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Abstract

OBJECTIVES: Non-invasive visualization of hair follicles is important for proper diagnosis and
management of alopecia; however histological assessment remains the gold standard. Laser
imaging technologies have made possible noninvasive /1 vivo evaluation of skin and hair follicle.
The aim of this study was to evaluate the ability of multiphoton microscopy (MPM) to non-
invasively identify morphological features that can distinguish scarring from non-scarring
alopecia.

METHODS: MPM images were obtained from areas on the scalp affected by alopecia.
Investigators blinded to the diagnosis analyzed hair follicle and shaft sizes. Patients were recruited
and imaged at the UC Irvine Health Medical Center and the University of California, Irvine
Beckman Laser Institute. Patients with androgenetic alopecia (AGA) and alopecia areata (AA),
and scarring alopecia, in particular frontal fibrosing alopecia (FFA) were recruited and imaged
from July 2016 — July 2017.

RESULTS: We imaged 5 normal scalp subjects and 12 patients affected by non-scarring (7
subjects) and scarring (5 subjects) alopecia. In normal and non-scarring alopecia patients, MPM
identified presence of sebaceous glands associated with hair follicles. MPM images of scarring
alopecia were characterized by the presence of inflammatory cells surrounding hair follicles.
Measurements of hair follicle diameter sizes were found to be significantly smaller in scarring
alopecia patients compared to normal (p<0.001) and compared to non-scarring alopecia patients
(p=0.046); non-scarring hair follicles were also significantly smaller than normal hair follicles
(p=0.043).

CONCLUSIONS: This study shows that MPM imaging can non-invasively identify
morphological features that distinguish scarring from non-scarring alopecia. Further studies are
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needed to validate this technique and evaluate its potential to be used as an aid for guiding
treatment.
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INTRODUCTION

Hair loss is frequently underestimated in general medical practice, although it causes a
significant impact in the quality of life of patients.! Patients suffering hair loss experience
higher rates of anxiety and depression compared to the general public.2 Traditionally, hair
loss has been classified into scarring and non-scarring conditions. In non-scarring alopecia,
hair follicles are preserved with potential for hair regrowth.3 In scarring alopecia, the hair
follicle is irreversibly destroyed due to destruction of stem cells in the bulge area of the outer
root sheath, and replaced by fibrous scar tissue, leading to permanent hair loss.*

Accurate diagnosis is important for optimal treatment and management of alopecia and can
be challenging due to the limitations of histologic studies and the side effects of scalp
biopsies.® Diagnostic and prognostic markers are often based on clinical evaluation, assisted
by dermoscopy, and a scalp biopsy, an invasive and pain-provoking procedure particularly in
the pediatric population. Histology and evaluation by a dermatopathologist is currently the
gold standard and most common method for diagnosing scalp conditions highly suspicious
of scarring alopecia. Histopathological features of non-scarring alopecia, such as
androgenetic and alopecia areata include progressive miniaturization of terminal hair
follicles with a reduction in their size.3

Sebaceous glands are an integral part of the folliculosebaceous unit and are connected to the
junctional zone of the hair follicle.® The location of the sebaceous glands may vary
depending on physiological or pathological reasons; they are usually localized to the upper
permanent part of the hair follicle in close proximity to the infundibulum.” In non-scarring
alopecias, sebaceous glands are preserved and appear to be larger when compared with the
miniaturized hair follicles.® Scarring alopecias, such as frontal fibrosing alopecia, are
characterized histologically by lymphocytic infiltrates affecting the bulge and isthmus
regions with loss of sebaceous glands. Eventually the hair follicle is replaced by a sclerotic
collagenous follicular scar.®

