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Introduction
Cutaneous trauma as induced by a cut or burn of the skin initiates a cascade 
of phasic events to restore the skin’s function. Classically, the phases of wound 
healing are referred to as haemostasis, inflammation, proliferation, and 
remodelling (Figure 1A), where each phase elicits a peak activity at a certain 
time in the wound healing cascade (arbitrarily depicted in Figure 1A).1,2,3,4 The 
phases are marked by signalling pathways mediated by numerous cell types, 
growth factors, and cytokines under normal conditions.5,6 After haemostasis 
each subsequent phase is characterised by changes in the microenvironment 
including the secretion of cytokines and chemokines, and the attraction, 
migration, and activation of various cell types.7 In addition, the microbiome is 
thought to play an important role in wound healing.8 In delayed wound healing 
and chronic wounds, the typical cascade is impaired, mainly in the inflammation 
phase.9 For these situations, an intervention for improved and accelerated 
wound healing is desirable.

Currently no clear consensus has been reached regarding the most important 
factors resulting in delayed healing in humans and how to improve or accelerate 
wound healing.10 Lack of insight into the mechanisms and processes of wound 
healing which has hindered the development of new interventions and 
therapies.11,12 The heterogenicity of wounds related to complex comorbidities 
and differences in wound induction (i.e., acute wound, burn wound, cut wound, 
chronic wound) creates challenges. The need to find effective treatment options 
for acute and chronic wounds is unmet. The financial burden to treat chronic 
wounds is estimated to be approximately $ 15-22 billion by the end of 2024.13,14 
In the last five years, only a limited number of clinical trials have been performed 
focusing on a novel treatment for wounds using an evidence-based approach. 
One contributing factor may be the lack of a robust human wound healing 
model for early phase clinical studies.15,16 The current standard endpoint to 
evaluate wound healing (also used by regulators) is based on time to complete 
healing, and focusses on the wound visible with the naked eye.17 A more in depth 
human wound healing model using healthy volunteers had been introduced 
earlier.18,19However, while the model had shown that optical coherence 
tomography (OCT) is capable of distinguishing cutaneous structural changes 
and that the measurement was comparable to histology the focus rested on 
the non-invasive nature of this device alone. A full integration of modalities to 
changes in the skin’s structure, function, and micro-environment could aid in 
wound healing drug development. 

To address these challenges, a study was designed with the aim to compre-
hensively characterize the mechanisms and processes of physiological wound 

Abstract
Development of pharmacological interventions for wound treatment is 
challenging due to both poorly understood wound healing mechanisms and 
heterogeneous patient populations. A standardized and well-characterized 
wound healing model in healthy volunteers is needed to aid in-depth 
pharmacodynamic and efficacy assessments of novel compounds. The current 
study aims to objectively and comprehensively characterize skin punch 
biopsy-induced wounds in healthy volunteers with an integrated, multimodal 
test battery. Eighteen (18) healthy male and female volunteers received three 
biopsies on the lower back which were left to heal without intervention. The 
wound healing process was characterized using a battery of multimodal, non-
invasive methods as well as histology and qPCR analysis in re-excised skin punch 
biopsies. Biophysical and clinical imaging readouts returned to baseline values 
in 28 days. Optical coherence tomography detected cutaneous differences 
throughout the wound healing progression. qPCR analysis showed involvement 
of proteins, quantified as mRNA fold increase, in one or more healing phases. 
All modalities used in the study were able to detect differences over time. Using 
multidimensional data visualization, we were able to create a distinction between 
wound healing phases. Clinical and histopathological scoring were concordant 
with non-invasive imaging read-outs. This well-characterized wound healing 
model in healthy volunteers will be a valuable tool for the standardized testing of 
novel wound healing treatments.
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Figure 1  (A) Schematic representation of wound healing phases. Phase separation into set 
days is arbitrary and can differ dependent on the wound. (B) Clinical study design. Three-
times 3 mm biopsies were taken on day 0 either on the right or left side of the lower back 
and were left to heal without intervention. *Subjects were randomized to receive the first 
4 mm re-biopsy on day 7, day 14 or day 21. **Subjects were randomized to receive the second 
4 mm re-biopsy on day 28, day 42 or day 56. (C) Blueprint for mechanistic and clinical 
pharmacology studies. Adapted from Rissmann et al. (2020). All assessments are reported 
in this article.

healing. A standardized 3 mm full-thickness skin punch biopsy on the back of 
healthy volunteers was made and measured with a standardized, multimod-
al test battery yielding a multidimensional approach.20,21 All healing phases 
after haemostasis were extensively, (non)-invasively characterized in different  
domains, i.e., biophysical, cellular, molecular, clinical aspects, and clinical im-
aging. Methods with objective and biomarker-based readout were deployed as  
depicted in Figure 1A and 1C. Finally, the data were integrated using advanced 
data visualisation techniques to fully exploit this high-temporal and high-spatial  
resolution data set. 

