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ORIGINAL ARTICLE

A broad appraisal of decompression-induced physiological stress in 
different simulated dive profiles

Sergio Rhein Schirato1*, Ingrid El-Dash1, Vivian El-Dash1, Bruna Bizzarro2, Alessandro Marroni3, Massimo Pieri3,  
Danilo Cialoni3,4, Jose Guilherme Chaui-Berlinck1

1Department of Physiology, Biosciences Institute, University of São Paulo, São Paulo, Brazil, 2Peter Murányi Experimental Research Center, 
Albert Einstein Hospital, São Paulo, Brazil, 3DAN Europe Research Division, Roseto Degli Abruzzi, Italy, 4Environmental Physiology and 
Medicine Laboratory, Department of Biomedical Sciences, University of Padova, Padova, Italy

ABSTRACT

Background: The present study was designed to observe if different decompression profiles, 
calculated as a function of tissue supersaturation during ascent, would result in significantly 
different outcomes, measured through different physiological stress indicators, even in the absence 
of symptoms of decompression sickness.
Aim: The aim of this study was to evaluate if simulated decompression profiles would affect the 
immune system, oxidative stress indicators, and heart rate variability.
Methods: A  total of 23 volunteers participated in two different experimental protocols in a dry 
hyperbaric chamber. These simulated dives comprised two different compression–decompression 
arrangements with the same maximum pressure and duration but different decompression profiles.
Results: The shallow decompression profile with shorter deeper stops and longer shallow stops 
presented an increase in the standard deviation of the normal-to-normal R-R interval (a wide 
indicator of overall variability); the deep decompression profile with longer deeper stops and shorter 
shallow stops did not exhibit such increase. The shallow decompression profile resulted in an 
increase in neutrophil count and its microparticles (MPs), but no changes were observed for platelet 
count and its MPs, as well as for endothelial-derived MPs. In contrast, the deep decompression 
profile resulted in no changes in neutrophil count and its MPs, but a decrease in platelet count along 
with an increase in MPs from both platelets and endothelial cells. The observed difference might 
be related to different levels of decompression-related activation of immune system responses and 
oxidative processes triggered by different levels of inert gas supersaturation upon surfacing.
Conclusion: From previous results and literature data, we present a tentative schematic of how 
the velocity of ascent would trigger (or not) pro-inflammatory and immune system responses that 
could ultimately lead to the development of decompression sickness.
Relevance for patients: Increasing safety in exposure to hyperbaric environments and subsequent 
decompression by evaluating individual physiological responses to the process.

1. Introduction

Exposure to hyperbaric environments and subsequent decompression has been 
associated with many physiological alterations, which may culminate in decompression 
sickness. This condition can manifest itself through a variety of symptoms [1], ranging 
from joint and/or musculoskeletal pain [2], to cardiovascular and neurological impairment 
and, ultimately, death. Historically, studies related to decompression have adopted a 
binary approach in regard to decompression sickness [3], separating symptomatic and 
asymptomatic events. There is, however, a huge spectrum of possible physiological 
alterations between these two extremes, to which probabilities of decompression sickness 

Journal of Clinical and Translational Research
Journal homepage: http://www.jctres.com/en/home

Journal of Clinical and Translational Research 2024; 10(5): 269-282

ARTICLE INFO

Article history:
Received: May 30, 2024
Accepted: August 26, 2024
Published Online: October 3, 2024

Keywords:
Decompression
Decompression sickness
Immune system activation
Microparticles
Decompression profiles

*Corresponding author:
Sergio Rhein Schirato
Department of Physiology, Biosciences 
Institute, University of São Paulo, São Paulo, 
Brazil. Email: sergio.schirato@gmail.com

© 2024 Author(s). This is an Open- 
Access article distributed under the terms 
of the Creative Commons Attribution-
Noncommercial License, permitting all 
non-commercial use, distribution, and 
reproduction in any medium, provided the 
original work is properly cited.

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


 DOI: https://doi.org/10.36922/jctr.24.00021

270	 Schirato et al. | Journal of Clinical and Translational Research 2024; 10(5): 269-282

occurrence are likely to be associated, based on individual 
responses.

The present study was designed to observe if different 
decompression techniques would result in significantly different 
outcomes, measured through different physiological stress 
indicators, even in the absence of decompression sickness 
symptoms. For decades, there has been an ongoing debate about 
how ambient pressure reduction should be conducted in non-
saturation dives [4], i.e., whether the reduction of the ambient 
pressure should start earlier or later in the decompression phase. 
Dissolved gas models, based on John S. Haldane’s tables [1] 
and later developed by many others, were, over time, partially 
replaced by decompression algorithms based on the control 
of bubble formation and growth, including, among others, the 
varying permeability model developed by Yount [5], causing 
the speed in ambient pressure reduction, to start earlier in the 
decompression phase of the dive, i.e., requiring divers to start 
decompression stops deeper in the water column.

Given the low overall incidence of decompression sickness, 
there are little scientific data available to support or reject any 
decompression algorithm. However, there is a widespread 
belief that including deeper stops in decompression schedules 
reduces the physiological stress during ascent and the risk of 
decompression sickness. Conversely, some studies suggest that 
slower ascents are related to higher counts of bubbles upon 
surfacing [6]. Nevertheless, whether these counts translate 
to a higher probability of decompression sickness remains 
debated [7]. In one of the largest studies comparing the 
incidence of decompression sickness in bubble-based models 
versus dissolved gas-based models (derived from Haldane’s 
work), the United States Navy Experimental Diving Unit [4] 
concluded that decompression schedules with deep stops had 
a higher incidence of decompression sickness than those with 
shallower decompression stops.

These findings could be attributed to the different 
supersaturation observed in the tissues with slower gas kinetics 
upon surfacing [4]. During deeper decompression stops, these 
tissues are not yet saturated and continue to absorb gas from 
the blood [8]. This opposes the purposes of these stops and may 
aggravate the stress caused by decompression [4].

Besides the well-documented appearance of bubbles, 
activation of the immune system and small particle (microparticles 
[MPs] or microvesicles) formation have been suggested to play 
an important role in decompression sickness [9-11]. Hence, 
decompression sickness is not merely a physical or mechanical 
problem, but instead the result of a complex biochemical 
process. MPs, shed by different cells in a regulated manner 
and carrying various nuclear components of their originating 
cells, such as RNA and DNA, are involved in cell signaling 
and communication [12]. Different studies have identified 
them as markers of inflammatory diseases [12], and variations 
in their levels and their cells of origin have been linked to a 
range of diseases and inflammatory processes [13,14]. During 
decompression, or probably even earlier, immune system 
activation and oxidative stress occur. A recent study found that 
exposure to high-pressure environments, even in the absence 

of decompression, is sufficient to increase the production 
of MPs carrying interleukin-1β [15], a cytokine involved in 
inflammatory responses. The mechanism behind MP formation 
has been linked to high inert gas pressure, which induces singlet 
oxygen formation. This toxic free radical is generated through 
a cycle involving actin S-nitrosylation, nitric oxide (NO) 
synthase-2, and nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase activation [16]. NADPH oxidase, activated 
by neutrophils, generates reactive oxygen species (ROS) 
through its heme enzyme, myeloperoxidase (MPO) [17]. ROS 
production by activated granulocytes and potentially by other 
cells is part of an orchestrated physiological first response of the 
immune system to potential aggressors. Therefore, it is expected 
that higher expressions of MPO are linked to the generation of 
ROS, leading to MP production.

Another expected physiological alteration related to 
decompression is heart rate variability (HRV). Recently published 
studies reported changes in HRV after exposure to hyperbaric 
environments [18,19]. HRV is defined as the undirected changes 
in the interval between successive normal-to-normal heartbeats 
(triggered by the sinus node, excluding extrasystoles) [20], 
which results from the balanced action of the sympathetic and 
the parasympathetic branches of the autonomic nervous system 
(ANS) [20] as well as other non-neural sources of variation.

HRV is commonly studied in the time and frequency 
domains, and occasionally through the application of non-linear 
methods [20]. Different HRV indicators have been associated 
with sympathetic or parasympathetic activity. For many 
years, it was believed that the low frequency (LF) bandwidth 
of the HRV spectrogram (a frequency domain indicator) was 
associated with sympathetic activity, while the high frequency 
(HF) band was related to the parasympathetic branch of the 
ANS [20]. In reality, the association between a given bandwidth 
and one specific branch of the ANS is not so well-defined, and 
there are probably other factors contributing to the process. 
HF is highly impacted by respiratory pattern [20], with a 
response time akin to the parasympathetic response time of the 
sinoatrial node. The LF band is associated with blood pressure 
control loops, supporting an association with sympathetic 
activity [20]. However, experimental evidence indicates that 
both branches of the ANS play a role in both LF and HF power. 
A reduction in HRV has been reported in several cardiological 
and non-cardiological diseases, ranging from diabetes to 
renal failure [21]. A  reduction in HRV, when analyzed in the 
frequency domain, has also been associated with inflammatory 
processes in multiple studies [21,22].

Given the clear role of inflammatory processes and immune 
responses in compression and subsequent decompression 
processes, studying HRV in this context could provide 
important insights into the underlying physiological processes 
and potential outcomes of hyperbaric exposure. As different 
decompression protocols alter the dynamics of gas absorption 
and release by tissues and, consequently, the physiological 
stress sustained by divers, we hypothesized that profiles with 
deep stops and those with shallow stops would result in distinct 
changes in HRV.
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2. Methods

2.1. Study participants

The present study was undertaken in healthy individuals, 
all trained divers, experienced in the experimental profiles 
utilized. The volunteers provided written informed consent. The 
ethical committee of the Biosciences Institute of the University 
of Sao Paulo approved the experimental protocol (CAAE 
#91231618.6.0000.5464), and all experiments were performed 
in accordance with relevant guidelines and regulations.

Briefly, a total of 23 male divers participated in this study. 
Female volunteers were not accepted to avoid the potential 
effects of neurovegetative changes due to the menstrual 
cycle [23]. Two volunteers participated in only one experiment 
and were released from the second due to medical conditions not 
related to diving. No decompression sickness symptoms were 
observed during the experimental dives. Table 1 summarizes the 
anthropometric data of the study population.

2.2. Simulated dives

Experiments involving exposure compression and subsequent 
decompression were conducted at the Centro Hiperbárico 
Paulista (São Paulo Hyperbaric Center), Indaiatuba, São Paulo, 
Brazil, under the supervision of a trained physician. Each 
volunteer underwent two different trials, each one with the same 
maximum depth and bottom time. Decompression schedules 
were created to simulate different decompression profiles with 
similar total decompression times. Each trial was performed in 
the morning, at the same time of the day. Divers were requested 
to rest for at least 30  min before the start of the experiment, 
and the interval between the experiments was at least 7  days 
for each volunteer to minimize any carry-over effect [24]. The 
experiments executed were performed using electronically 
controlled closed-circuit rebreathers.

2.3. Simulated dive profiles

The diluent gas mix consisted of 18% oxygen, 45% helium, and 
37% nitrogen. Rebreathers were set to keep the oxygen pressure at 
121 kPa (1.2 ATA; total pressure: Gauge plus 0.93 atm of surface 
pressure) throughout the dive, raising the oxygen pressure to 141 
kPa (1.4 ATA) at 162 kPa (6 meters of seawater [msw]). The bottom 
pressure was 638 kPa (53 msw) and the time required to reach this 
pressure was 20 min. The divers were kept at the simulated bottom 
for an additional 15 min. Subjects were decompressed at a rate of 9 
msw/min until the first decompression stop was reached. The dive 
profiles are detailed in Table 2.

2.4. Electrocardiographic (ECG) data

ECG records were obtained using superficial electrodes 
in a modified CM5 thoracic positioning. Data were collected 
while the subjects were seated in a comfortable position using 
the MP36 system (BIOPAC Systems, Inc., United States of 
America [USA]), set up at AHA configuration, with 0.05 and 
100 Hz as low and high pass filters, respectively, and a sampling 
rate of 1000 Hz.

Table 2. Simulated dive profiles
Decompression 
profile

Depth 
(msw)

Time 
(min)

Breathing loop, 
PO2 (ATA)

Deep 53 15 1.2
27 1 1.2
24 1 1.2
21 2 1.2
18 2 1.2
15 3 1.2
12 4 1.2
9 5 1.2
6 22 1.4

Shallow 53 15 1.2
21 2 1.2
18 2 1.2
15 3 1.2
12 4 1.2
9 6 1.2
6 26 1.4

Abbreviation: msw: Meters of seawater; PO2: Partial pressure of oxygen.

Table 1. Study population characteristics
Parameter Value

Age (years) 44.18±6.77
Weight (kg) 87.82±13.47
Height (cm) 180.32±8.27
Body mass index 27.03±3.90
Note: Data are presented as the mean±standard deviation.

There were two phases of continuous data collection: (i) 
a 30-min pre-dive period to establish the baseline condition 
for each volunteer; and (ii) a 30-min post-dive reading that 
was initiated 30  min after the end of the dive. This protocol 
was adopted due to previous observations that the magnitude 
of HRV changes tends to be higher in the 2nd  half-hour post-
decompression. Interestingly, it is well-documented that venous 
gas bubble counts tend to take approximately the same amount 
of time to reach a peak [24].

ECG recordings were converted into R-R intervals. The R-R 
time series was then subdivided into non-overlapping windows 
of 256 consecutive R-R intervals. Subsequently, the following 
estimators of HRV were obtained from each window (as detailed 
by the task force of the European Society of Cardiology and the 
North American Society of Pacing and Electrophysiology [20]):
(i)	 Time domain:
	 -  R–R interval
	 - � Standard deviation of the normal-to-normal R-R interval 

(SDNN)
	 - � The square root of the mean squared differences of 

successive R-R intervals (RMSSD).
(ii)	 Frequency domain:
	 - � Fast Fourier transform, to obtain the power spectrum 

density [20], which was subsequently divided into:
      1. � Ultra-LF: 0.01 – 0.04 Hz (not relevant to this study 

due to the relatively short ECG recording intervals)
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      2.  LF: 0.04 – 0.15 Hz
      3.  HF: 0.15 – 0.4 Hz

As the size of the time series tends to infinity, the variance 
and the total power of the spectrum converge to each other, for 
this reason, in the present study, the power of a given power 
spectrum density was approximated by SDNN squared.

2.5. Blood samples

Venous blood was collected from an antecubital arm vein by a 
trained phlebotomist before and after each (simulated) dive. The 
following variables were measured: red blood cells, hemoglobin, 
hematocrit, neutrophils, platelets, immunophenotyping, and 
MPs for quantification through flow cytometry. The samples 
were collected using Cyto-Chex BCT tubes (Streck, INC, USA).

Blood samples were drawn immediately before the 
experiment and 1 h after the end of decompression. Hemograms 
were performed immediately after collection at the hyperbaric 
center. Immunophenotyping was performed up to 3 days after 
the blood collection.

2.6. Flow cytometry

Immunophenotyping was performed using 16-color 
FACSFortessa™ (Becton & Dickinson Company, BD, USA) 
and the manufacturer’s acquisition software.

Annexin binding buffer and the following antibodies were 
purchased from Biolegend (United States of America [USA]): 
fluorescein isothiocyanate (FITC)-conjugated anti-annexin V, 
FITC-conjugated anti-human MPO, allophycocyanin (APC)-
conjugated anti-human CD41, PerCF594-conjugated anti-human 
CD14, PerCP-conjugated anti-human CD235, Pacific Blue-
conjugated anti-human CD31, AF700-conjugated anti-human 
CD66b, and APC-conjugated anti-human CD19. In addition, 
live/dead V-500-conjugated anti-human was used to identify 
the dead cell population. Immunophenotyping was conducted 
using flow cytometry to evaluate the population of granulocytes 
(CD 16+/CD66b+) among live cells. This included evaluating 
the percentage of granulocytes expressing MPOs on its surface 
(MPO%) and mean fluorescence intensity of MPO (MPO MFI) 
as indicators of neutrophil activation. The strategy used in this 
analysis and the hierarchy of the gates are described in [19].

