
P
l

J
U
D
O
C

S
U
D
1
C

M
P
8
D

J
U
D

D
2
1
C

1

D
c
t
u
f
b
d
c
T
u
a
a

v
d
t
s
i
a
p
c

A
B
7

Journal of Biomedical Optics 15�1�, 016019 �January/February 2010�

J

hotoacoustic discrimination of vascular and pigmented
esions using classical and Bayesian methods

ennifer A. Swearingen
niversity of Missouri
epartment of Dermatology
ne Hospital Drive, MA111
olumbia, Missouri 65211

cott H. Holan
niversity of Missouri
epartment of Statistics
34F Middlebush Hall
olumbia, Missouri 65211

ary M. Feldman
roPath Laboratories
267 Elmbrook Drive, Suite 100
allas, Texas 75247

ohn A. Viator
niversity of Missouri
epartment of Dermatology
and
epartment of Biological Engineering
40C Christopher S. Bond Life Sciences Center
201 East Rollins Road
olumbia, Missouri, 65211

Abstract. Discrimination of pigmented and vascular lesions in skin
can be difficult due to factors such as size, subungual location, and
the nature of lesions containing both melanin and vascularity. Misdi-
agnosis may lead to precancerous or cancerous lesions not receiving
proper medical care. To aid in the rapid and accurate diagnosis of
such pathologies, we develop a photoacoustic system to determine
the nature of skin lesions in vivo. By irradiating skin with two laser
wavelengths, 422 and 530 nm, we induce photoacoustic responses,
and the relative response at these two wavelengths indicates whether
the lesion is pigmented or vascular. This response is due to the distinct
absorption spectrum of melanin and hemoglobin. In particular, pig-
mented lesions have ratios of photoacoustic amplitudes of approxi-
mately 1.4 to 1 at the two wavelengths, while vascular lesions have
ratios of about 4.0 to 1. Furthermore, we consider two statistical meth-
ods for conducting classification of lesions: standard multivariate
analysis classification techniques and a Bayesian-model-based ap-
proach. We study 15 human subjects with eight vascular and seven
pigmented lesions. Using the classical method, we achieve a perfect
classification rate, while the Bayesian approach has an error rate of
20%. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

iscrimination of vascular and pigmented lesions may pose a
hallenging task for smaller lesions for which gross examina-
ion is inconclusive. Additionally, other factors may contrib-
te to the difficulty of lesion classification, such as subungual
ormations where optical attenuation and scattering are caused
y the compacted keratin structure of the nail.1 The clinical
anger of misclassification arises when a melanoma or a pre-
ancerous pigmented lesion is identified as a vascular lesion.
o improve diagnosis, we developed a photoacoustic probe
sed previously in skin measurements2–4 and used classical
nd Bayesian statistical classification methods for differenti-
ting between pigmented and vascular lesions.

Several approaches exist for diagnosis of pigmented and
ascular lesions, including gross examination, dermoscopy,
igital imaging, and ultimately biopsy. Each has its advan-
ages and shortcomings. The photoacoustic procedure de-
cribed in this paper provides an alternative that is rapid, non-
nvasive, and relies on the distinct spectral structures in
bsorption for melanin and hemoglobin. These differences
rovide robust information in the photoacoustic response that
an be used for statistical classification of the lesions. Al-

ddress all correspondence to John A. Viator, University of Missouri, 240C
ond Life Sciences Center, 1201 East Rollins Road, Columbia, Missouri 65211-
310. Tel: 573-884-2862; Fax: 573-884-9676; E-mail: viatorj@missouri.edu
ournal of Biomedical Optics 016019-
though the photoacoustic procedure requires specialized laser
instrumentation, the classification methods can be adapted to
simpler systems, including digital imaging and white light
spectroscopy. However, modifications of the photoacoustic
method may allow for depth profiling and imaging, in addi-
tion to lesion classification.

Atypical vascular structures within pigmented lesions may
confound the ability to differentiate skin pathologies.5,6 In
these and other cases, dermoscopy has been used to diagnose
skin lesions as it provides the ability to examine small struc-
tures not normally visible to the human eye. Dermoscopy has
been used extensively in diagnosing pigmented lesions as well
as vascular lesions.7 This device is particularly useful for di-
agnosis of a Spitz nevus that may be red in color and may
resemble a vascular lesion.8 In amelanotic lesions, however,
the efficacy of dermoscopy is reduced.9,10 Furthermore, the
sensitivity of dermoscopy varies based on the clinician’s
experience.11