Materials and Methods
This was a prospective single-arm, biopsy-location randomized, observational 
study in healthy volunteers performed at the Centre for Human Drug Research, 
Leiden, The Netherlands (NL63280.056.17). The trial was executed in accordance 
with the declaration of Helsinki. The independent Medical Review and Ethics 
Committee ‘Medisch Ethische Toetsingscommissie van de Stichting Beoordeling 
Ethiek Biomedisch Onderzoek’ (Assen, the Netherlands) approved the study 
prior to clinical study activities. All subjects received oral and written information 
and gave written informed consent before participation. The study lasted from 
November 2017 till March 2018. The trial was registered on ClinicalTrials.gov 
(NCT03433820).

Subjects, study design and randomization

In total, 18 non-smoking healthy male and female volunteers (Fitzpatrick skin 
type I-II), aged 18-30 years with a body mass index (BMI) between 18-30 kg/
m2 were included. Main exclusion criteria were history of pathological scar 
formation, smoking, clinically relevant skin conditions, and diseases associated 
with immunosuppressive or immunomodulatory medication. Overall health 
status was assessed by physical examination, electrocardiogram (ECG), blood 
pressure measurements and blood analysis. 

An overview of the wound healing phases used to classify the data and the 
trial design are depicted in Figure 1A and 1B. All subjects underwent three full-
thickness skin punch biopsies (3 mm) on the lower back on the first study day, 
which were randomly performed on the right or left side of the lower back. 
After the biopsy procedure, the wounds were covered with gauze dressing until 
haemostasis was completed. After haemostasis the wounds were left untreated 
and uncovered. Subjects were randomized to receive two repeated biopsies on 
day 7, 14 or 21 and on day 28, 42, or 56 (n=6 per repeated biopsy day), respectively. 
For all imaging, clinical, and biophysical parameters eighteen 3 mm were

Clinical
› Erythema grading scale (EGS)
› Target lesion scores (POSAS)

Molecular
Transcriptomics  (qPCR) ‹
Immunohistochemistry ‹

Patient reported
Adverse event reporting ‹

Symptom reporting (NRS) ‹
Concomitant medication ‹

Imaging
› Clinical photography
› Planimetry (3D imaging)
› Colorimetry (multispectral imaging)
› Morphology 
  (optical coherence tomography)

Cellular
› Histology

Biophysical
› Trans-epidermal water loss

› Thermography
› Skin perfusion (laser speckle)
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reported in mm, mm2 and mm3, respectively. Volume was calculated using an 
algorithm based on volume calculations for a cone. 

Qualitative assessment of the skin’s morphology was performed using 
Optical Coherence Tomography (OCT; VivoSight, Michelson Diagnostics Ltd, 
Maidstone, United Kingdom). A 6 mm probe was placed directly over the wound 
and recorded 120 consecutive images in approximately 20 seconds. Recordings 
were up to 1.5 mm in depth and reached a lateral and spatial resolution of 7.5 
µm and 5 µm, respectively. Qualitative inspection of the images was performed 
by two experienced observers and quantitative analysis comprised automated 
epidermal thickness measurements. Epidermal thickness was calculated by 
subtracting the signal corresponding to the change from epidermis to dermis 
(dermo-epidermal junction) from the signal corresponding to the transition 
from air to skin.

Molecular & cellular: skin punch biopsies

Three- and four-millimeter skin punch biopsies were snap frozen in liquid 
nitrogen directly after harvest. Biopsies were stored at ≤ -80°C until shipment and 
analyzed at the Immunology Laboratory of Erasmus Medical Center, Rotterdam, 
The Netherlands. mRNA extraction was performed using GenElute™ Mammalian 
Total RNA Miniprep kit (Sigma Aldrich™, RTN350-1KT) and expression was 
determined for CTGF, EGF, FGF1, FGF2, GM-CSF, IL-6, IL-10, IL-33, IL-1β, MMP1, 
MMP3, MMP9, PDGFA, PDGFB, PGF, TGF-β1, TGF-β3, TNF, VEGF-A relative to the 
housekeeping gene ABL using quantitative reverse transcriptase polymerase 
chain reaction (RT-qPCR, ViiA™ 7 Real-Time PCR system). Furthermore, biopsies 
were hematoxylin‐eosin stained to compare with time matched OCT recordings 
and clinical images. Histopathological scores were graded by an independent 
histopathologist. Histopathology scores were given to 5 healing parameters 
(wound re-epithelization, granulation tissue, inflammation, neoangiogenesis, 
and connective tissue formation) with corresponding assessment parameters, 
and were graded from 0-3 corresponding to absent, scant, moderate, and 
profound, respectively. To evaluate the wound healing over time, re-biopsies 
were used in the histopathologist scoring, as reported earlier.28

Clinical: red-yellow-black, erythema grading scale, and 
patient observer scar assessment scores

Clinical scores of the wounds were performed using the red yellow black (RYB) 
score, erythema grading scale (EGS), and Patient Observer Scar Assessment 
Scores (POSAS) as described before.29,30,31 All scores were performed by a single 
trained physician. The RYB score consisted of three wound parameters: wound 
presence, wound color, and wound humidity. RYB scores were only completed on 

followed over time. For all molecular and cellular parameters eighteen 3 mm 
biopsies were measured on day 0, and six 4 mm biopsies were measured on 
subsequent timepoints. 