For MP acquisition and processing, blood was centrifuged at 
1500 g for 5 min [25]. The supernatant was centrifuged at 15,000 g 
for 30 min to pellet the few remaining platelets and cell debris. 
These samples were then frozen at −80°C, allowing all samples 
to be analyzed on the same day. MPs were stained with annexin 
V and analyzed as described in [26]. We define MPs as annexin 
V-positive particles with diameters up to 1.0 µm. Gates were set to 
include particles with 0.3 – 1.0 µm diameters, with the exclusion 
of background corresponding to debris, which is usually present in 
buffers. Detergent Triton X (Sigma-Aldrich, USA) was used as a 
control, as MPs are expected to disintegrate in its presence.

Each sample analysis was performed using the software 
FlowJo Treestar (FlowJo, Becton & Dickinson Company, 
BD, USA) at the Center for Experimental Research of the 
Hospital Albert Einstein.

2.7. Decompression schedules

All decompression schedules were defined using the ZHL-
16b algorithm, calculated through a script written in R language. 
The compartment half-time for nitrogen and helium was set to 
the original values published by Bühlmann [2]. At the end of 
the experiment, maximum supersaturation pressures for each 
compartment were adjusted by multiplying the intercept a of the 
linear equations to limit the compartment j supersaturation for 

a given ambient pressure Pamb (in the format max = +amb
j j

P
P a

bj
)
 

by 0.85 and 0.65. The factor bj was adjusted to calculate stops 
at 0.20 and 0.45 of the original pressure limits provided by 
Bühlmann’s values for the deep and shallow decompression 
profiles, respectively,

Compartment on-gassing and off-gassing were calculated 
through the application of the following differential equation:

( )= −j
j A j

dP
k P P

dt � (I)

where Pj is the pressure of inert gas in compartment j, PA is 
the alveolar (inspired) pressure of inert gas, and kj is the inverse 
of the half-time of the compartment multiplied by the natural 

logarithm of 2 (
1

1
2

2 −=j j
k ln t ). Solving Equation I would yield:

( ) ( )  
0,   1− −= + −j jk t k t

j j AP t P e P e � (II)

where P0,j is the initial pressure of inert gas in compartment 
j at the time of a change in the inspired gas and/or hydrostatic 
pressure [23].

2.8. Statistical analysis

Differences between pre- and post-dive data were determined 
using Student’s t-test, provided that the data followed a normal 
distribution, as confirmed by the Shapiro–Wilk test. When 
normal distribution was not confirmed, a non-parametric 
permutation test with 10,000 simulation rounds was performed 
to determine the p-value [27]. The limit of significance was set 
at 0.05 (i.e., p < 0.05). Data provided in this study are presented 
as the mean ± standard error or mean ± standard deviation, as 
specified accordingly. All data analyses were conducted using 
scripts implemented in MATLAB (MathWorks Inc., USA) and R.

2.9. Clustering analysis

An unsupervised algorithm for clustering was used to 
identify subgroups within the dataset. The K-means algorithm 
with K = 2 (i.e., two different decompression profiles used in the 
study) was applied to each set of training data, minimizing the 
distance J, defined by:

2
,1 1

|||     |
= =

= −∑ ∑k s
k h ji j

J x M � (III)

Data were normalized according to Equation IV and then 
used to create the normalized matrix:
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( )
,

,

' min( ' )
 

 ' min( ' )
−

=
−

k h h
k h

h h

x x
x

max x x � (IV)

Where xk,h is the normalized variable.
A confusion matrix was computed to assess the accuracy 

of the algorithm in attributing the results observed for each 
volunteer to the respective decompression profile.

3. Results

3.1. HRV

An overall increase in variability was observed for both 
profiles. For the deep decompression profile, the frequency domain 
indicators LF, total LFs (very LF + LF), and HF increased but 
were not statistically significant. LF as a fraction of HF and total 
variability, respectively, and HF as a fraction of total variability did 
not exhibit significant changes. In the time domain, RMSSD was 
significantly increased in post-dive values. SDNN also displayed a 
tendency to increase, though not statistically significant (Table 3).

The shallow decompression profiles also displayed an overall 
increase in variability. In the frequency domain, HF and LF as 
a fraction of HF demonstrated a significant increase. In the time 
domain, SDNN and RMSSD post-dive values significantly 
increased (Table 4).

The shallow decompression profile resulted in an increase 
in post-dive variability, observed from SDNN (i.e., from 
42.66 ± 2.35 to 49.43 ± 4.02; p = 0.039), while the deep 

decompression profile did not exhibit a significant change (i.e., 
SDNN: 43.39 ± 2.29 – 46.3 ± 3.84; p = 0.21). Both profiles 
displayed a significant increase in the RMSSD index, i.e., 
from 19.09 ± 1.43 to 25.4 ± 3.19 (p = 0.014) in the shallow 
decompression profile and from 20.62 ± 1.73 to 24.7 ± 2.61 
(p = 0.003) in the deep decompression profile (Figure  1). 
Both pre-dive baseline SDNN and RMSSD values were not 
statistically different between profiles (Figure 2).

In addition, a comparison between post-dive SDNN and 
RMSSD divided by their pre-dive values (respectively, defined 
as SDNN and RMSSD ratios) is displayed in Figure 3. Notably, 
the shallow decompression profile generated higher values, 
though the difference was not statistically significant.

3.2. Blood assay

Red blood cells, hematocrit, hemoglobin, neutrophils, 
and platelet counts were different between pre- and post-dive 
measurements. A statistically significant reduction in red blood 
cells was observed in the deep decompression profile, while the 
reduction observed in the shallow decompression profile was 
not significant (Figure 4).

Similarly, a statistically significant reduction in hemoglobin 
was observed in the deep decompression profile, while the 
reduction in hemoglobin in the shallow decompression profile 
was not significant (Figure 5).

Both profiles reported platelet count reduction post-dive, 
but the reduction was only statistically significant for the deep 
decompression profile (Figure 6).

Meanwhile, the neutrophil count increased post-dive in both 
profiles but was only significant in the shallow decompression 
profile (Figure 7).

Finally, post-dive hematocrit values were slightly lower 
than pre-dive values in both decompression profiles, but no 
statistically significant differences between pre- and post-dive 
values or between profiles were observed.

3.3. Flow cytometry

Pre-  and post-dive neutrophil-, endothelium-, and platelet-
derived MP counts in the deep and shallow decompression 
profiles are displayed in Figures 8 and 9, respectively, and detailed 
in Tables 5 and 6, respectively. These results are consistent with 
the increased post-dive neutrophil count (Figure 7).

3.4. Clustering analysis

The clustering algorithm was able to distinguish between the 
decompression profiles using values from the pre- and post-dive 
ratios of HRV indicators, blood assay, and MP production with 
an accuracy of 0.68 (confidence interval [CI]: 0.4817 – 0.8204; 
p = 0.07). Figure 10 presents the two clusters of results created 
by the algorithm.

4. Discussion

In recent years, numerous studies have demonstrated that 
decompression sickness is a multifactorial condition that involves 
the activation of many biochemical pathways, and its mechanisms 

Table 4. Heart rate variability for the shallow decompression profile
Parameter Pre‑dive Post‑dive p

LF (ms2) 468.04±67.46 647.86±133.48 0.057
Total LFs (ms2) 663.60±88.75 555.03±171.94 0.050
HF (ms2) 61.99±9.46 96.15±19.51 0.025
LF/HF ratio 8.97±1.03 9.59±1.43 0.031
LF as a ratio of total variability 0.25±0.03 0.23±0.03 0.138
HF as a ratio of total variability 0.03±0.00 0.03±0.01 0.232
RMSSD 19.09±1.43 25.43±3.19 0.014
SDNN (ms) 42.66±2.35 49.43±4.02 0.039
Note: Data arepresented as mean±standard error.
Abbreviations: LF: Low frequency; HF: High frequency; SDNN: Standard deviation 
of the normal‑to‑normal R‑R interval; RMSSD: Root mean squared differences of 
successive R‑R intervals.

Table 3. Heart rate variability for the deep decompression profile
Parameter Pre‑dive Post‑dive p

LF (ms2) 418.00±77.37 545.01±89.09 0.071
Total LFs (ms2) 176.18±96.73 151.51±132.61 0.060
HF (ms2) 77.93±15.74 124.50±21.59 0.696
LF/HF ratio 7.31±1.16 8.79±2.00 0.145
LF as a ratio of total variability 0.20±0.02 0.24±0.03 0.059
HF as a ratio of total variability 0.03±0.00 0.04±0.01 0.097
RMSSD 20.62±1.73 24.76±2.61 0.003
SDNN (ms) 43.39±2.29 46.31±3.84 0.217
Note: Data arepresented as mean±standard error.
Abbreviations: LF: Low frequency; HF: High frequency; SDNN: Standard deviation 
of the normal‑to‑normal R‑R interval; RMSSD: Root mean squared differences of 
successive R‑R intervals.
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remain not fully understood [28,29]. The present study aims to 
evaluate possible associations between different levels of inert gas 
supersaturation in different theoretical compartments and their 
respective outcomes, in terms of HRV alterations, inflammation, 
and oxidative processes. Clustering analysis demonstrated that the 
outcomes of the different profiles can be differentiated with reasonable 
accuracy, despite the relatively small sample size, supporting the 
notion that they are distinct. The utilization of HRV is based on its 
well-established negative correlation with inflammation and immune 
system activation [30]. Recent studies have reported that hyperbaric 
exposure and subsequent decompression are associated with HRV 
changes [31,32]. In a previous work [18], we observed an increase 
in the LF band post-decompression from 45 msw-simulated dives. 
Here, a similar pattern is observed (Tables 5 and 6), indicating that 
decompression generally increases HF, SDNN, and LF.

Other studies also reported that immersion and inspiration 
of higher partial pressures of oxygen are associated with HRV 
changes [33], occurring even before ambient pressure reduction, 
during decompression, or ascent in self-contained breathing 
apparatus diving. It is plausible that the general post-dive 
increase in HRV observed in this and other studies is related to 
hyperoxia, which is commonly linked to exposure to hyperbaric 
environments where inspired oxygen pressures are typically at 
1.0 – 1.2 ATA.

The observed changes in the total LF band could be 
associated with changes in the baroreceptor activity. LF is 
linked to baroreflex function, as previous studies demonstrated 
that carotid sinus stimulation increases LF power in individuals 
with normal baroreflex function, but not in those with impaired 
baroreflex sensitivity [34,35]. In addition, LF has been 
negatively correlated with endothelial function [22]. The ANS 
and the endothelium work together to maintain vascular tone. 
There is a tonic balance between the release of vasodilating 
factors from the endothelium and vasoconstricting factors 

Figure 1. Mean SDNN (left) and RMSSD (right) of pre- and post-dive data for each decompression profile (n = 23)
Abbreviations: SDNN: Standard deviation of the normal-to-normal R-R interval; RMSSD: Square root of the mean squared differences of successive 
R-R intervals

Figure 2. SDNN and RMSSD pre-dive data comparison between the 
shallow and deep decompression profiles (n = 23)
Abbreviations: SDNN: Standard deviation of the normal-to-normal 
R-R interval; RMSSD: Square root of the mean squared differences of 
successive R-R intervals

Figure 3. Comparison of SDNN and RMSSD ratios for both shallow 
and deep decompression profiles (n = 23)
Abbreviations: SDNN: Standard deviation of the normal-to-normal 
R-R interval; RMSSD: Square root of the mean squared differences of 
successive R-R intervals
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triggered by the sympathetic branch of the ANS. The balance 
between these opposing forces acts on the vascular smooth 
muscle cells to maintain vessel tone [36]. The disturbance of 

Figure 4. Red blood cell count (mean ± standard deviation) for both 
shallow and deep decompression profiles (n = 17). In the shallow 
decompression profile, the pre-dive mean count was 5.25 × 106 ± 
0.48 × 106, while the post-dive mean count was 5.23 × 106 ± 0.57 
× 106. In the Deep Decompression Profile, the pre-dive mean count 
was 5.26 × 106 ± 0.48 × 106, while the post-dive mean count was 
5.16 × 106 ± 0.45 × 106

Figure 5. Hemoglobin levels for the shallow and deep decompression 
profiles (n = 17). Both profiles have a pre-dive mean hemoglobin 
level of 15.5 g/dL and a post-dive mean hemoglobin level of  
15.3 g/dL. The difference in standard deviation for both profiles 
resulted in statistically significant differences. For the shallow 
decompression profile, the pre-dive standard deviation was  
1.34 g/dL and the post-dive standard deviation was 1.42 g/dL; for 
the deep decompression profile, the pre- and post-dive standard 
deviations were 1.40 g/dL

Figure 6. Platelet count (mean ± standard deviation) for the 
shallow and deep decompression profiles (n = 17). In the shallow 
decompression profile, the pre-dive mean count was 255 × 103 ± 54.1 
× 103, and the post-dive mean count was 253 × 103 ± 52.8 × 103. In the 
deep decompression profile, the pre-dive mean count was 260 × 103 ± 
61.5 × 103, and the post-dive mean count was 252 × 103 ± 54.4 × 103

Figure 7. Neutrophil count (mean ± standard deviation) for the 
shallow and deep decompression profiles (n = 17). In the shallow 
decompression profile, the pre-dive mean count was 7.512 × 103 ± 1.56 
× 103, and the post-dive mean count was 8 × 103 ± 1.90 × 103. In the 
Deep Decompression Profile, the pre-dive mean count was 7.594 × 103 
± 1.36 × 103, and the post-dive mean count was 8 × 103 ± 1.55 × 103
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this tonic balance, due to the reduced NO availability, maybe 
the reason why sympathetic activity is associated with loss of 
endothelial function in some circumstances. Such disturbance of 
the tonic balance mentioned above is compatible with changes 
possibly caused by oxidative processes observed in the present 
study, including the increased numbers of CD31+ MPs [37].

There are also significant increases in HF and RMSSD, 
variability markers indicating more cardiac control activity. 

SDNN increased only in the shallow decompression profile. In 
previous studies, we observed a significant increase in overall 
HRV in control groups exposed to gases with higher oxygen 
fractions but not to increased ambient pressure [18].

The results obtained in the present study indicate that 
different decompression profiles may affect HRV differently, 
potentially influencing neutrophil count, platelet activation, 
and MP production. A reduction in circulating platelet counts 

Figure 8. MP count for the deep decompression profile: CD31+ MPs presented a pre-dive mean count of 5.52 × 10−2 and a post-dive mean count  
of 16.99 × 10−2; CD41+ MPs presented a pre-dive mean count of 24.5 and a post-dive mean count of 35.8; no significant changes were observed  
for CD66b+ MPs
Abbreviation: MPs: Microparticles

Figure 9. MP count for the shallow decompression profile: CD66b+ MPs presented a pre-dive mean count of 21 × 10−2 and a post-dive mean  
count of 40 × 10−2; CD31+ MPs presented a pre-dive mean count of 35 × 10−2 and a post-dive mean count of 15 × 10−2; CD41+ MPs presented  
a pre-dive mean count of 49.8 and a post-dive mean count of 53.5
Abbreviation: MPs: Microparticles
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Table 6. MPO and microparticle levels for the shallow decompression 
profile
Parameter Pre‑dive Post‑dive P

MPO+ (%) 2.61±1.17 2.32±1.16 0.15
MPO (MFI) 314.95±31.93 291.05±28.29 0.07
CD66b+ 0.21±0.04 0.40±0.12 0.000
CD31+ 0.35±0.21 0.16±0.08 0.199
CD41+ 49.80±6.80 53.46±6.96 0.186
Note: Data are presented as mean±standard error.
Abbreviation: MFI: Mean fluorescence intensity; MPO: Myeloperoxidase.

