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Abstract
Background
Although many hair disorders can be readily diagnosed based on their clinical
appearance, their progression and response to treatment are often difficult to monitor,
particularly in quantitative terms. We introduce an innovative technique utilizing a
smartphone and computerized image analysis to expeditiously and automatically
measure and compute hair density and diameter in patients in real-time.

Methods
A smartphone equipped with a dermatoscope lens wirelessly transmits trichoscopy
images to a computer for image processing. A black-and-white binary mask image
representing hair and skin is produced and the hairs are thinned into single-pixel-thick
fiber skeletons. Further analysis based on these fibers allows morphometric
characteristics such as hair shaft number and diameters to be computed rapidly. The
hair-bearing scalps of fifty participants were imaged to assess the precision of our
automated smartphone-based device in comparison to a specialized trichometry device
for hair shaft density and diameter measurement. The precision and operation time of
our technique relative to manual trichometry, which is commonly used by hair disorder
specialists, is determined.

Results
An equivalence test, based on two one-sided t-tests, demonstrates statistical
equivalence in hair density and diameter values between this automated technique and
manual trichometry within a 20% margin. On average, this technique actively required
24 seconds of the clinician's time whereas manual trichometry necessitated 9.2
minutes.
Conclusion
Automated smartphone-based trichometry is a rapid, precise, and clinically feasible
technique which can significantly facilitate the assessment and monitoring of hair loss.
Its use could be easily integrated into clinical practice to improve standard trichoscopy.
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Introduction
Hair loss and thinning are commonly encountered problems in dermatology, and
diseases causing such hair abnormalities are usually diagnosed clinically. However, in
some situations, additional bedside tools might aid further in reaching the correct
diagnosis and monitoring therapeutic response.

Quantitative trichoscopy (henceforth referred to as trichometry) is one such tool that has
emerged as an accurate and non-invasive means of measuring various hair growth
parameters in vivo including density, diameter, length, and shaft elongation rate [1].
Trichometry can be performed using a dedicated camera for scalp imaging that can
achieve 50-100X magnification. It is used to acquire photographs which are then
transmitted through a USB cable to a computer program. In trichometry, the software
can be used to derive various hair morphometric parameters, but it usually requires the
user to manually delineate features of interest using on-screen tools such as digital
calipers [2]. The quantitative assessment of these morphometric parameters is of great
clinical value, not only in monitoring the progression and response to treatment for hair
loss and thinning, but also in predicting post-transplantation outcomes [3]. Furthermore,
androgenetic alopecia (AGA), which is the most common type of hair loss, is
characterized by progressive hair follicle miniaturization and it has been demonstrated
that measurement of hair shaft diameter can help clinicians diagnose this disorder in its
earlier stages [4-7]. Some of the drawbacks to current trichometry systems are that they
are time consuming to operate, usually rely on manual user input, and require
specialized task-specific equipment. As such, they are most suited for research
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purposes and specific use in hair disorders clinics [1]. Although some modern
trichometry devices are capable of performing automated measurements of hair
morphometric parameters, most require the hairs to be clipped, which is also time
consuming and undesirable to most patients [2].

Trichoscopy has been employed as a non-invasive and qualitative approach to
examining and imaging the scalp and hair to enable visualization of diagnostic features
that are not apparent to the unaided eye. Trichoscopy can now be performed by
combining or enabling smartphones with dermatoscopes and/or specialized optical
attachments to capture high-magnification photographs of the scalp without requiring
any specialized hair-specific equipment [8-9]. However, this method is generally not
intended for quantitative analysis of hair morphometric parameters, and therefore does
not directly link to software to facilitate this task. On the other hand, trichoscopy can be
performed more easily, rapidly and in a more clinically reasonable timeframe than
trichometry [1,8-9].

Herein we present a novel technique that employs a smartphone to achieve highmagnification trichoscopy of the scalp and utilizes automated computer-assisted image
analysis to rapidly measure hair density and diameter equivalent to a specialized,
commercial device for trichometry. Our objective is to compare the statistical
equivalence of values for hair density and diameter that are measured using an
automated smartphone-based trichometry technique to those yielded from a manual
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trichometry device based on user-provided inputs. We further assess the relative utility
of these two approaches by comparing the times needed to assess hair morphometrics
with each respective system.