Biophysical: skin blood perfusion and skin barrier function

Skin blood perfusion was quantified using Dynamic-Optical Coherence 
Tomography (D-OCT; VivoSight OCT, Michelson diagnostics, Kent, United 
Kingdom) at baseline and on each study day visit as described before.22,23 Subjects 
were acclimatized to a temperature-controlled room and lighting was kept con-
stant for the entire duration of the trial. D-OCT recordings were captured using 
a 6 mm probe placed directly over the wound creating a closed environment be-
tween skin and laser. 120 consecutive scans with a depth of up to 1.5 mm were 
taken of the wounds in approximately 20 seconds. Cutaneous microcirculation 
was quantified by calculating the average speckle signal returning from a depth 
of 0.1 mm up to 0.35 mm to reduce artefacts and noise signal.24

Skin barrier function was measured using transepidermal water loss mea-
surements (TEWL; Aquaflux AF200, Biox Systems, London, United Kingdom). 
Subjects were acclimatized to the room for 15 minutes before the start of a mea-
surement. A probe was placed on the wound creating a closed chamber of 3 
mm, after which a measurement was started. Humidity differences between the 
TEWL chamber and the skin results in movement of water particles. Sensors in 
the chamber detect the water particles over time. A measurement lasted for 90 
seconds or until steady-state flux was reached. 

Clinical imaging: erythema, planimetry, and morphology

Skin erythema was quantified using multispectral imaging (Antera 3D®, 
Miravex, Dublin, Ireland), as described in detail before.22,23,25 The multispectral 
camera creates a closed chamber of 25 cm2 for image capture with standardized 
lighting and distance. A region of interest of 4 mm in diameter was defined and 
kept analogous with all analyzed images. Skin erythema was defined as the a* 
value (AU) using the CIELab color classification system.26

Planimetry (volume, surface, depth) of the induced wounds was measured 
using stereophotogrammetry (LifeViz 3D®, Quantificare, Biot, France).27 Two 2D 
images were created simultaneously using a parallel lensing system. Standard-
ized lighting and distance were established by flash, a light-controlled room, 
and guidance lasers. Standardized pictures were taken on all study day visits. 
Images were analyzed using accompanying software (DermaPix®, Quantificare, 
Biot, France). The inner wounds (wounds without perilesional elevation/depres-
sion of skin included) were traced by a single experienced analyst. Analysis was 
performed only when a wound was present. Depth, surface, and volume were 
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Table 1  Subject demographics and baseline characteristics
 

Age (years)

  n 18

  Mean (SD) 21.9 (2.0)

  Median 22.0

  Min, Max 18, 25

Height (cm)

  n 18

  Mean (SD) 176.8 (8.2)

  Median 176.9

  Min, Max 164.1, 193.5

Weight (kg)

  n 18

  Mean (SD) 70.2 (10.2)

  Median 70.1

  Min, Max 55.3, 91.95

BMI (kg/m2)

  n 18

  Mean (SD) 22.4 (2.6)

  Median 21.8

  Min, Max 18.3, 27.9

Sex

  Female 9 (50.0%)

  Male 9 (50.0%)

Race

  White 18 (100.0%)

Fitzpatrick Skin Type

  1 (always burns and never tans) 1 (5.6%)

  2 (always burns and tans min) 17 (94.4%)

 
Skin blood perfusion and skin barrier function restored 
within 28 days after the initial biopsy

An increased cutaneous microcirculation (Figure 2A) was observed after the 
skin punch biopsy procedure as quantified with OCT indicating the start of the 
inflammation phase (Figure 2B). The average blood flow peaked at day 2 (mean 
0.11 ± 0.03 AU, Phase II) and was elevated up to day 7 (mean 0.11 ± 0.03 AU, Phase 
II). From day 7 onwards a return to baseline was observed, which completed at 
day 17 showing the transition from the inflammation to the proliferation phase 
(mean 0.05 ± 0.01 AU, Phase III).

The skin barrier function represented by TEWL flux levels was highly 
impaired directly after the skin punch biopsy on day 0 (Figure 2C). A maximum 
mean flux of 61.0 g/m2h was observed on day 2 (Phase II), which decreased over 
time returning to the baseline value at day 28 (mean 13.8 ± 4.1 g/m2h, Phase IV).

days that a wound was present. EGS scores were graded absent, mild, moderate, 
or severe and were performed on all study day visits. POSAS scores were only 
performed when the wound was closed. Since the wounds were created on the 
lower back only the observer scores of the POSAS were performed.

Data visualization

An exploratory data analysis and visualization of the wound healing data was 
performed to identify distinct wound healing phases. To visualize if the different 
wound healing phases could be clustered based on the objective wound healing 
parameters, the data was projected into a t-distributed Stochastic Neighbor 
Embedding (t-SNE) space using the Python (Python Software Foundation) 
package scikit-learn version 1.0.2. t-SNE is an effective non-linear dimensionality 
reduction technique used to create a two-dimensional representation of a high 
dimensional dataset to visualize and identify potential clusters.32 Data from all 
timepoints were arbitrarily divided over three phases based on literature.33-36 
The inflammation phase lasted from day 2 to day 7, the proliferation phase from 
day 10 to day 24, and the remodeling phase from day 28 to day 70. Data from day 
0 was used as healthy pre-challenged skin. 

