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  Abstract: Venous leg ulcers represent a medical challenge. Whenever possible,
therapy should be causal and include compression therapy and surgery. Negative
pressure wound therapy (NPWT) has been successfully used in several phases of
venous leg ulcer treatment. Positive e�ects of NPWT, such as reduction of edema,
drainage of wound exudate, and acceleration of granulation tissue formation, are
reasons for recommending NPWT in order to improve healing rates. Aim. The main
goal of this study was to evaluate, using immunohistochemical markers, the e�icacy
of NPWT in terms of neoangiogenesis and granulation tissue promotion in the
treatment of hard-to-heal venous leg ulcers. Methods. Thirty patients with hard-to-
heal venous leg ulcers were included. The patients were divided into two groups:
one group treated with NPWT, polyurethane foam, and four-layer bandaging system,
and the second group with moist wound dressings and four-layer bandaging
system. Patients were monitored before and after 1 week of treatment with multiple
biopsies taken from the wound bed and wound edge. Immunohistochemical
evaluation included markers for angiogenesis (CD31), lymphatic vessels (D240),
macrophages (CD68), and lymphocytes (CD3). Results. All patients included in the
NPWT group, after 1 week, showed a significant improvement in terms of
angiogenesis, lymphatic vessels, and macrophage and lymphocyte proliferation,
compared to the control group. Conclusion. This study objectively demonstrated the
e�icacy of NPWT in hard-to-heal venous leg ulcers via immunohistochemical
findings. In particular, the results showed rapid granulation and neoangiogenesis
promotion. In the authors’ opinion, NPWT must be included as an adjuvant to
standard venous leg ulcer therapy.
  Wound healing is an interactive process comprised of four defined phases:
coagulation, inflammation, tissue formation, and tissue remodeling.  On a molecular
level this comprises formation of a fibrin-rich clot followed by rapid migration of
keratinocytes across a provisional matrix and activation of fibroblasts to form
granulation tissue. All of these cellular events are accompanied by a robust
inflammatory response and are coordinated by a wide variety of cytokines, growth
factors (GF), chemokines, and adhesive molecules.  Chronic wounds have di�erent
etiologies with more than 90% falling into three categories: venous leg ulcers,
pressure ulcers, and diabetic ulcers.  Previous studies have shown that negative
pressure wound therapy (NPWT) can be useful in treating chronic wounds, as it has
the ability to accelerate the rate of granulation tissue formation, enhances
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angiogenesis,  and removes excess wound fluid that harbors inhibitory factors and
microorganisms.  A recent study showed that NPWT also acts upon lymphatic
vessels. NPWT induces initial proliferation of lymphatics, reduces interstitial edema,
and improves loco-regional perfusion.    The aim of this study was to investigate the
impact of NPWT (V.A.C. Freedom®, KCI, San Antonio, TX) as an adjunct to
compression therapy for 7 days on the immunohistochemical expression of a panel
of tissue biomarkers in biopsy specimens from non-healing venous leg ulcers
assessed before and after treatment.
 

 

