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Abstract. The prescribed radiant exposures for photodynamic therapy
�PDT� of superficial skin cancers are chosen empirically to maximize
the success of the treatment while minimizing adverse reactions for
the majority of patients. They do not take into account the wide range
of tissue optical properties for human skin, contributing to relatively
low treatment success rates. Additionally, treatment times can be un-
necessarily long for large treatment areas if the laser power is not
sufficient. Both of these concerns can be addressed by the incorpora-
tion of an integrating sphere into the irradiation apparatus. The light
fluence rate can be increased by as much as 100%, depending on the
tissue optical properties. This improvement can be determined in ad-
vance of treatment by measuring the reflectance from the tissue
through a side port on the integrating sphere, allowing for patient-
specific treatment times. The sphere is also effective at improving
beam flatness, and reducing the penumbra, creating a more uniform
light field. The side port reflectance measurements are also related to
the tissue transport albedo, enabling an approximation of the penetra-
tion depth, which is useful for real-time light dosimetry. © 2010 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3484261�
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Introduction
asal cell carcinoma �BCC� is the most common form of skin
ancer in North America, with over one million new cases
iagnosed annually.1 The treatment for BCC can include ex-
ision, radiation, cryosurgery, micrographic surgery, or photo-
ynamic therapy �PDT�. PDT is an attractive treatment
hoice, because it selectively targets the tumor cells, resulting
n minimal side effects and a good cosmetic outcome.2 PDT
lso allows for repeat treatments without an increased risk of
econdary cancers. PDT is most commonly performed by cou-
ling a laser to a microlens-tipped optical fiber for treatment
ith a broad beam. The microlens fiber is positioned so that

he projected beam completely covers the targeted area. The
iameter of the beam and the power emitted from the fiber are
sed to calculate the treatment time via Eq. �1�.

treatment time �s�

=
radiant exposure �J/cm2� � treatment area �cm2�

power �W�
.

�1�

The prescribed PDT radiant exposure, measured in inci-
ent energy over treatment area, is chosen empirically to
aximize the success of the treatment while minimizing ad-

ddress all correspondence to: Diana L. Glennie, Juravinski Cancer Centre, 699
oncession Street, Hamilton, Ontario, Canada, L8V 5C2. Tel: 1-905-387-9711
xt. 67132; Fax: 1-905-575-6330. E-mail: diana.glennie@jcc.hhsc.ca
ournal of Biomedical Optics 058001-
verse reactions for the majority of patients. This does not take
into account the wide range of optical properties for human
skin, which affect the fluence rate distribution, and can con-
tribute to relatively low treatment success rates: as low as
66% for BCCs.3 These rates might be improved by accounting
for the variations in tissue optical properties.

Additionally, if the laser power is not sufficient, the treat-
ment times can be long, especially for large treatment fields or
multiple sites. This is exacerbated by the loss of a large por-
tion of the incident light through specular and diffuse reflec-
tion. If the reflected light were redirected back onto the sur-
face, a greater percentage of the available light would be
absorbed by the tissue and the treatment time could be low-
ered.

Both of these concerns can be addressed by the incorpora-
tion of an integrating sphere into the irradiation apparatus. An
integrating sphere consists of a hollow sphere, with various
port openings, coated internally with a highly reflective, dif-
fuse material. Its primary purpose is to contain and diffuse the
input light to create a uniform irradiance across the entire
internal surface of the sphere.4

This work demonstrates that such spheres improve the ef-
ficiency of the light delivery by decreasing the light lost by
reflection, and also create flatter, better defined beam profiles.
The sphere also provides a means of measuring the tissue
optical properties, which may allow for real-time light dosim-
etry.

1083-3668/2010/15�5�/058001/8/$25.00 © 2010 SPIE
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Materials and Methods
.1 Integrating Sphere
he integrating sphere was constructed on site at the Juravin-
ki Cancer Centre �Hamilton, Ontario�. The sphere wall was
oated with two coats of 6080 diffuse white reflectance coat-
ng �Labsphere, North Sutton, New Hampshire� and had a
easured reflectivity of 0.970�0.002. The sphere had a ra-

ius of 53 mm with a 26 mm radius irradiation port, resulting
n a fractional port area of 0.0643. The irradiation port was
ositioned directly opposite the source fiber port �Fig. 1�, and
he port diameter was selected to encompass the majority of
esion sizes seen clinically. The sphere diameter was chosen
o that the divergent beam produced by the microlens over-
apped the edges of the port opening by 5 mm. The overlap
nsured that the entire exit port area was irradiated. The di-
ergent beam size was determined by the fiber’s characteris-
ics, confirmed to be the same as provided by the manufac-
urer �model FD1, Medlight, Switzerland�.

