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Distinct Patterns of Hair Graft Survival After
Transplantation Into 2 Nonhealing Ulcers: Is
Location Everything?

Majip Aram, PHD,*™ JERRY COOLEY, MD,® MAGDALENA PLOTCZYK, MSc,!
MARIA SOLEDAD MARTINEZ-MARTIN, MD,T ANDER IzETA, PHD,* RALF PAUS, MD,* *t AND
FrRANCISCO JIMENEZ, MD*1#

BACKGROUND  Studies highlighting the role of hair follicles (HFs) in wound healing have raised the chal-
lenge of bringing this knowledge to clinical applications. A successful translation is the transplantation of scalp
HFs into chronic wounds to promote healing.

OBJECTIVE To characterize scar formation and hair growth in nonhealing ulcers after transplantation.

PATIENTS AND METHODS Nonhealing ulcers were treated with hair transplantation to promote wound healing.
Hair follicles were harvested from the patient’s scalp and inserted into the wound bed. Wound repair and hair growth
were assessed clinically. Further analyses were performed in situ, using biopsies from the central and peripheral scar.

RESULTS Rapid wound closure and differences of scar quality and hair growth between the central and
peripheral wound areas were observed: the periphery healed with no hair shaft survival and an almost scarless
appearance, the center healed with a fibrotic scar, with some hair shaft growth. In situ analyses revealed
differences in dermal remodeling and collagen formation between central and peripheral scar areas.

CONCLUSION Besides confirming the effectiveness of this therapy to promote wound healing in human skin,
location-dependent disparities in scar quality and hair growth raise the intriguing question whether they are
due to clinically important differences in mechanical forces and/or wound microenvironments between ulcer
center and periphery.

The authors have indicated no significant interest with commercial supporters.

he hair follicle (HF) is an integral part of the growth factors such as TGF81 and VEGF by HFs,

healing process in cutaneous wounds, with the and the endowment of HFs with multiple different
migration of epithelial and dermal HF cells progenitor cell populations”® that, in principle, are
contributing substantially to wound re- capable of regenerating all major skin

epithelialization and repair.'~* It is believed that this ~ compartments.

is based, at least in part, on the angiogenesis- and

reinnervation-promoting properties of the HF,>> As an attempt to translate this well-known, but still
the release of potent wound healing—promoting underappreciated role of HFs as wound healing
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DISTINCT PATTERNS OF HAIR GRAFT SURVIVAL

promoters, several clinical reports have shown the
utility of autologous HF grafts in stimulating the
healing of chronic ulcers or other nonhealing
wounds.” "' Some of these reports refer to patients
with deep and extensive burns or surgical wounds
successfully treated with the combination of an
artificial dermis coverage that provides an imme-
diate coverage of the wound and subsequent for-
mation of a neodermis, followed by autologous hair
follicle grafting, which was shown to significantly
accelerate overall wound healing and re-epitheli-
alization.”™'! Other clinical studies show effective-
ness of transplanting exclusively hair follicle grafts

12713 and in surgical or

in chronic venous leg ulcers
traumatic wounds.'® In these cases, the hair follicle
grafts were harvested using skin punches from the

patient scalp as the donor source.'”'®

It is interesting to note that in all wound healing
studies where scalp hair grafts were used, the hair
shafts grew in far lower quantity than would be
expected in a normal hair transplant procedure
performed in a patient with androgenetic alope-
cia.*!213-1* However, none of the previous studies
have addressed the hair growth pattern distribution
generated on the scar once the wounds were healed.
In the 2 cases reported here, we highlight the strik-
ingly distinct hair growth pattern seen in the central
and peripheral zones of the wound, and note that,
this correlates with differences in the quality of scar
formation. Although limited only to clinical obser-
vations in just 2 male patients at different extremes
of the age spectrum, we feel that these consistently
observed phenomena raise biologically fascinating
and clinically highly relevant questions as to the
potential underlying mechanisms. This motivates us
to share these case reports with the field so as to
stimulate further research that may answer these
intriguing open questions.

Materials and Methods

Standards and Ethics Compliance

Helsinki Declaration principles, relevant Spanish leg-
islation, and Good Clinical Practice regulations were
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followed. Informed, written patient consent was given
before punch biopsies were taken.

Patients

An 18-year-old male patient came for a second opin-
ion regarding a traumatic ulcer located on the inner
aspect of the left arm that had not improved with
conventional therapy, that is, a variety of dressings
and local antibiotics, after 3 months. The ulcer was
due to a thermal burn caused by contact with the
exhaust pipe of a motorcycle in a traffic accident. On
physical examination, the ulcer was circular in shape,
2.7 cm in diameter and covered with a boggy red
granulation tissue (Figure 1A).