Spectrophotometric intracutaneous analysis, otherwise
known as SIAscopy, uses spectral information to image pig-
mented structures in skin.12 While the imaging instrumenta-
tion is simple, the extraction algorithms use inverse computa-
tions that are intensive and may yield unstable solutions,
resulting in bad imaging information. Other systems using
digital imaging utilize polarized light to extract information

1083-3668/2010/15�1�/016019/9/$25.00 © 2010 SPIE
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bout skin pigmentation13 and have been successful in differ-
ntiating pigmented and vascular lesions.14 The approach de-
cribed in this paper focuses on simple photoacoustic predic-
ors for model-based classification of skin lesions that provide

easures of uncertainty in group membership assignment.
Biomedical photoacoustics uses pulsed laser irradiation to

ransduce optical energy into acoustic waves. This transduc-
ion serves two purposes. First, it enables selective targeting
f subsurface light absorbers due to the great differences in
ptical absorption of tissue chromophores. Second, it enables
obust propagation of information embedded in the resulting
coustic wave, as such waves travel with much less attenua-
ion in tissue compared to photons propagating in turbid me-
ia. In our application, photoacoustics arise when pulsed laser
rradiation induces rapid thermoelastic expansion in skin
hromophores. Unlike photoacoustic spectroscopy,15 which
ses modulated continuous wave irradiation, photoacoustic
eneration by thermoelastic expansion uses nanosecond
ulsed laser energy. This energy is absorbed by a small vol-
me such that subsequent heating induces rapid expansion.
his rapid expansion results in a mechanical disturbance in

issue that manifests itself as a transient pulse of acoustic
nergy.

We developed a photoacoustic probe that incorporates an
ptical fiber and a piezoelectric sensor in a small handpiece to
nduce and detect acoustic waves generated at two key laser
avelengths in human skin. The handpiece is small and is

asy to place on most areas of skin, except for places such as
he ears and nose, where the curvature is too great for proper
robe placement. The two key wavelengths are 422 and
30 nm, purple and green light, respectively, and are two
sosbestic points in the hemoglobin absorption spectrum
here the absorption of oxy- and deoxygenated hemoglobin is

qual. Thus, analysis of the photoacoustic waves did not de-
end on hemoglobin oxygen saturation. Also, these two wave-
engths assured high absorption in pigmented and vascular
tructures in skin.

In the photoacoustic procedure, laser energy was delivered
ia the optical fiber probe to the skin surface, where it was
bsorbed by melanin and blood vessels. The short pulse du-
ation of the laser ensured transduction of optical energy into
coustic waves, analysis of which gives the exact optical en-
rgy absorption. The amount of energy absorbed by the lesion
hromophores depended on the laser fluence at the lesion and
he optical absorption coefficient at the given wavelength. The
mplitude of the resulting photoacoustic wave was propor-
ional to these quantities, thus a simple analysis of the pho-
oacoustic amplitudes at 422 and 530 nm was possible for
esion classification.

In this study, we tested 15 human subjects by irradiated
esions in skin. Of the 15 subjects, 8 had vascular lesions and

had pigmented lesions. Owing to the distinct spectral ab-
orption of melanin and hemoglobin, the ratio of the photoa-
oustic amplitudes at these wavelengths are distinct for the
wo chromophores, with melanin giving a ratio of about 1.4 to

and hemoglobin giving a ratio closer to 4.0 to 1. Based on
hese distinctly different ratios, we used two classification

ethods to distinguish between melanoma and vascular le-
ions based on different optical properties.

The first classification rule we propose begins by assuming
hat there exist two distinct populations of lesions as defined
ournal of Biomedical Optics 016019-
by their photoacoustic response at 422 and 530 nm. Then
classification into one of these populations proceeds using
standard multivariate classification techniques16,17 that rely
only on the first two sample moments �i.e., mean and vari-
ance� of the photoacoustic ratios of the lesions and the as-
sumption that the photoacoustic ratios follow a Gaussian dis-
tribution. Henceforth, we refer to this as the standard
approach. Note that although our rule under the standard ap-
proach is developed using only photoacoustic ratio as a pre-
dictor, other predictors can be incorporated into the rule with
straightforward modification to the existing rule.16

To develop this classification rule we created a training set
of photoacoustic measurements on known samples. We began
by assuming that the probability density functions �pdfs� as-
sociated with the two populations, vascular and pigmented
lesions, were Gaussian. However, we acknowledge that this
assumption may not be satisfied. Nonetheless, the rule we
propose is shown empirically to be robust to departures from
this assumption.

