locations based on visu-
alisation of the residual ICG at the depot either with the eye 
(green colour) or fluorescent signal with NIRF-LI (bright spot 
in image).

2.3   |   Animal Studies

All animal procedures were humanely performed under vet-
erinarian care with approval from the University of Texas 
Health Science Center at Houston's Institutional Animal Care 
and Use Committee in compliance with the institution's guide-
lines and those outlined in the ‘Guide for the Care and Use 
of Laboratory Animals’ [23]. The study was performed in a 
swine model owing to their size, which allowed the placement 
of unaltered ciNPT devices, and the similarities between por-
cine and human lymphatics [24, 25], including their response 
to physiotherapy [20, 26]. Using lymphatic activity (i.e., pro-
pulsion rate) data from an earlier unpublished 2-animal pilot 
study, the treatment effect size was assumed to be 0.29. With 
a fixed level of significance ≤ 0.05 and power ≥ 80%, a power 
calculation indicated that a sample size of n = 10 would be re-
quired to demonstrate significance of the primary measure of 
lymphatic activity. Insufficient data was available during the 
study design to conduct power calculations of the secondary 
measures including oedema and biomarker levels. However, 
after eight animals, the study was concluded early as it be-
came clear that statistical significance would not be achieved 
for lymphatic activity and imaging two additional animals 
would not be prudent. A cohort of eight Yorkshire-cross swine 
(37.3–60.9 kg) with non-pigmented bellies were anaesthetised 
(Telazol 6–8 mg/kg and atropine 0.04 mg/kg), intubated, and 
maintained supine with isoflurane and saline drip for fluid 
homeostasis. Electrocardiography, heart rate, oxygen satura-
tion, and body temperature were monitored during imaging 
and the surgical procedure. After procedures were completed 
at each imaging session, animals were allowed to recover. 
After the procedures on Day 9, animals were euthanized using 
0.22 mg/kg pentobarbital sodium and tissue samples were 
collected.

Lymphatic imaging was conducted during five separate im-
aging sessions over 13 days. At the first imaging session (Day 
−4), baseline NIRF-LI was performed to locate caudally 
draining injection sites and assess baseline lymphatic drain-
age. Ultrasound was used to assess the skin thickness near the 
proposed surgical sites and the volume of the draining lymph 
nodes. After 4 days (Day 0), baseline NIRF-LI was repeated 
followed by bilateral surgery to undermine mammary tissues 
and sever the draining lymphatic vessels of the teats nearest 
the umbilicus. A semi-circumferential incision was made cau-
dal to the teat using a modified method described by Ashitate 
et al. [27] Undermining was performed using blunt dissection, 
and any large blood vessels were left intact. NIRF-LI was 
used to identify lymph vessels comingled with spared veins 
for transection. After confirmation of lymphatic transection, 
incisions were closed with absorbable suture material. One 
surgical site was randomly chosen for treatment using ciNPT, 
while the contralateral site was covered with the control dress-
ing. The animal was fitted with a custom neoprene jacket with 
a wide belly band to protect the surgical sites, and hook and 
loop fasteners were used to secure the ciNPT device onto the 
jacket to allow for continuous application of negative pressure 
when the animal was returned to housing.

To longitudinally assess lymphatic drainage, NIRF-LI was con-
ducted 2, 6, and 9 days (Day 2, Day 6, and Day 9) after surgery. 
On these days, animals were anaesthetised and intubated. Then 
NIRF-LI was performed with and without ciNPT and control 
dressings in place; ultrasound imaging was utilised to assess 
the skin thickness at the surgical sites and the draining lymph 
node volumes. After experimental procedures were complete, 
the swine were allowed to recover and returned to housing. On 
Day 9 animals were humanely euthanized, and tissues were 
collected for histology and proteomic assessment. Figure 1 pro-
vides an overview of the experimental design and procedures 
performed at each of the five imaging sessions over the course 
of the study. Individual procedures are described below in more 
detail.