Given the patient’s lack of response to standard ther-
apy and the coauthor’s (F.].) previous positive expe-
rience using hair transplant autografts in nonhealing
ulcers,'? we offered the patient this therapeutic option.
In short, after shaving and administering local anes-
thesia in a 4 x 4-cm area of the patient’s occipital scalp,
100 follicular unit (FU) grafts were harvested using a
1-mm punch graft (serrated hybrid trumpet punch;
Devroye Instruments, Brussels, Belgium) attached to a
motorized device (Waw FUE system, Devroye Instru-
ments). This harvesting technique, known as FU
excision, is identical to the one normally used in hair
transplantation for androgenetic alopecia.'” These
hair grafts were immersed in physiologic saline until
their immediate insertion in the recipient wound. The
wound bed of the ulcer was locally anesthetized
with lidocaine 1% and 1:100,000 adrenaline,
cleaned, curetted, and all FU grafts were then
inserted into the wound bed using hair graft
implanters (Lion Hair Implanter; Hansbiomed,
Seoul, Korea). Grafts were evenly distributed in the
wound area, which measured 5.72 cm?, at an
average density of 17 grafts per cm? (Figure 1B).
The procedure lasted approximately 45 minutes,
and the patient was discharged with an occlusive
wound dressing for 48 hours.

An 83-year-old man was referred for evaluation of a
nonhealing wound of iatrogenic origin located on his
right upper arm. Three months prior, a malignant
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3 weeks post-op

Figure 1. Distinct pattern of hair shaft growth in a nonhealing wound treated with FU grafts. A wound approximately 2.7 cm
in diameter caused by a thermal burn after an accident (A). Hundred follicular unit (FU) punch grafts (from the scalp)
containing terminal hair follicles were transplanted into the wound bed of the ulcer (epidermis of FU grafts demarcated by
dotted yellow circles at the center and periphery of the wound bed (B). After 10 days, rapid healing of the ulcer was
observed with increased wound closure and reduction in inflammation (C). After 3 weeks, the wound had completely
healed over with no granulation tissue remaining (D). Three and a half months after transplantation, the original wound had
shrunk in size (demarcated by dotted lines) and an unusual pattern of hair growth was observed (E). No hair shaft growth
was observed at the periphery (double arrow heads), in comparison with the central area, which contained growing hair

shafts and was visibly more fibrotic.

melanoma was excised followed by primary closure.
Before excising the tumor, the referring primary care
provider had inadvertently injected approximately 40
cc of 10% buffered formalin into the skin, mistaking it
for tumescent anesthetic. Recognizing the error
immediately, the tumescent anesthetic was injected
into the skin in an attempt to dilute the formalin, and
the surgery was performed in standard fashion
including a 2-layered sutured closure. However,

2 weeks after the surgery, when the surface sutures
were removed and over the subsequent days, the
wound dehisced completely, and necrosis was noted
along the wound edges. Wound care consisted of
regular debridement of necrotic skin followed by
saline-soaked gauze and compression dressings.
Wound healing occurred very slowly, and at 6 weeks,
the diameter of the wound did not seem to have
reduced (Figure 2A).

The patient was referred to one of the coauthors
(J.C.), a dermatologist specialized in the wound
healing process. After discussing the potential ben-
efit of a hair transplant—-promoting wound healing,
the patient gave consent for this therapy. At the time
of hair transplantation, the ulcer measured 9 x

4.5 cm (~40.5 cm?). Using the strip-harvesting hair
transplant method, a total of 405 FUs grafts were
implanted into the wound bed at an average density
of 10 grafts per cm? (Figure 2B). In this patient, in an
attempt to further stimulate wound healing, the
surgeon lightly coated the FU grafts with a concen-
trated suspension of ACell MicroMatrix (ACell,
Columbia, MD), a medical product routinely used
for both acute and chronic wound treatment.*%*' In
addition, after the procedure, the patient was
instructed to frequently spray a saline-based solu-
tion containing liposomal ATP (Energy Delivery

00:00:MONTH 2019

© 2019 by the American Society for Dermatologic Surgery, Inc. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



DISTINCT PATTERNS OF HAIR GRAFT SURVIVAL

Pre-op Intra-op

1 month post-op

1

3 month post-op

5 months post-op

Figure 2. Distinct pattern of hair growth of a nonhealing surgical wound treated with follicular unit grafts. An iatrogenic
wound after accidental injection of formalin (A). Four hundred follicular unit grafts from the scalp were evenly transplanted
into the wound bed (B). After 1 month, rapid healing of the wound can be seen (C). After 3 months, the wound shrunk

further in size (D), and 5 months post-op (E), the wound had completely healed and shrunk in size (dotted line), and hair
growth can only be seen in the center of the scar. Scar tissue at the periphery is almost indistinguishable from normal skin,

whereas the center is more fibrotic.