Materials and Methods

  Four immunohistochemical markers (CD3, CD68, CD31, D2-40) were selected to
highlight the changes related to relevant components of the wound healing process
(ie, local inflammation, angiogenesis, and lymphangiogenesis). CD3 was chosen as
a pan T-cell marker, which is relevant to the healing process. Previous studies have
shown that wound healing is impaired in the absence of gamma-delta T cells.
Furthermore, epidermal T cells from patients with healing wounds are activated and
secrete growth factors. CD68 is a marker for monocytes and macrophages. These
cells are important because they infiltrate the wound after the polymorphonuclear
cells and modulate wound angiogenesis by releasing angiogenic factors, such as
fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF).
CD31 was chosen to highlight angiogenesis: it labels blood vessels and is the most
sensitive marker for endothelial cells.  D2-40 was selected to highlight the
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lymphatic vessels. It is a monoclonal antibody that recognizes podoplanin, which is
highly and constitutively expressed in lymphatic endothelial cells.  The authors
have recently shown that D2-40 is a useful diagnostic marker in chronic wounds, as
it highlights global and architectural di�erences in the lymphatic network.    The
study was approved by the Institutional Review Board of the Medical University
(Pisa, Italy). Patient recruitment and all study-related clinical procedures, including
obtaining tissue samples, were performed at the Department of Dermatology,
University of Pisa. The histopathologic and immunohistochemical analysis
(processing, staining, and evaluation of the slides) was performed by the
Dermatopathology Lab of the Department of Dermatology and Cutaneous Surgery
at the University of Miami, Florida.   Thirty patients with the clinical diagnosis of
hard-to-heal venous ulcers were included after fulfilling the criteria for positive
venous Doppler scan, Ankle Brachial Index (ABI)³ 0.8, failure to heal > 6 months
despite standard treatment, ulcer size³ 20 cm , and no previous treatment with
NPWT. The patients were randomly divided into two groups. Group 1 (n = 15) was
treated with 125 mmHg continuous NWPT using polyurethane foam (V.A.C.
Freedom) with four-layer bandaging for 1 week. This group included 8 female and 7
male subjects with a mean age of 72 years, ulcer duration of 32 months (average),
and mean ulcer size of 89 cm . The control group (n = 15) received only compression
treatment for 1 week with the four layer bandaging system. The control group
included 6 female and 9 male patients with a mean age of 65 years, ulcer duration of
47 months (average), and mean ulcer size of 72 cm .   Immunohistochemical
analysis. For the purpose of this study, a 4-mm punch biopsy was obtained from the
wound bed or the wound edge at the baseline visit (day 0) and after 1 week (day 7) in
all patients, accounting for a total of 60 tissue samples. However, only 26 samples
(12 samples from 6 patients in the NPWT group and 12 samples from 6 patients in
the control group) met the selection criteria to enter the immunohistochemical
study: 1) site matched specimens from days 0 and 7 obtained from the wound edge
(24 samples) or the wound bed (2 samples); 2) su�icient macroscopic tissue (at
least 0.3 cm x 0.3 cm). All specimens were fixed in 10% formalin, processed as
para�in-embedded tissue, and stained for hematoxylin and eosin (H&E), CD3, CD68,
CD31, and D2-40 (Abcam, Cambridge, MA). At least 4 consecutive sections of all
specimens were evaluated in a blinded fashion by two independent
dermatopathologists. Edema was graded on the H&E sections as mild (1+) referring
to pale papillary and upper dermis, moderate ([2+], pale papillary dermis with
Gossamer’s stands and di�use slight separation of the collagen bundles throughout
the reticular dermis), and marked or severe ([3+], sub-epidermal cleft/bulla with
more pronounced separation of the collagen bundles throughout the reticular
dermis).   CD3 and CD68 were assessed by scanning tissue sections under low
magnification (x2) to identify the hot spot. Within the hot spot, the number of cells
within three adjacent high-power fields (x40) was counted and the mean number for
each slide was established. The CD31 stain was assessed in a similar way by
counting the number of vessels in a hot spot. In an attempt to eliminate false
positive results (as histiocytes also stain positive for CD68), a vessel was defined as
the presence of three contiguous cells staining for CD31. The number of D2-40
positive lymphatics was calculated per unit area, which was done by counting all the
vessels (a lymphatic vessel was defined as at least three contiguous cells staining
for D2-40). The width and depth of each section was measured with an ocular
micrometer at 2x (Olympus WH10x/22 eye micrometer), and the measurements
were expressed in micrometers. The number of lymphatics was calculated per 1000
micrometers/tissue, which is equivalent to 1 mm. The depth of each section was
defined as the distance from the dermo-epidermal junction to subcutaneous fat. If
no fat was present in the sections, the depth of the entire specimen was obtained.
  Laser scanner measurement. The immunohistochemical study also included an
instrumental evaluation of the two groups by means of a laser scanning system to
assess the speed of granulation tissue formation. Technical details of the system
have been described by the authors in a previous study.  The laser scanning system
is able to calculate the percentage of each area with a corresponding color within
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the wound using region-growing algorithms, which begins with identifying
corresponding areas on the image with similar colors and basic tones that the user
chooses.   

Statistical Analysis

  The statistical analysis was performed by the Division of Biostatistics, Department
of Epidemiology and Public Health, University of Miami Miller School of Medicine.
Outcome variables, including the expression of the two inflammatory markers (CD3,
CD68), the expression of two vessel markers (CD31, D2-40), and pre- and post-
treatment mean values, were first compared within control group and within the
NPWT group using a paired t test. A subsequent independent t test was used to
compare the value changes between the two groups. Edema was analyzed using
conditional logistic regression for paired data in two analyses: comparing mild +
moderate versus marked, and then mild versus moderate + marked. All significant
results were based on an alpha of 0.05. Di�erences found between the study groups
by using the laser scanner were tested using analysis of variance (ANOVA).   