2.4   |   NIRF-LI Imaging and Analysis

NIRF-LI was accomplished using a custom-built fluorescence 
imaging system described elsewhere [28]. Briefly, the belly 
of each animal was illuminated with the diffuse output of a 
780 nm laser diode with a maximum fluence < 1.9 mW/cm2 
measured 30 cm from the aperture. The resultant fluorescent 

FIGURE 1    |    Schematic illustrating the study timeline and major events occurring at each study visit.
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signal was filtered using a set of 830 nm bandpass filters 
and collected using an intensified, scientific complementary 
metal-oxide semiconductor (IsCMOS) camera. With image ex-
posure times of 200 ms and frame rates of 2–3 frames per sec, 
images and movies of lymphatic propulsion from the injection 
sites to the draining lymph node basins were obtained. Images 
were acquired for approximately 20 min with and without the 
dressings in place. Injection sites, and occasionally the surgi-
cal sites, were temporarily covered during imaging to prevent 
image oversaturation and to facilitate the visualisation of the 
dimmer lymphatic vessels.

For data analysis purposes, the imaging area on the abdomen 
was divided into four quadrants, left and right of the midline and 
above (upstream) and below (downstream) the surgical sites. 
Depending on the placement of the ciNPT device, left and right 
sides were identified as ‘ciNPT’ or ‘Control.’ NIRF-LI images were 
assessed by drawing three consecutive regions of interest (ROIs) 
along each section of lymphatic vessel and plotting the average 
intensity of each ROI as a function of time. Peaks in the aver-
age fluorescent intensity, representing pumping movement of 
ICG-laden packets of lymph fluid across the ROI (lymphatic pro-
pulsion), were identified as being forward or backward moving 
or static depending on the direction the peak appeared to move 
between consecutive ROIs (Figure 4B–D). The overall number of 
propulsion events, regardless of direction or vessel, observed in 
each quadrant were totalled. Propulsion rates were calculated by 
dividing the total number of observed propulsion events in each 
quadrant by the elapsed time (approximately 20 min) for the cor-
responding image sequence. The numbers of events and imaging 
times from Day −4 and the pre-surgical imaging on Day 0 were 
averaged to obtain an average baseline measurement. Statistical 
comparisons were made between treatments at each study visit 
on data collected with or without dressings in place. Analysis of 
lymphatic recovery over time was performed for upstream and 
downstream locations using combined treatment data. To deter-
mine whether differences exist between datasets collected with 
and without dressings in place, lymphatic activity rates were 
compared using the downstream quadrants on Days 2, 6, and 9 
as propulsion was typically absent on Day 0 post-surgery.

The extent or area of lymphatic pooling around each surgical 
site was calculated using ImageJ (National Institutes of Health, 
USA). This was done by auto-adjusting the brightness and 
contrast of the image and then drawing an ROI around each 
pooled fluorescent area around the surgical sites. The area (i.e., 
the number of pixels within each ROI) was then calculated 
using the Measure function. The NIRF-LI images used to assess 
lymphatic pooling were selected from a set of images acquired 
approximately 25 min after injection and before the dressings 
were replaced. A representative analysed image can be found 
in Figure 6A.

2.5   |   Ultrasound Imaging

After NIRF-LI imaging on Day −4, ultrasound (L7 scanner; 
Clarius, Vancouver, BC, CA and Z6Vet; Mindray, Mahwah, 
NJ, USA) was performed to assess oedema by measuring the 
baseline thickness of the skin and subcutaneous tissues at the 
surgical sites. The fluorescent inguinal lymph nodes were also 

visualised, and their transverse width, sagittal width, and 
transverse height measured. To measure the changes during 
recovery, ultrasound measurements were repeated on Days 2, 
6, and 9. As baseline measurements were previously recorded 
on Day −4, and to minimise sedation time, ultrasound was 
not repeated on Day 0. The volume of the lymph nodes at each 
visit was approximated as an ellipsoid as shown in the equa-
tion below, where a is half the measured transverse width, b 
is half the measured transverse height, and c is half the mea-
sured sagittal width.

Oedema at the surgical site was evaluated using ultrasound tis-
sue thickness measurements (the distance from the surface of 
the skin down to the first fascial layer). The percent change in 
lymph node volume and skin thickness were computed with re-
spect to the baseline measurements.