Solutions, Jeffersonville, IN) into the wound as an
adjuvant therapy.

Histochemistry and
Immunofluorescence Microscopy

Given the striking differences observed at 7 months
after operation in scar quality and hair growth pattern
between the central and peripheral zones of the healed
ulcer, the scar of patient 1 was biopsied after written
informed consent. Two 3-mm punch biopsies were
obtained, one from the central fibrotic hairy zone and
another from the nonhairy peripheral zone for further
histological and histochemical analyses.

Paraffin-embedded skin samples were sectioned at

7 pm for hematoxylin and eosin (H&E) and Masson
trichrome staining to examine general morphology
and collagen structure (Collagen I, IIl, and IV) between
the 2 well-defined scar areas.

For immunohistology, paraffin-embedded skin sam-
ples were deparaffinized using Histo-Clear (National
Diagnostics, HS-200) and rehydrated after 3 washes:
100% ethanol, 70% ethanol, and water. For antigen
retrieval, a drop of proteinase K (Abcam, ab64220)
was placed on top of each section and incubated for
7 minutes at room temperature (RT). Sections were
then fixed with 4% paraformaldehyde (PFA) for

5 minutes at RT, blocked with 5% goat serum (Vector
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Laboratories, Burlingame, CA) for 30 minutes at RT,
and incubated overnight at 4°C with primary anti-
bodies; 1:200 anti-COLIV (Abcam, ab6311) and
1:200 anti-COLII (Abcam, abcam7778). Secondary
antibody anti-mouse and anti-rabbit Alexa Fluor 546
(Life Technologies, A21207 and A21203) were used at
1:500 for 1 hour at RT in the dark. Sections were
mounted using Vectashield mounting media and a
cover slide.

Second Harmonic Generation and
Fluorescence Imaging

For COLI imaging, we used second harmonic gener-
ation (SHG) microscopy, which offers deeper tissue
penetration, improved resolution, and without the
need for labeling, as compared to standard linear
optical techniques. In the process, 2 photons interact
with a nonlinear material, such as COLI fibers, and
form a new photon of twice the energy, which is then
detected as an SHG signal. Fluorescence imaging was
performed on an upright confocal microscope (Leica
SP5) coupled to a Ti:Sapphire laser (Mai Tai, Newport
Spectra-Physics), a water immersion 25X objective
(IRAPO, NA 0.95, Leica) and a photomultiplier tube
detector. The excitation was accomplished at wave-
length 820 nm obtained at 400 to 420 nm for the SHG
signal to image collagen I fibers, and at 430 to 480 nm
for the multiphoton signal (DAPI). Through sequen-
tial scanning, separated excitation of 594 nm and

© 2019 by the American Society for Dermatologic Surgery, Inc. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



emission 500 to 580 nm were used for fluorescence
imaging of COLIV and COLIIL High-resolution
images (1,024 x 1,024 pixels) with 12-bit pixel depth
were obtained with a view field of 620 x 620 pm.

Regarding image processing and statistical analysis, 5
images of randomly selected areas in the dermis of the
central and peripheral scars were taken for each
staining and analyzed using an image processing
package, Fiji (NIH, Bethesda, MD). AngioTool soft-
ware was used as a Fiji plugin for the quantitative
analysis of angiogenesis, focusing on the assessment of
vessel percentage area.”” The average pixel density was
measured using an in-built Analyse Fiji tool. All sta-
tistical analyses were performed using GraphPad 5 (La
Jolla, CA).

Results

Hair Follicle Scalp Grafts Promote Ulcer Healing

Irrespective of the major difference in age, skin ulcer
healing was induced by autologous scalp hair trans-
plantation in both patients. In the first clinical case,
very rapid healing was seen 10 days after trans-
plantation, with a notable reduction in inflammation
and partial re-epithelialization (Figure 1C). After

3 weeks, the ulcer was considered by the surgeon to be
completely re-epithelialized and healed (Figure 1D). In
the second case, rapid healing was also observed after
transplantation, and after 1 month, a reduction in
ulcer size, wound contraction, and granulation tissue
was observed (Figure 2C). After 3 months, the ulcer
had further reduced in size (Figure 2D), and after

6 months post-op, the wound was considered com-
pletely healed (Figure 2E).