Materials and Methods
Automated vs. manual trichometry
To achieve high-magnification visualization of hairs on a smartphone, we utilize an
iPhone® 4 (Apple Inc., Cupertino, CA) alongside a Canfield DermScope® lens adaptor
(Canfield Scientific Inc., Fairfield, NJ) for trichoscopy. Using the smartphone’s built-in
‘zoom’ capability alongside the DermScope’s optical magnification (20X), a cumulative
magnification of up to 90X is achieved. Trichoscopy images acquired by this device are
automatically transferred through a Wi-Fi connection to a laptop computer which is
equipped with software to perform rapid image processing, compute hair diameter and
density, transmit these results back to the smartphone for presentation to the user, and
thereby perform automated trichometry. The image processing software was developed
using MATLAB (MATLAB® R2011a with the Statistics and Machine Learning Toolbox,
The MathWorks Inc., Natick, MA).

A commercial USB-equipped magnifier developed for trichometry with magnifications of
up to 100X was used (Folliscope® [LeadM Corp., Seoul, South Korea]). It employs
standard epiluminescence microscopy to facilitate the measurement of hair
morphometrics and requires manual user input when the patient’s hair is not clipped
5

[2,10-12]. This setup is demonstrated in Fig. 1. The sequence of events of automated
and manual trichometry are outlined in Fig. 2.

Image processing algorithm in automated trichometry
Once the trichoscopy image is acquired (Fig. 3A), an algorithm is used to isolate the
hairs from the skin and produce a black-and-white binary hair mask image where hair is
represented by 1 (white) and skin is represented by 0 (black) (Fig. 3B). The technical
details of the algorithm, which uses a series of state-of-the-art computational color
image filters to detect tubularity of structures and thus detect hairs, have previously
been published [13-14]. Only a short outline is presented here for completeness. The
tubularness 𝑣(𝒙, 𝑠) of every pixel 𝒙 = (𝑥, 𝑦) in a hair image is computed with respect to a
scale , where

using Frangi filters as:

and

.

where

are the eigenvalues of the Hessian matrix of the hair image

computed at scale . R and S are the measures of blobness and second order
structureness, respectively. β and c are system parameters. Then the optimal scale
selection among

is performed by a Markov Random Field (MRF)
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optimization, which attempts to maintain the same scale selection for neighboring
pixels. The MRF method defines a graph G(V, E) where the vertices V are the pixels of
the hair image and the edges E connect the neighboring pixels. The vertex V is
assigned to a label, i.e. the scale of Frangi filtering. The optimal scale is determined by
minimizing the energy function E(l) as

where 𝑙𝑝 and 𝑙𝑞 are the labels of the pth pixel and its neighboring qth pixel, respectively.
is the likelihood of the label assigned to pixel 𝒙𝑝 disregarding the labels of its
neighbours.

is the penalty of the pth pixel and its neighbouring qth pixel having a

different label. η is the weight of the spatial regularization term. In other words, the
optimal scale is defined as the label among

that has the least penalty with

the mismatched labels from its neighbours. Finally, the binary mask is obtained by
applying Otsu's thresholding to the tubularness values with the optimal scale.

A morphological image processing operation called “thinning” is then iteratively applied
to the binary mask image and results in the “skeleton” of the hairs, which are singlepixel-thick lines traversing along the centre of each hair shaft [15]. Fig. 3B demonstrates
the binary image with superimposed skeletons in red. Specifically, the thinning process
generates an eight-neighbour matrix by examining a sliding window of 3x3 pixels and
removing the central pixel x if it is located at the border of a blob, while preserving
diagonal lines. The iterative procedure operates until no further changes occur in the
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mask. In the algorithm’s first subiteration, pixel p is deleted if and only if the conditions
C1, C2, and C3 are all satisfied. In the second subiteration, pixel p is deleted if and only if
the conditions C1, C2, and C3’ are all satisfied. One iteration of the thinning algorithm
consists of the two subiterations.

Condition C1: XH (p) = 1,
where
and

,
are the values of the eight adjacent neighbors of p, starting with the east

neighbor and numbered in a counter-clockwise order.