2.6   |   Histology/Proteomics

Tissues from each surgical site (incision) as well as naïve tis-
sues cranial (upstream) and caudal (downstream) to the surgi-
cal sites were collected, fixed in 10% Neutral Buffered Formalin 
(NBF), and sent for histopathological processing and evaluation 
(StageBio, Frederick, MD, USA). Incision sites were trimmed 
to sample one section through the upper and one through the 
lower regions of the incision. Both naïve sites were trimmed 
to one section each. All sites were embedded in paraffin, sec-
tioned, and stained with haematoxylin and eosin (H&E) for 
blinded evaluation by a board-certified veterinary pathologist. 
The evaluation for seroma severity was based on a 5-point semi-
quantitative scale.

Additionally, biopsies were collected from each location and 
snap frozen in liquid nitrogen. Biopsies were cut and weighed in 
preparation for protein extraction. Tissue lysate was prepared by 
adding minced tissue to Lysing Matrix D tubes (MP Biomedicals, 
Irvine, CA, USA) containing T-PER Extraction Reagent and Halt 
Protease Inhibitor Cocktail (Pierce Biotechnology, Rockford, IL, 
USA). The tubes were agitated with a Fast Prep 24 System (MP 
Biomedicals) homogeniser, and samples were iced between ho-
mogenisation cycles.

The tubes were centrifuged to collect supernatant. Isolated 
protein was stored at −80°C prior to analysis. Total protein 
concentration was determined via Pierce Bicinchoninic Acid 
(BCA) assay (Pierce Biotechnology). Each sample was anal-
ysed in technical triplicate using Porcine Podoplanin (PDPN) 
and Lymphatic Vessel Endothelial Hyaluronic Acid Receptor 
1 (LYVE1) ELISA Kits (MyBioSource, San Diego, CA, USA). 
Optical density was read using a SpectraMax i3x plate reader 
and raw data exported for analysis in JMP (version 17.0.0, SAS 
Institute Inc., Cary, NC, USA). Normalised proteomic data 
is presented as a ratio of the amount of detected analyte per 
gram of total protein relative to BCA. Data were evaluated to 
look for differences between treatment and control at each 
treatment location (upstream, incision, and downstream) and 
between locations.

LN Volume =
4

3
�abc
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2.7   |   Statistical Analysis

All data are reported as means with standard deviation (SD). 
Analysis was performed using JMP (version 18.0.1, JMP Statistical 
Discovery LLC, Cary, NC, USA). The Shapiro–Wilk goodness-
of-fit test was used to determine normality. Nonparametric (non-
normal) distribution measures include lymphatic activity, seroma 
scores, LYVE-1, podoplanin, lymphatic pooling, and skin thick-
ness. Lymph node volume was normally distributed, and means 
were compared using ANOVA. Nonparametric comparisons were 
performed using the Wilcoxon/Kruskal Wallis method with alpha 
set at 0.05 and Steel-Dwass was used for pairwise comparisons to 
control the overall error rate.

3   |   Results

The course of NIRF-LI, ultrasound imaging, surgery, and ciNPT 
treatment was successfully completed for each animal with no 
study-related adverse events reported.

Lymphatic vessels, with active lymphatic propulsion, draining 
from injection sites to the inguinal lymph nodes were observed 
in each of the swine. Figure 2 illustrates the location of injection 
sites, baseline lymphatic vessels, inguinal lymph nodes, surgical 
sites, and the placement of the ciNPT device. Despite each ani-
mal having unique vessel patterns, consistent lymphatic water-
shed activity was observed as lymph was propelled from cranial 
injection sites to caudal draining lymph nodes. Interestingly, one 
animal (Pig 2, Figure 2 arrow) had an unusual lymphatic vessel 
visualised on Day −4 and Day 0 (pre-surgery), that appeared to 
originate from the left inguinal lymph nodes with lymph mov-
ing upstream towards the injection sites.