The Postulcer Scar Displays Two Well-Defined
Zones With Strikingly Distinct Hair
Growth Patterns

Interestingly, when Patient 1 returned for a clinical
assessment after 3.5 months, we noted that the scar
presented 2 clearly defined zones: the central part,
more red, fibrotic, and covered with hair shafts; and
the peripheral zone, devoid of hairs and more atro-
phic, blending with the surrounding normal skin.

ALAMET AL

At that time, of the 100 transplanted FUs (approxi-
mately 250 hairs), 67 FUs containing a total of 82 hairs
were counted. This clinical appearance persisted until
7 months post-op, when the biopsies were obtained.

In Patient 2, again, hair shaft growth was exclusively
noted only in the center of the scar while the periphery
was absent of transplanted hairs (Figure 2E). After the
transplantation of 400 grafts, only 75 growing hair
shafts were counted at 11 months post-op.

Central and Peripheral Scar Areas Display
Distinct Dermal Morphology and
Collagen Composition

Biopsy and histology of the scar of Patient 1 revealed
striking differences in the dermal morphology and
collagen composition between the central (Figure
3A-D) and peripheral zones (Figure 3E-H). As
expected from the clinical phenotype, the central scar
zone was more fibrotic (Figure 3A-D), with thicker
and more prominent collagen bundles (Figure 3C-D)
compared with the scar periphery (Figure 3E-H). In
addition, terminal HFs could be seen growing in the
central scar area (Figure 3I).

Analysis of the predominant collagen types was con-
sistent with fibrosis in the central area: excessive
accumulation of fibrillar collagen Type I (Figure 4),
but also a higher expression of collagen Type III
(Figure 5).>*** COLIII is one of the dominant colla-
gens alongside COLI during wound repair and plays a
role in fibrillogenesis,> which further consolidates the
difference in fibrotic scar tissue formation between the
2 areas. Moreover, quantification of collagen Type IV
expression, which labeled the basal membrane of
blood vessels, revealed a 35.5% higher vessel area in
the central scar compared with the peripheral. The
increased COLIV expression in the central area would
be typical of early wound healing phases before vas-

cular remodeling.?®”

Discussion

Follicular unit transplantation for wound healing
applications is a relatively recent clinical develop-
ment.'>'* As further experience is gained in using this
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Masson Trichrome

Masson Trichrome

Central

‘Perlpheral

Figure 3. Differential dermal remodeling of the central and peripheral scar areas after follicular transplantation. H&E and
Masson Trichrome staining revealed a difference in dermal remodeling in the central scar (A-D) in comparison with the
peripheral scar (E-H). The central scar is more fibrotic (B) and contains visibly thicker collagen bundles (D), whereas the
peripheral scar is less fibrotic (F) and collagen seems to be more fragmented (H). A transplanted anagen VI hair follicle

remains in the central scar (l).

hair transplantation technique for treating ulcers and
difficult-to-heal wounds, outcome measurements and
clinical indications are becoming better defined. The
current, independently observed and documented
cases reported here once more underscore the utility of
transplanting autologous hair follicle grafts for pro-
moting the healing of chronic wounds. More impor-
tantly, however, our 2 cases also revealed a striking,
location-dependent difference in the hair regrowth
pattern between the central (hair-bearing) and
peripheral (non-hair-bearing) zones of the postulcer
scar. Although further observations of this nature are
required before one knows how reproducible and
robust this phenomenon is, our findings already raise
biologically intriguing and clinically relevant
questions.

In theory, the observed phenomenon might have
reflected differences in wound healing—associated HF
neogenesis.”**° However, the latter has never been
conclusively demonstrated to occur in adult human

DERMATOLOGIC SURGERY

skin and can therefore be ignored as an explanation
here. On this basis, we hypothesize that these differ-
ences in hair growth and scarring patterns could be
due to one or more of the following 3 reasons:

Different Inflammatory/Proteolytic/Wound
Healing Signaling Milieu

In a chronically stressed tissue environment such as a
nonhealing wound with its excess of reactive oxygen
species and accumulation of toxins, coupled with
hypoxia and a profoundly proinflammatory and