The second classification rule we proposed was based on a
Bayesian probit regression model that used the photoacoustic
ratio at 422 and 530 nm and the age of the subject as predic-
tors. In particular, we considered two different models. The
first model used the photoacoustic ratio as the sole predictor,
whereas the second model used both the photoacoustic ratio
and age as predictors.

In all cases, the classification rules were developed using
the fifteen human subject profiles. For the in sample �IS� re-
sults the classification rules were developed using information
from all 15 subjects. Note that this technique can cause a bias
since subject information is used both to develop the rule as
well as to classify. To alleviate this source of bias we also
developed our classification rules using a cross validation
�CV� �or leave-one-out� approach. This method uses 14 sub-
jects to create a rule used to classify the lesion of the 15th
subject �i.e., the subject left out�. The results presented here
are for the analysis conducted using IS.

Using the standard method, we achieved an error rate of
0% in classifying pigmented and vascular lesions. In contrast,
using the Bayesian method, we achieved an error rate of 47%
for the model using only the photoacoustic ratio and an error
rate of 20% for the model using the photoacoustic ratio and
age. Though the standard approach had a smaller error rate,
the Bayesian models provided a measure of uncertainty in the
classification. For instance, a lesion classified as vascular us-
ing the Bayesian method would also include information re-
garding the distribution of the estimated probability of group
membership �i.e., this approach provides a natural measure of
uncertainty on the probability of group membership for a
given subject� so that a high amount of uncertainty in assign-
ing group membership could prompt the clinician to perform
further diagnosis.

2 Materials and Methods
2.1 Photoacoustic Apparatus
The photoacoustic device we used was similar to that used in
our previous work in quantifying epidermal melanin with mi-
nor modifications.4 The laser system was coupled to an optical
parametric oscillator �OPO� to enable tuning the system to
more than one output wavelength. The apparatus consisted of
January/February 2010 � Vol. 15�1�2
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frequency-tripled Nd:YAG laser operating at 355 nm pump-
ng an OPO �Opotek, Carlsbad, California� for a tunable out-
ut from 410 to 2400 nm �Fig. 1�. The pulse duration was
ns. The OPO was coupled to a 1000-�m optical fiber

Thorlabs, Newton, New Jersey� that terminated in a cylindri-
al acrylic handpiece. This handpiece was put in contact with
he skin of a human subject to measure photoacoustic waves
enerated in skin lesions. The handpiece was 16 mm in diam-
ter and approximately 22 mm long. Within the handpiece
as a miniature acoustic sensor made from polyvinylidene
ifluoride �PVDF�. The design of the probe is more fully de-
cribed in Viator et al.2 The optical fiber was directed to a
.5-mm spot at the bottom of the probe, which was placed
nto the skin surface for measurements. Laser energy ranged
rom 3 to 6 mJ/pulse in all experiments, though pulse energy
as determined to 5% accuracy for each measurement. Radi-

nt exposures were approximately 0.15 to 0.35 J /cm2. Laser
pot size was estimated to be 1 to 2 mm with a Gaussian
rofile output from the optical fiber. The voltage waveform
rom the PVDF sensor was transmitted through a semirigid
oaxial cable to a 350-MHz instrumentation amplifier
SR445, Stanford Research Systems, Sunnyvale, California�
ith a gain of 125. The amplified signal was sent to an oscil-

oscope �TDS 2024, Tektronix, Wilsonville, Oregon� with a
andwidth of 200 MHz and was triggered by a photodiode
DET-210, Thorlabs, Inc., Newton, New Jersey� that moni-
ored laser output. The probe is shown in Fig. 2.

.2 Human Subjects
e tested 15 human subjects with vascular or pigmented le-

ions. Eight subjects had vascular lesions and seven had pig-
ented lesions. This study was approved by the Institutional
eview Board at the University of Missouri �protocol number
089418� and informed and signed consent was obtained from
ll volunteers according to the Declaration of Helsinki. To
nsure proper placement of the photoacoustic probe, we
laced a plastic annulus centered on the lesion. The inner
iameter of the annulus was equal to the outer diameter of the
ircular probe. Thus, since the acoustic sensor was centered
ithin the probe, the sensor was centered above the lesion.
ith a laser spot size of less than 2 mm, the laser spot was

enerally within each lesion that we measured.