The ability to visualize these features is critical for a correct diagnosis. Several scalp
imaging techniques have been implemented in an effort to provide the dermatologists with a
non-invasive tool for alopecia diagnosis.® Laser scanning microscopy is unique among
optical imaging techniques in that it generates 3D, label-free, real time images with sub-
micron resolution, providing access non-invasively to the morphological features used in
histopathology. Reflectance confocal microscopy (RCM), a laser scanning microscopy
technique with a contrast mechanism based on variations of the refractive index in the tissue,
has been employed for identifying features characterizing scarring and non-scarring
alopecia.10
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Multiphoton microscopy (MPM) is a laser scanning microscopy technique recently
translated into clinical research.1! In skin imaging, MPM contrast is derived from second
harmonic generation (SHG) of collagen and two-photon excited fluorescence (TPEF) of the
autofluorescent species such as the co-factors NADH and FAD, elastin, keratin, and melanin.
Owing to these contrast mechanisms, MPM can produce images of the cellular structure of
the epidermis as well as of the elastin and collagen fibers in the extra-cellular matrix. It can
also visualize cellular structures in the dermis with high contrast through the NADH
fluorescence. For alopecia imaging, this is important for correctly identifying the presence of
inflammatory cells in the hair vicinity in scarring alopecia.

In this pilot study, we sought to evaluate the ability of MPM to non-invasively identify
morphological features that can distinguish scarring from non-scarring alopecia. We
assessed qualitatively and quantitatively morphological features in MPM images acquired /in7
vivo from 12 patients affected by scarring and non-scarring alopecia. For comparison
purposes, we have also acquired MPM images of the normal scalp of 5 subjects.

MATERIALS AND METHODS

MPTflex clinical tomograph

The MPM images were obtained using a commercially available laser-scanning based
clinical multiphoton tomograph (MPTflex, JenLab GmbH, Germany) which consists of a
tunable 690 — 1020 nm femtosecond Ti:sapphire laser, an articulated arm with near-infrared
optics attached to the tomograph to reach the anatomic area of interest, and a beam scanning
module. 2 photomultiplier tube (PMT) detectors are used for parallel acquisition of TPEF
and SHG signals. A customized metallic ring taped on the subject’s skin attaches
magnetically to the objective holder in the articulated arm, minimizing motion artifacts. An
excitation wavelength of 790 nm was used in this study. The TPEF signal was detected over
the range of 410 to 650 nm, whereas the SHG signal was detected over a narrow spectral
bandwidth of 385 to 405 nm through emission filters placed in the TPEF and SHG detection
channels. A Zeiss 40X, oil-immersion objective was used for focusing into the tissue.

Study design

This prospective pilot study was conducted according to an approved institutional review
board protocol of the University of California, Irvine (UCI-HS-2016-2954). Patients with
diagnoses of hair loss conditions were recruited from the dermatology clinics, University of
California, Irvine.

We imaged 4 normal scalp subjects and 12 patients affected by non-scarring (7 subjects) and
scarring (5 subjects) alopecia (Table 1). Written informed consent was obtained from all
patients. Images in normal patients were taken from frontal scalp. Imaging sites of alopecia
patients reflect the active site locations: in androgenic alopecia (AGA), frontoparietal
(crown); in alopecia areata (AA), occipital scalp; in frontal fibrosing areata (FFA),
frontotemporal.

The field of view for each optical section varied from 200 x 200 um to 308 x 308 um.
Transversal sections were taken every 5 um from a depth of 0 pm (stratum corneum) to
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around 200 um (superficial dermis). The time required for each optical section was 6
seconds. The overall investigation of the affected area required the acquisition of several
image stacks at different skin sites. An average of 5 stacks was taken per case and 20 optical
sections per stack. All hair loss conditions were diagnosed by board certified dermatologist
(NM). Scarring alopecia cases were biopsied and assessed by a dermatopathologist.

Image analysis

RESULTS

All images were processed using ImageJ.12 Measurements of follicular diameter and shaft
sizes were performed by two investigators (1S and MV); follicle diameter sizes were
measured three times by each investigator to account for the reading error. Average follicle
size was calculated for each patient using all image stacks where a follicle was present. Note
that not every image stack had a follicle present. Average and standard deviation was then
calculated for each group: healthy volunteers, non-scarring and scarring alopecia.

