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Background: Facial wrinkles are an undesirable feature

caused by extrinsic photodamage and intrinsic aging process.

Many cosmetic products and esthetic procedures strive to

ameliorate the appearance of wrinkles. Currently the effects of

those products and procedures on wrinkles are mainly evalu-

ated by clinical grading, subjective self-assessment question-

naires, and optical profilometry of replica impressions. An

objective and quantitative method is in demand.

Methods: Raking light optical profilometry was applied directly

to facial photography to cast wrinkles as dark shadows. The

resulting high-resolution digital images were analyzed using

Image Pro software. A high-throughput method, Stephens

Wrinkle Imaging using Raking Light (SWIRL), was developed

to analyze the severity of wrinkles using photographs taken

under the raking light condition. This method was applied to

photographs taken from many panelists with a wide range of

wrinkle severity scores. The result was compared with clinical

grading scores to determine its validity. In addition, this method

was applied to photographs taken from panelists before and

after product usage to determine its sensitivity.

Results: Using the SWIRL method, multiple wrinkle parame-

ters were quantitatively assessed, including wrinkle count,

length, width, area, and relative depth. Those parameters cor-

related well with clinical grading scores, showing correlation

coefficient (r value) of about 0.8 for all parameters. This result

indicates that the SWIRL method is a valid method for analyz-

ing wrinkle severity. When applied to a clinical study, the

SWIRL method was sensitive enough to detect improvement

after 8 weeks of product application.

Conclusions: The SWIRL method has been fully validated

through clinical studies. It is accurate, objective, and quantita-

tive. As multiple wrinkle parameters are analyzed simulta-

neously, it can provide more detailed information on how

wrinkles change over time and therefore has the potential to

shed light on the action and mechanism of antiwrinkle

products.
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S KIN UNDERGOES both intrinsic and extrinsic
aging processes. Like all the other organs in

the body, the skin progressively decreases in its
functional capacity as we age (1). Chronic sun
exposure especially to the UV wavelength accel-
erates damage to the epidermis and the dermis,
resulting in the appearance of wrinkles, mottled
pigmentation, and skin sagging (2, 3). There is a
great consumer demand for products and pro-
cedures that improve the appearance of aging
skin by helping the skin to maintain a more
radiant and youthful look. Many researches
have been conducted to understand the mecha-
nism of skin aging and photodamage (2–4).
Many research trials are conducted each year
on medical devices, prescription products, and
cosmetic products to evaluate their effectiveness

in improving the texture, color, and contour
features of aging skin (5, 6).
Typically the effects of cosmetic products are

assessed by expert grading during clinical trials
and wrinkle assessment is considered a primary
endpoint of those trials. Several wrinkle severity
scales have been published over the years and
have been used as guidelines for clinical grad-
ing (7–11). In an effort to make wrinkle assess-
ment less subjective, published wrinkle scales
have verbal descriptors of the skin condition
and/or photographs of varying wrinkle severity
which are assigned to numeral scores. Although
this approach adds objectivity to wrinkle assess-
ments, it still has its limitation in that it requires
training and experience to reach a level of con-
sistency. In addition, every face displays a
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unique pattern of wrinkles; a grading score only
reflects a combined impression of all features
without differentiation of distinct parameters,
such as wrinkle count, length, or depth.
Alternatively, wrinkles can be assessed using

skin replica impressions and optical profilome-
try techniques following JCSS guidelines, a
standardized method for analyzing digital
images taken from small replica impression of
the crow’s foot area (12). Although a proven
method, preparing quality silicone replicas can
be quite challenging even for veteran clinicians.
Making skin replicas is labor intensive, highly
variable due to the procedure, and is typically
done on a small area. Typical problems include
replica ring positioning errors, air bubbles in
the replica impression, and controlling the
polymerization process. Slight variations in
temperature, humidity, and body temperature
can produce unsuitable replica impressions.
Attempts to standardize the process of prepar-
ing quality replicas impressions can be quite
frustrating.
Applying raking light optical profilometry

(RLOP) directly to facial photography is a
novel, noninvasive, and direct method to assess
facial wrinkle condition at multiple sites (13).
The basic idea is that when the lighting is at a
scant angle to the face of the subject, wrinkles
are casted as dark shadows. Using this
approach and Image Pro Plus software we
developed a method, Stephens Wrinkle Imaging
using Raking Light (SWIRL), which can analyze
facial wrinkles in an automated way. Multiple
parameters are quantified and reported regard-
ing the number and dimensions of the wrinkles.
In this study we report the functions and capa-
bility of the SWIRL method and the full clinical
validation of this method.