Condition C2:

,

where
Condition C3:
Condition C3’:

Once the skeleton is generated, the diameter of the hair shaft at any point along the
skeleton is defined as twice the shortest Euclidean distance between that specific point
and the border of the hair shaft. Using all points along all skeletons, the average hair
diameter in the trichoscopy image is derived. This comprehensive algorithm is far
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superior to diameter measurement by manual trichometry, which in turn relies on the
measurement of the diameter of a few sampled points along a few arbitrarily selected
hairs. In order to determine the hair density, the algorithm computes the total number of
endpoints of all hair skeletons in the image. Dividing this number by two represents the
estimated total number of hair shafts in the field of view and is used to compute hair
density.

Figure 1 – (A) The setup of automated trichometry on the vertex scalp using the
smartphone combined with the dermatoscopy lens adaptor. The coupled devices are
also shown from the side (B) and back (C).

Figure 2 – The scheme for manual (A) and automated trichometry (B) are outlined.
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Figure 3 – An image of the scalp acquired using smartphone-based trichoscopy (A) is
converted to a binary image with superimposed hair skeletons (red lines – which have
been exaggerated in thickness for the purpose of demonstration) coursing centrally
along the hair shafts (B). (C) The red-coloured skeleton of a magnified hair shaft with
blue arrows indicating half of the thickness of the hair at each respective point. Field of
view = 4.3 mm x 2.5 mm in (A) and (B).

Hair diameter and density
To evaluate the precision of this novel method relative to manual trichometry, a
prospective study was conducted in which the two modalities were used to measure
average hair density and diameter in fifty patients (all consenting patients were
included) presenting with a variety of hair disorders. These disorders and the baseline
demographics of study participants have been outlined in Table 1. Participants were
recruited in consecutive series from the Hair Clinic at the Vancouver General Hospital
Skin Care Centre, which is affiliated with the University of British Columbia; The
investigation received full approval by the Clinical Research Ethics Board of the
University of British Columbia (H14-01874) and written informed consent was acquired
from all patients. Recruitment and measurements were performed by the author AM. To
maximize the quality of the images and accuracy of measurements on the manual
trichometry device, this user was trained in the operation of the device in a specialized
hair disorders clinic under the supervision of three dermatologists with extensive
10

knowledge in this domain. Measurements were taken from the scalp vertex at 15 cm
above the glabella (or the site of hair disease closest to this point) and the site of
imaging on the scalp was marked using an erasable marker to preserve topographic
consistency between the two devices. For increased accuracy, the maximum available
magnification for automated trichometry (90X) and manual trichometry (100X) are used.
This yields images with dimensions of 2592 x 1536 pixels on the smartphone.
Ultimately, equivalence testing was performed between the two devices for average hair
density and diameter to determine whether they can be deemed equivalent in their
measurement of this parameters.

The ‘hands-on’ time is defined as the total time that the user is actively engaged in the
operation of the device, whereas the time required for the device to compute and
present the morphometric data without any user engagement is referred to as the
‘hands-off’ time. The hands-on time includes the time that is required to utilize
automated trichometry or the manual trichometry device that has already been powered
on and initialized to start recording images of the scalp. It also includes the process of
image acquisition, which requires the hair shafts surrounding the region of interest to be
moved outside of the field of view. In the case of smartphone-based automated
trichometry, it further includes the process of initiating transfer of the image to a
computer for image analysis. For manual trichometry, the hands-on time includes
manual identification and marking of all hair shafts in the field of view, as well as the
process of delineation of the diameters of five randomly selected hair shafts in the
image. The time that is required to set up and initialize the manual trichometry device
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and smartphone trichoscopy equipment, while comparatively significant, have not been
included in the hands-on time as they were only required to be performed once per
clinic day and not per patient. The hands-off time for manual trichometry is virtually nonexistent as the user is continually engaged in operating the device throughout the entire
procedure. The hands-off time for automated trichometry includes the time that is
required for the acquired image to be transferred over Wi-Fi from the smartphone to the
computer, for rapid automated image processing to be performed, and for average hair
density and hair diameter to be computed and transmitted back to the smartphone for
presentation to the user. We record the ‘hands-on’ time for manual trichometry, as well
as the ‘hands-on’ and ‘hands-off’ times for automated trichometry.