We chose to measure follicle size at the depth where the follicle was the widest. It was
typically at around 80 — 130 pm deep. We then did a linear measurement of the widest part
of the follicle. However, when follicle exceeded the field of view, we measured Feret’s
diameter of an ellipse to assess the widest diameter of the follicle (Figure 6).

Statistical analysis was performed by Two-sample T-Test. Average hair follicle/shaft
diameter values of all patients in one group were compared to those in another group. Before
performing the test, it was determined whether values in each group are normally distributed
by performing Lilliefors test.

MPM images were analyzed qualitatively by identifying features characteristic of each type
of alopecia, as well as quantitatively by measuring hair follicle diameter. These findings are
summarized in Table 1.

Typical MPM images of a follicle and hair shaft from a normal scalp of a volunteer are
shown in Figure 1. Keratin autofluorescence allows visualization of the hair shaft along with
surrounding epidermal cells lighten up by both keratin and NADH autofluorescence. The
hair follicle is outlined by collagen fibers selectively imaged by SHG signal. Sebaceous
glands were associated with hair follicles in the normal frontal scalp in 3 out of 4 subjects at
a deeper level than found in AGA.

Non-scarring alopecia

We imaged 7 patients affected by non-scarring alopecia: androgenetic alopecia (AGA) and
alopecia areata (AA). MPM images of non-scarring alopecia patients typically showed
smaller follicle size (196 + 63 um, Table 1), compared to normal scalp volunteers (294 + 33
um, Table 1). The hair follicle and shaft sizes were not significantly different between AGA
and AA. Prominent superficially located sebaceous glands associated with hair follicles were
a hallmark present in MPM images of the scalp in all the AGA patients, while these were
present in only 1 of the 4 AA patients we imaged (Table 1). Hair shafts were present in most
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of the hair follicles we imaged. Inflammatory cells (lymphocytes) in the dermis were noted
in the vicinity of a hair follicle in one of the alopecia areata cases.

Typical MPM images of the scalp of non-scarring alopecia patients are shown in Figure 2
and Figure 3. Figure 2 shows images of a hair follicle including two thin hair shafts entering
the follicular ostia and an associated large sebaceous gland of a patient affected by AGA.
Figure 3 shows representative MPM images acquired on the scalp of an AA patient. The
MPM images show a miniaturized hair follicle (152 £ 6 pm) compared to hair follicles
imaged in normal scalps (294 + 33 um, Table 1), with no visible sebaceous gland associated
with the hair shaft.

Scarring alopecia

We imaged 5 patients affected with frontal fibrosing alopecia (FFA), a scarring type of
alopecia. The average size of the hair follicles imaged in the FFA patients (127 £ 28 pym,
Table 1) was typically smaller than the value measured in the non-scarring alopecia patients
(196 £ 63 um, Table 1) and in the normal scalp volunteers (294 + 33 um, Table 1). The
MPM images showed hair follicles devoid of hair shafts in 3 out of the 5 FFA patients and
presence of inflammatory cells in 1 of these patients. Sebaceous glands associated with hair
follicles were not present in any of the MPM images of the FFA patients.

Figure 4 shows representative MPM images acquired on the scalp of a patient affected by
FFA. The MPM images show a reminiscent hair follicle small in diameter (114 + 2 um) with
no hair shaft and no sebaceous glands present. Clusters of brightly fluorescent cells,
corresponding histologically to macrophages and melanophages, are present in the dermis
around the hair follicle, identified through their size (15-25 pm), shape and location.

The mean values of the scalp hair follicle and hair shaft diameter measured in the 3 groups
of patients: normal, non-scarring (AGA and AA) and scarring alopecia (FFA) are
summarized in Table 1 and their distribution plotted in Figure 5.

The hair follicles of normal scalps were significantly larger (» < 0.043) compared to the
values measured in each of the other two groups: non-scarring (p = 0.043) and scarring
alopecia (p < 0.001). The hair follicles of the scarring alopecia (FFA) patients were
significantly smaller (p = 0.046) than of the ones the non-scarring (AGA+AA) alopecia
patients. However, within the non-scarring alopecia group, although hair follicles of the
AGA patients were larger than those of the AA patients, the difference was not statistically
significant.