Table 5. MPO and microparticle levels for the deep decompression 
profile
Parameter Pre‑dive Post‑dive P

MPO+ (%) 2.448±0.830 2.549±0.888 0.758
MPO (MFI) 576.796±171.399 526.565±137.525 0.472
CD66b+ 0.28±0.07 0.27±0.06 0.207
CD31+ 0.06±0.03 0.17±0.08 0.022
CD41+ 24.50±5.64 35.80±4.92 0.027
Note: Data are presented as mean±standard error.
Abbreviation: MFI: Mean fluorescence intensity; MPO: Myeloperoxidase.

Figure 10. Clusters identified by the clustering algorithm. Cluster 1: 
Shallow decompression profile; Cluster 2: Deep decompression profile

was observed in the deep decompression profile. Platelets 
are regarded as effectors of hemostasis, essential for vascular 
integrity [38,39]. Recent understanding has clarified that 
they are key effectors in inflammation, immune responses, 
and signaling, with the potential to orchestrate complex 
immune and inflammatory events [39,40]. Three different 
studies by the same research team investigated platelet 
count and its association with decompression sickness in 
mice models and with bubble formation in humans [41-43]. 
Their results indicate that higher bubble counts in humans 
correlate with a greater reduction in platelet count, even in 
the absence of decompression sickness after decompression. 
Conversely, in mice suffering from decompression sickness 
after provocative decompression, a regression model linked 
platelet reduction to symptom severity. In both cases, they 

speculated that such reduction was due to platelet activation 
and aggregation.

Activated platelets release MPs (CD41 + MPs) that are involved 
in intercellular (endogenous) signaling by inducing immune 
responses in distant sites [44]. In vitro studies revealed that CD41 
+ MPs facilitate leukocyte–leukocyte interactions and the binding 
of P-selectin/P-selectin glycoprotein ligand-1 [45], increasing 
leukocyte accumulation at injury sites and on activated 
endothelium. In addition, platelet shedding of MPs positively 
correlates with increased vascular permeability [46]. The 
results obtained in this study suggest an increase in circulating 
CD41+ MPs after decompression in the deep decompression 
profile, which aligns with the observed reduction in circulating 
platelets. This is likely due to platelet activation and recruitment 
to inflammation sites. The release of platelet, endothelial, and 
leukocyte MPs is increased during inflammatory conditions [13]. 
Oxidative stress is known to induce the release of CD31+ MPs, 
which attract leukocytes to the inflammatory site by adhesion 
molecules, such as vascular cell adhesion molecule-1, a key 
factor endothelial dysfunction [28,37].

Our results demonstrated a post-dive increase in platelet- and 
endothelial-derived MPs (CD41+ and CD31+ MPs, respectively) 
in the deep decompression profile (Figure  9). Similarly, the 
shallow decompression profile displayed a marked increase in 
neutrophil-derived MPs (Figure 9).

A decrease in red blood cells and hemoglobin was observed in 
the deep decompression profile (Figures 4 and 5, respectively), 
likely due to eryptosis [47,48], a form of programmed cell death 
in erythrocytes. Eryptosis, triggered by oxidative stress, involves 
the activation of caspases expressed by erythrocytes, resulting 
in their recognition and engulfment by circulating macrophages. 
Since erythrocyte membranes are highly vulnerable to 
oxidative damage and cannot repair damaged proteins by re-
synthesis, they are particularly sensitive to oxidative stress [49]. 
Eryptosis of young red blood cells is often reported in subjects 
returning from high altitudes or space flights [47], and its 
putative mechanism is related to changes in the erythropoietin 
sensitivity of the cells. Therefore, the observed change in red 
blood cell and hemoglobin counts might be related to a stressful 
decompression profile.

The shallow and deep decompression profiles can also be 
distinguished by indicators of immune system activation and 
inflammation. The shallow decompression profile increases 
peripheral blood neutrophil count and its corresponding MPs, 
without affecting platelet count and its MPs, as well as in 
endothelial MPs. Conversely, the deep decompression profile 
exhibited an increase in the platelet-  and endothelial-derived 
MPs and a decrease in platelet count, with no variations in 
neutrophil count and its MPs.

Neutrophils are widely recognized for their role in promoting 
inflammatory responses at the initial stages of these processes. 
Increased neutrophil count is associated with various pathologies 
(e.g., bacterial infections, hypertension, and certain types of 
cancer [50-54]) and non-pathological conditions (e.g., after 
exercising) [55]. Their activation might also promote platelet 
activation [13,44] and even endothelial damage [13,56], then 
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enhancing the inflammatory process. From this more orthodox 
standpoint, increased neutrophil count and activation would act 
as pro-inflammatory agents.

However, neutrophils play an anti-inflammatory role in many 
instances. Neutrophil-derived MPs are potential inhibitors 
of macrophage activation [57]. For instance, annexin-1-rich 
neutrophil-derived MPs inhibit neutrophil activation [58], 
downregulating an inflammatory response. The production 
of platelet activation factors depends on the neutrophils’ 
state; it occurs when neutrophils are adherent (i.e., under a 
stimulated condition) but not when they are in suspension [44]. 
Neutrophil-derived MPs are not a homogeneous set, and they 
can induce or inhibit inflammation [59]. Besides this functional 
diversity, variations in neutrophil counts might lead to different 
outcomes. For instance, an increase in neutrophil count seems 
to be associated with benign prostate enlargement, whereas a 
decrease might indicate a malignant case [60]. Exercise-induced 
neutrophilia illustrates the challenge of defining a consistent 
pattern in response to physical effort, as reports of neutrophil 
counts in peripheral blood vary widely. In our previous 
study [19], the MPO MFI, an important marker of neutrophil 
activation, demonstrated a negative correlation with the number 
of circulating neutrophils (−0.55), and a significant positive 
correlation with the percentage of granulocytes expressing 
MPO on the membrane surface (0.7). A  negative correlation 
between neutrophil-derived MPs (CD66b+) and MPO MFI 
was also observed (−0.32). These results suggest that increased 
circulating neutrophil counts are not necessarily indicative of 
their activation or associated inflammatory processes.

It is also important to consider the role of platelet-  and 
endothelial-derived MPs and their interactions with neutrophils. 

Platelets, once regarded as a thrombus-forming agent, are now 
recognized as primary players in inflammatory processes. 
Activated platelets produce platelet-derived MPs that induce 
neutrophil clustering and further activation [45,61]. Similarly, 
endothelial-derived MPs induce neutrophil adhesion and 
activation [62]. Therefore, an inflammatory process can 
become self-sustaining, as the activation of one cell type leads 
to the activation of another, which in turn further activates the 
original cell type. In such a setting, an intriguing phenomenon 
may occur: Despite being activated and having a tendency 
for neutrophilia, the neutrophil count might decrease due to 
migration/sequestration in damaged tissues [63,64]. In other 
words, the inflammatory condition might appear, without 
changes in neutrophil count.

Considering HRV as an index of physiological stress from 
various sources, our results, along with other reports [18,32], 
suggest the putative illustration depicted in Figure  10. The 
initial phase of decompression leads to a certain degree of 
bubble formation and inflammatory response activation [65]. 
Subsequently, depending on the decompression rate, one of 
three outcomes may occur, as modeled in a dynamical system 
by Schirato et al. [65], which represent the interactions of 
supersaturation, bubble production, inflammation, and their 
respective feedbacks.

In the case of elevated overall supersaturation, increased 
tissue damage and bubble formation occur, resulting in positive 
inflammatory feedback [66,67]. At the end of the decompression 
process, a state of high physiological stress with an important 
inflammatory process in progress is likely to be observed. In 
this case, subjects will most probably develop decompression 
sickness [68].

Figure 11. Possible schematics of the immune system response to decompression, with platelet- and endothelial-derived MPs are referred to as pMPs 
and eMPs, respectively
Abbreviation: MP: Microparticle; pMPs: Platelet microparticles; eMPs: Endothelial microparticles
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Finally, if the decompression proceeds at a pace that allows 
neutrophils to become active but not activated by platelet- and 
endothelial-derived MPs, they will inhibit the ongoing 
inflammatory process initiated earlier. Bubble formation would 
likely be minimal due to the absence of nucleation sources, 
resulting in the individual surfacing with low physiological stress.

The levels of supersaturation required to trigger the processes 
depend on individual responses, i.e., activation of the person’s 
inflammatory processes. Moreover, the correlation between 
HRV and the degree of stress (sympathetic tonus) seems to be 
highly individualized. Notably, different decompression profiles 
generate different tissue supersaturation upon surfacing. The 
composition of the breathing gases (i.e., the fraction of oxygen 
and the presence of helium) causes different physiological 
responses. It might be possible to speculate the existence of a 
dose-dependent response, where lower tissue supersaturation 
would lead to little or no physiological alterations, while higher 
tissue supersaturations would lead to progressively greater 
physiological responses and subsequently the development of 
decompression sickness.

Our proposed schematics presented in Figure  11 highlight 
two aspects of decompression: (i) the combination of bubble 
count, inflammatory markers, and HRV can be an important 
predictor of decompression success on an individual basis; 
(ii) if a clear relationship between HRV indexes and bubble/
inflammation is established post-decompression, HRV could be 
employed to assess an individual’s likelihood of success in a 
given decompression profile.

Of course, the ideas presented in this study should be 
interpreted with caution due to the small cohort of investigated 
divers and the large inter-individual variance observed in the 
variables analyzed. Besides, it is important to note that the 
data were obtained through dives simulated in hyperbaric 
chambers, which might not necessarily reflect the actual 
conditions encountered when divers are immersed [69], though 
the data obtained in chamber and swimming pool dives, already 
presented in other studies, displayed similar patterns.

5. Conclusion

Although no cases of decompression sickness were observed 
in the experiments described in this manuscript, it has been 
demonstrated in the present study that different decompression 
profiles trigger different physiological responses. Whether these 
physiological responses translate into a higher risk of developing 
symptoms of decompression sickness is unclear at the present 
moment, and further research is required. It can be speculated, 
however, that, according to the scheme described in Figure 11 
and further developed by Schirato et al. [65], they might play a 
relevant role in more aggressive exposures.
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CASE REPORT

Computer-guided implant surgery and tooth-mirroring digital workflow 
to treat an esthetically compromised clinical case

Claudio Cirrincione*
Department of Experimental and Clinical Medicine, University of Florence, Florence, Italy

ABSTRACT

Background: In multidisciplinary dentistry, it is common to observe clinical cases that present 
multiple complications at the end of orthodontic therapy, such as differences in gingival height, 
alterations in size and shape of the teeth, and reduced residual spaces for implant therapies.
Aim: The aim of the study was to solve an esthetic case with the help of digitally assisted prosthetic 
and surgical design.
Methods: A young patient had been treated orthodontically for the agenesis of tooth 12 and the 
conoid shape of tooth 22. Previous therapy consisted of opening the space for tooth 12 by positioning 
a Maryland-type composite bridge, followed by reconstruction with a composite of tooth 22. 
Various composite reconstructions on teeth 11 and 21 were no longer adequate. Furthermore, both 
elements had discordant coronal axes, the diastema was observed at the incisal level, and tooth 21 
was approximately 1 mm longer than tooth 11. Radiographic analysis revealed that the roots of 
teeth 11 and 13 converge, providing sufficient space for the insertion of a small-diameter implant. 
An intraoral scan and cone-beam computed tomography (CBCT) were performed; both data files 
were merged using surgical design software. A surgical guide was developed for the insertion of 
an implant in site 12. After insertion, the composite bridge, which was no longer suitable, was 
removed and a new temporary metal-composite Maryland bridge was positioned. Using an 
artificial intelligence tool of the design software, tooth 22 was isolated, mirrored, inserted in site 
12 to reproduce the gingival profile, and subtracted from the digital impression. A technician then 
copied this emergence profile to build a zirconia prosthetic crown to be screwed on the implant. 
Teeth 22, 11, and 21 were restored with a lithium disilicate crown and two veneers, respectively.
Results: The initial digital design and the use of a guided surgery procedure allowed for the insertion 
of a small diameter implant without damaging the roots of the adjacent teeth. The prosthetic design 
procedure, using the digital tools of the design program, made it possible to standardize and create 
symmetrical gingival profiles of teeth 12 and 22. The overall composition was completed by the use 
of minimally invasive adhesive prosthetic techniques on teeth 11, 21, and 22.
Conclusion: Digital resources have become essential tools for dental professionals. The knowledge 
and use of technologies like intraoral scanning and CBCT, combined with various innovations such 
as artificial intelligence in prosthetic and implant design software, enable dentists to manage even 
the most complex interdisciplinary clinical cases with greater confidence.
Relevance for Patients: Digital techniques are now widely used across all fields of dentistry. This 
has led to the need for operators of all ages to adjust their decision-making process compared to 
traditional techniques. These new techniques have also improved communication with patients, 
allowing the dental team to have a clearer understanding of the clinical path to follow and 
consequently offer their patients precise dentistry solutions.

1. Introduction

In the 21st  century, having a radiant smile has become increasingly important. 
A  smile characterized by white, perfectly aligned teeth that are proportionate in size 
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and symmetrically pleasing boosts confidence in social 
interactions and enhances attractiveness [1]. Dentistry has 
adapted and improved its techniques to meet these new 
requirements, strengthening the relationship between various 
dental disciplines, such as prosthetics, orthodontics, and 
implantology. This interdisciplinary connection has been 
facilitated by the impressive development of digital techniques 
in recent years. This includes the ability to easily manipulate 
patient impressions obtained with intraoral scanners, such as 
standard tessellation language (STL) files, and to combine them 
with 3D visualization of the bone from digital imaging and 
communications in medicine (DICOM) files generated by cone-
beam computed tomography (CBCT) [2]. Therefore, dentists 
now have the opportunity to create a “virtual patient” on their 
computers, allowing them to establish adequate diagnostic 
criteria to obtain excellent results [3]. This strategy becomes 
particularly important when operators are faced with a reduced 
buccal bone wall, which can compromise the final long-term 
esthetic results in immediate [4] and late [5] implant placement. 
In contrast, adopting this strategy requires operators to improve 
their skills to become familiar with all the tools necessary to 
achieve the desired results [6]. Designing esthetically pleasing 
prosthetic work requires absolute synergy among all dental 
team members. In the past, this workflow required collaboration 
between the various operators, which could be complex due to 
difficulties in visualizing the final result. Conversely, the digital 
process has greatly simplified communication between dentists, 
thanks in part to the ability to visualize various steps in 3D, 
especially in clinical cases where esthetics is critical [7]. The aim 
of this work was to present an implant-prosthetic clinical case 
resulting from a previous orthodontic treatment, successfully 
treated using new digital technologies. This article was prepared 
following the strengthening the reporting of observational 
studies in epidemiology guidelines.