Materials and Methods

Study design
These clinical trials were conducted in accor-
dance with applicable Good Clinical Practice
(GCP) regulations and guidelines and Institu-
tional Review Board (IRB) regulations. All sub-
jects were required to read and sign an inform
consent form, HIPAA release form, and a pho-
tograph release form. Photographs were taken
under raking light condition as detailed in the
‘Image acquisition’ section below. For validation
of the SWIRL method, photographs were

pooled from multiple trials to cover a range of
wrinkle severity conditions. Data from a single
study were used for determining the sensitivity
of SWIRL method. The trial was conducted as a
single-center efficacy study to test the effect of a
product on wrinkle reduction in the periocular
area. Clinical grading was performed at base-
line and after 8 weeks of product usage. Raking
light photographs were taken at both time
points.

Clinical grading
Wrinkles and fine lines in the crow’s feet area,
under the eye area, forehead, and upper lip
area were clinically evaluated by investigators
on a 0–9 photographic scale. Score 0 indicates
no fine lines or wrinkles; score 9 indicates
numerous deep wrinkles and fine lines. Images
used for the development and validation of
SWIRL were pooled from multiple studies over
a 2-year period.

Image acquisition
Subjects were instructed to clean their faces,
remove all makeup and jewelry, and equili-
brate to ambient conditions within the clinic
prior to photography procedure. A subject’s
face was positioned at a head rest and a chin
rest. Strobe lighting was placed above and at a
scant angle to the side of the face. A Nikon
D7000 camera was used to take the digital
images. At returning visit, an image ghosting
software developed by Stephens & Associates
was used to align the positions of the face to
match baseline images.

Image analysis
A proprietary macro developed based on Image
Pro Plus v7 is used for image analysis. Briefly,
an area of interest (AOI) is defined and wrin-
kles within the AOI are identified as dark shad-
ows. The number of identified wrinkles is
recorded. For each wrinkle, the length, width,
and area are calibrated and calculated. The
depth of a wrinkle is defined as how dark the
wrinkle appears to be; therefore is expressed in
relative unit. The measurements for each wrin-
kle are summed up and the final reported
parameters represent the sum of all wrinkles
within the AOI.
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Statistical analysis
Correlation coefficient, r, was calculated using
Pearson’s method. r value of 0 indicates com-
plete lack of correlation; r value of 1 indicates
perfect linear relationship. The Wilcoxon signed
rank sum test was used to determine the statis-
tical significance of differences before and after
product treatment.

Results

Crow’s feet wrinkle severity grading atlas
During the past decade of clinical research, Ste-
phens & Associates has accumulated a library
of photographs displaying a variety of photo-
damaged skin conditions on the face. Using
those images we compiled a photographic
grading scale on wrinkle severity in the crow’s
feet area. As shown in Fig. 1, the wrinkle
severity score increases as the number, length,
and/or depth of the wrinkles increases. A
representative image for each grading score is
shown. Grading consistency among different

investigators is achieved using this grading
atlas as a reference.

SWIRL, an objective and quantitative analysis for
wrinkles
To objectively and quantitatively analyze the
features of facial wrinkles we developed a rak-
ing light photography procedure to better cap-
ture the wrinkles and fine lines on the face (13).
Strobe lighting was placed above and beside
subject’s face at a scant angle. Under such light-
ing conditions wrinkles and fine lines on the
face are casted as shadows of varying shades.
The photographs were then analyzed using
Image Pro Plus software. Photographs taken
under raking light condition from our image
library provided us various examples and con-
ditions to modify and improve our analysis
method during the development process. As a
result, a method was developed which we call
SWIRL, for Stephens Wrinkle Imaging using
Raking Light.
As shown in Fig. 2, an AOI near the crow’s

feet area was defined for analysis. The SWIRL
method identified wrinkles as dark shadows in
the defined area and produced an image over-
lay revealing the identified wrinkles (Fig. 2).
Five wrinkle parameters were analyzed and
reported (Table 1). In addition to the number of
wrinkles, the length, width, and area of
wrinkles were calibrated to millimeter or sq.

Fig. 1. Stephens wrinkle grading atlas for the crow’s feet area.

Wrinkles in the crow’s feet area of female panelists were graded on a

scale of 0–9; 0 = no wrinkles, 9 = numerous deep coarse wrinkles.

Representative photographs for grading score 1–8 are selected from

Stephen’s photo library.

Fig. 2. Example of SWIRL analysis for crow’s feet wrinkles. A digi-

tal color image taken under raking light condition was used for

SWIRL analysis. An area of interest (AOI) near the crow’s feet area

was selected (red trapezoid). Wrinkles within the AOI were identified

and highlighted in red.