Surgical incisions were typically located near the first pair of 
teats at or below the umbilicus. Ensuring that all the lymphatic 
vessels crossing the surgical sites were severed was challeng-
ing and required isolating the subcutaneous abdominal vein 
crossing the surgical site to minimise the apparent recruitment 
of collateral lymphatic vessels located in its proximity. After 
surgery on Day 0 the downstream lymphatic vessels generally 

FIGURE 2    |    Day 0 pre-surgical photographs of Pigs 1–8 with illustrations identifying ICG injection sites, draining lymphatic vessels, collecting 
inguinal lymph nodes, surgical incision sites, and ciNPT placement site. Arrows show (Pig 2) a lymph vessel that appears to originate from the in-
guinal lymph node with retrograde, cranial flow, and (Pig 6) a lymph vessel crossing the midline from the control to the ciNPT side. Black vinyl tape 
shown on Pigs 1, 2, 4, and 8 were used to facilitate camera focus.
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became dimmer as the ICG-laden lymph cleared and was not 
replenished by the upstream lymphatics as shown in Figure 3. 
On Day 2 the downstream lymphatics were still dim relative to 
the upstream lymphatics and baseline but had observable pro-
pulsion events. By Day 6 the downstream lymphatics were visi-
ble though the lymphatic vessels on the treated side were visible 
several minutes sooner than those on the control side. By Day 9, 
the downstream lymphatic vessels were readily visible regard-
less of treatment and often additional collateral lymphatic ves-
sels, which were not observed at baseline, were visible. While 
collateral lymphatic vessels were frequently observed down-
stream from the surgical sites, during follow up visits, only one 
animal (Pig 6, Figure 2 arrow) had a collateral lymphatic vessel 
that crossed the midline of the animal from the control to the 
treatment side. Because it was unclear whether the propulsion 
events observed in the crossover vessel should be assigned to 
the downstream Control or ciNPT quadrant, they were excluded 
from analysis.

The directionality of the propulsion events was determined based 
on the movement of the peaks or valleys of fluorescence intensity 
along the lymphatic vessel as shown in Figure 4. Forward mov-
ing propulsion events presented as a peak in the average fluores-
cence intensity that moved from the first ROI to third ROI in the 
direction of the inguinal lymph nodes as would be expected in a 
healthy, undamaged lymphatic vessel. Backward moving propul-
sion events frequently presented as a valley (dimmer fluorescent 
signal) in the average fluorescence intensity which moved from 
ROI to ROI towards the injection sites. While often interspersed 
between forward events, backward moving events appeared to be 
independent of forward events and thus were not considered to 
be lymphatic reflux where a portion of a forward moving event 
simultaneously drains backward along the lymphatic vessel as 
reported previously in humans [29]. Peaks that did not move be-
tween ROIs, whether forward or backward, were noted as static, 
and, at least in some cases, may result from lymphatic vessel 
spasms related to surgical trauma rather than a true propulsion 

FIGURE 3    |    Example NIRF-LI images (Pig 1) showing typical lymphatic recovery following surgery. The top row presents images from each study 
visit, taken ~5 min post injection. The second row images, without the device applied, were collected ~25 min post injection. The third row images 
show the ciNPT device on the animal's right side, collected ~25 min after dressing application. R and L indicate the right and left sides of the animal, 
respectively. The arrows indicate faint lymphatic vessels that may not be visible in print. While a vessel was faintly observed on the left, control side 
at Day 2, the fluorescence was likely residual ICG from Day 0 as the vessel intensity did not increase over the imaging period and no propulsion events 
were observed. The circles highlight lymphatic vessels that are visible on the treated side within minutes of injection. Dark areas covering surgical 
sites from Days 2, 6, and 9 (with and without dressings) are either paper towels or an alcohol wipe packet placed atop overly bright areas of lymphatic 
pooling to prevent oversaturation of the camera. NIRF-LI images are displayed in pseudo colour with adjusted brightness and contrast to enhance 
the visualisation of dimmer lymphatic vessels.
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event (Figure 4). All events, forward, backward, or static, were 
added to assess total lymphatic activity for data analysis.