Results

  The results of the pre- and post-treatment mean values of each marker in the
NPWT group and the control group are shown in Table 1. The value changes for each
marker between the two groups are summarized in Table 2.
  Inflammatory markers. The mean baseline number of CD3-positive cells in the
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NPWT-treated wounds was 56.0 (SD ± 24.18) versus 54.89 (SD ± 23.17) post
treatment. Similar results were obtained in the control group in which the mean
number of CD3 cells in the venous ulcers on day 0 was 61.28 (SD ± 15.31) and
decreased slightly to 53.22 (SD ± 16.08) after compression treatment. The mean
di�erence in the CD3-positive cells at baseline versus after treatment was -1.17 (SD ±
36.33) in the NPWT group versus -8.06 (SD ± 13.26) in the control group. The T cell
population remained stable in the NPWT-treated wounds, whereas in the control
group, the T cell number decreased after compression (Figure 1A, B). T cells are very
important for the release of growth factors and cytokines and their number should
remain high enough during all phases to accelerate the granulation process, as
shown in the NPWT-treated samples. However, the results did not reach statistical
significance (P = 0.67) due to the small number of samples (6 in each group) and
large standard deviations.   CD68 in the NPWT-treated wounds showed a mean
baseline value of 52.89 (SD ± 16.98) and a post-treatment value of 58.28 (SD ± 9.33).
In the control group, the mean baseline value for CD68 was 49.17 (SD ± 11.69) and
decreased to 38.11 (SD ± 13.46) after compression. The mean di�erence between the
pre- and post-treatment CD68 values in the NPWT group was 5.39 (SD ± 22.96), as
the number of CD68 positive macrophages increased after treatment (Figure 2A, B).
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In the control group, the mean di�erence was negative (-11.06, SD ± 15.77), as the
number of macrophages was lower in specimens after 7 days of compression.
However, the results were not statistically significant (P = 0.17).   Vessels. A slight
increase in the number of CD31 positive blood vessels was noted in the NPWT
group after treatment (53.83, SD ± 16.98 on day 0 and 62.89, SD ± 16.98 on day 7),
whereas no change or even slight decrease was seen in the number of blood vessels
in the control group after compression treatment (37.5, SD ± 6.00 on day 0 and 35.39
± 7.03 on day 7, [Figure 3A, B]). Only vessels composed of at least three continuous
cells positive for CD31 were counted. This is important because CD31 also stained
individual cells in the stroma. However, to avoid false positive results, the individual
cells in the stroma were not counted, as they could be either macrophages or single
endothelial cells giving rise to new blood vessels (neo-angiogenesis). Although the
mean di�erence between the number of vessels in the specimens before and after
the NPWT treatment was positive in the NPWT group (9.06, SD ± 23.76) and
negative in the control group (-2.11, SD ± 9.42), the comparison between the two
groups did not reach statistical significance (P = 0.3).

  The number of lymphatic vessels highlighted by the D2-40 monoclonal antibody
increased in the specimens from wounds treated with the NPWT system from 7.67
(SD ± 2.66) on day 0 to 26.83 (SD ± 25.93) on day 7. In the control group, the
baseline number of lymphatics in the wound specimens before the compression
therapy was similar (6.67, SD ± 4.08). The number remained stable and was slightly
lower after the treatment (5.50, SD ± 7.12). Most lymphatic vessels in the specimens
after NPWT treatment showed open lumina and occasionally displayed open inter-
endothelial junctions suggesting active lymph formation (Figure 4A). Conversely,
D2-40 staining in the control specimens tended to be less dense, less
homogeneous, and varied in thickness. Furthermore, the vessels showed more
disorganized architecture and more often they showed collapsed lumina than in the
specimens from the NPWT group (Figure 4B). The mean di�erence between the
number of lymphatics on day 0 and day 7 in the NPWT-treated group showed a
positive mean increase of 19.17 (SD ± 25.10), whereas the mean di�erence in the
control specimens was negative (-1.17, SD ± 7.49). Despite this impressive di�erence,
the results were not statistically significant (P = 0.1) most likely due to the small
sample of specimens and considerable SD (up to ± 25.10).   Edema. Edema did not
change in specimens before and after treatment in either group (the baseline values
of 1.17, SD ± 0.52 (mild edema) in the NPWT group remained stable after 7 days of
NPWT therapy: 1.50, SD ± 1.05 (mild edema). In the control group, the baseline value
of 1.83 ([SD ± 0.75], mild to moderate edema) showed very little increase to 2.17 ([SD
± 0.98], moderate edema) after 7 days of compression. The mean di�erence of the
pre- and post-treatment values in the NPWT group was negative (0.17, SD ± 1.33),
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whereas the mean di�erence in the control group was positive (0.33, SD ± 0.82).
Since these values were obtained by subjective evaluation of H&E stained sections
and the P value was greater than 0.05 (P = 0.45), the authors concluded that
microscopic assessment of edema is not a sensitive enough marker for monitoring
healing in chronic wound tissues.
 