Nd:YAG Laser

Oscilloscope

Transducer

Optical
Fiber

Computer

Skin

ig. 1 Apparatus for photoacoustic depth determination of melanin
ontent. The frequency-doubled 532-nm Nd:YAG laser had a pulse
uration of 5 ns. Laser light was delivered to the probe via
000-�m-diam optical fiber. A PVDF element within the probe de-

ected photoacoustic waves.
ournal of Biomedical Optics 016019-
2.3 Photoacoustic Analysis
Analysis of photoacoustic data was simple and straightfor-
ward. We determined the amplitude of the photoacoustic wave
by a peak-to-peak measurement. This method was used as the
complicated geometry of the vasculature and pigmented struc-
tures almost ensured high diffractive content in the acoustic
waves, making a textbook linear analysis impossible. How-
ever, the peak-to-peak amplitude provided a quick, unambigu-
ous measure of the photoacoustic response in the lesion. The
amplitudes at each wavelength were normalized by pulse en-
ergy, then the normalized amplitude at 422 nm was divided
by the normalized amplitude at 530 nm, giving the photoa-
coustic ratio. These ratios were used in the subsequent statis-
tical analysis.

2.4 Statistical Classification Methods

2.4.1 Classical approach
Following the notation and exposition of Johnson and
Wichern16 and Talbert et al.,17 we begin by stipulating the
photoacoustic ratios come from two distinct populations: �1,
the pigmented lesion, and �2, the vascular lesion. Let f1�x�
and f2�x� denote the pdfs associated with the random variable
x of the two populations, where x denotes the ratio of photoa-
coustic response. Further, let p�2 �1� be the conditional prob-
ability of classifying a ratio as belonging to �2 when it be-
longs to �1 and p�1 �2� be defined similarly. In this simplified
analysis, we assume equal costs of misclassification �see Ref.
16 for further discussion�. Thus, for any classification rule, the
average or expected cost of misclassification �ECM� is given
by ECM= p�2 �1�p1+ p�1 �2�p2, where pi�i=1,2� is the prior
probability of �i and p1+ p2=1. A reasonable classification
rule would seek to minimize ECM. Let � denote the sample
space of all possible observations, R1 the set of all x observa-
tions from �1, and R2=�−R1. The rule that minimizes ECM
is then given by

Fig. 2 Photoacoustic probe. The optical fiber delivered 532-nm laser
light with a pulse duration of 5 ns. Acoustic detection was obtained
by a PVDF element within the probe cavity. The PVDF was recessed
approximately 3 mm from the bottom of the probe, thus initial pho-
toacoustic waves were delayed approximately 2 �s from the laser
pulse.
January/February 2010 � Vol. 15�1�3
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R1:
f1�x�
f2�x�

� � p2

p1
�, R2:

f1�x�
f2�x�

� � p2

p1
� .

n the case that we that we assume p1= p2=1 /2, this rule
implifies to

R1:
f1�x�
f2�x�

� 1 R2:
f1�x�
f2�x�

� 1.

To implement these rules we evaluate the density function
atio at a new value x0. Furthermore, since we do not know
he population first and second moments of the pdfs, we sub-
titute the sample quantities to establish a classification rule.
pecifically, for normally distributed variables and assuming

1
2��2

2, yields the rule

ln� s2

s1
� +

1

2
� �x0 − x2�2

s2
2 −

�x0 − x1�2

s1
2 � � ln� p2

p1
� ⇒ x0 � �1,

�1�

ln� s2

s1
� +

1

2
� �x0 − x2�2

s2
2 −

�x0 − x1�2

s1
2 � � ln� p2

p1
� ⇒ x0 � �2,

�2�

here si
2, i=1,2, denotes the sample variances. This rule al-

ocates the photoacoustic ratio to the vascular or pigmented
esion populations. Assuming �1

2=�2
2, Eqs. �1� and �2� can be

implified to

�x0 − x2�2 − �x0 − x1�2

2s2 � ln� p2

p1
� ⇒ x0 � �1,

�x0 − x2�2 − �x0 − x1�2

2s2 � ln� p2

p1
� ⇒ x0 � �2,

here s2 is the pooled variance defined by

�n1 − 1�s1
2 + �n2 − 1�s2

2

n1 + n2 − 2
.

ere, ni is the total number of measurements for i=1,2.
gain, assuming equal cost of misclassification, equal vari-

nce and equal prior probabilities produces a rule where

�x0 − x2�2 − �x0 − x1�2

2s2 � 0

ndicates the measurement was performed on a lesion from

1, the pigmented lesion. The point x0 is the ratio of the 422-
nd 530-nm photoacoustic amplitudes, and should not be con-
used with the ratio of the pdfs evaluated at x0. Note that
nder equal cost of misclassification and equal prior prob-
bilities, this amounts to a threshold rule that is the midpoint
etween the sample means.