While care was taken to isolate the vein from the surrounding tis-
sues, including the use of NIRF-LI to verify that no visible fluores-
cent lymphatic vessels crossed the surgical site, a small number 
(< 6) of propulsion events were observed in downstream quad-
rants of three animals (Pigs 2, 4, and 5) while 67 were observed in 
Pig 7 after surgical closing on Day 0. In all but one (Pig 4) of these 
four animals, these downstream propulsion events were iden-
tified as static and may result from lymphatic vessel spasms re-
lated to surgical trauma rather than representing true propulsion 
events. In Pig 6 one non-static propulsion event was observed in 
each of the downstream quadrants post-surgery (Day 0).

3.1   |   Lymphatic Activity Increased Significantly 
When Therapy Was Active

After surgery, upstream lymphatic activity rates decreased 
over time (30%–56%) and never recovered to baseline levels 

(p ≤ 0.0157). After lymphatic transection on Day 0, down-
stream activity dropped to near zero, as expected, and re-
mained significantly lower than baseline on Day 2 (p < 0.01). 
Activity rates recovered to baseline by Day 6 (p = 0.6382) and 
then significantly exceeded baseline by Day 9 (p = 0.0096). 
While it was anticipated that downstream rates on the ciNPT 
side would exceed those on the control side, as seen on Day 
6 (p = 0.0406) with dressings in place, it was surprising to 
note that control exceeded ciNPT on Days 2 and 9 though 
differences were not significant (p > 0.05). Mean upstream 
and downstream lymphatic propulsion rates are shown in 
Figure 5A–C.

As downstream rates were higher with dressings in place re-
gardless of treatment assignment, pooled treatment data was 
used for analysis of dressings in place (on) versus removed (off). 
Significantly increased lymphatic propulsion occurred when 
both dressings were in place and the ciNPT −125 mmHg ther-
apy was active (On) as compared with when they were removed 
(Off); p = 0.0224 (Figure 5D). Because the presence of the clear 
film control is unlikely to have impacted lymphatic pumping, it 

FIGURE 4    |    (A) Image illustrating the quadrants of the pig belly used to aggregate contractile events as well as example locations of ROIs along 
each vessel (image of Pig 5; Day 0, post-surgery with ciNPT in place). Example plots of the fluorescence intensity fluctuations that attend apparent 
lymphatic contractile events corresponding to three consecutive ROIs drawn along a vessel segment. (B) Forward movement of fluorescence from 
the 1st ROI (white) through the 2nd (red) and then 3rd (green) ROIs, (C) backward movement with dimmer fluorescence from the 3rd to the 1st ROI, 
and (D) static fluorescence occurring in consecutive ROIs simultaneously.
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is likely that the ciNPT device stimulated lymphatic propulsion 
over the broader region or perhaps even systemically. Similar in-
creases in propulsion rates have been observed systemically in 
humans during manual lymphatic drainage treatment of lymph-
edema [26].

3.2   |   Lower Observations of Oedema With ciNPT

Lower measures of oedema and inflammation were observed 
with ciNPT treatment, but differences were not significant, 
likely due to the relatively small sample size (n = 8). Areas of 
lymphatic pooling (in cm2) on Days 2, 6, and 9 were 35.9 ± 14.7, 
36.3 ± 18.4, and 24.9 ± 10.4, respectively, for ciNPT, and 
40.5 ± 19.0, 42.1 ± 25.3, and 26.4 ± 11.2, respectively, for control. 
Corresponding measures of oedema on Days 2, 6, and 9, quanti-
fied as percent increase in tissue thickness from baseline, were 
70% ± 0.33%, 74% ± 0.37%, and 42% ± 0.36%, respectively, for 
ciNPT, and 82% ± 0.33%, 87% ± 0.51%, and 49.4% ± 0.32%, respec-
tively, for control (Figure 6A,B). Further evidence of inflamma-
tion, as quantified by percent increase in lymph node volume 
from baseline on Days 2, 6, 9, were 26% ± 0.38%, 35% ± 0.55%, 

and 15% ± 0.53%, respectively for ciNPT and 50% ± 0.39%, 
51% ± 0.41%, and 40% ± 0.33%, respectively for control.