The hair shafts of normal scalps were significantly larger (» < 0.014) than values measured
in each of the other two groups: non-scarring (p = 0.014) and scarring alopecia (p = 0.011).
However, non-scarring (AGA+AA) and scarring (FFA) alopecia groups were not
distinguishable based on the hair shaft diameter measurements.
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DISCUSSION

In this pilot study, we assessed the ability of MPM to image alopecia non-invasively and to
potentially distinguish between scarring and non-scarring alopecia types, critical for an
effective diagnosis and management of these conditions. Features that were used to
characterize scarring and non-scarring alopecia were the presence of the hair follicles, size
of the hair follicles and shafts, and sebaceous gland status; among these, the size of the hair
follicles was found to be statistically different between scarring and non-scarring groups.

The mean value of the follicle size corresponding to the scarring alopecia group was
significantly lower than the value for non-scarring alopecia patients (p=0.046). Generally,
alopecia patients had hair follicles significantly smaller than patients with normal scalp
(p<0.043). The sizes of the hair follicles we measured are comparable with previously
reported histologic measurements.1® MPM images showed empty hair follicles in active sites
of scarring alopecia. Hair shafts were present in the follicles corresponding to normal scalp
group as well as for all the non-scarring alopecia patients; however, in hair follicles affected
by non-scarring alopecia the hair shafts were often miniaturized or failed to extend beyond
the scalp surface, explaining the clinical manifestations of hair loss. The presence of any hair
shaft growth including those below the surface level distinguishes the non-scarring versus
scarring hair follicles.

Interestingly in alopecia areata, subtype universalis, we found hair follicles completely
devoid of hairs only occasionally, although follicles lacking hair shafts are common
histologic features for this skin condition.1* The hair shafts corresponding to the non-
scarring and scarring alopecia groups were similar in size, but were miniaturized compared
to those of normal scalp subjects. These results do not corroborate with data reported in a
study based on RCM imaging of alopecia, where shaft miniaturization was found to be
insignificant in non-scarring alopecia, but represented a strong diagnosis criterion for
scarring alopecia.l0 The scarring group in the RCM study had a different composition and
composed of lupus erythematosus (LE) and lichen planopilaris (LPP), which may explain
the differences in findings.

We imaged inflammatory cells, such as lymphocytes in non-scarring alopecia cases
(alopecia areata) and macrophages in one of the scarring alopecia patients (FFA) in the
proximity of hair follicles, in the upper dermis. Dermal infiltration of inflammatory cells has
also been observed in alopecia by RCM imaging.1% However, they appear to be more clearly
distinguished in MPM images, mainly due to the contrast mechanism based on the TPEF
signal from NADH.

An additional morphological feature identified by MPM was sebaceous glands associated to
hair follicles. They were found mainly in patients with normal scalps, and superficially
located in those affected by androgenetic alopecia, a non-scarring alopecia type. Sebaceous
glands were rather absent in long standing alopecia areata (non-scarring) and frontal
fibrosing alopecia (scarring). Preservation of sebaceous glands are usually observed in
normal scalp biopsies as well as in non-scarring alopecia cases. Loss of sebaceous glands is
a histological finding observed in scarring alopecias.1®
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In this pilot study, we demonstrated the ability of MPM to visualize non-invasively and
label-free, changes in hair follicle size, sebaceous glands and inflammatory cells in skin
conditions such as alopecia. These are valuable results that can be used for future studies on
expanded number of patients affected by alopecia to assess the ability of MPM to monitor
and guide treatment. Besides providing information about presence of hair follicles and
inflammation in skin affected by alopecia, MPM can also be instrumental in evaluating hair
growth during treatment. Hair growth is currently monitored by visual assessment of hair
above the skin surface, a process that can take months. However, for such studies to be
performed more efficiently, current technical limitations of the clinical MPM technology
need to be overcome. Current challenges of this technology are related to limited field of
view, limited penetration depth and scanning speed. Imaging of the deeper dermis would
allow assessing for better identification of inflammatory cells in the bulge area, a
histopathological hallmark for diagnosis of scarring alopecia. Scanning rapidly large areas of
the skin affected by alopecia while maintaining the sub-micron resolution would provide a
better evaluation of the overall morphology and a more efficient way to evaluate the changes
of hair follicles. The current technical limitations of the clinical MPM technology can be
addressed and implemented in future design.18.19
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Figure 1.
(A) Linear measurement of the widest part of a hair follicle at a depth of 125 um of a non-