TABLE 1. Wrinkle parameters analyzed through SWIRL method. The
depth is assessed using arbitrary unit (a.u.) and higher value indicates
deeper wrinkle

Parameter

Number 8

Length (mm) 58.14

Width (mm) 6.70

Area (mm2) 20.45

Depth (a.u.) 158
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millimeter unit. The depth of the wrinkles was
reported in a relative unit with higher value
indicating deeper depth.
The SWIRL method has a built-in automation

process. Multiple AOIs and multiple images
can be analyzed automatically. The process time
is less than 1 min per image.

Clinical validation of SWIRL: part I. wrinkle severity
To validate the reliability and robustness of the
SWIRL method, we compared the results from

SWIRL analysis to clinical grading scores. From
our image library, a total of 40 raking light
images with various grading scores were ran-
domly selected. Those images were subjected to
SWIRL analysis to obtain wrinkle parameters.
Correlation coefficient (r) was calculated
between each parameter and the clinical grad-
ing score.
As a control, we first assessed the correlation

between skin color and wrinkle grading scores
(Fig. 3A). No correlation was expected between
the color of the skin and the severity of

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. Correlation analysis of wrinkle parameters and clinical grading. A total of 40 images with various wrinkle grading scores in the crow’s

feet area were analyzed using SWIRL method. The correlation coefficient (r) between the clinical grading scores and each parameter, skin tone (a),

winkle number (b), total wrinkle length (c), total wrinkle width (d), total wrinkle area (e), and total wrinkle depth (f) was calculated and shown in

the upper left corner of each graph. Each diamond represents an image, black trace is the trend line derived from linear regression.
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wrinkles in the crow’s feet area. As predicted,
the correlation coefficient was very poor
between these two features (r = 0.08). On the
other hand, all the wrinkle parameters highly
correlated with clinical grading score,
displaying a correlation coefficient around 0.8
(Fig. 3b–f). Among all the parameters, the area
of wrinkles best correlated with clinical grading
score, likely because the area parameter takes
into account both wrinkle length and width.

Clinical validation of SWIRL: part II. detection of
improvements
To validate the sensitivity of the SWIRL
method, we applied it to a clinical study to
determine if this method could detect any
improvement in wrinkle severity after product
usage. The clinical study was designed to assess
the efficacy of a product in wrinkle reduction in
the periocular area after 8 weeks of product
usage. Significant improvement in wrinkle
severity at the crow’s feet area after 8 weeks of
product usage was observed through clinical
grading (Table 2). Raking light photographs
were taken at baseline and after 8 weeks of
product application. Those photographs were
analyzed using the SWIRL method and the
results are shown in Table 2.
As shown in Table 2, the SWIRL method

detected improvements in all the wrinkle
parameters as captured by the raking light pho-
tographs. An example of great improvement is
shown in Fig. 4. The total number and severity
of wrinkles were visibly reduced after product

usage. Among the five wrinkle parameters, the
statistical significance of the improvements var-
ied as assessed by Wilcoxon signed rank sum
test. The modest change in the wrinkle area
parameter is likely because smaller, shorter, and
shallower wrinkles disappear first after treat-
ment yet their relative contribution to the area
parameter is smaller in comparison that to the
wrinkle count or length parameter.

Wrinkle analysis in other areas of the face
The SWIRL method can be easily applied to
identify and analyze wrinkles in other areas
beyond the crow’s feet. Fig. 5 shows examples
of using the SWIRL method to analyze wrinkles
on areas of the forehead, under the eye, and
upper lip. Similar to analysis of the crow’s feet
area, an overlay image with outlines of identi-
fied wrinkles can be generated for each area
(Fig. 5). Five wrinkle parameters are reported

TABLE 2. Statistical analysis of wrinkle parameters before and after
product use (n = 26). A clinical study was designed to assess the efficacy
of a product in wrinkle reduction in the periocular area after 8 weeks of
product usage. Clinical grading was done and raking light photographs
were taken at baseline and after 8 weeks of product application. Average
values of clinical grading score and of the five wrinkle parameters deter-
mined by SWIRL at baseline and at week 8 are listed in table. % change
is calculated as the difference between week 8 and baseline values normal-
ized by baseline values for each parameter. P value is calculated using
Wilcoxon Signed Rank Sum Test and bold number indicates statistically
significant score (P < 0.05)

Parameter Baseline Week 8 % change P value

Number 20.4 17.1 �16.0 0.044

Length (mm) 117.9 101.6 �13.6 0.045

Width (mm) 26.6 22.4 �15.6 0.089

Area (mm2) 57.4 50.5 �12.1 0.128

Depth (a.u.) 577.7 461.3 �20.1 0.014

Clinical grading 4.92 4.52 �8.2 <0.001

Fig. 4. Example of great improvement in wrinkle reduction after 8

weeks of product use through SWIRL analysis. SWIRL method was

used to identify wrinkles in the crow’s feet area at baseline and after

8 weeks of product use.