For further visual comparison of categorical groups across multiple quantita-
tive parameters a radar chart was developed. The magnitude of the parameter 
for each data point in relation to the maximum magnitude of the parameter 
across all the data points was calculated using Python (Python Software Founda-
tion) and classified using the wound healing phases depicted in Figure 1A.37

Statistics

All statistical and randomization programming was performed by a study-
independent statistician and created using SAS 9.4 software (SAS Institute Inc., 
Cary, NC, USA). Biopsies were randomly performed using a randomization list 
with order of biopsy codes. The randomization code was only made available 
after study completion. For all physical, imaging, and clinical parameters data 
are summarized and displayed and reported descriptively (mean ±, SD).

Results
A total of thirty-two (32) volunteers were screened for participation in the 
study. Fourteen (14) volunteers were excluded based on in/exclusion criteria. 
Nine (50%) male and nine (50%) female Caucasian subjects participated in this 
trial (Table 1). No serious adverse events (SAEs) or discontinuation due to AEs 
occurred. All AEs were of mild severity and self-limiting.
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the wound volume became positive (mean 0.58 ± 0.39 mm3), followed by a 
decrease and return to the pre-biopsy conditions on day 28 (Phase IV). Although 
no wound was visible anymore after day 28 in the remodeling phase (and no 
analysis could be performed) a small elevation of the skin was observed upon 
visual inspection on day 28 and during the following visits.

The initial wounds had a mean surface of 7.55 ± 1.24 mm2 at day 2 (Phase 
II). A gradual wound closure was observed from day 2 up to day 24 (mean 
0.11 ± 0.39 mm2, Phase II/III), with full closure of the wound on day 28 (Phase IV). 
The mean maximum inner wound depth quantified 2 days after the biopsy pro-
cedure (Phase II) was −0.41 ± 0.15 mm, which returned to a flat and normalized 
state at day 28 (Phase IV).

Automatically calculated epidermal thickness measurements calculated by 
OCT showed an increase in epidermal thickness in the remodeling phase 4 weeks 
after wounding followed by a gradual decrease over time up to day 70 (Figure 
3F). Epidermal thickness did not return to baseline values in 70 days. Epidermal 
thickness measurements could not be performed on day 7, 10 and 14 due to crust 
interference and lack of epidermis.

mRNA expression levels of wound related proteins clearly 
follow the wound healing phases

The molecular response to skin wounding was studied by quantifying mRNA 
expression in snap frozen 3- and 4-mm biopsies using qPCR (Figure 4). In 
general, day 0 data consist of 18 skin punch biopsies, whilst the remaining 
time points consist of 6 skin punch biopsies due to the randomized procedure 
for repeated biopsies. The inflammation phase (Phase II) was characterized 
by the upregulation of several pro-inflammatory cytokines between day 0 
and 7 (i.e. IL-1β IL-10, IL-33, TNF, GM-CSF, VEGF-A) followed by a decrease and 
stabilization at day 28 (Figure 4A–E). mRNA expression levels of proteins that 
are thought to be involved in the proliferation (Phase III) and remodeling phase 
(Phase IV) of wound healing (i.e. PGF, TGFβ1, TGFβ3, MMP1, MMP3, MMP9) were 
already upregulated at day 7. Interestingly, TGF-β3 remained increased up to day 
70. All other parameters showed a gradual decrease over time or a plateau at the 
end of the observational period, Figure 4.

Histology scores aligned to wound healing phases

Histopathology scoring was performed for each biopsy. Only in case the biopsy 
was fragmented and/or scoring was not applicable no score was given. Figures 
S1–S5 display all histology scores. Complete re-epithelialization (Phase III, 
Figure S1) was achieved on day 14 for all biopsies. As of day 28, all epithelization 
parameters returned to pre-wounded skin.

Figure 2  Biophysical response after 3 mm skin punch biopsies over time. (A) representative 
images of D-OCT skin blood perfusion parameter at a measuring depth of 0.35 mm on the 
indicated study days. (B) Skin blood perfusion, displayed in change from baseline (day 0) 
[mm/s] up to day 70, is increased after wounding and gradually decreases over time (n = 18). 
(C) Transepidermal water loss, displayed in change from baseline [g/m2h] over time, is 
increased after wound induction and decreases steeply over time (n = 18). All data are 
expressed as change from baseline, means ± standard deviation.
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Novel clinical imaging tool can objectively identify 
differences in size, color and cutaneous structures  
of the induced wounds

Erythema of the skin as quantified by multispectral clinical imaging was visible 
in all wound healing phases starting two days after biopsy procedure (mean 
27.44 ± 4.16 AU, Phase II) and remained variably present up to day 70 (mean 
25.39 ± 2.34 AU, Phase IV), not returning to the baseline value at end of study 
(Figure 3A–b).