2. Methods

This retrospective clinical case was conducted according 
to the 1964 Helsinki Declaration principles for biomedical 
research involving human subjects. The patient was informed 
of the nature of the study, its benefits, risks, and possible 
alternative treatments, and written consent was also obtained 
for the use of clinical images. The patient was a 22-year-old 
man who complained of esthetic problems that arose after 
a previous orthodontic treatment. The orthodontic therapy 
involved reopening the space for tooth 12 to resolve agenesis 
of the related permanent element, along with a temporary 
composite reconstruction of the conoid tooth 22. The intraoral 
examination displayed a composite Maryland bridge replacing 
tooth 22 (Figures  1 and 2), temporarily positioned by the 
orthodontist, probably in view of the implant therapy. Teeth 11 
and 21 featured some old composite reconstructions, discordant 
coronal axes, and the presence of a diastema at the incisal level; 
tooth 21 also appeared to be about 1 mm longer than tooth 11 
(Figures  3 and 4). In tooth 12, the CBCT (Promax 3D Max; 
Planmeca, Finland) displayed an adequate vestibulo-palatal bone 
diameter for the insertion of a small-sized implant (Figures 5-7), 

but the root axes of teeth 13 and 11 converged toward the apices, 
making traditional implant surgery difficult (Figures 8-10). The 
anteroposterior view of the conoid dental element 22 displayed 
composite reconstruction with a large horizontal over-contour, 
most likely to compensate for the vestibulo-palatal inclination 
of the root axis (Figure 11). The gingival parabolas of the upper 
anterior group appeared unlevelled. Furthermore, the patient 
had moderate gingival exposure. Hence, the proposed treatment 
plan included the insertion of a small diameter implant in site 
12 through computer-guided implant surgery, a zirconia crown 

Figure 1. Maryland-type temporary composite bridge in site 12

Figure 2. Palatal view detail of the bridge attached to teeth 11 and 13

Figure 3. Frontal view of the smile before treatment
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in site 12, two veneers in sites 11 and 21, and a crown in site 
22, all made from lithium disilicate. A first intraoral scan was 
performed (Medit i500, Medit; MEDIT Co., Korea). The 
corresponding STL files were merged with the DICOM data 
derived from the CBCT using surgical diagnosis and planning 
software (coDiagnostiX; Dental Wings version  10.8, United 
States of America [USA]). At site 12, a small-diameter dental 
implant was virtually inserted (3.3 Bone Level Tapered; 
Straumann, Switzerland), and a surgical guide was designed 
(Figures 12 and 13). CoDiagnostiX is equipped with an artificial 
intelligence assistant that can be consulted remotely, making it 
possible to isolate individual teeth from the jaw bone and obtain 
individual 3D files. The 3D file of tooth 22 was loaded onto 
open-source software Meshmixer (Autodesk, USA), mirrored 
(Figure 14), and inserted where tooth 12 was missing; both were 

aligned with the virtual dental implant and gingival level of the 
contralateral (Figure 15). In Meshmixer, a Boolean procedure 
was performed on the mirrored tooth 22 by subtracting it 
from the 3D STL file of the upper jaw and leaving the space 
corresponding to the emergence profile (Figure 16). The project 
was then sent to a technician who, using the data related to 
the virtual emergency profile, created a temporary composite 
crown to be screwed onto the implant at the time of implant 
exposure. Using the surgical guide, the implant was inserted 
at site 12, leaving it submerged (Figures 17 and 18); a metal-
composite Maryland bridge was then applied (Figure 19). The 
decision not to perform an immediate loading procedure was 
derived from the desire to manage the maturation of the soft 
tissues at the end of osteointegration. After 3 months of healing, 
the temporary Maryland in site 12 was removed; the implant 
was exposed; the previously made composite provisional crown 
was screwed in. After nearly 60  days of gingival healing, a 

Figure 4. Frontal view with retractor: the interincisive diastema and the 
different lengths of teeth 11 and 21 can be observed

Figure 5. Frontal view of the large mesial-distal space in site 12

Figure 6. Occlusal view in site 12, which displays an adequate 
vestibule-palatal space

Figure 7. Sagittal view of cone-beam computed tomography with 
a virtual representation of the implant in site 12, which displays an 
adequate vestibular bone thickness of 1.5 mm

Figure 8. Frontal view of teeth 13 and 11, featuring a convergence 
of the root apices that reduce the space for the insertion of a standard 
implant
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digital impression was taken of both the temporary restoration 
adequately integrated into the soft tissues and the implant, as 
well as teeth 11, 21, and 22. The final work was then delivered. 
Both the crown on tooth 22 and the veneers on teeth 11 and 21 
were made of pressed lithium disilicate (MT; Ivoclar-Vivadent 

AG, Liechtenstein), micro-layered with ceramic (Creation 
LS, Austria) and colored (Ivocolor; Ivoclar-Vivadent AG, 

Figure 10. Sagittal cone-beam computed tomography view of the  
space available for the insertion of the implant in site 12

Figure 12. Frontal view of the surgical guide try-in

Figure 13. Occlusal view of the surgical guide try-in (from Figure 12)

Figure 9. Apical view of teeth 13 and 11 (from Figure 8)

Figure 11. A sagittal view of the cone-beam computed tomography at 
site 22, displaying the wide horizontal overcontour of the composite 
reconstruction

Figure 14. Tooth 22 was extracted from coDiagnostix, imported to 
Meshmixer (figure above), mirrored, and re-imported into  
coDiagnostix



  DOI: https://doi.org/10.36922/jctr.24.00035

	 Cirrincione | Journal of Clinical and Translational Research 2024; 10(5): 283-290� 287

Liechtenstein). The prosthetic element on the implant in site 12 
was made of multilayered Zirconia (Explore Esthetic; Shenzhen 
Upcera Dental Technology Co. Ltd., China), micro-layered and 
colored (Figures 20-22).

3. Results

The shaping of the gingival area of tooth 12 with a temporary 
composite crown screwed on the implant generated an 
emergence profile identical to tooth 22, ensuring the formation 
of an optimal gingival profile. In addition to the virtually 
performed modifications, the provisional crown did not require 
any further adjustments. This approach minimized the need for 
its removal and reinsertion, thereby reducing potential damage 
to the delicate peri-implant epithelium. Likewise, the computer-
guided surgery enabled the implant to be inserted in an adequate 
position to avoid any damage to the roots of the neighboring 

teeth. The lithium disilicate veneers in teeth 11 and 21 also 
improved the length and shape differences of the elements. 
In general, the ceramic micro-layering technique, while quite 
sophisticated, has enabled the creation of restorations with 
optimal esthetics. The use of two modeling and prosthetic design 
software allowed the workflow to be optimized. In particular, 
Meshmixer has proven to be an intuitive computer-aided design 
software, with extremely simplified controls even for prosthetic 
purposes. To increase the mesiodistal dimensions of tooth 13, a 
mesial composite reconstruction was also performed.

4. Discussion

This clinical case demonstrates how a precise digital 
workflow enables efficient treatment of an esthetically 
compromised clinical case. Mirroring a contralateral tooth has 
been particularly helpful in developing an adequate emergence 
profile. Joda et al. [8] used the DICOM data of the CBCT to 
mirror the contralateral tooth. This enabled the creation of a 
personalized healing abutment, followed by a provisional crown 
with the same emergency profile. In this clinical case, only the 

Figure 15. The mirrored tooth 22 was inserted in site 12 and aligned 
both with the axis of the implant and the gingival margin of tooth 22

Figure  16. The mirrored tooth 22 was re-imported into Meshmixer 
along with the digital impression of the upper arch; it was then removed 
from the zone of tooth 12 using a subtractive Boolean procedure, 
leaving space for the copy of the emergence profile. Subsequently, it 
was re-imported into coDiagnostix and sent to the technician through 
the virtual planning export function.

Figure 17. Frontal view of the implant insertion with the guide

Figure 18. Occlusal view of the implant insertion with the guide  
(from Figure 17)
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Figure 20. Frontal view of the smile on delivery of the final prosthesis

Figure 19. Insertion of the temporary metal-composite Maryland bridge

provisional crown was realized to save time. Similarly, Zeng 
et al. [9] reproduced the emergence profile of a contralateral 
posterior tooth in an individualized healing abutment, 
which was then replaced with the provisional crown. Pozza 
et al. [10] proposed a technique to realize a personalized healing 
abutment based on a failing posterior tooth to be replaced with 
a dental implant. However, this technique works only if a tooth 
with an adequately intact emergence profile is present. Both 
Noharet and Van Dooren [11] and Passos et al. [12] proposed 
an analogical-digital technique, where a fractured anterior tooth 
was replaced with an implant-supported crown replicating its 
emergence profile. However, this technique requires the presence 
of a tooth. From a broader point of view, the aim of all of these 
digital techniques is to reduce time wastage while improving 
the clinical performance of the prosthetic workflow [13]. 
Besides reducing surgical time, digital techniques allow for 
obtaining a more precise implant insertion, particularly in cases 
of reduced alveolar spaces. Younes et al. [14] reported that 
guided implant surgery achieves better accuracy compared with 
free-hand technique in partially edentulous patients. Moreover, 
a flapless surgical approach appeared to yield better results 
when combined with guided surgery [15]. However, open-flap 
surgery is necessary in cases of poor CBCT residual facial bone 

Figure 21. Right lateral view of the smile on delivery of the final 
prosthesis

visualization [16]. To achieve an esthetically pleasant final 
result, adequate prosthetic materials must be used, as well as 
the right dental technique. 3D printing allows for the realization 
of highly esthetic restoration [17], particularly when combined 
with modern dental materials [18].

5. Conclusion

Digital resources have become indispensable tools for 
dental professionals. The knowledge and use of technologies 
such as intraoral scanning and CBCT, combined with various 
innovations such as artificial intelligence offered in prosthetic 
and implant design software, enable dentists to manage 
particularly challenging interdisciplinary clinical cases 
with greater confidence. Computer-guided implant surgery, 
combined with digital tooth mirroring and appropriate ceramic 
dental techniques, allowed for the efficient resolution of this 
clinical case.

Figure 22. Left lateral view of the smile on delivery of the final 
prosthesis
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ABSTRACT

Background: Approximately all systemic therapies for childhood affect the immune system. The 
behavior of the immune system in leukemia patients following chemotherapy is not yet clearly 
defined. The probability of vaccination failure and the need for revaccination remain challenging 
for these patients.
Aim: To evaluate the humoral immunity against diphtheria, tetanus, and hepatitis B in children 
with acute lymphocytic leukemia (ALL) immediately and 6 months after chemotherapy.
Materials and Methods: In the present prospective cohort study, 21 patients with ALL referred 
to Mofid Children’s Hospital were studied immediately and 6 months after chemotherapy. Serum 
samples were collected from patients, and the levels of immunoglobulins (IgG, IgM, IgE, and IgA) 
antibodies against diphtheria, tetanus, and hepatitis B were determined using specific enzyme-
linked immunosorbent assay kits. The obtained data were analyzed using Statistical Package for 
Social Sciences 21 software.
Results: A total of 13 males and 8 females with an average age of 8.6 ± 2.5 years were included 
in the present study. Six months after chemotherapy, the mean level of IgG, IgM, IgE, and IgA 
displayed an increase of 563.1 units in IgG, 11 units in IgM, 11.3 units in IgE, and 5 units in IgA 
levels. Moreover, data revealed that 6 months after chemotherapy, the mean level of IgG antibodies 
displayed an increase of 7.09, 3.43, and 1.03 units against hepatitis B, diphtheria, and tetanus, 
respectively. A significant relationship was found between the antibody level against diphtheria and 
the age group of the patients (p = 0.003).
Conclusion: Humoral immune status was boosted after 6  months of chemotherapy, though all 
patients had some extent of lasting immune dysfunction. We indicate that survivors of childhood 
cancer have ongoing humoral immunological defects and may remain at risk for infectious 
complications after completion of therapy.
Relevance for Patients: The present study indicated that systemic therapies for pediatrics with 
leukemia affect the immune system. Pediatrics with leukemia may remain at risk for infectious 
complications after completion of therapy.

1. Introduction

Cancer is the second leading cause of death in children under 15, and leukemia is the 
most common type of cancer in this age group [1,2]. In leukemia patients, the humoral and 
cellular immune systems are impaired, and the patients are immunocompromised [3,4]. 
Various types of leukemia affect bone marrow (BM) cells and the immune system. 
For example, in chronic lymphocytic leukemia, mature B lymphocytes accumulate in 
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lymphoid organs, and the BM [5,6]. In addition, immune system 
dysfunction is an inevitable side effect of chemotherapy, which 
is used in the treatment of leukemia.

Chemotherapy uses potent cytotoxic and immune-suppressing 
agents to eliminate cancerous cells, but these drugs also affect 
normal BM cells, leading to a reduction in blood cells [7] and 
defects in the humoral immune system. The abnormality in 
the immune system after chemotherapy in leukemia patients 
lasts for a general period of 6–12  months after stopping the 
treatment [8]; however, long-term abnormalities have also been 
reported [9], and B lymphocytes are mainly sensitive to this side 
effect of chemotherapy [10,11]. Therefore, these patients appear 
to be highly susceptible to infection, even diseases they have 
been vaccinated for, such as diphtheria, tetanus, or hepatitis B.

Post-chemotherapy immune system dysfunction has been 
reported, but previous findings are not consistent [12,13]. The 
probability of vaccination failure and the need for revaccination 
remain challenging for these patients [14]. In this regard, the 
behavior of the immune system in leukemia patients following 
chemotherapy is not yet clearly defined. In the present study, 
we aimed to evaluate the humoral immunity against diphtheria, 
tetanus, and hepatitis B in pediatrics with leukemia immediately 
and 6 months after chemotherapy.

2. Materials and Methods

The present prospective cohort study included 21 children 
(13  males and 8  females) with acute lymphocytic leukemia 
(ALL). The patients were assessed at 1 and 6  months after 
therapy termination. The treatment process of all enrolled 
patients was performed based on the Acute Lymphoblastic 
Leukaemia: BFM 20001 Schema protocol [15]. Briefly, all 
patients were treated with a combination of vincristine sulfate, 
adriamycin, and methotrexate.

Patients with a history of stem cell transplantation or primary 
immune deficiency disease were excluded from this study. 
All participants provided written informed consent, and the 
Institutional Review Board approved the protocol and consent 
forms at Shahid Beheshti University of Medical Sciences 
(approval number: IRSBMU.MSP.REC.1399.473).

The following data were collected immediately after and 
6 months after the end of the chemotherapy: quantitative level of 
total immunoglobulins (IgG, IgM, IgE, and IgA), IgG antibody 
levels against diphtheria, tetanus, and hepatitis B, white blood 
cell (WBC) number, and neutrophil and lymphocyte percentages.

Serum samples were screened for IgG antibodies against 
diphtheria and tetanus using the commercial Human 
Diphtheria Antibody enzyme-linked immunosorbent assay 
(ELISA) Kit and Tetanus Toxoid IgG ELISA Kit, respectively 
(MyBioSource, United States of America [USA]). Furthermore, 
a hepatitis B antibody rapid test kit was used to identify the IgG 
antibody against the hepatitis B virus. All ELISA reactions were 
performed according to the manufacturer’s instructions.

The patients were categorized into two groups based on age: 
group 1: ≤8 years old; group 2: >8 years old. The relationship 
between the immune system-related factors and the age group 
and gender of the patients was evaluated.

Data were analyzed using Statistical Package for Social Sciences 
(SPSS) V19 software (SPSS Inc., USA). The Kolmogorov–Smirnov 
test evaluated the normal distribution of continuous variables. 
Parametric data are expressed as mean ± standard deviation. The 
Chi-square test and Spearman correlation were used to analyze 
data. For all analyses, a p < 0.05 is considered significant.

3. Results

3.1. Total IgA, IgE, IgG, and IgM

The mean age of the patients was 8.6 ± 2.5 years old. In general, 
6 months after chemotherapy, the mean level of IgG, IgM, IgE, 
and IgA exhibited an increase of 563.1 units in IgG level, 11 units 
in IgM, 11.3 units in IgE, and 5 units in IgA levels (Table 1). 
Changes in study variables 6  months after the completion of 
chemotherapy are presented in Table 2. Our analyses revealed 
that the IgM, IgE, and IgA levels were significantly increased 
after 6  months of chemotherapy compared to the immediate 
time after chemotherapy (p = 0.001), but the increment in IgG 
level was not significant (p = 0.336). Moreover, no statistically 
significant relationship was observed between the level of these 
IgG, IgM, IgE, and IgA and gender (Table 3).