Statistical analysis
Two one-sided t-tests (TOST, using SAS 9.4 [SAS Institute Inc., Cary, NC]) were
performed for hair density and diameter to assess for equivalence between the
automated trichometry technique and manual trichometry. This is a variation of a
hypothesis test wherein an upper and lower equivalence bound is specified. Two null
hypotheses are tested, with one greater than or equal to the upper bound, and the other
less than or equal to the lower bound. Rejection of both null hypotheses through onesided tests suggests that the observed effect falls within the equivalence bounds and is
therefore statistically equivalent. The average discrepancies of the smartphoneacquired parameters relative to those established through manual trichometry were
calculated. In addition, t-tests were used to evaluate the times required to operate each
imaging system. The normality of the acquired data was confirmed by Shapiro-Wilk
tests.
12

Results
The recruited cohort included patients with Fitzpatrick skin types I-VI, hair colours of
gray, black, brown, white, and red, and an average age of 42.3 years (range 19-57).
Automated diameter measurement was performed successfully for all fifty patients with
no adverse event. Smartphone density and diameter measurements were, on average,
7.5% greater and 3.6% lower than those of manual trichometry, respectively. TOST
demonstrates equivalence in hair density and diameter values between the two devices
within a 20% margin and these results are outline in Table 2.

Total patients
- Female
- Male
Mean age

Count
50
42
8
42.3 years

Hair disorders
26
- Androgenetic alopecia
–
o Sinclair scale (females)
19
▪ Stage I
2
▪ Stage II
2
▪ Stage III
–
o Hamilton-Norwood scale (males)
3
▪ Stage III
10
- Alopecia areata
6
- Frontal fibrosing alopecia
4
- Discoid lupus erythematosus
3
- Lichen planopilaris
1
- Chronic telogen effluvium
Table 1 – Baseline demographics of study participants (N = 50).

Manual trichometry’s average total procedure duration was approximately 9.2 minutes,
whereas the automated trichometry required an average ‘hands-on’ time of 24 seconds
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and ‘hands-off’ time of 1.4 minutes. Therefore, the smartphone was more than five
times more rapid than the manual trichometry on average (P = 0.001) and resulted in a
twenty-three-fold reduction in the ‘hands-on’ time required for density and diameter
measurement, as summarized in Table 3.

Average Difference
Relative to Manual
Trichometry

Range of
Equivalence

P value of
Equivalence
Test

Hair
+7.5%
20%
≤ 0.0001
Density
Hair
20%
0.003
-3.6%
Diameter
Table 2 – Summary of the precision and equivalence testing of automated
smartphone trichometry relative to manual trichometry on 50 patients.

Mean Hands-On
Time ± SD
(minutes)

Mean Hands-Off
Time ± SD
(minutes)

Mean Total Time ±
SD (minutes)

Manual Trichometry

9.2 ± 0.6

—

9.2 ± 0.6

Automated Trichometry

0.4 ± 0.2

1.40 ± 0.02

1.8 ± 0.2

P value

< 0.0001

—

≤ 0.0001

Table 3 – Comparison of the operation time of the automated smartphone
trichometry system relative to manual trichometry in 50 patients. The total time does not
include initial device setup time. The differences in means for hands-on time and total
time between the two devices are statistically significant as p < 0.05.
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Figure 4 – Comparison of average hair density (A) and diameter (B) measured by
manual trichometry vs. the automated smartphone-based technique.