Stereophotogrammetric parameters (volume, surface, depth) are displayed 
in Figure 3C–E. Two days after biopsy procedure there was a negative wound 
volume (mean − 1.32 ± 0.95 mm3, Phase II), indicating a concave planimetry. From 
day 2 up to day 10. During the inflammation and proliferation phases (Phase II/III)  
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Figure 3  Wound planimetry and clinical imaging. (A) Representative images of wound 
healing progression over time (photos taken at indicated days). (B) Skin erythema, displayed 
as change from baseline arbitrary units over time (n = 18). (C–E) Volume, surface and depth 
displayed in change from baseline mm3, mm2 and mm, respectively (n = 18). (F) Automatically 
calculated epidermal thickness displayed in mm over time (n = 18). Data on day 0 is epidermal 
thickness calculated pre-biopsy procedure. Figures A–E are expressed as change from 
baseline, means ± standard deviation. Figure F is expressed as means ± standard deviation.
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Figure 5  Data visualization using radar chart and t-SNE.

Non-invasive OCT images vs invasive histology

Figure S6 depicts the progression of wound healing over time as measured by 
OCT. For comparison, histology slides from day 0, 7, 14, 21, 28, 42, 56 were added to 
Figure S6, illustrating the different wound healing processes over time (excluding 
the haemostasis phase, phase I) measured invasively vs non-invasively.

In intact skin (Figure S6A), skin characteristics such as the stratum corneum, 
epidermis, dermis, dermo-epidermal junction and blood vessels could easily be 
discriminated in the OCT image.

Phase II (day 2–7): 7 days after wound induction, the first signs of restoration 
became apparent by a clear haemostatic crust in both the OCT and histology 
recordings (Figure S6B). In addition, the migrating epidermal tongue originating 
from the epidermal bulge directly adjacent to the wound and the several dilated 
perilesional blood vessels were also present as signs of this phase.

Phase III (day 10–24): Complete restoration of the epidermis occurred 
after 14 days (Figure S6C). In histology, this was shown by an epidermal bulge 
originating from both perilesional sides of the wound accompanied by a cellular 
infiltrate. For OCT, the restored epidermis was visualized by a bright white 
band next to the epidermal bulge caused by the inflammatory infiltrate. Other 
processes related to the proliferation phase of wound healing were observed 
21 days after wounding in both the histology and OCT images (Figure S6D). The 
epithelium layers were thickened and granulation tissue at the base of the 
wound was formed.

Phase IV (day 28–70): 28 days after wounding the first processes involved 
in the remodeling phase of wound healing were seen (Figure S6E). A mixed 
extracellular matrix orientation was observed in both histological and OCT 
recordings. In addition, a further flattening of the epidermis was seen. This 
flattening of the epidermis continued up to day 42 after wounding (Figure S6F). 
The epidermis was thickened compared to unwounded skin and no rete ridges 
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Inflammation scores (Phase II, Figure S2) were divided in three categories 
(neutrophils, histiocytes, lymphocytes) and an overarching parameter ‘total 
inflammation’. For two biopsies, signs of inflammation were already observed 
on day 0. On day 7, all biopsies that could be assessed showed scant signs of 
inflammation, which changed to moderate inflammation in some biopsies and 
returned to scant after 42 days in most of the biopsies.

Neoangionesis (sign of Phase II/III, Figure S3) was scored using two 
characteristics: vessel proliferation and orientation. Vessel proliferation was 
visible on day 7 in all biopsies and remained mild to moderately present up to 
day 70. Vessel orientation was primarily vertical on day 14 (4 biopsies). On all 
other days, vessel orientation was primarily mixed (vertical and horizontal).

Granulation tissue (sign of Phase III/IV, Figure S4) was scored using the 
characteristics: area affected by granulation tissue in % and fibrin deposition. 
Scant, moderate, profound and excessive correspond to 0%–25%, 25%–50%, 
50%–75%, 75%–100% affected, respectively. On day 7, fibrin disposition was 
profoundly visible and decreased over time up to clearance at day 21. The 
percentage of area affected was the highest on day 21 and day 28. On day 56 the 
percentage of area affected differed greatly (2 biopsies scored absent, 4 biopsies 
scored profound).

Characteristics associated with connective tissue formation (sign of Phase 
IV) are shown in Figure S5. Proteoglycan/mucin deposition was affected 7 days 
after wounding. From day 14 onwards, the deposition returned to normal. Elastin 
deposition remained unchanged throughout the study. With advancement 
in time, the amount of collagen deposition fluctuated but was eventually 
profoundly expressed on day 70. Interestingly, the collagen orientation changed 
over time from horizontal orientated to mixed orientated. On day 70, 4 biopsies 
showed horizontal orientation, whereas 2 biopsies showed mixed orientation.