3.2. IgG antibody levels against diphtheria, tetanus, and 
hepatitis B

In total, 6  months after chemotherapy, the mean level of 
IgG antibodies exhibited an increase of 3.43 and 1.03 units 

Table 2. Changes in study variables 6 months after the completion 
of chemotherapy
Variables Changes in variables

Increase, 
n (%)

Constant, 
n (%)

Decrease, 
n (%)

Serum levels of immunoglobulins
IgG 10 (47.6) 0 (0) 11 (52.4)
IgM 9 (42.85) 3 (14.3) 9 (42.85)
IgE 12 (57.1) 3 (14.3) 6 (28.6)
IgA 8 (38) 3 (14.3) 10 (47.6)

Antibody titer against diphtheria 11 (52.4) 4 (19) 6 (28.6)
Antibody titer against tetanus 3 (14.3) 5 (23.8) 13 (61.9)
Antibody titer against hepatitis B 1 (4.8) 5 (23.8) 15 (71.4)
WBC count 16 (76.2) 1 (4.8) 4 (19)
Neutrophil count 12 (57.1) 0 (0) 9 (42.8)
Lymphocyte count 10 (47.6) 0 (0) 11 (52.4)
Abbreviations: n: Number of patients; WBC: White blood cell.

Table 1. Changes in antibody levels
Antibody Antibody levels (unit) p‑value

Immediately after 
chemotherapy

6 months after 
chemotherapy

IgG 665.6±509.9 1228.7±1815.2 0.366
IgM 46.9±56.9 57.9±44.3 <0.001
IgE 29.3±80.5 40.6±77.7 <0.001
IgA 84.9±85.4 89.9±69.3 <0.001
Note: Antibody levels are presented by mean±standard deviation.
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against diphtheria and tetanus, respectively. In contrast, results 
indicated that the mean IgG antibody level against hepatitis B 
increased by 7.09 units compared to the immediate time after 
cessation of therapy (Table 3).

Our raw data analyses revealed that 6  months after 
chemotherapy cessation, one patient had the highest changes 
in IgG antibody levels against diphtheria (from 0.05 to 71), 
two patients had the highest changes in IgG antibody levels 
against tetanus (from 0.35 to 22.9; from 0.27 to >5), and four 
patients had the highest changes in IgG antibody levels against 
hepatitis  B (from 12 to 6; from 14 to 9.35; from 1 to >200; 
from 15 to 10).

Our analyses revealed that the changes in antibody levels 
against diphtheria, tetanus, or hepatitis B were not significant 
after 6  months compared to the immediate period following 
chemotherapy cessation (p = 0.157, 0.179, and 0.249, respectively; 
Table  3). No significant relationship was found between the 
antibody level against diphtheria, tetanus, or hepatitis B and the 
patient’s gender (Table 3). In contrast, a significant relationship 
was found between the antibody level against diphtheria and the 
age group of the patients (p = 0.003; Table 3).

3.3. Levels of immune system-related factors

Six months after the completion of chemotherapy, the 
average levels of WBCs and neutrophils increased by 
1121 n/mm3 and 1.77%, respectively. The average level of 

lymphocytes decreased by 0.01% after 6  months following 
chemotherapy cessation. The relationship between the levels 
of WBCs, neutrophils, and lymphocytes within the age group 
was not significant (p > 0.05). Changes in WBC number 
were significant (p = 0.001), but neutrophil (p = 0.516) and 
lymphocyte (p  =  0.262) levels did not change significantly 
after 6  months compared to the immediate period following 
chemotherapy cessation (Table  4). Six months following 
chemotherapy cessation, all patients enrolled in the analysis 
responded well to the treatment.

4. Discussion

The present study aimed to investigate the humoral immunity 
against diphtheria, tetanus, and hepatitis B in children with 
leukemia both immediately after chemotherapy and 6 months 
later. The mean of IgM, IgE, and IgA IgG, the total number of 
WBC significantly increased after 6  months; the mean level 
of antibodies against diphtheria, tetanus, and hepatitis B, as 
well as the lymphocyte and neutrophil levels, did not change 
significantly after 6  months in comparison to the immediate 
period following chemotherapy cessation.

Immunosuppression is a significant side effect of many 
antineoplastic drugs. The rebuilding of the immune system can 
differ depending on the nature of the disease, drug type and 
dosage, and the patient’s age [16]. In a cross-sectional study 
performed by Ek et al. [17], involving 31 children with ALL, it 
was revealed that the levels of IgG and IgM increased, whereas 
the level of IgA decreased at 6 months compared to 1 month 
following treatment cessation; contrary to our findings, these 
changes were not significant. An increase in IgG, IgM, IgE, and 
IgA levels after treatment cessation indicates immune system 
restoration, as demonstrated in various studies [8].

The findings of our study revealed that the levels of 
antibodies against hepatitis B and tetanus, IgG, IgM, IgE, IgA, 
and WBCs were not significantly different in the two age groups 
of patients (≤8 or >8). In line with our findings, Williams et al. 
studied 116 ALL patients with a median age of 6 years (range: 
2–17 years) at intervals of 6 months after chemotherapy up to 
18 months; no significant relationship was found between age 
and immune system reconstruction [18]. Our study was limited 
only to leukemia, and no categorization was performed based 
on the type of leukemia.

Our study investigated the relationship between gender, 
antibodies against diphtheria, tetanus, and hepatitis B, and IgG, 
IgM, IgE, and IgA levels 6 months after treatment cessation. In 

Table  4. Changes in white blood cell (WBC), neutrophils, and 
lymphocyte levels
Parameter Leukocyte count p‑value

Immediately after 
chemotherapy

6 months after 
chemotherapy

WBC (n/mm3) 5439±1619 6560±2089 0.001
Neutrophil (%) 49.19±14.93 50.96±8.84 0.516
Lymphocyte (%) 42.07±14.08 42.08±10.50 0.262
Note: WBC, neutrophil, and lymphocyte levels are presented as mean±standard 
deviation.

Table 3. Changes in antibody levels against diphtheria, tetanus, and 
hepatitis B
Parameter Antibody levels

Immediately after 
chemotherapy

6 months after 
chemotherapy

p‑value

Anti‑diphtheria (unit) 0.25±0.46 3.68±15.43 0.157
Male 0.22±0.28 6.67±19.62 0.123
Female 0.30±0.68 0.44±0.83 0.358
p 0.383 0.138
Age (years)

≤8 (n=10) 0.24±0.26 3.65±15.76 0.244
>8 (n=11) 0.27±0.35 0.98±0.43 0.003*

Anti‑tetanus (unit) 1.15±1.18 2.18±4.94 0.179
Male 1.04±1.08 1.26±1.71 0.349
Female 1.34±1.38 3.37±7.42 0.229
p 0.306 0.234
Age (years)

≤8 (n=10) 0.98±1.32 1.6±1.43 0.163
>8 (n=11) 1.29±1.15 2.98±8.4 0.258

Anti‑hepatitis B (unit) 10.76±16.75 17.85±44.61 0.249
Male 12.37±21.09 10.39±19.99 0.404
Female 8.13±5.21 30.10±69.12 0.192
p 0.252 0.239
Age (years)

≤8 (n=10) 10.87±18.88 13.46±43.61 0.432
>8 (n=11) 9.97±7.23 16.64±23.54 0.189

Note: Antibody levels are presented as mean±standard deviation. *p<0.05 indicates 
statistical significance.
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addition, Williams et al. revealed that there is no relationship 
between gender and the recovery rate of the immune system 
after chemotherapy cessation [18]. They also reported that the 
WBC level did not change significantly with increased time 
after treatment cessation.

The present study displayed increased levels of WBC, 
lymphocytes, and neutrophils 6  months after treatment 
cessation. Several studies confirmed this finding [8,18]. Perkins 
et al. investigated the immune system status immediately and 
6 months after treatment cessation in 20 patients with ALL and 
acute myeloid leukemia; it was reported that the number of 
WBCs decreased at both times, but this decrease is compensated 
to some extent after 6 months following treatment cessation [8]. 
In a study by Kosmidis et al., it was also reported that children 
experienced significant neutropenia during the first few months 
of treatment, but this is less common during maintenance 
chemotherapy [19]. However, lymphopenia with low levels of 
B and T cells is common and has been reported to persist for up 
to 6 months after treatment [14,19].

In this study, the average antibody level against diphtheria and 
tetanus increased 6 months after treatment, whereas the average 
antibody level against hepatitis B decreased. Although these 
changes were not significant, the immune system restoration 
resulted in increases in WBCs and IgG, IgM, IgE, and IgA 
in this study and previous studies [18,20], and an increase in 
antibody levels against diphtheria and tetanus was also expected. 
The decrease in antibodies against hepatitis requires further 
investigation; it may also return to the average level in a more 
extended period, as studies have reported that some changes 
in immune system reconstruction occur in the long term [19]. 
Collectively, we revealed improvement of the humoral immune 
system to some extent after 6  months of chemotherapy, but 
similar to Perkins et al., some degree of defects in the immune 
system were also reported [8].

One of the limitations of this research is that the sample 
patient population was small, and a study with a more significant 
population is warranted. In addition, this study did not separate 
the different types of leukemia, and it is recommended that 
future studies distinguish between these types for a more 
detailed investigation.

5. Conclusion

The findings of this study indicate that the status of the 
humoral immune system exhibits slight improvement 6 months 
after the end of chemotherapy compared to the initial assessment. 
In addition, there is no difference between age and the condition 
of the humoral immune system in the patients 6 months after 
chemotherapy treatment. We indicated that survivors of 
childhood cancer have ongoing humoral immunological defects 
and may remain at risk for infectious complications after 
completion of therapy.
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ABSTRACT

Background: Swelling after total knee arthroplasty (TKA) peaks between days 3 and 8. Peak 
swelling is associated with decreased strength and function.
Aim: The aim of the study was to investigate the feasibility and initial efficacy of an inelastic 
compression garment on attenuating peak swelling when applied immediately after TKA 
(immediate compression garment [ICG]).
Methods: The ICG group (n = 14) had the inelastic compression garment applied in the operating 
room after surgery and wore it for 12 h/day while awake for 21 days. The historical comparison 
group (n = 16) wore the same garment, which was donned 3 – 4  days after surgery (delayed 
compression garment). ICG feasibility outcomes at day 21 were safety, satisfaction, and adherence. 
Initial efficacy outcomes at days 4, 7, 14, 21, and 42 were swelling, quadriceps strength and 
activation, and pain. Hedges’ g effect sizes (ES) were calculated.
Results: One participant was removed from the study on day 7 due to deep vein thrombosis. 
Median satisfaction with ICG was 5/5, that is, very satisfied. On average, participants wore the 
garment for 11 h/day. ES favoring ICG were found for: (i) swelling at days 4 (ES = 0.26) and 14 
(ES = 0.17) only; (ii) quadriceps activation at days 21 (ES = 0.77) and 42 (ES = 0.72); and (iii) pain 
at days 14 (ES = 0.43), 21 (ES = 0.57), and 42 (ES = 0.42).
Conclusion: The use of an ICG after TKA appears feasible, though its effect on peak swelling 
(days 4 and 7) is unclear. All ES should be interpreted with caution due to the small sample size.
Relevance for Patients: Donning the garment immediately in the operating room demonstrates 
promising trends toward improved quadriceps activation and pain.

1. Introduction

Patients experience significant swelling after total knee arthroplasty (TKA). Swelling 
increases 10%/day, on average, for the first 3 days after surgery and then peaks at 25 – 47% 
between post-operative days 3 – 8 [1,2]. Even 90 days after surgery, swelling remains 11% 
higher than pre-operative values [1]. Swelling after TKA is associated with lower patient 
satisfaction [3] and is one of the most frequent reasons for emergency department visits 
shortly after surgery [4,5]. In addition, swelling after TKA is associated with decreased 
quadriceps strength and functional performance, such as reduced gait speed [1,6,7]. It is 
thought that the relationship between swelling and functional performance is mediated 
by quadriceps strength [1,6].
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Quadriceps strength loss after TKA is also significant, with 
patients experiencing up to a 60% loss in the 1st  month after 
surgery [8-10]. Pre-operative quadriceps strength levels are 
typically not regained for 6  months [9,10], and, perhaps most 
concerning, strength may never reach the levels of aged-matched 
peers without any history of knee pathology [11-15]. Early 
quadriceps strength loss after TKA is thought to be predominately 
due to the inability to fully activate the quadriceps muscle 
voluntarily, also known as arthrogenic muscle inhibition 
(AMI) [8,16,17]. AMI accounts for 65% of the variance in 
acute quadriceps strength loss after TKA and is thought to 
impede the effectiveness of voluntary strengthening during 
rehabilitation [8,17]. This could explain why even high-intensity, 
progressive resistance protocols after surgery have failed to 
mitigate quadriceps strength loss [18,19]. The mechanisms 
underlying AMI are not fully understood, but joint pain [8,16,20] 
and swelling [21-24] have been implicated. Pain and swelling 
may reduce the excitability of the quadriceps by affecting the 
afferent discharge of the joint sensory receptors [21].

Researchers and clinicians alike have attempted to 
mitigate swelling after TKA with little success. The use 
of cryotherapy has mixed findings, which may be due to 
variations in study methodology [25-29]. Similarly, the effect 
of kinesiotape [29-33], manual lymphatic drainage [33-36], 
or a combination of both [37] has been inconclusive. The 
use of elastic compression bandages, including modified 
Robert Jones bandages, has also proven ineffective after 
TKA [38-42]. Conversely, the use of an inelastic compression 
garment has recently displayed promise [36,43]. Carmichael 
et al. [36] found up to 54% less swelling in the first 21  days 
after TKA when compared to a control group that wore standard 
elastic, non-adjustable thromboembolic deterrent (T.E.D.) hose 
only. In this study, however, the inelastic compression garment 
was not applied until 3 – 4 days after surgery, potentially limiting 
its ability to maximally mitigate peak swelling. Peak swelling, 
not cumulative swelling, has been associated with decreased 
quadriceps strength and functional performance [7]. Applying 
the same inelastic garment immediately after surgery could 
further attenuate peak swelling and consequently improve patient 
recovery.

Therefore, the purpose of this study was to evaluate the 
feasibility of an inelastic compression garment donned in 
the operating room immediately after TKA (i.e., immediate 
compression garment [ICG]). In addition, we sought to 
investigate the initial efficacy of ICG on peak swelling, 
quadriceps activation, strength, and pain as compared to the 
Carmichael et al. [36] study that used the same garment applied 
3 – 4  days after surgery (i.e., delayed compression garment 
[DCG]). We hypothesized that ICG would be feasible, and, 
when compared to DCG, it would have lower peak swelling, 
superior quadriceps activation and strength, and reduced pain.

2. Methods

2.1. Study design and participants

This was a prospective feasibility study with a comparison 
to a historical cohort (DCG). The ICG and DCG cohorts had 

the same inclusion and exclusion criteria. Participants between 
the ages of 50 and 85 years, who were undergoing a primary 
unilateral TKA secondary to end-stage osteoarthritis, were 
consecutively recruited. They were excluded if they had any of 
the following: (i) discharge to a location other than home after 
surgery; (ii) history of heart failure, lymphatic insufficiency, 
hepatic disease, pre-existing pitting edema, varicose vein 
ligation, or any other condition associated with chronic swelling 
of either lower extremity; (iii) uncontrolled diabetes; (iv) body 
mass index (BMI) >40 kg/m2; (v) no caregiver or the inability to 
touch toes, which may affect donning/doffing the compression 
garment; or (vi) any ongoing neurologic, cardiac, or other 
unstable orthopedic conditions that limit the function or ability 
to participate in outcome measures testing. ICG participants 
were recruited from April 2021 to July 2022 by two orthopedic 
surgeons from one institution in the Denver metro area.