.2 Measurements in Tissue-Simulating Phantoms
rofile and depth fluence measurements were performed in a

issue-simulating liquid phantom consisting of a 1%
ntralipid® solution �Baxter, Toronto, Ontario�. This mixture
as a negligible absorption coefficient �2.61�10−4 mm−1�
nd a reduced scattering coefficient of 1.44 mm−1 at a wave-
ength of 630 nm,5 similar to the mean value of the reduced
cattering coefficient measured from the surface of human
kin.6–8

Fig. 1 A 3-D rendering of the sphere from �a� above and �b� below.
ournal of Biomedical Optics 058001-
A therapeutic diode laser �630 PDT Laser, Diomed, An-
dover, Massachusetts� was coupled to the source fiber. This
was secured to the top of the sphere so that the tip of the fiber
was flush with the sphere’s inner surface. A detection fiber �IP
isotropic probe, Medlight, Switzerland� with an isotropic scat-
tering tip was connected to a Newport hand-held optical
power meter �Model 840, Irvine, California� and positioned
directly below the sphere.

Relative light fluence profiles were obtained by taking
power measurements across the diameter of the irradiation
port at a depth of 3.0 mm in 2.0 mm increments. This depth
was chosen so that measurements would not be affected by
potential surface effects. To measure the depth fluence curve,
the fiber was positioned at the center of the irradiation port,
and measurements were taken starting at the surface and in-
creasing in depth by 1.0 mm to a maximum of 15 mm, or
until the power decreased below that of the background.
These measurements were repeated with three concentrations
of india ink �Regal-LA Reeves Incorporated, Downsview, On-
tario� �0.1, 0.2, and 0.3%� added to the Intralipid. The absorp-
tion coefficients of the three phantoms �0.053, 0.106, and
0.159 mm−1, respectively� simulate the typical range for hu-
man skin found in the literature.6–8

2.3 Monte Carlo Simulations
To further characterize the sphere, an existing Monte Carlo
�MC� program9 was adapted to launch photons from the top of
the sphere, with a direction vector inside the cone defined by
the properties of the microlens such that the majority of the
photons were incident on the tissue surface. Once inside the
tissue, each photon’s weight was scored and reduced follow-
ing each interaction until it re-entered the sphere or its history
was terminated. When inside the sphere, the photons were
diffusely scattered by the sphere wall until they were incident
on the tissue and either reflected back into the sphere or re-
fracted into the tissue.

2.4 Reflectance Side Port Measurements
The integrating sphere was equipped with a side port with an
SMA fiber connector. An optical fiber was connected to a
power meter and was used to monitor the power. Power read-
ings were recorded from this port, first with the irradiation
port covered by a calibration plate made of the same material
and coated with the same paint as the sphere, and then with
the sphere positioned over the Intralipid phantom �Sec. 2.2�.
The phantom measurement was divided by the calibration
measurement to yield a unitless reflectance Rm. These reflec-
tance measurements were mimicked in the MC simulations by
estimating the irradiance on the inner wall of the sphere, both
when the irradiation port was over tissue, and when the tissue
was replaced by a flat surface with reflectance properties iden-
tical to the sphere wall. These “tissue” and “calibration” read-
ings yielded a unitless reflectance that could be compared to
that measured on the phantoms.

2.5 In Vivo Surface Measurements
To determine the ratio of fluence rates with and without the
sphere in vivo, and to investigate whether superficial measure-
ments with the sphere were predictive of the relative fluence
at depth, surface measurements were taken on the forearms of
September/October 2010 � Vol. 15�5�2
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olunteers. An isotropic detector was attached to each volun-
eer’s forearm in the broadest and palest region using hy-
oallergenic tape. This location was chosen for its relative
niformity in color, texture, and for its lack of hair. The treat-
ent fiber was connected to a white light source and the iso-

ropic detector fiber was connected to a spectrometer �SD
000, Ocean Optics, Dunedin, Florida�. The sphere was posi-
ioned so that the isotropic detector was in the center of the
rradiation port and the surface fluence was recorded. The
reatment fiber was subsequently fixed the same distance from
he skin without the sphere in place, and the surface fluence

easurement was repeated. The quotient of these two values
ielded the relative fluence. This protocol was approved by
he Hamilton Health Sciences/Faculty of Health Sciences Re-
earch and Ethics Board.