Data visualization

A complete data visualization using all data described in the preceding sections 
except epidermal thickness measurements is displayed in Figure 5. The radar 
chart (Figure 5A) shows involvement of most parameters for the distinction of 
phases. The magnitude of pro/anti-inflammatory proteins in the inflammation 
phase is higher compared to all other phases. In addition, all multidimensional 
data has been compressed to a one-dimensional t-SNE graph (Figure 5B). The 
t-SNE plot shows distinct pre-challenged, inflammation, proliferation and 
remodeling clusters. The figure also illustrates some overlap between the 
proliferation and remodeling phase. Data points collected from pre-challenged 
skin and datapoints collected in the inflammation phase shows close clustering 
and no clear overlap with other phases.
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characteristics, that is erythema, volume, surface, depth, epidermal thickness. In 
the observational period, of this study, skin erythema never returned to baseline 
indicating that the remodeling phase continues for much longer than 70 days.40 
Changes observed in stereophotogrammetric parameters (volume, surface and 
depth) were in line with known literature on wound closure times. Despite the 
haemostatic crust covering the wound, the 3D camera used in this study was 
still able to detect differences in wound surface and depth. For wound volume, 
an arbitrary elevation was observed. This was partly accounted for the period a 
haemostatic crust was present and partly due to skin elevation due to fibrosis.

To summarize, all imaging techniques were able to objectively characterize 
the phases of wound healing and offer many advantages for both the clinic and 
in clinical research. One of the biggest advantages is that with these techniques 
serial non-invasive measurements can be performed on lesions providing 
objective data over time. Invasive biopsies can only be taken on a limited basis, 
whilst non-invasive techniques can be used any time. These techniques also 
have some limitations. 3D photography requires a trained operator to draw 
wound circumference, thereby introducing potential inter-operator variability. 
In addition, the effect of crust formation on imaging values is unclear and 
requires caution with interpretation of data.

Skin barrier function measurements are useful when 
assessing wound healing

TEWL is a technique often used in pre-clinical and clinical research as an 
objective measurement for assessing the barrier function. One of the limitations 
often reported is the variability of the technique due to fluctuations in humidity, 
temperature, anatomical site and sweat.41 In this study, TEWL values decreased 
over time, that is representing the progression of healing, while maintaining 
a constant and low variability between subjects. Potential reasons why TEWL 
values in this study were more robust compared to literature are the use of a 
temperature-controlled room, standardized measurement setup, a fixed 
operator, acclimatation time and routine calibration of equipment. TEWL values 
were increased up to 3 weeks after wounding, which is fully aligned with the time 
needed for keratinocytes to migrate the epidermis as seen in autoradiographic 
analysis of unaffected epidermal skin from psoriasis, mycosis fungoides and 
basal cell carcinoma patients.42,43 In the current study no dressing was applied 
after haemostasis was achieved. The question remains whether the TEWL 
profile over time will remain the same with occlusive dressing in place. It is 
known from literature that dressing plays a vital role in wound management 
and future research should include skin barrier measurements using multiple 
wound dressing protocols.44

were visible. Furthermore, a thickening in the upper epithelium layers was seen 
in the histology recording. The orientation of blood vessels was mixed (horizontal 
and vertical) but less in density compared to unwounded skin. 56 (Figure S6G) 
and 70 (Figure S6H) days after wounding, the skin showed increased roughness 
(on OCT recordings) indicating a less dense extracellular matrix compared to 
42 days post wounding. 70 days after wounding, the epidermis was still thickened 
compared to unwounded skin (Figure S6A, OCT graph) and showed clear signs of 
fibrosis (hyperreflective dermis).

Clinical scores are consistent with clinical imaging

EGS and RYB scores were performed on all study day visits. POSAS scores were 
performed from the day that the wound was closed (day 14). Data on the scores 
in frequency over time are displayed in Figure S7. A shift from severe (day 2–10, 
phase II/III) to moderate (day 14–28, phase III/IV) to mild (day 42–70, phase IV) 
erythema was observed in the EGS scores. The RYB scores shifted from black to 
no wound (wound closure) from day 14 onwards. POSAS scorings showed a steep 
decrease from day 14 up to day 28. A plateau was formed from day 28 to day 70. 
The scores did not return to the minimal scores of a POSAS score.

Discussion
In this study, we aimed to characterize physiological wound healing with a 
multimodal test battery consisting mainly of non-invasive methodologies in 
a healthy volunteer challenge model. We demonstrate for the first time that a 
test battery of non-invasive techniques can objectively monitor quantifiable 
changes over time of the distinct wound healing phases, that is phase II 
inflammation, phase III proliferation and phase IV remodeling, while excluding 
the haemostasis phase. Additionally, multiple parameters were integrated and 
visualized in a radar chart highlighting the most important parameters and 
most suitable biomarkers per phase. Lastly, data integration of all parameters 
by means of t-SNE showed clear clusters per phase. Remarkably pre-challenged 
skin and the inflammation phase were the most pronounced clusters.