2.2. Interventions

2.2.1. Inelastic compression garment

Both ICG and DCG cohorts were measured with the inelastic 
compression garment 1 – 2 weeks before surgery as part of their 
baseline testing session. The garment (CircAid Juxtafit upper 
leg and knee garment combined with a lower leg garment; Medi 
USA, United States of America [USA]) has adjustable straps 
that enable quick and precise setting of various compression 
ranges using a standardized garment tensioning tool (Figure 1). 
Throughout the intervention period, the garment straps were 
applied using gradient compression to promote venous and 
lymphatic return using the following pressures: 40  mmHg 
(lower leg), 30 mmHg (knee), and 20 mmHg (thigh). Participants 
were trained in garment donning/doffing preoperatively. They 
were asked to wear the garment for 12 waking hours each day, 
removing it at night to sleep. They could remove the garment for 
brief periods throughout the day for hygiene and rehabilitation, 
as needed. Finally, they were asked to wear the garment until 
post-operative day 21.

Figure 1. Inelastic compression garment
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2.2.2. Timing of initial garment donning

The DCG group did not don the garment until 3 – 4  days 
after surgery. The ICG group donned the garment immediately 
after surgery in the operating room, assisted by an orthopedic 
physician assistant, a surgical assistant, or a professional research 
assistant. Approximately 2 h later, a research assistant assessed 
the participant to ensure proper garment application and to answer 
any participant questions. The participant was instructed to leave 
the garment on until the following evening (i.e., bedtime of post-
operative day 1) and then to wear it for 12 waking hours per day.

2.2.3. Rehabilitation

Participants in both groups were instructed in a home exercise 
program designed to promote frequent pumping of calf and thigh 
musculature to aid in (i) venous and lymphatic return and (ii) knee 
range of motion (ROM). Participants were asked to perform 
ankle pumps for 1 min, a minimum of 5 times daily. In addition, 
they were asked to perform 10 repetitions of a knee flexion 
exercise, a minimum of 5 times daily. The knee flexion exercise 
was chosen by the participant from one of the following, with 
the option to choose a different exercise at any time: heel slides, 
floor scrubs, or stair stretch (Table S1). These exercises were 
performed with the garment in place, but the participant could 
loosen select straps around the knee joint to allow more ROM, if 
necessary. Finally, all participants also received standard-of-care 
outpatient rehabilitation separate from this study.

2.3. Outcome measures

Feasibility of ICG was assessed by safety, average daily wear 
time of the garment, adherence to the prescribed garment wear 
time of 12 h/day, and participant satisfaction with the garment. 
To investigate initial efficacy, ICG and DCG were both tested 
at baseline (1 – 2 weeks preoperatively) and postoperatively on 
days 4, 7, 14, 21, and 42 (Figure 2).

2.3.1. Safety

Safety was assessed by recording serious adverse events 
related to the ICG protocol (e.g., deep vein thrombosis, infection, 
skin necrosis, delayed wound healing, or manipulation under 
anesthesia to address knee ROM limitations) throughout the 
study, that is, 42 days.

2.3.2. Daily wear time and adherence

Average daily wear time and adherence were determined 
by self-report logs that were collected weekly to increase the 

accuracy of reporting. Average daily wear time was calculated 
by dividing the sum of the hours the garment was worn each 
day by the total number of possible days during the intervention 
period, that is, 21 days. Adherence to the prescribed daily wear 
time of 12 h was calculated from 0 to 100% by dividing the total 
number of days the garment was worn for at least 12 h by the 
total number of possible days during the intervention period. 
Both were then reported as the mean, standard deviation (SD), 
and the 95% confidence interval (CI).

2.3.3. Satisfaction

Satisfaction with the garment was measured on completion 
of the intervention period using a five-point Likert survey, 
including completely dissatisfied (1), somewhat dissatisfied (2), 
neither dissatisfied nor satisfied (3), somewhat satisfied (4), and 
completely satisfied (5). It was then reported as median and range.

2.3.4. Swelling

The swelling was measured at days 4, 7, 14, 21, and 42 days after 
surgery by a single frequency bioelectrical impedance assessment 
(SF-BIA) using an RJL Systems Quantum® (USA) device, as 
further described in the study by Carmichael et al. [36] SF-BIA 
is a reliable and responsive measure of total limb swelling after 
TKA [44]. The device delivers a 2.5 µA alternating current at a 
frequency of 50 kHz. The level of impedance met by the current 
will fluctuate with the presence of swelling in the lower extremity. 
Lower levels of impedance represent greater levels of swelling. 
Using a ratio of the impedance of the involved limb to the 
uninvolved limb accounts for body composition, fluid shifts, and 
hydration status, allows any changes in impedance between time 
points to be attributed to changes in limb swelling. Therefore, 
swelling values at each time point are presented as the percent 
difference between limbs and calculated as:

involved bioelectrical 
impedance assessment

uninvolved bioelectrical 
impedance asses

Swel

sment

ling 1  100

 
 
 − × 
 
 


=

 � (I)

Given that swelling is known to peak at 3 – 8  days after 
surgery, swelling measurements at days 4 and 7 were used to 
specifically consider ICG’s effect on peak swelling.

2.3.5. Quadriceps strength and activation

Quadriceps strength and activation were evaluated 
on days 21 and 42. Quadriceps strength was assessed by 

Figure 2. Immediate compression garment intervention and testing timeline 
Abbreviations: HEP: Home exercise program; TKA: Total knee arthroplasty
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maximum voluntary isometric contraction (MVIC) using an 
electromechanical dynamometer (HUMAC NORM; CSMi, 
USA) at 60° of knee flexion. To ensure maximal strength was 
recorded, testing was repeated, with 1 min rest between trials, 
until the readings from two trials were within 5% of each other. 
The trial with the highest torque was utilized for data analysis, 
after normalization [45]. Data were collected with a BIOPAC 
Data Acquisition System (Biodex Medical Systems Inc, USA) 
at 2000  samples/s and analyzed with Acknowledge software, 
version  5.0 (Biodex Medical Systems Inc, USA). Voluntary 
activation of the quadriceps was assessed using the doublet 
interpolation technique, where a supramaximal stimulus is 
applied (Grass S48 stimulator and SIU8T stimulus isolation unit, 
Grass Instruments Co, USA) during quadriceps MVIC testing 
and again immediately afterward while the muscle is at rest [45]. 
Stimulus parameters were two pulses, a pulse duration of 600 µs, 
and a frequency of 100 pulses/s. Full voluntary activation of the 
quadriceps is 100%, whereas anything less than this represents 
an activation deficit. As this laboratory assessment of quadriceps 
activation is not feasible early after surgery, the quadriceps 
activation battery (QAB) was conducted on day 4 [46]. The 
QAB consists of the following three clinical tests, each scored 
from 0 to 2: Isometric quadriceps contraction, straight leg raise, 
and quadriceps extension lag. Isometric quadriceps contraction 
was tested with the participant in supine and the surgical knee 
in full available extension ROM. It was scored as 0 (unable to 
initiate any contraction), 1 (poor contraction with no superior 
patellar movement), or 2 (strong contraction with visible 
superior movement of the patella). Straight leg raise was tested 
with the participant in supine, the surgical knee in full available 
extension ROM, and the contralateral knee bent to 90°. It was 
scored as 0 (unable to lift the heel off the table), 1 (able to lift 
the heel two feet off the table, but unable to maintain knee in full 
available extension ROM), or 2 (able to lift the heel off the table 
and maintain the knee in full available extension ROM). The 
quadriceps extension lag was tested with the participant sitting 
upright at the edge of a table. The surgical knee was passively 
extended by the tester to <5° the available extension ROM. The 
participant was then instructed to hold this position while the 
tester withdrew support. It was scored as 0 (unable to keep the 
surgical knee from bending without tester support), 1 (able to 
maintain knee extension but for <1 s and able to slow the leg’s 
descent into further flexion without tester support), or 2 (able to 
maintain knee in extension for >1 s). The total score is the sum of 
the three tests ranging from 0 to 6. Scoring ≤ 3 on the QAB 4 days 
after surgery is significantly related to: (i) poorer quadriceps 
activation 1  month after surgery; and (ii) poorer strength and 
functional performance 1 – 2 months after surgery [46].

2.3.6. Pain

The Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) is one of the most commonly utilized patient-
reported outcome measures after TKA [47]. It can assess three 
components of TKA recovery: pain, stiffness, and function. In 
this study, the self-reported pain of the surgical knee was assessed 
using the WOMAC pain sub-score on days 14, 21, and 42. The 

WOMAC pain sub-score includes five questions, each scored as 0 
(none), 1 (mild), 2 (moderate), 3 (severe), or 4 (extreme). The total 
pain sub-score ranges from 0 to 20, with a lower score indicating 
less pain.

2.4. Power and sample size

A large effect size (ES) (>1.0) was found for DCG on 
swelling compared to controls without an inelastic compression 
garment [36]. The anticipated ES of ICG on swelling compared 
to DCG was unknown, but we believed that it would be at least 
0.3. Given this anticipated ES (>0.3), 80% power, and type I error 
rate of 0.05, Whitehead et al. [48] recommended a minimum 
of 10 participants per cohort in a pilot study to more precisely 
estimate the variability of a treatment effect. Therefore, we set 
our minimum sample size for ICG to 10 participants.

2.5. Data analysis

The ICG and DCG groups were compared at baseline for 
age, BMI, swelling, quadriceps strength and activation, and 
WOMAC pain using the Wilcoxon rank sum test. The differences 
between all post-operative time points and baseline were 
calculated for the same outcomes and assessed for normality 
statistically using the Shapiro–Wilk test and visually using 
histograms. Initial efficacy for ICG was assessed with Hedges’ 
g ES for total limb swelling, quadriceps strength, quadriceps 
activation, and WOMAC pain. ESs were classified as small if g 
≤0.2, as medium if 0.21 ≤ g ≤ 0.79, or as large if g ≥0.8 [49]. The 
proportion of participants in each group scoring ≤ 3 and ≥ 4 on 
the QAB were compared using Fisher’s exact test.

3. Results

Participant baseline characteristics can be found in Table 1. 
A  total of 14 participants were enrolled in the ICG protocol 
(62.3 ± 8.3 years; nine females). One participant self-selected 
to wear the garment only while sleeping during the third post-
operative week due to claustrophobia. An additional participant 
was instructed by a non-study provider during the third post-
operative week to only wear the garment while sleeping due 
to poor ROM progress. Therefore, the data from days 21 and 
42 were not included in the analysis for these two participants. 
Finally, one participant was removed from the study during the 
second post-operative week due to deep vein thrombosis (DVT), 
resulting in no data available for days 14, 21, and 42. There 
were 16 participants in the DCG group (64.7 ± 7.1; 12 females).

No significant differences were found between groups at 
baseline for age, BMI, swelling, or quadriceps strength (Table 1). 
ICG had statistically significantly lower quadriceps activation 
than DCG at baseline with median values of 57.9% and 84.6%, 
respectively (p = 0.01). The ICG group also had statistically 
significantly higher WOMAC pain than DCG at baseline with 
median values of 9.0 and 7.5, respectively (p = 0.03).

3.1. Feasibility of ICG

In addition to the DVT reported above, it should be noted that 
the two participants who wore the garment during sleeping hours 
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Table 1. Participant baseline characteristics
Characteristic ICG DCG p‑valuea

Median (IQR) Mean (SD) Median (IQR) Mean (SD)

Age, years 64.5 (15.0) 62.3 (8.3) 65.0 (10.0) 64.7 (7.1) 0.40
BMI (kg/m2) 29.5 (9.4) 28.6 (5.2) 28.9 (7.3) 29.8 (4.9) 0.66
Swelling (%) 0.6 (8.4) 0.3 (8.0) −1.7 (5.0) ‑2.5 (4.9) 0.35
Quadriceps strength (Nm/kg) 0.9 (0.4) 1.1 (0.5) 1.0 (0.6) 1.2 (0.5) 0.72
Quadriceps activation (%) 57.9 (31.9) 61.3 (18.4) 84.6 (14.5) 79.6 (16.4) 0.01b

WOMAC pain 9.0 (5.0) 9.6 (3.7) 7.5 (2.5) 7.4 (2.6) 0.04b

Note: ap‑value, Wilcoxon rank sum; bstatistically significant at p<0.05.
Abbreviations: ICG: Immediate compression garment; DCG: Delayed compression garment; IQR: Interquartile range; SD: Standard deviation; BMI: Body mass index; WOMAC: Western 
Ontario and McMaster Universities osteoarthritis index.

underwent manipulation under anesthesia (MUA) to address 
knee ROM limitations. On average, participants indicated they 
wore the garment for 11 ± 2  h/day (95% CI: 10 – 12). They 
were only adherent to wearing the garment for the prescribed 
12-h wear time, on average, 64 ± 37% of the time (95% CI: 
43–85%). Median satisfaction with the garment was 5/5 (i.e., 
very satisfied) on the five-point Likert scale (range: 4 – 5).

3.2. Initial efficacy

The mean and SD for all outcomes at all-time points are listed 
in Table S2. A summary of ES at all-time points can be found 
in Table 2. For swelling, a medium and a small ES were found 
in favor of ICG at days 4 and 14, respectively. Conversely, 
ES for swelling at days 7, 21, and 42 were found in favor of 
DCG. ES for all other outcomes and time points favored ICG. 
Small ES were found for quadriceps strength and medium ES 
for quadriceps activation at days 21 and 42. Medium ES was 
found for WOMAC pain on days 14, 21, and 42. A significantly 
greater proportion of ICG scored ≥ 4 on the QAB compared to 
DCG (100% vs. 63%, respectively; p = 0.02).

4. Discussion

This study evaluated the feasibility and initial efficacy of 
applying an inelastic compression garment in the operating 
room immediately after TKA. The effect of immediate 
application (ICG) on peak swelling remains unclear, but this 
study supports the use of an inelastic compression garment to 
mitigate total limb swelling in the first 3 weeks after surgery. 
The immediate application demonstrated promising trends 
toward improved early quadriceps activation and pain. Future 
research is warranted to conclusively evaluate efficacy as our 
small sample size was not designed to do so.

The ICG appears feasible after TKA. All ICG participants 
indicated they were completely or somewhat satisfied with 
the compression garment, that is, 4 – 5/5 on the Likert scale, 
which is consistent with the satisfaction reported in DCG [36]. 
Average adherence to the prescribed wear time of 12 hours per 
day over the intervention period was only 64% for ICG. Instead, 
participants recorded wearing the garment for 10.9  hours on 
average per day, with some indicating that they were simply 
not awake for 12  hours. The 12-hour wear time was chosen 
arbitrarily based on an estimate of the amount of time that 

participants would be awake each day with the surgical limb 
in a gravity-dependent position and potentially accumulating 
swelling. Our findings suggest that a 12-hour wear time may 
not be feasible, but also that 12  hours may not be necessary, 
since swelling mitigation in ICG was similar to that found in 
DCG. Future studies should consider a shortened daily wear 
time to better accommodate participants’ natural daily waking 
hours and to improve adherence. While it is unfortunate that 
one participant experienced DVT while enrolled in this study, it 
is not appropriate to assume a causal relationship between the 
two. DVT after TKA occurs at a rate of 0.5% – 0.9% [50,51], 
suggesting that this event may be due to chance alone. Similarly, 
rates of MUA after TKA range from 0.6% to 4.2% [52,53]. 
Both of the participants in this study who wore the garment 
while sleeping went on to have MUA, but this does not imply 
causality. In addition, no DVTs or MUAs occurred in the DCG 
group [36]. Nevertheless, future studies should report adverse 
event rates with particular attention to DVT and MUA.