3.3   |   Lower Incidence/Severity of Seroma

Semi-quantitative histologic analysis showed similar levels of 
inflammation and tissue granulation at the incision site con-
sistent with the surgical procedure and unrelated to either 
treatment. The most notable finding for the incision site was 
the presence of seroma/lymphocele formation in the deep as-
pect of the tissue. There was an increased incidence and in-
tensity of deep seroma formation in the control versus ciNPT 
samples but differences in intensity scoring were not statisti-
cally significant (p = 0.1675). Deep seroma was observed in 7 
of 8 control sites (mean score 2.00 ± 1.07) versus 4 of 8 ciNPT 
sites (mean score 1.13 ± 1.25) in the upper incision under-
mined area (Figure 7A) and 6 of 8 control (1.75 ± 1.16) versus 
5 of 8 of ciNPT sites (1.25 ± 1.28) in the lower aspect of the 
incision near the suture line (Figure 7B). The seroma scores 
for both treatments were low in severity with the mean scores 
being mild (score of 2) to minimal (score of 1).

FIGURE 5    |    Plots of the mean upstream (A) and downstream (B) rates as a function of Day, Treatment, and Dressings. The hashed bars indicate 
when dressings are not in place (Off) and solid bars indicate when dressings are in place and the ciNPT −125 mmHg therapy is active (On). The only 
significant difference observed between treatments at each study visit (with or without dressings in place) was observed on Day 6, downstream, with 
both ciNPT and control dressings in place (p = 0.0406). (C) Lymphatic activity upstream from the incision decreased significantly from baseline over 
time and did not recover (p ≤ 0.0157). Downstream rates dropped significantly after surgery on Days 0 and 2 (p < 0.01), recovered to baseline levels 
by Day 6 (p = 0.6382), and significantly exceeded baseline activity by Day 9 (p < 0.0001). (D) Analysis of overall downstream lymphatic activity from 
Days 2, 6, and 9 comparing dressings Off versus On, revealed that lymphatic activity was significantly higher when dressings were On (p = 0.0224). 
Data presented are means ± standard deviation. *p < 0.01; **p < 0.0001.
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3.4   |   Increased Lymphatic Vessel Markers Closest 
to Draining Lymph Nodes

Similar levels of lymphatic vessel markers podoplanin and 
LYVE-1 were observed between treatments in the upstream 
and incision locations, and larger differences were seen in the 
downstream location but were not significant perhaps owing 
to the small sample size (n = 8). Downstream ciNPT podo-
planin was 488.4 ng/g ± 71.6 versus 363.8 ng/g ± 32.7 for control; 
p = 0.8805, and LYVE-1 was 13.0 ± 1.2 μg/g for ciNPT versus 
10.2 ± 0.9 μg/g for control; p = 0.0916. Further comparisons be-
tween locations showed higher levels of podoplanin and LYVE-1 
for both ciNPT and control in the downstream location to be 
significantly higher than those found in upstream tissues. Steel-
Dwass comparisons of location and treatment showed down-
stream ciNPT podoplanin levels were significantly higher 
(p < 0.05) for both treatments compared with those upstream 
(Figure  8A). Downstream ciNPT podoplanin was 56% greater 
than the ciNPT upstream location (488.4 ng/g total protein 
±71.6 and 215.0 ± 16.4, respectively; p = 0.0448) and 59% greater 
than control upstream (488.4 ng/g ± 71.6 and 201.6 ng/g, respec-
tively ±22.2; p = 0.0448). Steel-Dwass comparisons of LYVE-1 
showed downstream ciNPT to be significantly higher than both 
treatments at the upstream and incision locations (p < 0.03). 
Downstream ciNPT (Figure 8B) was 53% higher than ciNPT up-
stream (12.9 μg/g total protein ±1.2 and 6.0 ± 0.5, respectively; 

p = 0.0171) and 53% higher than control upstream (12.9 μg/g ± 1.2 
and 6.1 ± 0.4, respectively; p = 0.0121) and 47% higher than 
ciNPT incision (12.9 μg/g ± 1.2 and 6.8 μg/g ± 0.7, respectively; 
p = 0.0330) and 49% higher than control incision (12.9 μg/g ± 1.2 
and 6.6 μg/g ± 0.6, respectively; p = 0.0239).