Clinical imaging as objective read-out for wound healing 
assessment

Clinical imaging of cutaneous disorders in dermatology is often performed for 
treatment efficacy evaluation over time.38 Recent advancements in imaging 
techniques allows for quantitative and objective measurements to be performed 
over time without the need for subjective clinical scoring.39 Using clinical (3D)-
imaging we were able to collect objective data on differences over time for 5 
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Integrated, multidimensional data visualization shows 
distinct wound healing phases

We also assessed if integration of all the objective measures could function as a 
tool to distinguish healing phases and indicate the most important parameters in 
a certain phase, indicating the most suitable biomarkers per healing phase. Based 
on a radar plot, it can be concluded that important distinguishing biomarkers in 
all phases were wound depth, wound volume and mRNA expression of TGFβ3 
in the skin punch biopsy. Most of the biomarkers were primarily affected in the 
inflammation phase indicating that the modalities used in the study are well 
capable of detecting differences in this phase. Interestingly, some biomarkers 
(i.e. IL-33, FGF1, PGF) were only affected in one of the phases showing good 
distinguishing power of this biomarker. Due to the non-linearity of the data the 
decision was made to visualize the integration of data using t-SNE. From this 
t-SNE plot a clear clustering of phases was seen. Pre-challenged skin showed 
the clearest demarcation compared to the other phases. This is consistent with 
expectations since all the data used for the integration model showed the biggest 
differences from day 0 to day 2. Interestingly, data points associated with the 
proliferation and maturation phases were closest to each other, indicating that 
there is a partial overlay of processes in the proliferation phase and remodeling 
phase. Although this visualization of the data suggests that the modalities can 
be used to distinguish in what phase a certain wound is, it should be interpreted 
with caution. The time points assignment to the different phases are based on 
literature and visual assessment of the investigators creating a selection bias.

OCT as novel tool for non-invasive wound characterization

OCT has previously been used to visualize and quantify the microcirculation of 
the skin.54-56 Vessel density in blister wounds using OCT has been quantified by 
Larsen et al. and this research group has been able to correlate (albeit weakly) 
the vessel density measurements with the inflammatory reaction scored using 
histology.57 The visualization by OCT in this study showed distinct vasodilata-
tion in the first days after wounding followed by an inwards perfusion on day 14 
hinting towards neoangiogenesis inside the wound bed, therewith confirming 
the applicability of OCT measurements for characterization of the inflammatory 
status of the skin. OCT has not been frequently used in the field of dermatology 
for the evaluation of skin morphology. The majority of studies that have been 
performed were in small populations, focused on few endpoints or were per-
formed in animal models.58-60 In this study, we confirm applicability of the OCT 
not only for inflammatory characteristics but also morphological characteris-
tics, allowing a full non-invasive characterization of the wound healing process. 
OCT images matched the histology recordings regarding the detectability of 

Frequent, in-depth molecular profiling of wound healing phases

qPCR analysis performed in this study provided a comprehensible mechanistic 
insight into the molecular processes at play during wound healing. IL-10, IL-1β, 
IL-33, TNF, GM-CSF were all upregulated in the first days biopsies were taken 
(day 0, day 7) indicating on a role in the haemostasis and inflammation phase, 
which is in line with literature.45,46 Interestingly, differences over time were 
observed between TGF-β1 and TGF-β3. This group of growth factors is known to 
be involved in both inflammation and proliferation phases and are believed to 
activate similar intracellular signaling pathways.47 However, we found that TGF-
β1 was only elevated up until 7 days after wounding, whilst TGF-β3 was increased 
up to day 56 (reaching a plateau on day 14). Wang et al. showed that hypertrophic 
derived fibroblasts and scar tissue produced more TGF-β1 compared to normal 
wound healing, indicating that prolonged elevation of TGF-β1 leads to more 
scarring.48 Ferguson et al. discovered that skin wounds in mammalian embryos 
heal without scarring. Notably, TGF-β3 is elevated in these embryos, implying 
that TGF- β3 has anti scarring properties.49 Another interesting find was the 
decrease in several growth factor genes (EGF, FGF1, FGF2, PDGFA, PDGFB) after 
wounding. For PDGF it is known from literature that it is upregulated early after 
wounding.50 However, in the current study we observed a decrease in these 
growth factors 7 days after wounding and no return to baseline within 70 days. 
The first timepoint that post-biopsy samples were taken was after 7 days, which 
might be after an elevation in growth factors in the early days (2–6 days). In the 
literature a short and steep elevation of PDGF has been reported.6,50 After the 
decrease at day 7 a slight elevation over time occurred, which was insufficient 
to return to baseline within the 70 days study period. For the MMPs, and in 
particular MMP-1, we observe a steep increase 7 days after wounding and a slow 
return to baseline. This is consistent with literature suggesting high levels of 
MMP-1 one day after wounding followed by a slow return to baseline.51 

Furthermore, we observed that growth factor levels increase slightly over 
time but that the time course of the study was insufficient to capture a return to 
baseline of these genes. Even though the goal of this study was to characterize 
normal wound healing without intervention and no unexpected findings were 
anticipated, we did not foresee IL-6 to only yield zero values in the qPCR analysis 
(data not shown). A potential explanation for this could be an analytical assay 
issue given that all other tested proteins yielded quantifiable levels and no other 
explanation could be found. IL-6 is known to play a vital part in inflammation 
and activates both innate and the adaptive immune system.52 In addition, it is 
known from literature that IL-6 gene expression is elevated in reepithelization 
of human skin wounds.53 Therefore, it was expected that IL-6 would be elevated 
following the biopsy procedure.
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Supplementary Figure 3  Histopathology score on neoangionesis (n=18 for day 0, n=6 for 
all other timepoints)
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Supplementary Figure 4  Histopathology score on granulation tissue (n=18 for day 0, n=6 
for all other timepoints)
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Supplementary Figure 1  Histopathology score on wound re-epithelialization (n=18 for day 
0, n=6 for all other timepoints)