Discussion
Although potentially time consuming, the quantitative assessment of hair density and
diameter can be beneficial in the diagnosis and monitoring of hair disorders. We have
previously demonstrated in another study through discriminant analysis that the
diameters of hair shafts can be used to diagnose AGA with a sensitivity of 88.5% and
specificity of 75% [7]. Automated hair parameter measurement through smartphonebased trichometry has demonstrated promising performance and its measurements of
hair density and diameter are deemed to be statistically equivalent to those yielded by
the accepted manual trichometry method within 20%. This novel technique also reduces
the amount of time that a user needs to be engaged with the device by twenty-three-fold
to an average of 24 seconds, thereby rendering it a clinically feasible adjunctive
procedure for physicians to implement in their routine assessment of patients with hair
disorders.
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This study demonstrates that equipment that is readily available to dermatologists,
including a dermatoscope, smartphone, and Wi-Fi-enabled computer can be combined
with analytical software to efficiently assess hair morphometrics in real-time in a busy
clinical setting. Furthermore, a direct comparison is made between this technique and
manual trichometry which is widely used among hair disorder specialists, and their
equivalence is assessed. Much of the total time required by the automated system is for
the transfer of the acquired high-resolution images from the smartphone to the
computer through Wi-Fi. As such, this process could be further expedited by only
capturing trichoscopy images and then later running the algorithm on all acquired
images in a batch for measurement of hair morphometric parameters to obviate the
need for file transfer. Even with the current procedure, the clinician was only required to
actively spend an average of 24 seconds with the smartphone-based trichometry device
to capture images for computerized analysis. The clinician was able to carry out other
elements of the patient encounter while the ‘hands-off’ phase was taking place, such as
providing patient education and counseling regarding hair loss.

One of the greatest strengths of the algorithm that we have developed is its ability to
measure the diameters of hair shafts at every single pixel-point along their lengths,
thereby producing an average hair diameter that is very precise and reflective of subtle
alterations in hair shaft diameter. In fact, hair diameter diminution is one of the earliest
changes seen in AGA and it has a greater impact on the appearance of global hair loss
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than decreased hair density [16]. Nevertheless, both parameters are affected and
important to assess in AGA, as well as in many other hair and scalp disorders [4-5,17].

Equivalence testing demonstrated a range of 20% for the results from the two
quantitative modalities and numerous factors may have contributed to this difference.
Although manual trichometry using the Folliscope is a common and clinically accepted
means of quantifying hair morphometrics, it is by no means a gold standard. There is
some degree of dependence on the operator’s technique and experience, and hair
shafts can be missed during the counting procedure without close attention.
Furthermore, a few hair shafts are manually and arbitrarily selected for digital diameter
measurement, which contrasts with our algorithm’s systematic method of determining
average hair diameter along the entire lengths of all imaged hair shafts. Since hair
shafts are inherently greater in diameter at the level of the follicular ostia than they are
at their distal end, it is plausible that these two conceptually different approaches of
measuring average hair diameter yield varying results. One of the main limitations of
this automated system is its occasional failure to detect certain vellus hairs. In addition,
some white hairs in patients with fair skin were also undetected by the algorithm. The
most extreme outliers (as seen in the dot-line graph in Fig. 4) were found to be
attributed to poor image quality during the image acquisition phase. A common cause
for poor image quality during the study was perspiration on the scalp of participants.
This was overcome in most cases by drying the scalp as much as possible before
imaging. It is important to note that artificial intelligence could be implemented in the
future to help overcome some of the limitations in the hair detection algorithm used in
17

this study, including better identification of hairs in images with suboptimal quality, and
detection of hairs with a wider range of colors. Dying the hair shafts in the area of
imaging could also improve detection in patients with vellus or white-colored hairs.
Finally, although a wide variety of hair disorders with varying severities were captured in
this study, our cohort did not include participants without hair disorders. Our algorithm
may have decreased detection of individual hair shafts in this population with increased
average hair density and diameter.

Conclusion
In conclusion, while the measurement of hair morphometric parameters during initial
and follow-up visits would be greatly beneficial in patients being assessed for hair loss,
such accommodation might be unfeasible for busy dermatology clinics with scarce
resources. Computer-assisted smartphone-based automated trichometry is an excellent
solution which expedites this process and yields precise results. Furthermore, its use
could be easily integrated into dermatologists’ standard examination of the scalp as
many use a dermatoscope in this process for trichoscopy, and the remaining automated
image analysis phase is an entirely ‘hands-off’ process. In the future, this technology
can be made available on a cloud so that any individual with access to a smartphone
and a dermatoscope or other similar optical attachment can perform trichometry rapidly.

Throughout the COVID-19 pandemic, telemedicine has become widely adopted in
medical non-procedural dermatology and is expected by some patients. Trichoscopy
18

and trichometry are key elements of patient examination in hair and scalp disorders,
and this new technology fits well into the modern hair telemedicine visit.
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