scarring alopecia patient. Field of view is 200 x 200 um. (B) Feret’s diameter measurement
of the widest part of the hair follicle at a depth of 125 pm of a healthy volunteer. Field of
view is 292 x 292 pm. Scale bar is 20 pm.
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Figure 2.
Normal scalp (Savin I). (A) Clinical image of frontoparietal scalp area. (B) Dermoscopic

image of frontoparietal scalp area. Hair was clipped in the imaged area (black ellipse). (C-F)
MPM images acquired at different depths showing a hair shaft (red arrow) in the vicinity of
a sebaceous gland (white arrow). The collagen fibers surrounding the hair follicle are
visualized through the SHG signal (blue in D-F). Scale bar is 20 um. (G) A 3D view of
MPM images in a z-stack from which the (C-F) images were selected.
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Non-scarring alopecia (AGA). (A) Clinical image of frontal scalp area affected by AGA. (B)
Dermoscopic image of frontal scalp area in A. (C-F) MPM images acquired at different

depths showing two hair shafts (red arrows in C-D) entering the follicular ostia and an

associated superficial sebaceous gland (white arrow in D-F). Collagen surrounding the hair
follicle is partly visible (blue in E and F) as it surrounds the hair follicle that is larger than

the field of view. Scale bar is 20 pm. (G) A 3D view of MPM images in a z-stack from

which the (C-F) images were selected.
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Figure 4.
Non-scarring alopecia (AA). (A) Clinical image of temporal scalp area affected by AA. (B-

F) MPM images acquired at different depths showing a miniaturized hair follicle
surrounding a hair shaft (red arrow in B-F). Epidermal cells (green) in the stratum
granulosum (B) and stratum spinosum (C) surround the hair shaft and the follicular ostia. No
sebaceous glands were imaged down to a depth of 125 um. Collagen (blue) and elastin fibers
(green) outline the hair follicle (D-F). A blood vessel is visible next to the hair follicle
(white arrow in E-F). Scale bar is 20 pm. (G) A 3D view of MPM images in a z-stack from
which the (B-F) images were selected.
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Figure 5.
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Scarring alopecia (FFA). (A) Clinical image of temporal scalp area affected by FFA. (B)
Dermoscopic image of frontal scalp area in A. (C-F) MPM images acquired at different

depths showing an almost obliterated empty hair follicle with no hair shaft. Sebaceous

glands are notably absent. Keratinocytes are visible in the stratum granulosum and stratum

spinosum layers (z=40 pm and z=50 pum). Inflammatory cells (lymphocytes and

macrophages, orange arrows in C-F), elastin and collagen fibers surround the follicle. Scale
bar is 20 ym. (G) A 3D view of MPM images in a z-stack from which the (C-F) images were

selected.
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Figure 6.
Distribution of the mean values of the hair follicle (A) and hair shaft (B) diameter

corresponding to the four groups of patients: normal, androgenetic alopecia (AGA), alopecia
areata (AA) and frontal fibrosing alopecia (FFA).
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Summary of morphological features and hair follicle size measured in normal and alopecia scalp with MPM
imaging. Values are reported as mean +/- standard deviation.

Number of patients

Depth (um) at which

Number of patients Hair f(Ol:]qu)le Stz ':iig(:;hﬁ];t showing presence of measurements taken
H H sebaceous glands
Normal 4 294 + 33 287 3 75
Non-scarring alopecia 7 196 + 63 165 4
Androgenetic alopecia 3 236 +61 19+3 3 72
Alopecia areata 4 165 + 49 12 1 92
Scarring alopecia (FFA) 5 127 £ 28 13+3 1 68
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