Supplementary Figure 2  Histopathology score on inflammation status (n=18 for day 0, 
n=6 for all other timepoints)

Tota
l in

fla
m

matio
n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

0

50

100

Day 0

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

ti
on

Tota
l in

fla
m

matio
n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

Day 7

Tota
l in

fla
m

matio
n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

Day 14

Tota
l in
flam

m
atio

n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

Day 21

Tota
l in

fla
m

matio
n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

0

50

100

Day 28

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

ti
on

Tota
l in

fla
m

matio
n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

Day 42

Tota
l in
flam

m
atio

n

Neutrophils

Histio
cyte

s

Lym
fo

cyte
s

Day 56

Absent
Scant
Moderate
Profound

Missing

Inflammation

1816 16 16

2 22

25
3 3

1 11

2

2

2 2

6 6 6 6
5

6
5 5

1 1 1

3

3

3

3

3

3

6 5

1

5

1

5

1

5

1

2

3

1

6
2

3

1

2

2

2

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes
0

50

100

Day 0

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

tio
n

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes

Day 7

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes

Day 14

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes

Day 21

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes
0

50

100

Day 28

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

tio
n

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes

Day 42

Total
infla

mmati
on

Neu
tro

phils

Hist
iocy

tes

Lym
focy

tes

Day 56

Absent
Scant
Moderate
Profound

Missing

Inflammation

1816 16 16

2 22

25
3 3

1 11

2

2

2 2

6 6 6 6
5

6
5 5

1 1 1

3

3

3

3

3

3

6 5

1

5

1

5

1

5

1

2

3

1

6
2

3

1

2

2

2

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)
0

50

100

Day 0

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

tio
n

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)

Day 7

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)

Day 14

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)

Day 21

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)
0

50

100

Day 28

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

tio
n

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)

Day 42

Cru
st

Epith
eli

ali
za

tio
n

Kera
tin

iza
tio

n

Bas
al

lay
er

form
ati

on

Spinous ep
iderm

al
diffe

ren
tia

tio
n (ea

rly
)

Gran
ular

ep
iderm

al
diffe

ren
tia

tio
n (la

te)

Day 56

Absent
Scant
Moderate
Profound
Yes
No

Missing

Wound re-epithelialization

18 18 18 18 18 18 6

3

1

2

3

1

2

6 6 4 3 5
4

1

1

1

2
1 1

1

6 665

1

5

1

5

1

6 6 6 6 6 6
4 4 4 4 4 4

2 2 2 2 2 2

6 6 6 6 6 6

3

3

3

3

3

3

Su
pp

le
m

en
ta

r
y 

m
a

te
r

ia
l 

C
h

a
pt

er
 II

Su
pplem

en
ta

r
y m

a
ter

ia
l C

h
a

pter
 II

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al di

ffe
rentia

tio
n

(e
arly)

Granular epid
erm

al di
ffe
re

ntia
tio

n
(la

te
)

0

50

100

Day 0

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

ti
on

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rm

atio
n

Spin
ous epid

erm
al diff

ere
ntia

tio
n

(e
arly

)

Granular epid
erm

al diff
erentia

tio
n

(la
te

)

Day 7

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al diff

erentia
tio

n (e
arly)

Granular epid
erm

al di
ffe
re

ntia
tio

n
(la

te
)

Day 14

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al di

ffe
rentia

tio
n (e

arly
)

Granular epid
erm

al diff
ere

ntia
tio

n
(la

te
)

Day 21

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al di

ffe
rentia

tio
n

(e
arly)

Granular epid
erm

al di
ffe
re

ntia
tio

n
(la

te
)

0

50

100

Day 28

Pe
rc

en
ta

ge
of

st
ud

y
po

pu
la

ti
on

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al di

ffe
rentia

tio
n (e

arly
)

Granular epid
erm

al diff
ere

ntia
tio

n
(la

te
)

Day 42

Crust

Epith
elia

liz
atio

n

Kera
tin

izatio
n

Basal layer fo
rmatio

n

Spin
ous epid

erm
al di

ffe
rentia

tio
n

(e
arly)

Granular epid
erm

al di
ffe
re

ntia
tio

n
(la

te
)

Day 56

Absent

Scant
Moderate
Profound
Yes
No

Missing

Wound re-epithelialization

18 18 18 18 18 18 6

3

1

2

3

1

2

6 6 4 3 5
4

1

1

1

2
1 1

1

6 665

1

5

1

5

1

6 6 6 6 6 6
4 4 4 4 4 4

2 2 2 2 2 2

6 6 6 6 6 6

3

3

3

3

3

3



II – char acterization of a cutaneous full-thickness wound model in healthy volunteersRu bor, C a lor, T u mor, Dolor – Object i v e a ssessmen ts of inf l a mm at ion46 47

Supplementary Figure 6  Representative OCT images time-matched with histology Supplementary Figure 5  Histopathology score on connective tissue formation (n=18 for 
day 0, n=6 for all other timepoints
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Supplementary Figure 7  Clinical scores
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