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Abstract
Development of pharmacological interventions for wound treatment is challenging 
due to both poorly understood wound healing mechanisms and heterogeneous pa-
tient populations. A standardized and well- characterized wound healing model in 
healthy volunteers is needed to aid in- depth pharmacodynamic and efficacy assess-
ments of novel compounds. The current study aims to objectively and comprehen-
sively 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 interven-
tion. 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 read- outs returned to baseline values in 
28 days. Optical coherence tomography detected cutaneous differences throughout 
the wound healing progression. qPCR analysis showed involvement of proteins, quan-
tified 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 visuali-
zation, 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.

K E Y W O R D S
drug development, healthy volunteers, non- invasive imaging, skin punch biopsy, wound 
healing model

www.wileyonlinelibrary.com/journal/exd
https://orcid.org/0000-0001-7241-2889
https://orcid.org/0000-0002-3829-0037
https://orcid.org/0000-0002-1413-1648
https://orcid.org/0000-0002-6751-5370
https://orcid.org/0000-0002-8158-660X
https://orcid.org/0000-0001-5997-7551
https://orcid.org/0000-0002-3221-1609
https://orcid.org/0000-0001-7912-0918
https://orcid.org/0000-0003-1672-7899
mailto:
https://orcid.org/0000-0002-5867-9090
http://creativecommons.org/licenses/by-nc/4.0/
mailto:rrissmann@chdr.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fexd.14808&domain=pdf&date_stamp=2023-04-13


2  |    ten VOORDE et al.

1  |  INTRODUC TION

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, inflam-
mation, proliferation and remodeling (Figure 1A), where each phase 
elicits a peak activity at a certain time in the wound healing cascade 
(arbitrarily depicted in Figure 1A).1– 4 The phases are marked by sig-
nalling pathways mediated by numerous cell types, growth factors 
and cytokines under normal conditions.5,6 After haemostasis, each 
subsequent phase is characterized by changes in the microenviron-
ment including the secretion of cytokines and chemokines, and the 
attraction, migration and activation of various cell types.7 In addi-
tion, 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 has hindered the 
development of new interventions and therapies.11,12 The heteroge-
nicity 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 op-
tions 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 con-
tributing factor may be the lack of a robust human wound healing 
model for early phase clinical studies.15,16 The current standard end-
point 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.18,19 However, 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 modal-
ities to changes in the skin's structure, function and microenviron-
ment could aid in wound healing drug development.

To address these challenges, a study was designed with the aim 
to comprehensively characterize the mechanisms and processes of 
physiological wound healing. A standardized 3 mm full- thickness 
skin punch biopsy on the back of healthy volunteers was made and 

measured with a standardized, multimodal test battery yielding a 
multidimensional approach.20,21 All healing phases after haemo-
stasis were extensively, (non)- invasively characterized in different 
domains, that is biophysical, cellular, molecular, clinical aspects and 
clinical imaging. Methods with objective and biomarker- based read- 
out were deployed as depicted in Figure 1A,C. Finally, the data were 
integrated using advanced data visualization techniques to fully ex-
ploit this high- temporal and high- spatial resolution data set.

2  |  MATERIAL S AND METHODS

This was a prospective single- arm, biopsy- location randomized, ob-
servational 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 Clini calTr ials.gov (NCT03433820).

2.1  |  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 and 30 kg/m2 were included. Main exclusion cri-
teria were history of pathological scar formation, smoking, clinically 
relevant skin conditions and diseases associated with immunosup-
pressive 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,B. All subjects un-
derwent 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 bi-
opsies 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 pa-
rameters eighteen 3 mm biopsy wounds were followed over time. 
For all molecular and cellular parameters eighteen 3 mm biopsy 

F I G U R E  1  (A) Schematic representation of wound healing phases. Phase separation into set days is arbitrary and can differ dependant 
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.
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4  |    ten VOORDE et al.

wounds were measured on day 0, and six 4 mm biopsy wounds were 
measured on subsequent timepoints.