The ES for swelling at days 4 and 14 favored ICG, while the 
remaining time points favored DCG. When looking at the raw 
data, the ICG and DCG groups appear similar in their ability 
to mitigate swelling compared to a historical control cohort 
that only wore elastic T.E.D. hose (Figure  3) [2,36]. While 
it is unclear if ICG was able to mitigate peak swelling to a 
greater extent than DCG, our findings demonstrate the effect 
that an inelastic garment can have on swelling after TKA. In 
addition, early application would still be preferred in future 
studies, given the trend toward improved activation and the 
ease of donning the garment while the patient is still within 
their surgical episode of care. Applying the garment 3 – 4 days 
after surgery necessitates a clinic visit, which may not align 
with typical care pathways.

There appears to be a trend towards better WOMAC pain 
scores for ICG than DCG, with medium ES ranging from 0.42 to 
0.57 for days 14 – 42 (Table 2). This should be interpreted with 
caution, as ICG had significantly higher pain scores at baseline 
than DCG (mean: 9.6 vs. 7.4, respectively) (Table 1), suggesting 
that ICG had more room for improvement. Future research 
should also examine narcotic pain medication usage to better 
assess the relationship between ICG and pain amelioration.

The ICG does not appear to have had a significant effect on 
quadriceps strength with small between-group mean differences 
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Table 2. Effect size estimates at post‑operative days 4, 7, 14, 21, and 42
Outcome Time 

point
ICG DCG Hedges’ g effect sizec 

(95% CI)
Between‑group mean 
difference (95% CI)d

n Mean 
differencea

SD n Mean 
differenceb

SD

Swelling (%) Day 4 14 27.20 10.65 16 30.27 12.17 0.26 (−0.44 to 0.96) −3.08 (−11.69 to 5.53)
Day 7 11 22.20 10.71 16 21.71 8.98 −0.05 (−0.79 to 0.70) 0.49 (−7.34 to 8.32)
Day 14 13 16.50 12.65 16 18.53 10.72 0.17 (−0.54 to 0.88) −2.03 (−10.93 to 6.87)
Day 21 11 17.03 10.84 16 14.55 7.60 −0.27 (−1.01 to 0.48) 2.48 (−4.81 to 9.77)
Day 42 11 18.84 11.46 15 18.26 9.27 −0.06 (−0.81 to 0.70) 0.58 (−7.81 to 8.97)

Quadriceps 
strength (Nm/kg)

Day 21 11 −0.41 0.34 16 −0.46 0.39 0.13 (−0.61 to 0.88) 0.05 (−0.25 to 0.35)
Day 42 11 −0.21 0.30 15 −0.24 0.40 0.07 (−0.68 to 0.83) 0.03 (−0.27 to 0.32)

Quadriceps 
activation (%)

Day 21 11 12.23 12.16 15 −3.24 23.20 0.77 (−0.01 to 1.56) 15.47 (0.91 to 30.03)
Day 42 11 16.86 13.08 13 7.20 12.99 0.72 (−0.09 to 1.52) 9.66 (−1.42 to 20.73)

WOMAC pain Day 14 10 −1.60 4.55 16 0.13 3.40 0.43 (−0.34 to 1.21) −1.73 (−4.95 to 1.50)
Day 21 11 −2.73 4.17 16 −0.63 3.16 0.57 (−0.19 to 1.33) −2.10 (−5.01 to 0.80)
Day 42 11 −3.64 4.18 16 −2.06 3.21 0.42 (−0.33 to 1.17) −1.57 (−4.50 to 1.35)

Note: amean difference=ICG post‑operative day x – ICG baseline; bmean difference=DCG post‑operative day x – DCG baseline; cfor clarity, effect sizes have been standardized so 
that positive values favor ICG and negative values favor DCG; dbetween‑group mean difference = (ICG mean difference) – (DCG mean difference). Abbreviations: ICG: Immediate 
compression garment; DCG: Delayed compression garment; SD: Standard deviation; CI: Confidence interval; WOMAC: Western Ontario and McMaster universities osteoarthritis index.

Figure 3. Changes in swelling over time for immediate compression 
garment, delayed compression garment, and elastic thromboembolism-
deterrent garment

and ES noted at days 21 and 42 (Table 2). However, there appears 
to be a trend toward greater quadriceps activation for ICG at both 
of these time points (ES = 0.77 and 0.72, respectively). Notably, 
ICG had significantly lower activation compared to DCG at 
baseline and, thus, more room for improvement. However, this 
trend is possibly corroborated by the QAB data collected 4 days 
after surgery, revealing that 100% of ICG scored ≥ 4 compared to 
only 63% for DCG. Interestingly, Bade et al. [46] found that only 
46% of participants scored ≥ 4 on the QAB 4 days after surgery 
when they received no specific intervention to address swelling or 
activation (e.g., no compression garment). This suggests that the 
inelastic compression garment might positively affect quadriceps 
activation in the acute post-operative period theoretically by 
minimizing swelling and quadriceps AMI. Future research is 
warranted to conclusively determine the impact that improved 
early activation may have on quadriceps strength and function.

Finally, there is a need to determine the impact of an 
inelastic compression garment on other outcomes that have 
been associated with swelling after TKA, for example, patient 

satisfaction [3] and early emergency department visits [4,5]. 
Dissatisfaction after TKA is between 8% and 19%, with 
actual rates possibly higher than reported in the literature [54]. 
In addition, in the first 90  days after TKA, the incidence of 
emergency department visits is between 10.8% and 13.8%, 
with swelling of the surgical limb being one of the most 
common reasons for seeking medical care [4,5]. It remains to 
be determined whether minimizing swelling in the early post-
operative period can impact (i) long-term residual swelling and 
satisfaction, and (ii) the incidence of emergency department 
visits and healthcare costs following TKA.

Nonetheless, the study had several limitations. The primary 
aim of this study was to assess the feasibility of ICG among 
a small sample of TKA recipients. Thus, the study was not 
adequately designed to definitively evaluate the efficacy of ICG 
compared to DCG. All ESs presented should be interpreted 
in light of this limitation. The 95% CI for all ES includes 0, 
indicating that the true ES could favor either group for all 
outcomes. In addition, since we used a historical control 
(DCG), there were statistically significant baseline differences 
between groups for quadriceps activation and WOMAC pain. 
Future research should focus on randomized controlled trials 
with appropriate power to definitively evaluate efficacy and 
minimize baseline differences between groups.

5. Conclusion

The ICG appears feasible after TKA. The effect of immediate 
application on peak swelling remains unclear, but this study 
supports the use of an inelastic compression garment to 
mitigate total limb swelling in the first 3 weeks after surgery. 
The immediate application demonstrated promising trends 
toward improved early quadriceps activation and pain. Based 
on these results, a future full-scale study will be conducted with 
sufficient power to conclusively evaluate the efficacy of ICG on 
peak swelling after TKA.
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Table S1. Home exercise program
Exercise Demonstration

Ankle pumps:
Perform for 1 min; 5+times per day

 
Knee flexion exercise (choose any):
Perform 10 repetitions; 5+times per day
Heel slides

Floor scrubs

Stair stretch
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Table S2. Statistics at all time points
Time 
point

Statistic Swelling 
(%) 

Quadriceps 
strength 
(Nm/kg)

Quadriceps 
activation 

(%)

WOMAC 
pain 

ICG DCG ICG DCG ICG DCG ICG DCG

Baseline n 14 16 14 16 14 16 14 16
Mean 0.3 −2.5 1.1 1.2 61.3 79.6 9.6 7.4
SD 8.0 4.9 0.5 0.5 18.4 16.4 3.7 2.6

Day 4 n 14 16 ‑ ‑ ‑ ‑ ‑ ‑
Mean 27.5 27.8 ‑ ‑ ‑ ‑ ‑ ‑
SD 10.1 9.7 ‑ ‑ ‑ ‑ ‑ ‑

Day 7 n 11 16 ‑ ‑ ‑ ‑ ‑ ‑
Mean 22.6 19.3 ‑ ‑ ‑ ‑ ‑ ‑
SD 9.1 7.8 ‑ ‑ ‑ ‑ ‑ ‑

Day 14 n 13 16 ‑ ‑ ‑ ‑ 12 16
Mean 16.3 16.1 ‑ ‑ ‑ ‑ 7.0 7.5
SD 9.5 9.4 ‑ ‑ ‑ ‑ 2.0 2.6

Day 21 n 11 16 11 16 11 15 11 16
Mean 16.8 12.1 0.6 0.7 72.3 76.3 5.8 6.8
SD 8.5 8.6 0.3 0.3 14.1 15.8 2.6 2.5

Day 42 n 11 15 11 15 11 13 11 16
Mean 18.6 15.8 0.8 0.9 77.0 88.0 4.9 5.3
SD 11.3 9.9 0.3 0.4 10.5 6.7 2.2 2.7

Abbreviations: WOMAC: Western Ontario and McMaster universities osteoarthritis 
index; ICG: Immediate compression garment; DCG: Delayed compression garment; 
SD: Standard deviation.
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Processed microvascular tissue improves healing in a case series of 
challenging wounds

Jonathan F. Arnold1*, Douglas M. Arm2

1The Healing Center at Mercy Medical Center, Cedar Rapids, Iowa, United States of America, 2MicroVascular Tissues, Inc., San Diego, 
California, United States of America 
(This article belongs to the Special Issue: Innovations in Wound Healing)

ABSTRACT

Background: Healthy microvasculature provides nutrient and oxygen delivery and removes waste 
metabolites critical for sustained tissue viability and function after wound healing. Processed 
microvascular tissue (PMVT), a novel allograft, aims to directly address the compromised 
microvasculature found in chronic and complex wounds.
Aim: Building on a Level 1 randomized controlled trial demonstrating improved healing and 
lower extremity sensation with PMVT in neuropathic diabetic foot ulcers, along with a sub-study 
demonstrating increased wound area blood flow, this article details the authors’ clinical experience 
with PMVT in a case series of challenging wounds, including diabetic foot ulcer, Charcot foot 
ulcer, venous leg ulcer, and Mohs surgical wound cases.
Methods: Patients received weekly or semi-weekly topical PMVT treatment until wound 
sites demonstrated active healing with evidence of good microcirculation and progressing re-
epithelialization. In all cases, PMVT was covered with a non-adherent dressing and left untouched 
between visits. Patients were directed not to change the wound dressing, to comply with standard 
care guidance appropriate for each of their wounds, and to return weekly for assessment of the 
wound and (if needed) reapplication of the PMVT product. Wound size was measured using a ruler 
at each visit.
Results: Closure criteria were 100% epithelialization with no maceration, exudate, or signs of 
infection. The topical application of PMVT successfully healed all challenging or at-risk wounds 
evaluated in this clinical case series.
Conclusion: By repairing the deficient local microvasculature within and around the wounds, 
PMVT was able to facilitate the delivery of oxygen and nutrients to the ulcer and enable healing.
Relevance for Patients: PMVT demonstrates the potential to be a strong advanced wound care 
technology for the treatment of chronic and complex wounds that are refractory to standard care.

1. Introduction

Normal wound healing involves several sequential yet overlapping steps: hemostasis; 
inflammation; migration, attachment, and proliferation of responding cells; angiogenesis; 
re-epithelialization; and tissue remodeling [1-3]. Chronic non-healing wounds generally 
fail to progress through the normal stages of healing, remaining stuck in the inflammation 
stage. These affect about 3 – 6 million people in the United States of America (USA), 
resulting in healthcare expenditures exceeding $3 billion/year [4].

Patients with a compromised blood supply are prone to developing ischemic tissue, 
especially in the lower extremities furthest from the heart that also bear the burden of 
supporting the body’s weight, creating a dangerous combination that leaves patients 
susceptible to chronic skin wounds. The lack of vascularity in this tissue limits 
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migration of responding cells to the wound site, hindering 
repair. In addition, the oxygen-deprived environment impairs 
the healing ability of the cells that do arrive [5]. As in all 
wounds, a functioning microcirculation that provides adequate 
tissue oxygenation is essential for healing. Wound healing, 
microvascular ingrowth into a non-healing site, and general 
tissue repair all require an effective extracellular matrix (ECM) 
scaffold.

During normal wound healing, angiogenesis leads to tissue 
revascularization and the establishment of a functioning 
microcirculation to deliver oxygen and nutrients required for 
proper tissue repair, along with the removal of waste metabolites 

and combating microbial burden [5]. The microvasculature, 
composed of small blood vessels (arterioles, capillaries, and 
venules), ECM proteins that form the basement membrane and 
vessel structure, and inherent cells (multipotent cells, endothelial 
cells, pericytes, fibroblasts, and smooth muscle cells), serves as 
the foundation for granulation and remodeling during wound 
healing [6-8]. Microvascular ECM proteins form the basic 
structure of blood vessels and provide physical scaffolding, 
mechanical stability, and biochemical cues necessary for tissue 
to form and maintain stability [9,10]. The ECM is capable of 
modulating a whole host of processes, including cell migration, 
attachment, differentiation, and repair [11].

Repair of damaged microvascular structure and restoration 
of adequate blood flow to provide oxygen and nutrients to 
the site is essential to promote healing and minimize tissue 
breakdown in the newly epithelialized wound. Formation of 
a new neurovascular network after tissue injury is critical 
for wound resolution and maintaining tissue viability and 
function. Advanced age, diabetes, and radiation treatments 
are all conditions that manifest in deficient or dysfunctional 
microvasculature, which can compromise the healing process, 
leading to poor tissue quality and impaired healing in these 
patient populations.

Processed microvascular tissue (PMVT) is a microvascular 
tissue structural allograft (mVASC®; MicroVascular Tissues, 
Inc., USA) consisting of lyophilized and terminally sterilized 
allogeneic microvascular tissue ECM harvested from the 
hypodermal tissue of cadaveric human donors. It is packaged 
as a lyophilized disk in a sealed glass vial for single-patient 

Figure 1. Application of processed microvascular tissue (PMVT). The 
sterile, lyophilized PMVT disk can be removed from the vial, broken 
into pieces if desired, and applied topically in dry form to a surface 
wound site.

Figure 2. Progression of metatarsal diabetic foot ulcer. (A) Images demonstrating that weekly topical application of processed microvascular 
tissue through week 6 rapidly healed the ulcer, leading to complete closure by week 10. (B) Graph detailing the healing rate of the closing ulcer by 
area and volume.
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use and can be topically applied in a dry form to the surface of 
the wound (Figure 1). PMVT is isolated through a proprietary 
process that involves cutting, cleaning, isolation, lyophilization, 
and sterilization of the harvested tissue, and is intended to 
improve blood flow through the repair and reconstruction 
of microvascular tissue, by serving as a scaffold for cellular 
invasion and capillary growth. The benefits of improved 
microcirculatory blood flow may be particularly impactful on 
patients with compromised microvasculature.

Preclinical studies of PMVT demonstrated angiogenesis 
support and significantly increased healing rates in rodent 

models of pressure injury and ischemia [12,13]. In a robust 
Level 1, prospective, randomized, controlled, and multicenter 
clinical trial involving 100 diabetic patients with non-healing 
Wagner Grades 1 and 2 neuropathic foot ulcers (the “HIFLO 
Trial”), the weekly topical application of PMVT resulted in 
significantly increased complete wound closure at 12  weeks 
compared to the standard-of-care group (74% vs. 38%; P = 
0.00029, with a nine-fold increased odds of healing). Sub-
studies also demonstrated improved wound area perfusion 
and increased levels of sensation and tissue quality in this 
neuropathic patient population [14,15]. Here, we report on 
real-world clinical experiences with PMVT in a case series of 
five challenging non-healing wounds.