Results
.1 Contour Plots
o visualize the effects of the integrating sphere, isofluence-
ate contours were constructed from the MC simulation data.
hese plots were not generated for the measurements in phan-

oms because the data were too sparse. The contour plots from
he MC data for optical properties equivalent to a 1% In-
ralipid phantom are shown in Fig. 2. The fluence rates were
ormalized to unit power emitted from the source fiber �re-
ulting in units of �W /cm2� /W�.

The contour plots show that the sphere had significant ef-
ects on the fluence rate distribution. The fluence rate in-
reased and the depth of the 0.2 �W /cm2� /W isoline in-
reased from approximately 0.5 to 1.5 cm. Additionally, the
adius of this isoline at the surface was smaller and confined
o the radius of the port opening.

.2 Fluence Profile and Depth Measurements
more detailed understanding of the effects of the sphere was

ermitted by analysis of the fluence rate profile and depth

-25
-20
-15
-10
-5
0

-40 -20 0 20 40

D
ep

th
(m

m
)

Radial Position (mm)

0.2 0.2

0.1 0.1

0.05 0.05

-25
-20
-15
-10
-5
0

-40 -20 0 20 40

D
ep

th
(m

m
)

Radial Position (mm)

0.5 0.5
0.3 0.3

0.2 0.20.1 0.10.05 0.05

(a)

(b)

ig. 2 Contour plots of normalized isofluence calculated by Monte
arlo simulations for a 1% Intralipid phantom: �a� without the inte-
rating sphere in place over the tissue and �b� with the integrating
phere in place over the tissue. Units for the contour labels are

/cm2/W.
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data. Typical curves are shown in Figs. 3 and 4. The increase
in fluence rate is seen in the depth fluence rate as a vertical
shift of the “with sphere” curve. In the profile curves, the
introduction of the sphere resulted in an increase in the flu-
ence rate.

To quantify the effect of the integrating sphere on the flu-
ence profiles, the following terms, borrowed from radiation
therapy, were used. The field size was defined as the distance
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Fig. 3 Semilogarithmic depth fluence curves, with �upper curve� and
without �lower curve� the sphere in place over a 1% Intralipid phan-
tom with 0.01% india ink from: �a� the phantom measurements and
�b� the MC simulation.
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Fig. 4 Fluence profiles at a depth of 3 mm, with �upper curve� and
without �lower curve� the sphere in place over a 1% Intralipid phan-
tom from: �a� the phantom measurements and �b� the MC simulation.
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etween the 50% of maximum values on the profile curve.
he 80% flatness represents the absolute percent deviation

rom the central axis value across 80% of the field size. The
0 to 20 penumbra was the distance required for the fluence to
rop from 80% of its central axis value to 20%. The relative
uence �rel is the ratio of the central axis fluence rates with
nd without the sphere in place at a specific depth. These
arameters are listed in Table 1 for each of the Intralipid/india
nk phantoms.

The average field size at a depth of 3 mm was 53 mm
phantom� and 61 mm �MC� without the sphere, and 48 mm
phantom� and 53 mm �MC� with the sphere. The ink concen-
ration had no effect on the field size. The sphere restricts
ight to the irradiation port at the surface �53 mm�, and this
educed field size was maintained even at a depth of 3 mm.

The sphere created a more uniform beam profile, as indi-
ated by the smaller flatness. The flatness also improved as
he absorption coefficient increased.

The penumbra decreased when the sphere was in place,
ontributing to a sharper, more defined edge to the treatment
eld. This value also decreased with ink concentration.

There was a significant increase in the light fluence rates
hen the sphere was employed. The relative fluence was as
igh as 1.8 �phantom� and 2.0 �MC�, and decreased steadily
s the absorption coefficient increased, to minimum values of

Table 1 Fluence profile parameters for the phantom

Absorption
coefficient Characteristics

Phantom

Without sphere

2.61�10−4 mm−1 Field size �54±1� mm

Flatness �25±4� %

Penumbra �12±2� mm

Relative fluence 1

0.053 mm−1 Field size �54±1� mm

Flatness �20±5� %

Penumbra �10±1� mm

Relative fluence 1

0.106 mm−1 Field size �55±1� mm

Flatness �20±4� %

Penumbra �9±1� mm

Relative fluence 1

0.159 mm−1 Field size �56±1� mm

Flatness �23±2� %

Penumbra �11±1� mm

Relative fluence 1
ournal of Biomedical Optics 058001-
1.5 and 1.3. This was because a larger percentage of the inci-
dent light was absorbed, and therefore less light was reflected
back into the sphere, reducing the ratio.