2.2  |  Biophysical: skin blood perfusion and skin 
barrier function

Skin blood perfusion was quantified using Dynamic Optical 
Coherence Tomography (D- OCT; VivoSight OCT, Michelson diag-
nostics) at baseline and on each study day visit as described be-
fore.22,23 Subjects were acclimatized to a temperature- controlled 
room and lighting was kept constant 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 between skin 
and laser. 120 consecutive scans with a depth of up to 1.5 mm were 
taken of the wounds in approximately 20 s. Cutaneous microcircula-
tion was quantified by calculating the average speckle signal return-
ing 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 measurements (TEWL; Aquaflux AF200, Biox Systems). 
Subjects were acclimatized to the room for 15 min before the start 
of a measurement. 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 re-
sults 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.

2.3  |  Clinical imaging: erythema, 
planimetry and morphology

Skin erythema was quantified using multispectral imaging (Antera 
3D®, Miravex), as described in detail before.22,23,25 The multispec-
tral 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 analysed im-
ages. Skin erythema was defined as the a* value (AU) using the 
CIELab colour classification system.26

Planimetry (volume, surface, depth) of the induced wounds was 
measured using a stereophotogrammetric 3D camera (LifeViz 3D®, 
Quantificare).27 Two 2D images were created simultaneously using 
a parallel lensing system. Standardized 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 
analysed using accompanying software (DermaPix®, Quantificare). 
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 reported in mm, mm2 and mm3, respec-
tively. 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). A 6 mm probe was placed directly over the wound 
and recorded 120 consecutive images in approximately 20 s. 
Recordings were up to 1.5 mm in depth and reached a lateral and 
spatial resolution of 7.5 and 5 μm, respectively. Qualitative inspec-
tion 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.

2.4  |  Molecular & cellular: skin punch biopsies

Three-  and four- millimetre skin punch biopsies were snap frozen 
in liquid nitrogen directly after harvest. Biopsies were stored at 
≤−80°C until shipment and analysed 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 
haematoxylin– eosin stained to compare with time- matched OCT re-
cordings and clinical images. Histopathological scores were graded 
by an independent histopathologist. Histopathology scores were 
given to 5 healing parameters (wound re- epithelialization, granula-
tion 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

2.5  |  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– 31 All scores 
were performed by a single trained physician. The RYB score con-
sisted of three wound parameters: wound presence, wound colour 
and wound humidity. RYB scores were only completed on days that 
a wound was present. EGS scores were graded absent, mild, moder-
ate 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.
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    |  5ten VOORDE et al.

2.6  |  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 Neighbour Embedding (t- 
SNE) space using the Python (Python Software Foundation) package 
scikit- learn version 1.0.2. t- SNE is an effective non- linear dimen-
sionality reduction technique used to create a two- dimensional rep-
resentation 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 multi-
ple quantitative parameters a radar chart was developed. The magni-
tude 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 Foundation) and classified using the 
wound healing phases depicted in Figure 1A.37

2.7  |  Statistics

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

3  |  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.

3.1  |  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 in-
dicating the start of the inflammation phase (Figure 2B). The aver-
age 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).

3.2  |  Novel clinical imaging tool can objectively 
identify differences in size, colour and cutaneous 
structures of the induced wounds

Erythema of the skin as quantified by multispectral clinical imag-
ing 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).

TA B L E  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%)

Abbreviation: BMI, body mass index.
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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) the wound volume became pos-
itive (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 procedure (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 cal-
culated by OCT showed an increase in epidermal thickness in the 

remodeling phase 4 weeks after wounding followed by a gradual de-
crease over time up to day 70 (Figure 3F). Epidermal thickness did 
not return to baseline values in 70 days. Epidermal thickness mea-
surements could not be performed on day 7, 10 and 14 due to crust 
interference and lack of epidermis.