The performance of our classification scheme can in prin-
ipal be assessed by calculating the apparent error rate
APER� defined as the fraction of observations in the training
ample that are misclassified by the sample. The APER can be
asily described by the confusion matrix
ournal of Biomedical Optics 016019-
�1 �2

�1 n1c
n1m

= n1 − n1c

�2 n2m
= n2 − n2c

n2c

,

where the columns denote predicted membership and the rows
are actual membership. Thus, APER= �n1m

+n2m
� / �n1+n2�.

As previously discussed, evaluating our classification
scheme on the same sample used to develop our rule would
result in a bias; that is, it would reduce the APER and make
our rule appear to perform better than it does in actuality. To
alleviate this bias we evaluate our rule using cross validation
�leave-one-out�. Specifically, we leave out one observation
from the training set, develop our classification rule, and then
evaluate the performance on the left out observation. We re-
peat this process for all the items in the sample and report this
figure as our estimated APER.

2.4.2 Bayesian-model-based classification
An alternative method for classifying vascular and pigmented
lesions is to model the probability of having a vascular lesion
as a function of several covariates �i.e., photoacoustic ratio
�PR�, age, and lesion color	. Following the notation and ex-
position of Albert,18 let y1 ,y2 , . . . ,yn denote binary observa-
tions where yi=1 if the patient presents a vascular lesion
�yi=0 if the patient presents a pigmented lesion�. Associated
with the i’th response are a set of k covariates xi1 ,xi2 , . . . ,xik.
For the model described here k=2, corresponding to a model
with PR and age as predictors. Although the model we de-
scribe has PR and age as predictors, other models can easily
be estimated by making appropriate modifications. The model
we consider is a probit regression model where the probability
that yi=1, pi, is expressed as

pi = P�yi = 1� = ���PRPRi + �ageagei� , �3�

where �PR and �age denote the regression coefficients associ-
ated with photoacoustic ratio and age respectively, and �� · �
denotes the standard normal cumulative distribution function
�cdf�.

Due to the small number of subjects, we considered Baye-
sian estimation so that measures of uncertainty would be more
accurately reflected. In particular, we regard this problem as a
missing data problem and use the automatic Gibbs sampling
method described in Albert and Chib19 for simulating from the
posterior distribution. Specifically, suppose there exists a con-
tinuous random variable Zi associated with lesion such that if
Zi is positive, then the patient has a vascular lesion; otherwise
the patient has a pigmented lesion. Further, the continuous
lesion measurement �Zi� is related to the PR and age covari-
ates through the normal linear regression model

Zi = �PRPRi + �ageagei + 	i,

where 	i �i=1, . . . ,n=15� are independent and identically
distributed normal random variables with mean 0 and vari-
ance 1. Therefore, it follows that

P�yi = 1� = P�Zi 
 0� = ���PRPRi + �ageagei� .

In our analysis, we chose a uniform prior distribution for �
�i.e., our prior distribution gives equal weight to all values of
January/February 2010 � Vol. 15�1�4
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PR and �age and is thus noninformative�. Therefore, the pos-
erior density is given by

p���y� � 

i=1

n

pi
yi�1 − pi�1−yi.

s a result, this problem can be considered as a missing data
roblem where we have a normal linear regression model on
he latent data Z1 , . . . ,Zn and the observed responses are such
hat they are missing or incomplete in that we only observe

i
0 �yi=1� or Zi�0 �yi=0�.
Estimation of our model proceeds using an automatic

ibbs sampling algorithm. In particular we employ the algo-
ithm know as “data augmentation” �Albert and Chib19�, by
dding the �unknown� latent data Z1 , . . . ,Zn to the parameter
ector � and sampling from the joint posterior distribution of

and �. Let �u �v	 denote the shorthand notation for the
onditional distribution of u given v. Then it can be shown
hat the conditional posterior distribution of � is

���Z,y	 � N��X�X�−1X�Z,�X�X�−1 ,

here X is the design matrix with columns corresponding to
he predictors PR and age. Further, given a value of
,Z1 , . . . ,Zn are independent, with

�Zi��,y	 � �N�xi�,1�I�Zi 
 0� if yi = 1

N�xi�,1�I�Zi � 0� if yi = 0,
�

here xi denotes the vector �PRi , agei��, and I� · � denotes the
ndicator function �i.e., I�Zi�0�=1 if Zi�0 and equals 0
therwise	. Therefore given �= ��PR,�age�� we can simulate
he latent data Z from the truncated normal with the truncation
epending on the value of the binary response. See Ref. 18,
p. 216–219, for a comprehensive discussion.