 Granulation tissue. NPWT treatment appeared to significantly stimulate
granulation tissue formation of wound bed compared to control group (P < 0.001) at
the end of the 1-week evaluation (Figure 7). At the first dressing change (after 3 days
of treatment), the mean percentage of granulation tissue in the NPWT group
increased from 14.6% ± 12.8% to 70.5% ± 10.5% and this value remained stable at 1
week of treatment (Figures 5, 6).
 

 

Discussion

  NPWT is a treatment that has benefited both chronic and acute wounds. This
method of exposing a wound to subatmospheric pressure for an extended period to
promote debridement and healing was first described by Fleischmann et al  in
1993. Morykwas et al  investigated the physiological basis of the NPWT (V.A.C.)
therapy and suggested that removal of the interstitial fluid decreases localized
edema and increases blood flow, which in turn decreases local bacterial load.
Although this may be an important mechanism, we have shown no statistically
significant di�erence in the edema score in tissue specimens before and after the
NPWT treatment when compared to control specimens. One explanation is that
reduction of edema may be an important mechanism for a selected subset of
wounds, as suggested previously.  Although in the present study minimal fluid was
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extracted from the NPWT-treated wounds, a clinically dramatic healing response
was achieved. Furthermore, the assessment of edema in H&E stained specimens is
subjective and dependent upon the dermatopathologist’s skill and experience,
which makes it di�icult to use as a standard tool to evaluate and monitor chronic
wounds.   Saxena et al  suggested another mechanism for the NPWT-assisted
wound improvement, ie, tissue deformation stretches individual cells thereby
promoting proliferation in the wound microenvironment. Studies have shown that
cells that are allowed to stretch tend to divide and proliferate in the presence of
soluble mitogens, while retracted cells remain quiescent. Cells that cannot extend
assume a more spherical shape (by retraction), are growth arrested, and undergo
apoptosis.  Saxena et al  created a computer model of a wound and simulated
NPWT application. In this model, they altered the pressure, pore diameter, and pore
volume fraction to study the e�ects of NPWT-induced material deformation. The
morphology of deformation in this wound model was compared to histological
sections of wounds treated with NPWT. The results showed that most elements
stretched by the NPWT application caused 5%–20% strain, which is similar to the in
vitro strain levels proven to promote cellular proliferation. The conclusion was that
negative pressure stimulates wound healing by promoting cell division,
angiogenesis, and local proliferation of growth factors. Consequent studies have
confirmed that the NPWT treated wounds manifest on histologic examination
increased neo-vascularization as well as increased VEGF.  We detected relatively
stable number of CD3 positive cells and CD68 positive cells in the specimens of the
NPWT treated wounds whereas these populations were slightly decreased in the
control group. Although not statistically significant, these results showed a trend of
maintaining a favorable healing environment in the NPWT treated wounds, as both
CD3 (T-cells) and CD68 (macrophages) are important for the intercellular
communications and release of growth factors and cytokines to promote cellular
proliferation. We did not assess the number of polymorphonuclear cells as part of
the inflammation, as they are numerous and not easily identifiable in histologic
specimens of chronic wounds that show signs of neutrophilic karyorrhexis (nuclear
dust), di�use fibrin, and necrosis.   In severely ischemic, hypoxic wound conditions,
increasing oxygen concentrations results in accelerated wound healing with
increased blood vessel growth.  In addition, clinical and experimental studies
have shown that mechanical stress triggers VEGF secretion  and that NPWT
treatment stimulates neovascularisation in traumatic wounds.  The present results
showed a slight increase in the number of CD31 positive blood vessels in the NPWT
group after treatment compared to the number of blood vessels in the control group
after compression, which showed a slight decrease. However, the mean di�erence in
the pre- and post-treatment values between both groups was not statistically
significant. One possible explanation is that neovascularisation is a very dynamic
process and the density of blood vessels in specimens from chronic wounds may
depend on the time point of tissue sampling. Jacobs et al  found that NPWT treated
wounds showed significantly higher mean vessel density by day 3, which was lost
by days 5–7. We have not assessed specimens in the process of treatment but only
at baseline (day 0) and at the end (day 7). Another possible factor that counteracts
with the results may be the fact that only well developed, identifiable blood vessels
composed of at least three contiguous cells with/without lumina were counted. In
most specimens, particularly those obtained from the NPWT-treated wounds,
significant background CD31 staining of individual cells was seen. This might be in
part due to macrophages that co-express CD31, but more significantly, might have