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

The molecular response to skin wounding was studied by quanti-
fying mRNA expression in snap frozen 3-  and 4- mm biopsies using 
qPCR (Figure 4). In general, day 0 data consist of 18 skin punch bi-
opsies, whilst the remaining time points consist of 6 skin punch bi-
opsies 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 

F I G U R E  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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    |  7ten VOORDE et al.

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.

3.4  |  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 applica-
ble 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.

Inflammation scores (Phase II, Figure S2) were divided in three 
categories (neutrophils, histiocytes, lymphocytes) and an overar-
ching parameter ‘total inflammation’. For two biopsies, signs of in-
flammation 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 pro-
liferation 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).

F I G U R E  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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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 cor-
respond to 0%– 25%, 25%– 50%, 50%– 75%, 75%– 100% affected, re-
spectively. 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 ab-
sent, 4 biopsies scored profound).

Characteristics associated with connective tissue formation 
(sign of Phase IV) are shown in Figure S5. Proteoglycan/mucin depo-
sition 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 pro-
foundly 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 bi-
opsies showed mixed orientation.

3.5  |  Data visualization

A complete data visualization using all data described in the preced-
ing sections except epidermal thickness measurements is displayed 
in Figure S6. The radar chart (Figure S6A) shows involvement of most 

F I G U R E  4  mRNA expressing quantified using qPCR. Data is expressed as individual data points with means, relative to housekeeping 
gene ABL (n = 18 for day 0, n = 6 for all other timepoints). Colour coding corresponds to wound healing phases depicted in Figure 1A. 
Black = pre- challenged skin, pink = inflammation phase, blue = proliferation phase, green = remodeling phase. Data are expressed as means.
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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 S6B). The t- 
SNE plot shows distinct pre- challenged, inflammation, proliferation 
and remodeling clusters. The figure also illustrates some overlap be-
tween the proliferation and remodeling phase. Data points collected 
from pre- challenged skin and datapoints collected in the inflamma-
tion phase shows close clustering and no clear overlap with other 
phases.

3.6  |  Non- invasive OCT images vs 
invasive histology

Figure S7 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 S7, illustrating the differ-
ent wound healing processes over time (excluding the haemostasis 
phase, phase I) measured invasively vs non- invasively.

In intact skin (Figure S7A), skin characteristics such as the stra-
tum 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 S7B). In addition, the mi-
grating epidermal tongue originating from the epidermal bulge di-
rectly 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 oc-
curred after 14 days (Figure S7C). 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 S7D). 
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 S7E). A mixed extracellular matrix orientation was observed 
in both histological and OCT recordings. In addition, a further flat-
tening of the epidermis was seen. This flattening of the epidermis 
continued up to day 42 after wounding (Figure S7F). The epidermis 
was thickened compared to unwounded skin and no rete ridges 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 S7G) and 70 (Figure S7H) 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 S7A, OCT graph) and showed 
clear signs of fibrosis (hyperreflective dermis).

3.7  |  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 S8. 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 mini-
mal scores of a POSAS score.

4  |  DISCUSSION

In this study, we aimed to characterize physiological wound heal-
ing with a multimodal test battery consisting mainly of non- invasive 
methodologies in a healthy volunteer challenge model. We demon-
strate for the first time that a test battery of non- invasive techniques 
can objectively monitor quantifiable changes over time of the dis-
tinct wound healing phases, that is phase II inflammation, phase III 
proliferation and phase IV remodeling, while excluding the haemo-
stasis phase. Additionally, multiple parameters were integrated and 
visualized in a radar chart highlighting the most important param-
eters and most suitable biomarkers per phase. Lastly, data integra-
tion 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.

4.1  |  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 ob-
jective 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 charac-
teristics, that is erythema, volume, surface, depth, epidermal thick-
ness. 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 stereopho-
togrammetric parameters (volume, surface and depth) were in line 
with known literature on wound closure times. Despite the haemo-
static crust covering the wound, the 3D camera used in this study 
was still able to detect differences in wound surface and depth. For 
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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 advan-
tages for both the clinic and in clinical research. One of the big-
gest 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 in-
terpretation of data.