2. Methods

All patients received weekly or semi-weekly topical PMVT 
treatment until wound sites closed or demonstrated active 
healing with evidence of good microcirculation and progressing 
re-epithelialization. In all cases within this series, PMVT 
was covered with a non-adherent dressing and left untouched 
between visits. Patients were directed not to change the wound 
dressing, to comply with standard care guidance appropriate for 
each of their wounds, and to return weekly for assessment of 
the wound and (if needed) reapplication of the PMVT product. 
Wound size was measured using a ruler at each visit, and, when 
appropriate, wound depth was determined using a DM Stick 
foam-tipped measuring device (Puritan, USA). Closure criteria 
were 100% epithelialization with no maceration, exudate, or 
signs of infection.

As this case series was conducted under the standard 
practice of medicine with a commercial human tissue 
product for each respective application, no additional ethical 
regulations or formal research protocol were required, nor were 
the cases added to a public database. All facility procedures 
for obtaining patient consent for treatment were followed, 
and release forms to allow data and image publication were 
obtained from each patient.

3. Results

3.1. Case 1: Stimulation of perfusion and healing using PMVT 
in a refractory metatarsal diabetic foot ulcer

Despite growing efforts to adopt a “limb preservation” 
approach in wound clinics, amputations are an increasingly 
unwanted complication of non-healing foot ulcers in diabetic 
patients and are known to have a 50% mortality rate within 
5 years [16]. When amputation is necessary, a transmetatarsal 
amputation (TMA) (as opposed to a below-the-knee amputation) 
may be justified when macrovascular blood flow to the foot is 
sufficient. However, patients with TMA are at high risk of skin 
breakdown or higher amputation, especially when vascular 
deficiency is present [17,18].

In this case, the patient, a 57-year-old male with poorly 
controlled type  2 diabetes who had a prior right foot TMA, 
presented with a DFU on his fifth metatarsal at the TMA 
site. Following 6  months of unsuccessful treatment with 

Figure 3. Progression of Charcot diabetic foot ulcer. (A) Images of the 
defect on initial presentation and progression with topical processed 
microvascular tissue (PMVT) application, which healed the ulcer, 
despite off-loading non-compliance during treatment and re-emergence 
of infection; this led to 99% epithelialization by 11 weeks (seven 
PMVT applications) and complete closure by 17 weeks. (B) Graph 
detailing the healing rate of the closing ulcer by area and volume.
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standard dressings, collagen, offloading, hyperbaric oxygen, 
and intravenous (IV) antibiotics, the patient presented with 
a refractory wound of 7 cm2 in area and 2  cm deep, with 
exposed bone and chronic osteomyelitis. He was treated with 
weekly applications of topical PMVT along with additional IV 
antibiotics. High-resolution photos of the wound progression 
and a graph depicting wound area and volume reduction are 
displayed in Figure  2A and B. After just one treatment with 
PMVT, over 80% of the wound volume had been replaced with 
new tissue. After six applications, the wound size had reduced 
by more than 99%, so PMVT treatment was discontinued. The 
ulcer fully closed after four additional weeks with standard care 
and remained healed at his most recent visit 9 months following 
closure.

3.2. Case 2: Stimulation of perfusion and healing using PMVT 
in a non-healing Charcot diabetic foot ulcer

Diabetic neuropathy is one of the most frequent complications 
of diabetes, experienced by 50 – 60% of the 389 million 

diabetic patients worldwide [19,20]. The most common form 
is peripheral neuropathy, where peripheral nerves are damaged 
or destroyed, resulting in loss of feeling and/or sensations of 
pain or paresthesia, primarily in the extremities [21,22]. While 
the cause of diabetic neuropathy is not fully understood, the 
combination of vascular and neural components is recognized as 
important elements in its pathophysiology. Diabetic neuropathy 
is a progressive disease, in which tissue-level structural changes 
occur in the patient’s peripheral microvascular system [23-25]. 
The first pathological changes observed are the narrowing 
of the microvascular vessels and alteration of the normal 
local microvascular tissue network. As diabetic neuropathy 
progresses, neuronal dysfunction and reduction in peripheral 
nerve function have been demonstrated to correlate with the 
development of blood vessel abnormalities. Neuronal ischemia 
is a well-established characteristic of diabetic neuropathy [26]. 
Charcot foot, a severe complication of peripheral neuropathy 
that can damage the bones, joints, and soft tissue in the foot, 
is known to result in the formation of non-healing ulcers [27].

Figure 4. Progression of a venous leg ulcer (VLU). (A) Case images (from left to right): VLU before initial processed microvascular tissue 
(PMVT) treatment; 1 week after initial treatment; closed 6 weeks after initial treatment (three PMVT applications); healing confirmed 10 and 
17 weeks after initial treatment. (B) Graph detailing the healing rate of the closing ulcer by area.
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In this case, a 65-year-old male presented with a poorly 
granulated 1 cm2 left plantar Charcot DFU. The wound had 
been open for more than 1 year despite standard care, including 
serial debridement, negative pressure wound therapy (NPWT), 
and total contact casting. The lesion extended 0.4 cm deep to 
devitalized bone, and the patient was being treated concurrently 
for chronic osteomyelitis on presentation and initiation of 
PMVT treatment. Between 2 and 4  weeks, offloading non-
compliance led to re-emergence of infection, requiring 
significant debridement and initiation of antibiotics. Following 
this, the wound area was now 24 cm2. Despite this setback, after 
three additional PMVT applications, the wound had become 
99% epithelialized, and PMVT treatment was discontinued. 
The ulcer went on to fully close within 6 additional weeks 
with standard care and has remained healed 6 months to date 
following closure. Images of the ulcer progression and the 
wound area/volume graph are displayed in Figure 3A and B.

3.3. Case 3: Increasing blood flow using PMVT to treat a 
chronic venous leg ulcer

Venous leg ulcers (VLUs), among the most common types of 
lower extremity wounds, are open ulcers that frequently occur 
on the inside of the leg above the ankle. VLUs comprise about 

28% of global chronic wounds that require treatment, accounting 
for nearly $2 billion in annual expenditures, representing an 
enormous and growing global problem [28]. Up to 60% of 
VLUs are considered chronic because they persist for more 
than 6 weeks, usually as a result of blood circulation problems. 
Obesity, smoking, deep vein thrombosis (DVT), varicose veins, 
previous leg injury or surgery, age, and diabetes are all risk 
factors that can contribute to the development of a VLU [28]. 
As PMVT is intended to improve blood flow through the repair 
and reconstruction of microvascular tissue by serving as a 
scaffold for cellular invasion and capillary growth, the benefits 
of improved microcirculatory blood flow may be particularly 
impactful on patients with compromised microvasculature, such 
as patients with increased risk for non-healing VLUs.

The 64-year-old male with a history of chronic kidney disease 
(Stage 3b), hypertension, chronic DVT, Leiden Factor V, and 
asthma, who presented with a left VLU in August 2021, is an 
example of such a patient. The ulcer worsened following DVT in 
April 2022. No thrombectomy interventions were advisable due 
to an unacceptably high risk of complications. Multiple topical 
wound management products, including silver alginate, foam, 
hydroconductive and other composite dressings, cadexomer 
iodine, topical antibiotics, and an ECM xenograft, along with 
compression wraps (the patient’s job requires standing 8  h a 
day), all failed to close the VLU.

In January 2024, after nearly 2.5  years of not healing, the 
patient received his first treatment of PMVT. The PMVT disk was 
removed from the vial and applied directly onto the surface of the 
ulcer after very minimal selective debridement. On contact with 
blood at the wound site, the PMVT graft was quickly absorbed 
into the surrounding tissue. Two additional PMVT applications 
were made at weeks 1 and 5 after the initial treatment. A non-
adherent dressing (Mepitel; Mölnlycke Health Care, USA) was 
used to cover 1 – 2 cm beyond the ulcer’s edges after each PMVT 
application. The VLU was covered further by a compression 
bandage (initially an alginate-based absorbent compress for 
the first two treatments, then Coban 2 Lite [3M  Healthcare, 
USA] for the final application). The patient suffered a right hip 
fracture requiring surgery and hospitalization 2 weeks after initial 
treatment and had limited transportation means for further follow-
up visits until week 6, resulting in a gap between the second and 
third PMVT applications. As with the other cases, the VLU was 
visually examined and photographed at each visit, and the wound 
size was measured using a ruler. In addition, tissue oxygenation 
was assessed using a point-of-care near-infrared (NIR) imaging 
device (Snapshot NIR; Kent Imaging, Canada).

The ulcer closed after just three applications of PMVT. 
Images of the VLU’s progression are displayed in Figure 4A, 
with evident wound closure at the 6-week visit. Wound size 
over time is presented in Figure  4B. A  confirmation visit at 
10 weeks demonstrated the wound had remained healed and the 
surrounding erythema had noticeably subsided, and remained 
so at 17 weeks, even after the patient had returned to work with 
significant time on his feet.

The sequential oxygenation saturation images (Figure  5A) 
and corresponding graph (Figure  5B) depict increased tissue 

Figure 5. Tissue oxygenation changes within a healing venous leg 
ulcer. (A) Tissue oxygenation saturation images from historical 
baseline through processed microvascular tissue treatment and 
closure. Near-infrared imaging allows for visualization and 
quantification of oxygen saturation from very low (black/dark blue) 
to high (yellow and red) levels. Note the relative change in oxygen 
saturation from the periphery of the wound bed to within the wound 
bed, indicative of increased local blood flow. (B) Graph detailing the 
oxygen saturation increase of the closing ulcer over time.
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oxygenation within the center region of the wound area from the 
historical baseline (13%), after initial PMVT treatment (49%), 
through healing just before closure (62%), and maintained 
following closure (61%). Although these numbers are relative, 
the increased oxygen saturation represents improved blood 
flow and is indicative of the transition to the proliferative and 
remodeling phases of healing within the wound area.

By repairing the deficient local microvasculature around the 
VLU, PMVT was able to assist with the delivery of oxygen 
and nutrients to the ulcer. With just three topical applications, it 
successfully healed a challenging ulcer that had not closed after 
over 2.5 years of conventional wound management.

3.4. Cases 4 and 5: Stimulation of healing using PMVT in a 
challenging at-risk Mohs surgical defect

Mohs surgery is the gold standard technique to remove 
cancerous lesions from the skin [29]. Risk factors, such as 
ongoing chemotherapy and/or radiation treatment, diabetes, 
or peripheral vascular disease, may lead to a dysfunctional 
local microcirculation, which, along with the size and depth of 
the defect, patient age, and other factors, may cause the post-

surgical skin defect to be at greater risk for not healing. In such 
cases, proactive use of an advanced wound care treatment may 
be warranted.

The first Mohs patient, a 51-year-old male with coronary 
artery disease, hypertension, nicotine dependence, and post-
COVID pulmonary issues, had undergone Mohs excision of 
a basal cell carcinoma on his right scapula. Initial attempts to 
close the defect using standard treatment and negative pressure 
wound therapy were unsuccessful, and he presented 5  weeks 
post-excision with a defect 13 cm2 in area and 0.4 cm deep. After 
just one treatment of topical PMVT, over 50% of the wound 
volume had been replaced with new tissue. After 5  weekly 
applications, the defect had closed, and PMVT treatment was 
discontinued. Wound progression during PMVT treatment is 
presented in the images and graph in Figure 6A and B.

The second Mohs patient was a non-compliant 84-year-old 
female former smoker with prior breast cancer who presented 
with a 6 cm2 defect on her left leg following squamous cell 
carcinoma excision. Despite the patient’s non-compliance 
in maintaining compression on her leg, as evidenced by the 
staggered progress in the wound size graph on the right, after 

Figure 6. Progression of at-risk Mohs surgical defect. (A) Images demonstrating that weekly topical application of processed microvascular tissue 
healed the wound in 7 weeks. (B) Graph detailing the healing rate of the closing defect by area and volume.
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8  weeks of weekly topical PMVT treatments, the defect was 
completely filled and 99% epithelialized. After 10 weeks, the 
defect was closed, and PMVT treatment was discontinued. 
Wound progression during PMVT treatment is presented in the 
images and graph in Figure 7A and B.

4. Discussion

Repairing damaged microvascular structures and restoring 
blood flow to provide oxygen and nutrients to the site and 
remove waste metabolites is essential to promote healing and 
minimize tissue breakdown in a newly epithelialized wound. 
Reversing the stalled wound environment, restoring blood flow, 
and changing the trajectory of healing toward wound resolution 
have been previously reported as hallmarks of PMVT treatment, 
including within a Level 1 randomized controlled trial (RCT) on 
diabetic patients with neuropathic DFUs [12,14,30,31]. PMVT’s 
microvascular ECM composition drives host cell attachment 
and supports angiogenesis, important modes of action in the 
treatment of wounds with deficient microvascular tissue.

Two of the most common complications of diabetes 
that lead to ulceration are microvascular dysfunction and 

peripheral neuropathy. Vascular changes, including endothelial 
dysfunction, hyperpermeability, decreased blood flow, and 
tissue hypoxia, can directly result from hyperglycemia. Vascular 
defects involving the vasa nervorum contribute to diabetic 
neuropathy [23,26,32-35], which can lead to undetected ulcers 
at greater risk of delayed healing [36-39]. Formation of a new 
vascular and neural network beneath complete epithelialization 
of the skin enables the functionality of the healed tissue. 
Microvascular tissue therapy, with documented evidence of 
improved perfusion and improvement in neuropathy, can be 
effective in healing chronic wounds and achieving complete 
wound closure in diabetic ulcers, Charcot foot ulcers, VLU, 
and at-risk surgical wounds, as demonstrated in the PMVT 
case series reported here. No other advanced wound care 
technologies have been reported to directly address the 
microcirculatory defects or neuropathy present in chronic or 
refractory wounds.

The structure of PMVT serves as an ECM scaffold for 
revascularization, positioning it as a viable option to address 
conditions of compromised vascularity. The increase in local 
tissue perfusion documented by the increased tissue oxygen 

Figure 7. Progression of Mohs surgical defect in a non-compliant patient. (A) Images demonstrating weekly topical application of processed 
microvascular tissue healed the wound in 10 weeks. (B) Graph detailing the healing rate of the closing defect by area and volume.
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saturation with NIR imaging in the VLU case presented here 
supports the use of PMVT and addresses a key risk factor for 
non-healing. The restoration of the microcirculation enables 
increased oxygen and nutrient delivery to the wound, which 
promotes granulation and wound epithelialization [40].

This case series demonstrates the breadth of potential 
applications for PMVT in real-world clinical experience, beyond 
the previously published Level 1 RCT data neuropathic DFUs. 
Podiatrists, plastic and reconstructive surgeons, and wound care 
practitioners may all benefit from learning about the outcomes 
in this series for their own hard-to-heal wounds and skin defects 
in patients with damaged or deficient microvasculature. The 
authors recognize that the number of patients treated within 
each wound category reported here is limited, and that ideally a 
more formal protocol-driven case series or clinical trial would 
provide additional insight into PMVT’s effectiveness in these 
different types of wounds. PMVT is limited to local applications 
only; intravascular or other systemic delivery is contraindicated.

5. Conclusion

While the broad conclusions that can be drawn from this 
series of challenging wound cases are limited, it is evident that 
the use of PMVT can benefit patients with non-healing or at-
risk tissue defects of different types caused by microvascular 
insufficiencies. All defects fully healed in the five cases 
presented in this series, with patients requiring 3 – 8 topical 
PMVT applications before closure. Tissue in the healing defect 
sites became progressively more granulated during PMVT 
treatment, as assessed through visual observation and NIR 
spectroscopy images of tissue oxygenation. This is indicative 
of PMVT’s ability to support the repair and reconstruction of 
microvascular tissue, which, in turn, drove complete wound 
healing. Successful closure of these refractory and challenging 
cases across the spectrum of non-healing and at-risk wounds 
demonstrates both the broad importance of repairing and 
reconstructing damaged or deficient microvascular tissue and 
the use of PMVT to improve healing in multiple complex 
wound environments.
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