26,27

proteolytic signaling milieu, the peripheral and
central portions of the wound likely show a very dif-
ferent inflammatory/proteolytic/wound healing sig-
naling milieu. This may favor the transplanted HFs in
the periphery to participate primarily in the more
immediately pressing task of wound repair rather than
in the less vital routine task of hair shaft formation (as
previously proposed by Jahoda®!). This would also

explain the lower rate of transplanted hair shaft

© 2019 by the American Society for Dermatologic Surgery, Inc. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Figure 4. COLIV and COLI expression revealed a significant reduction in vessel density and structural differences of col-
lagen in the peripheral scar area. COLI (green) second harmonic generation (SHG) imaging and COLIV (red) immunoflu-
orescence in (A-C) central and (D-F) peripheral areas of the scar dermis (scale bars = 100 wm). Quantification of vessel
density based on percentage vessel area after COLVI staining revealed a significant reduction in the peripheral scar area
compared with the central. (G) Data shown as mean = SEM (n =5 microscopic fields); unpaired Student’s t-test; **p =< .01.

regrowth seen (<50%) in comparison with what
would be expected if the same number of hair grafts
were transplanted in healthy skin (80%-100%).

Differences in Tension

Tissue tension differs markedly in the wound center
from that in the wound margins, and this difference in
wound tension creates a distinct Wnt signaling envi-
ronment.** This may underlie the observed differences
In regenerative versus scar-prone environments
(namely growth of hair shafts and fibrotic skin)—
possibly in a similar manner to what occurs in wound-
induced HF neogenesis in rodent skin (WIHN), where
HFs can regenerate de novo in the center of large

mouse wounds as a result of Wnt signaling.’33*

Hair Follicle Stem Cell Exhaustion

Given that wound healing typically begins at the
wound periphery and that this involves, at least in the
later stages of wound healing, an activation and par-

735 the trans-

ticipation of HF-associated stem cells,
plantation of HFs is likely to impact on the normal

healing process.*'* Therefore, HFs transplanted into
the periphery of a chronic wound may receive distinct

signals that provoke HFSC exhaustion as a reflection

of maximal stem cell activation and recruitment to
optimally promote wound healing.

Interestingly, the different hair distribution patterns in
the central versus peripheral zones also correlated
with a clear difference in the quality of the scar: the
latter was more fibrotic in the center and almost
scarless (nonvisible scar) in the periphery. Fibrosis
may be seen as the result of a dysregulation in the
coordination of normal tissue repair, in which
mechanical cues and the extracellular matrix have a
dominant instructive role in signaling for undue per-
sistence of macrophages and myofibroblasts.*® In
mouse development, different fibroblast sub-
populations are responsible for the switch from fetal
scarless healing to the scar-prone healing of adult skin
wounds.?”*? Recent studies in human skin also high-
light the existence of a (possibly profibrotic) dermal
fibroblast subpopulation, characterized by the
expression of SFRP2 and CD26 (DPP4),40:4!

Therefore, it is tempting to speculate that HF trans-
plantation, which provides a fresh source of hair
follicle—associated dermal stem/progenitor cells** to
the wound bed, may somehow induce such a switch in
fibroblast subpopulations. Why this would happen at

00:00:MONTH 2019
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Figure 5. Significant reduction of COLIIlI expression in the dermis of the peripheral scar area. Immunofluorescence staining
of COLIIlI in the dermis of central (A-C) and peripheral (D-F) scar area. Quantification of average pixel intensity across
images revealed a significant reduction in the peripheral scar (G). Data shown as mean = SEM (n = 5 microscopic fields
analyzed); unpaired Student’s t-test; **p = .01, scale bars = 100 pm.

the wound periphery but not at the wound center is
currently unclear. However, as mentioned before,
extracellular matrix composition, mechanical/tissue
tension cues, and hypoxia differ between these bio-
logically very distinct wound areas and may explain
the different outcomes. On the basis of these consid-
erations, we would like to suggest a novel concept of
“plastic fibrosis,” which can be conceptualized as a
late granulation tissue/early fibrosis stage that may be
specific for the very unique characteristics of the cen-
tral hair-bearing area of the healed wound.

In summary, these 2 cases from 2 independent clinics
and physicians reaffirm the clinical effectiveness of the
still underutilized technique of hair follicle trans-
plantation into nonhealing wounds to promote ulcer
healing. Most importantly, the reported cases support
the theory that the hair shaft regrowth process must be
dictated by differences in the local microenvironment
of the recipient zone, and that the functional differ-
ences in central versus peripheral healing ulcers are of
much larger clinical relevance than we may have rec-
ognized so far. Once the molecular and cellular
mechanisms that underlie the striking spatial depen-
dence of hair regrowth and fibrosis patterns in distinct
zones of healing ulcers reported here have become

DERMATOLOGIC SURGERY

revealed, these may be directly targeted pharmaco-
logically so as to render the future management of
nonhealing wounds more efficient.
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