4   |   Discussion and Conclusion

Early adopters of negative pressure wound therapy believed 
that the mechanical removal of exudate from the wound was 
responsible for oedema reduction [30–32]. More recent obser-
vations of decreased incidence of seroma and oedema without 
a corresponding increase in fluid removal suggest that another 
intrinsic mechanism for decreased interstitial tissue fluid ac-
cumulation be responsible [9, 33]. In an earlier porcine study, 
Kilpadi and Cunningham noted that ciNPT reduced hematoma/
seroma formation by 63% in treated sites as compared with con-
trol [34]. Isotope-labelled nanospheres were administered into 
undermined surgical sites. Following 4 days of therapy, 50% 
more isotope-labelled nanospheres were found to have migrated 
into the draining lymph nodes on the treated sides as compared 
with those on the control. The combination of reduced hema-
toma/seroma and increased number of nanospheres in lymph 
nodes draining from treated sites without concomitant fluid re-
moval indicated that the lymphatic system played a key role [34]. 

FIGURE 6    |    (A) Example image illustrating the quantification of the extent of lymphatic pooling (Pig 5, Day 2) and (B) plot illustrating the mean 
area over time. (C) Ultrasound image illustrating increase in oedema from baseline (measurement of tissue thickness from skin surface to muscle 
fascia) at the surgical site (Pig 3, Day 2) and (D) plot of the mean percent change of thickness by treatment over time. (E) Ultrasound image illustrat-
ing the measurement of the transverse height and width of the right inguinal lymph node (Pig 4, Day 6) and (F) plot of the mean percent change in 
lymph node volume from baseline. Error bars depict standard deviation.
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The current report provides additional preclinical evidence of 
lymphatic involvement in reducing post-surgical oedema with 
the application of negative pressure over intact skin.

It was hypothesised that increased lymphatic activity induced 
by ciNPT could be directly observed and quantified using 

NIRF-LI. A previous unpublished 2-animal pilot study showed 
faster rates of ICG-laden lymph pulses moving through ciNPT 
treated vessels compared with controls, but after careful ex-
amination, it was determined that variabilities existed in data 
collection which may have potentially affected the outcome. 
In some cases data was collected without dressings in place, 

FIGURE 7    |    (A) Pathology scoring of deep seromas from upper aspect of incision site with undermining. (B) Pathology scoring of deep seromas 
from lower aspect of incision near suture line. Error bars depict standard deviation. Representative slides of (C) ciNPT site and (D) control site show-
ing black arrows along the lining of deep seroma pocket with fluid filled serous/lymphatic fluid noted by asterisks. A = adipose tissue, F = deep fascial 
layer, M = deep muscle layer.

FIGURE 8    |    Lymphatic markers from biopsy samples taken upstream (cranial to incision), at the incision, and downstream (caudal to incision). 
(A) Podoplanin was significantly greater in both downstream treatments as compared with the upstream location, but not at the incision. (B) LYVE-1 
was significantly higher in both downstream treatments as compared with the upstream location, and ciNPT downstream was also greater than both 
treatments at the incision. *p < 0.01.
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or with dressings from the previous visit in place, or after new 
dressings were placed. Since the pilot study did not evaluate dif-
ferences with and without dressings, the significant increase in 
propulsion rates in both treated and control sites when negative 
pressure was in use was unexpected. Hence, the effect ciNPT 
versus a true untreated control could not be discerned in this 
study warranting investigation in a future study with separate 
control and treatment arms versus the bilateral/contralateral 
comparison presented in this work. We propose that, in addi-
tion to providing an effect immediately underneath the ciNPT 
dressing, ciNPT may have affected the contralateral control by 
mechanically stretching the skin from the control site towards 
the ciNPT site as the ciNPT dressing collapses under negative 
pressure thereby also opening dermal lymphatic capillaries on 
the control side to facilitate the passage of interstitial fluid into 
lymph vessels. Anchoring filaments connected to endothelial 
cells in lymphatic capillaries stretch due to increased intersti-
tial fluid pressure or mechanical stimulation to allow for fluid 
transport through the lymphatic system [35–37]. Likewise, me-
chanical stretching of the skin under negative pressure may 
have allowed for fluid to pass readily into collecting vessels to 
promote slightly higher pumping rates on the control side. In 
addition, because lymphangiogenesis across the midline has 
been imaged in humans [38, 39] and in Pig 2 (Figure 2) of this 
study, regional ciNPT could influence watersheds outside of the 
treated area.