(a) (b) (c)

Fig. 5. Example of SWIRL analysis for wrinkles in the area of fore-

head (a), under the eye (b), and upper lip (c). AOI in the shape of

oval or rectangle is shown in white; wrinkles within each AOI are

identified and highlighted in white.

TABLE 3. Wrinkle parameters for areas in the forehead, under the eye,
and upper lip are analyzed using the SWIRL method

Region Number

Length

(mm)

Width

(mm)

Area

(mm2)

Depth

(a.u.)

Forehead 57 317.3 37.9 96.6 1244

Under eye 15 94.2 17.2 35.6 327

Under lip 10 41.3 11.1 16.5 296
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and can be used for further statistical analysis
(Table 3).

Discussions

The SWIRL method was developed in response
to the increasing demand for objective and
quantitative assessment of facial wrinkles before
and after treatment from prescription products,
cosmetic products or esthetic procedures. Sev-
eral methods have been employed for facial
wrinkle analysis by various groups including
ours (13–15). However, this study is the first to
fully validate the method clinically. This
method utilizes raking light digital photos to
analyze facial wrinkles. Raking light photogra-
phy does not require expensive setup or highly
specialized equipment. The analysis method
can be automated in a high-throughput fashion
with less than a minute per image.
Upon analyzing raking light digital photo-

graphs, the SWIRL method reports five differ-
ent parameters to quantify wrinkle severity.
The five parameters, number, length, width,
area, and depth, quantitatively describe the con-
ditions of wrinkles at certain AOI. Importantly,
through clinical validation study we show that
all five parameters correlate well with clinical
grading scores (Fig. 3), suggesting that these
five parameters capture the essence of clinical
grading. Among the five parameters, wrinkle
area best correlates with clinical grading score.
This is understandable because wrinkle area
takes into account wrinkle number, length, and
width, which is typically how clinical grading
score is determined. Wrinkle number shows the
lowest correlation score with clinical grading.
This is possibly caused by two factors. One is
that investigators tend to give more weight to
wrinkle length and depth than wrinkle number
when grading. The other is that in addition to
major wrinkles the SWIRL method detects smal-
ler and shorter wrinkles which have less weight
in clinical grading.
The sensitivity of the SWIRL method is also

validated using a clinical study. This method is
capable of detecting improvements in wrinkle
severity before and after product use, consistent
with clinical grading (Table 2). In the example
provided in this study, the improvements are
reflected in all five parameters. These data pro-
vide some insightful information on wrinkle
improvements as well as the analysis method.

First, reduction in wrinkle number is more sig-
nificant than in total wrinkle area. In clinical
grading, it is observed that the smaller and
shallower wrinkles tend to disappear first after
treatment. Those wrinkles contribute equally to
the wrinkle number as the larger and deeper
wrinkles; however, their contribution to wrinkle
area is a lot less. Therefore, this quantitative
analysis is consistent with clinical observations.
Second, the improvement in wrinkle depth is
highly significant in this analysis. This is likely
due to the loss of smaller and shallower wrin-
kles as well. However, this result points to the
possibility that perhaps the depth parameter
used in this study is not in linear relationship
with the actual depth therefore the contribution
of shallow wrinkles is artificially higher. Third,
although good improvements on all five param-
eters are observed, the statistical significance is
lacking for some parameters. This is caused by
the variations in the data set, which requires
highly reproducible image capturing.
The SWIRL method utilizes raking light pho-

tography taken directly of subjects’ faces. Rak-
ing light photography is a noninvasive and
relatively easy procedure (13). Although images
used in this study were taken from Stephens
photostation, raking light photographs taken
from other photostations are also applicable to
SWIRL analysis. However, the quality of the
images is the key for valid analysis. Specifically,
the lighting condition has to be consistent
throughout the study to ensure highly repro-
ducible images. The position of the face needs
to be consistent to ensure high-throughput
analysis.
Comparing to the traditional replica impres-

sion method, the SWIRL method offers a num-
ber of advantages. First, multiple facial sites can
be analyzed from a single photograph and the
AOI can be significantly larger than what can
be captured in a single replica impression. Sec-
ond, the digital images can be archived for an
indefinite period of time while replicas need to
be processed within a short period of time.
Third, the SWIRL technology allows precise
location of the AOI in each digital photograph
using image software tools.
Objective assessment of clinical studies is

highly desired. Quantitation of parameters can
provide many detailed information that are
previously combined into a single clinical
grading score. We achieved both with SWIRL
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analysis of wrinkles. Through this study, we
demonstrated that SWIRL analysis can poten-
tially shed light on how the wrinkles are
changing and how the changes relate to prod-
uct action. It is taking us a step forward
toward better understanding of the actions
and changes produced by prescription and
cosmetic wrinkle treatment products and by
medical procedures.
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