been tiny individual endothelial cell islands of neo-angiogenesis in the stroma.   It
has been shown that lymphatic function significantly decreases with increasing
severity of chronic venous insu�iciency.  Only one study has looked at the
morphology of lymphatics at microscopic level by using the D2-40 monoclonal
antibody in specimens from chronic venous ulcers versus normal site matched skin
tissue from skin neoplasm excisions.  This study showed that chronic venous ulcers
specimens showed more dermal lymphatic vessels per unit area than controls,
which demonstrated global and architectural di�erences compared to lymphatics
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from control specimens. This suggests lymphatic dysfunction in the pathogenesis of
chronic venous ulcers and makes D2-40 a marker of potential interest for monitoring
the treatment e�ect on the wound tissue at the microscopic level.   We showed that
the number of lymphatic vessels highlighted by the D2-40 monoclonal antibody
increased in the specimens from wounds treated with the NPWT system from day 0
to day 7. In the control group the final number of lymphatics after the compression
therapy was similar to the baseline number. Although the mean di�erence between
the pre- and post-treatment values was not statistically significant between the two
groups due to the small number of samples and large standard deviations, there was
a definite trend toward lymhangiogenesis in the NPWT group versus no change in
the control specimens. Furthermore, the morphology of the lymphatics displayed
homogenous and thick ribbon-like staining, open lumina, and increased inter-
endothelial junctions. In the control specimens, the morphology of the lymphatics
showed more collapsed lumina (as a possible sign of lymph overload) and a more
heterogenous staining pattern. This suggests that many of the otherwise “su�icient”
number of lymphatic vessels detected in the control specimens may be
dysfunctional or non-functional.   Prior to this study, only one study investigated the
e�ect of the NPWT treatment on the lymph vessels in di�erent types of wounds
referring to the global and local architecture of lymphatics as well as to deviations of
their normal morphology.  Specimens from 13 patients with chronic venous ulcers
who underwent NPWT treatment for between 8 and 16 days (mean 15 days) were
evaluated. The D2-40 monoclonal antibody was used to highlight the lymphatics.
The results showed that there was 58%–62% lymph vessel proliferation by the day 4
post the NPWT application. However, 1%–4% regression of the number of the D2-40
positive vessels was observed by day 8 with further 30%–31% regression by day 12.
Interestingly, those patients with less than 5 risk factors for non-healing wounds (eg,
infection, ischemia, trauma, radiation, diabetes, smoking) did not demonstrate any
lymph vessel regression, while the ones with 5–10 risk factors demonstrated lymph
vessel proliferation on day 4 after NPWT treatment followed by lymph vessel
regression. This may be a valid explanation as to why in the present study the
increase of lymphatics in the NPWT specimens on day 7 was not statistically
significant compared to the control specimens on same day: 1) we evaluated the
specimens only at the baseline and at the end of the treatment; 2) we did not assess
and correlate for risk factors.   NPWT treatment seems to induce morphological and
quantitative alterations in the lymph vessel network in chronic venous ulcers by
stimulating lymphangiogenesis more e�iciently in the first days of the treatment.
This proliferation may not be sustained by the end of the treatment (day 7) because
of underlying disease and risk factors that impair wound healing and in particular
lead to lymphatic regression. The increase in the lymphatics number in the NPWT
group correlated with a better clinical outcome in terms of granulation rate and pain
relief.
  

Conclusion

  NPWT applied on stable venous leg ulcers has a positive impact on the
microscopic features in tissue specimens of treated wounds versus controls. All
biomarkers referring to inflammation, angiogenesis, and lymphangiogenesis showed
an absolute positive change in the treatment group, except for CD3, which showed
negative absolute change in the treatment group and greater negative absolute
change in the control group. The other three biomarkers showed negative absolute
change in the control group but positive absolute change in the treatment group.
Although some of the di�erences showed greater absolute magnitude change, there
was no statistically significant change (P > 0.05) due to the small number of samples
collected (6 in each group) and the large standard deviations (mainly in the
treatment group). Nevertheless, the lymph vessels showed architectural and
morphological improvement in the NPWT group compared to the controls. These
data suggest another beneficial mechanism of the NPWT system on the wound
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healing, which refers to increased lymphangiogenesis and improved lymph
drainage. Further large, prospective studies are needed to confirm our
immunohistochemical results and to explore in more detail the microscopic features
of NPWT’s e�ect on tissue healing.   
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