This model can be estimated using the R contributed pack-
ge “Learn Bayes” �Ref. 20� or via stand alone code. The
arkov chain Monte Carlo simulations we conducted for all
odels considered consisted of 1 chain with 10,000 iterations.
he first 5000 iterations were discarded for burn in and con-
ergence was assessed through trace plots of the posterior
istributions.

Results
.1 Gross Examination and Histology
ll lesions were digitally photographed and examined for

olor, size, and location on the body. They were also classified
s pigmented or vascular after gross examination by a derma-
ologist. Typical pigmented and vascular lesions are shown in
ig. 3. In addition, all lesions were also biopsied and exam-

ned histologically to verify whether they were pigmented or
ascular, as shown in Fig. 3. The determination by gross ex-
mination and histology is provided in Table 1.

.2 Photoacoustic Signals
ypical photoacoustic waveforms for 422 and 530 nm for
igmented and vascular lesions are shown in Fig. 4. The
raphs representing photoacoustic generation in pigmented le-
ions are denoted as Figs. 4�a� and 4�b�. In Fig. 4�a�, the
hotoacoustic waveform was generated by irradiating the le-
ournal of Biomedical Optics 016019-
sion with 422-nm laser light, while in Fig. 4�b�, the wave-
length 530 nm was used. The corresponding wavelengths for
the vascular lesion were used in the graphs in Figs. 4�c� and
4�d�. All photoacoustic waveforms occur at about 3.5 �s, as
the separation of the acoustic sensor from the skin surface was
approximately 5 mm. In the pigmented lesion, the amplitude
of the waves at both wavelengths were similar, with a ratio of
422 to 530 nm about 1.4 to 1. In the vascular lesion, the ratio
of peak-to-peak amplitudes is about 4.0 to 1.

3.3 Classical Classification of Pigmented
and Vascular Lesions

The results of statistical classification of pigmented and vas-
cular lesions are summarized in Table 2. Using the ratios of
photoacoustic amplitudes at 422 and 530 nm and the CV
scheme, the APER �see Sec. 2.4 for a formal definition� for
the standard approach was 6.7%. Using IS classification, the
APER is 0.0%.

3.4 Bayesian Classification of Pigmented
and Vascular Lesions

The Bayesian classification approach used probit regression
models, incorporating PR and age as predictors, to differenti-
ate pigmented and vascular lesions. Using PR and age as pre-
dictors, the CV method gave an APER of 26.7%, while the IS
gave an APER of 20.0%. As a predictor, PR was significant at
the 5% level �i.e., the 95% credible interval did not contain
zero�, whereas age was not. Note that even though age was
not a significant predictor in the model �i.e., the 95% credible
interval contained zero�, the predictor is useful in terms of
classification. Finally, using only PR as a predictor, the APER
using CV and IS were both 46.7%.

As previously eluded to, the Bayesian approach not only
provided classification, but gave information about the cer-
tainty of classification, as shown in Fig. 5. This figure shows
the estimated probability of classification for each of the 15

2.0 mm

2.0 mm

Fig. 3 Photographs and histology of representative �upper� pigmented
and �lower� vascular lesions.
January/February 2010 � Vol. 15�1�5
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uman subjects. Each histogram represents the distribution of
he estimated probability, obtained through Markov chain

onte Carlo, of group membership for each of the 15 sub-
ects. Further, each histogram is denoted in the title by the true
ature of the lesion as determined by histology. Our classifi-
ation rule assigns a subject to the vascular lesion group if the
stimated probability �the mean of the posterior distribution of
he estimated probabilities obtained from Markov chain

onte Carlo� is greater than one half. Thus, values less than
ne half indicate pigmented, while values greater than one
alf indicate vascular. For instance, subjects 1 and 2 are both
lassified as vascular. However, subject 1 can be definitively
lassified as vascular �i.e., the 95% credible interval for the
stimated probability is strictly greater than 0.5�, whereas the
lassification of subject 2 is not definitive �i.e., the 95% cred-
ble interval for the estimated probability contains values less
han 0.5�

Finally, an important aspect of conducting classification is
he possibility of incorporating the cost of misclassification.
he “traditional” Bayesian classification, which is similar to
ur classical approach �Ref. 21, pp. 304–309� can easily and
xplicitly account for the cost of misclassification. In our con-
ext �using a probit regression model�, incorporating the cost
f misclassification into our model could be done by changing
ur decision rule from one that classifies pigmented if the
stimated probability is less than 0.5 and vascular if the esti-
ated probability is greater than 0.5 to a decision rule that

lassifies pigmented if the estimated probability is less than

Table 1 Photoacoustic determinati

Subject Size �mm� Age

1 4 54

2 3-by-2 35

3 2-by-2 27

4 4-by-3 57

5 3-by-4 56

6 3-by-2 21

7 8-by-5 28

8 11-by-7 27

9 3 37

10 4 43

11 9 69

12 2 57

13 3 57

14 3 42

15 3 43

Sizes denoted by a single dimension indicate diameter.
ournal of Biomedical Optics 016019-
0.25 and vascular if the estimated probability is greater than
0.25 �or some other user specified threshold�.

4 Discussion
Photoacoustic generation and detection was used to depth pro-
file and image pigmented and vascular lesions in human
skin.2,22 We extended these techniques to a method for dis-
criminating these lesions for rapid, noninvasive diagnosis.
The advantages of the photoacoustic system are that the opti-
cal contrast, assuming the appropriate laser wavelengths are
used, is one to two orders of magnitude different between
melanin and hemoglobin, the primary chromophores in these
lesions and that the generated acoustic wave is robust and
relatively immune to the optical scattering nature of skin. The
confounding factor is that most lesions are not purely pig-
mented or vascular.5,10 Indeed, virtually all vascular lesions
will contain a pigmented component from the superficial
melanin layer above the network of blood vessels that com-
prise the lesion itself. Likewise, many pigmented lesions will
contain vascular structures, and even those that exist in the
avascular epidermis will be in close proximity to the blood
supply in the papillary dermis. However, the classification of
these lesions relies on the fact that either melanin or hemo-
globin dominates the optical nature of the skin. Further, using
the robust photoacoustic waves generated in skin, we used
two statistical methods to classify lesions in the presence of
this dual nature. In particular, we used a standard approach

ascular and pigmented lesions.

n Type PA Determination Ratio

cular vascular 7

cular vascular 3.1

ented pigmented 1.63

cular pigmented 0.97

cular vascular 2.31

ented pigmented 0.5

ented pigmented 0.8

ented pigmented 0.7

cular vascular 6.7

ented pigmented 1

ented pigmented 1

cular vascular 5.3

ented vascular 4.2

cular vascular 3.9

cular vascular 2.6

at size was not used as a predictor in our classification.
on of v
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ased on multivariate classification techniques as well as a
ayesian probit regression model. Both methods enable clas-

ification of lesions using PR predictors. However, it is fun-
amental to the Bayesian approach to obtain the posterior
istribution of the estimated probability of group membership,
hich can be used as a measure of uncertainty of group mem-
ership assignment. This rapid and accurate characterization
f skin pigmentation will provide clinicians with valuable in-
ormation in guiding appropriate triage and therapy of skin
esions in vivo.
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ig. 4 Representative photoacoustic signals from �left� pigmented an
veraged over 128 pulses.

able 2 Classification of pigmented and vascular lesions using the
tandard method and Bayesian probit models.

ethod

APER �%�

IS CV

tandard approach 0 6.7

ayesian model—PR only 46.7 46.7

ayesian model—PR and age 20 26.7
ournal of Biomedical Optics 016019-
Dermoscopy has been used for skin diagnosis and its use is
becoming increasingly popular. This photoacoustic technique
can be used as an adjunct to dermoscopy and gross visualiza-
tion, as there is still much error in lesion diagnosis. For in-
stance, in a study by Agenziano et al.,23 40 clinicians used
dermoscopy to diagnose various melanocytic lesions. Using
various criteria, the 95% confidence interval of interobserver
agreement clustered around 0.5. For example, using the
ABCD method for melanoma diagnosis, the confidence inter-
val was 0.47 to 0.48. Thus, dermoscopy, while a valuable tool,
should not be used solely as a means of diagnosing vascular
or pigmented lesions.6 Furthermore, there are identifying
traits of lesions that may be similar between melanocytic and
nonmelanocytic lesions, such as streaks and blue
pigmentation.10 Considering the limitations of dermoscopy,
photoacoustics may provide additional information for differ-
ential diagnosis. The most obvious advantage of photoacous-
tics being its potential for depth resolution and imaging.
While the current work shows the ability of photoacoustics to
classify lesion type, additional work may show that lesions
can be further classified by depth. In particular, deeper pig-
mented lesions that appear blue due to Rayleigh scattering
may be shown to be distinct from other lesion types, such as
a Spitz nevus. One final advantage is that the photoacoustic
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echnique is objective and can be automated; dermoscopy is
ubjective and diagnosis depends on the skill and experience
f the observer.