4.2  |  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 rep-
resenting 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 keratino-
cytes 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 oc-
clusive 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

4.3  |  Frequent, in- depth molecular profiling of 
wound healing phases

qPCR analysis performed in this study provided a comprehensi-
ble 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 signalling 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 (reach-
ing a plateau on day 14). Wang et al. showed that hypertrophic de-
rived 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 up-
regulated 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 re-
ported.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 base-
line.51 Furthermore, we observed that growth factor levels increase 
slightly over time but that the time course of the study was insuffi-
cient 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 adap-
tive 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.

4.4  |  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 expres-
sion of TGFb3 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 
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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 expecta-
tions 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 over-
lay of processes in the proliferation phase and remodeling phase. 
Although this visualization of the data suggests that the modali-
ties 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.

4.5  |  OCT as novel tool for non- invasive wound 
characterization

OCT has previously been used to visualize and quantify the microcir-
culation 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 visuali-
zation by OCT in this study showed distinct vasodilatation in the first 
days after wounding followed by an inwards perfusion on day 14 hint-
ing towards neoangiogenesis inside the wound bed, therewith con-
firming 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 morphol-
ogy. The majority of studies that have been performed were in small 
populations, focused on few endpoints or were performed in animal 
models.58– 60 In this study, we confirm applicability of the OCT not 
only for inflammatory characteristics but also morphological charac-
teristics, allowing a full non- invasive characterization of the wound 
healing process. OCT images matched the histology recordings re-
garding the detectability of distinct cutaneous shapes. Restoration 
of the epidermis, dilatation of blood vessels, granulation tissue and 
thickening and flattening of the epidermis could all be clearly charac-
terized using OCT. However, despite being able to distinguish cutane-
ous structures and changes in the microenvironment, OCT also has 
some limitations. It does not have the diagnostic power and resolu-
tion needed to detect all wound healing processes and small micro-
environmental changes without the need for histology comparison. 
In addition, the technique requires trained operators to reduce the 
number of artefacts in scans. Despite all these limitations the future 
of the technique looks promising. With recent advancements in reso-
lution, measuring depth, image analysis and standardization of meas-
urement the technique holds promise to replace the need for invasive 
skin biopsies and become a standard diagnosis tool.61

Our study is a first step towards a complete model for ade-
quate drug and device testing in wound healing. These results con-
tribute to a better understanding of the inflammatory responses 
in the skin's microenvironment. Although the results appear prom-
ising, some aspects could be optimized to increase sensitivity and 
improve the distinguishing power of the non- invasive imaging 
modalities. The first days of acute wound healing are vital in pre-
dicting time to closure and to monitor the first processes in the in-
flammation phase. Due to the bleeding period in the haemostasis 
phase, it is difficult to image the wounds shortly after wounding. 
In hindsight an extra visit 1 day after wounding would have been 
useful in determining the maximum response (i.e. skin blood per-
fusion, TEWL). Another addition that could be useful in evaluating 
wound healing would be the clinical scoring of re- epithelialization 
and contraction, to explicitly compare with objective endpoints. 
The wounds induced in this study were small, acute and self- 
resolving punch biopsies, which reflects the normal wound healing 
of acute sterile wounds and comparability with chronic, slow heal-
ing wounds should be further explored. In addition, the size and 
location of the wounds are important factors influencing wound 
healing and should be considered when extrapolating results to 
a different setting. Lastly, future research should be focused on 
including intervention as positive and negative controls to better 
assess the usability of the model in drug and device testing.

5  |  CONCLUSION

We successfully developed a rapid, quantitative human wound 
healing model by using a multimodal approach. Clinical imag-
ing, biophysical and non- invasive morphological read- outs were 
fully concordant with histology and clinical scoring. Future use of 
the model together with test battery will enable early proof- of- 
concept of novel wound healing treatments using a homogeneous 
healthy study population.
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