Despite the increased rate of control lymphatic activity as seen 
on Days 2, 6, and 9 compared with ciNPT, a corresponding 
decrease in oedema was not observed given greater lymphatic 
pooling at the surgical site, higher increase in tissue thickness, 
and greater incidence of seroma in controls. Lower levels of lym-
phatic pooling, decreased tissue thickness, and smaller lymph 

node volumes in the ciNPT treatment may be attributed to more 
efficient clearance of post-surgical oedema.

While the determinants of pulsatile lymphatic activity are not 
yet fully understood, evidence suggests that they may be regu-
lated in part by hydrostatic pressure [40]. Decreased lymphatic 
propulsion rate in ciNPT treated sites may be due to more effi-
cient clearance of post-surgical oedema resulting in lower hy-
drostatic pressure. Reduced lymphatic pooling at ciNPT sites 
suggests less lymphatic congestion and supports this hypothesis.

In this work, use of NIRF-LI demonstrates that use of ciNPT 
significantly increases lymphatic pumping function and sig-
nificantly increases lymphatic vessel density as indicated by 
LYVE-1 and PDPN in lymph draining tissues compared with 
other locations and suggests that ciNPT decreases intersti-
tial fluid accumulation at incision sites. We hypothesise that 
ciNPT-induced forces on ECM enhance uptake within initial 
lymphatics by movement of the ECM-linked fibrils that open 
and close lymphatic endothelial cells. This action would allow 
passage of fluid, waste, and danger-associated molecular pat-
terns (DAMPS) associated with cell death into the lymphatics 
that drain through the larger conducting and collecting lym-
phatic vessels into inguinal lymph nodes, illustrated in Figure 9. 
While the determinants of lymphatic pumping remain largely 
unknown, ciNPT mechanostimulation of lymphangions by 
virtue of enhanced fluid taken up by the lymphatics may be re-
sponsible for enhanced pumping, as also shown by NIRF-LI, to 
occur through conventional manual lymphatic drainage [26]. 
Whether activation of lymphatic smooth muscle cells occurs 
through increased lymphatic fluid load and/or mechanostimu-
lation through sympathetic or autonomic mechanisms remains 
unknown. Nonetheless, our work clearly demonstrates ciNPT 

FIGURE 9    |    Illustration demonstrating how ciNPT acts on the ECM to stretch fibrils connected to lymphatic endothelial cells (LECs) (anchor-
ing filaments) located in initial lymph capillaries opening gaps and facilitating passage of fluid, waste, and danger-associated molecular patterns 
(DAMPS) into the lymphatic vasculature and through the lymph nodes. Created in BioRender.
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enhances lymphatic drainage. Because ciNPT action likely im-
pacted the lymphatic watershed of the nearby, contralateral, 
untreated incision sites, our experimental design likely results 
in the relative attenuation of the impact of ciNPT. In addition, 
because clinical reports indicate improved systemic lymphatic 
function with regional manual lymphatic drainage [26], further 
testing of ciNPT treatment effects should have separate treated 
and untreated control cohorts. Despite the spill-over effects of 
ciNPT on the contralateral untreated sides, which may have 
prevented achieving statistical significance, our results suggest 
the treated side may have experienced greater lymphangiogen-
esis in draining tissues, reduced oedema at incision sites, and 
reduced lymph node volume after post-surgical initiation of 
ciNPT. Given that adaptive immune responses mounted within 
draining lymph nodes are essential to quell the initial innate 
responses to tissue injury and necessary for effective tissue re-
generation, we expect that ciNPT-enhanced drainage to lymph 
nodes has the potential to accelerate tissue regenerative pro-
cesses, as evidenced by reduced lymph node size 9–14 days after 
incision and ciNPT treatment.
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