Using spectral information for hemoglobin and melanin,
he ratios of absorption are about 11 to 1 and 2.2 to 1, respec-
ively, using hemoglobin data compiled by Prahl24 in 1999
nd melanin information taken from Jacques et al.25 The
elanin absorption was approximated by the relationship,

a=1.701012�−3.48, where �a is the absorption coefficient
f melanin in inverse centimeters and � is the wavelength in
anometers. Using this spectral information, there should be
wo distributions of photoacoustic ratios with means of 11 for
emoglobin and 2.2 for melanin. However, the data shown in
his study give different, though still distinct, means for the
wo pigments. For the vascular lesions, the mean ratio and
tandard deviation was 4.0 �2.2� and for pigmented lesions is
as 1.4 �1.3�.

Additional sources of error are evident in Fig. 4 and were
ot addressed in our analysis. While the photoacoustic signal
or vascular lesions at 422 has a signal-to-noise ratio �SNR� of

to 1, all other photoacoustic signals, though evident from
andom noise, are less robust and have SNRs closer to 2 to 1.
he signals seen in Fig. 4 are a complex amalgam of noise
nd acoustic energy integrated from complicated arrange-
ents of chromophores in human skin, in addition to mis-
atches in acoustic impedance resulting in numerous reflec-

ions at skin layer interfaces.

Probability

F
re
q
u
e
n
c
y

ig. 5 Montage of histograms for the 15 subjects showing the poste-
ior distribution of the estimated probability of belonging to the vas-
ular lesion group. Subjects with posterior mean greater than 0.5 are
lassified to the vascular lesion group, whereas the subjects with pos-
erior mean less than 0.5 are classified to the pigmented lesion group.
he title of each subject shows a V or P indicating vascular or pig-
ented according to histological analysis. Additionally, for complete-
ess, the posterior mean and 95% credible interval �in parentheses�
re presented.
ournal of Biomedical Optics 016019-
The departure in theory for the expected ratios for the vas-
cular lesions may be explained by the presence of superficial
melanin in the epidermis. This blending of photoacoustic sig-
nals from hemoglobin and melanin would have depressed the
expected ratio. However, the ratio for pigmented lesions was
also depressed from a theoretical value of 2.2 to 1 to 1.4 to 1.
This difference in ratios is most probably explained by the
fact that the melanin absorption model is not proven to be
precise, with differences in absorption in melanin by a factor
of 2 or more. Nevertheless, the distributions formed by the
two populations of ratios from pigmented and vascular lesions
were shown to be distinct enough to separate the two groups
using the statistical methods described in this paper.

Future developments may include improvements of probe
design to increase SNR. We are incorporating a focused
PVDF transducer with a acoustic receiver �BR-640A, Ritec,
Inc., Warwick, Rhode Island� to enable us to decrease laser
fluence to within ANSI standards. The original handpiece
used in this study was made from PVDF film without focus-
ing, coupled directly to a linear amplifier, then sent to an
oscilloscope. This receiver enables inline filtering within the
appropriate range of frequencies expected from photoacoustic
waves in tissue, typically 1 to 50 MHz. The receiver has sig-
nificantly higher gain, up to 64 dB. Using a stabilized probe
mounted on an articulating arm will enable higher signal av-
eraging. Using these improvements, signal acquisition can be
improved along with signal processing.

As previously discussed, if one is careful about the ultra-
sound considerations, it is possible to decrease the fluence and
increase the SNR. Thus, improving the ultrasound detector,
including improved focusing and sensitivity, could have a sig-
nificant impact on the effectiveness of our classification. In
particular, increasing the SNR would reduce the uncertainty in
the estimated distribution of the PR for both populations �i.e.,
the vascular and pigmented populations�. As a result, the 95%
credible intervals �and confidence intervals� for the estimated
PRs will be narrower. Thus, it will be more likely for the
estimated distributions of the two populations to be disjoint.
Ultimately, this would culminate in superior discriminating
power in both the classical and Bayesian approaches.

The standard classification approach used in our analysis
was based on the assumption that the two populations follow
a Gaussian distribution. Although this assumption may be vio-
lated our empirical results suggest that the classification
method is fairly robust to these departures. Furthermore, note
that the results of both types of analysis are based on a small
number of subjects. Therefore, the results presented here
should be interpreted in the context of a pilot study, and future
work will necessarily include a large-scale clinical study to
develop classification rules and model parameter estimates
suitable for use in practice.
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