The relative fluence was also calculated from the depth
fluence measurements. These data were fitted to an exponen-
tial function with an exponential constant equal to the effec-
tive attenuation coefficient �data not shown� and a multiplica-
tive constant. Since the optical properties were the same in
both scenarios, only the multiplicative constant varied. The
ratio of these fitted constants was the relative fluence.

The relative fluence from the depth fluence curves and the
profile curves are shown in Fig. 5. Each of the four sets of
data shows the same relationship between the relative fluence
and the absorption coefficient of the tissue.

The large relative uncertainties in the phantom measure-
ments were the result of 0.5 mm uncertainty in determining
the depth. Surface tension in the liquid phantom made it dif-
ficult to determine when the probe was actually at depth zero.
This uncertainty resulted in larger uncertainties in the fluence
rate, especially at greater ink concentrations where the fluence
gradient was steeper. This uncertainty was not present in the
MC simulations, since the depth was strictly defined, and the
corresponding error bars are appreciably smaller.

urements and MC simulation at a depth of 3 m.

urements MC simulations

With sphere Without sphere With sphere

�49±1� mm �60.0±0.1� mm �53.0±0.1� mm

�21±7� % �22±1� % �17±1� %

�11±2� mm �15.5±0.1� mm �12.7±0.1� mm

3 2.00±0.02

�48±1� mm �60.6±0.1� mm �53.0±0.1� mm

�19±6� % �14±1� % �8±1� %

�9±1� mm �10.4±0.1� mm �8.6±0.1� mm

6 1.46±0.02

�47±1� mm �61.0±0.1� mm �52.6±0.1� mm

�24±15� % �10±1� % �4±1� %

�11±2� mm �7.2±0.1� mm �5.7±0.1� mm

7 1.34±0.02

�48±1� mm �61.2±0.1� mm �52.8±0.1� mm

�17±8� % �9±1� % �3±1� %

�8±1� mm �6.7±0.1� mm �5.5±0.1� mm

9 1.3±0.02
meas

meas

.8±0.

.7±0.

.3±0.

.5±0.
September/October 2010 � Vol. 15�5�4
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.3 Reflectance Measurements
he measured side port reflectance from the phantom and the
C simulations is shown in Fig. 6. Both decreased as the

bsorption coefficient increased, similar to the trend of the
elative fluence as a function of the absorption coefficient.
hey also agree very closely, though the phantom value is
onsistently slightly larger than the MC value.

.4 In Vivo Measurements
elative fluence measurements were performed on the fore-
rms of 21 volunteers with a variety of skin types ranging
rom very fair �type 1 on the Fitzpatrick scale�10 to very dark
type 6�. The relative fluence �with sphere/without sphere�
anged from 1.67 to 3.00 at 630 nm with a mean of 2.26 and
median of 2.27. These values are considerably higher than

hose measured at depth in the phantom �1.30 to 2.00�.
The spectral relative fluence for six of the volunteers is

hown in Fig. 7. These sample curves were chosen to show
he range in relative fluence for the six skin types on the
itzpatrick scale. It is clear that larger relative fluence corre-
ponds to lighter skin color �lower absorption coefficients�.
he curves for subjects with lighter skin also have local
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minima at approximately 540 and 580 nm, which correspond
to absorption peaks of oxyhemoglobin.11 Over the measured
spectral range, there are no local features due to melanin,12

but the entire relative fluence curve is shifted vertically as the
melanin concentration is reduced.

3.5 Treatment Time
In Sec. 3.3, it was shown that an integrating sphere can in-
crease the light fluence rate for a PDT treatment, but that the
improvement depended on the absorption coefficient. Irradi-
ating for the same treatment time with the sphere in place will
result in patients receiving different surface light doses, de-
pending on their individual tissue optical properties. If the
patient-specific increase in fluence rate were known, the treat-
ment time could be adjusted accordingly, providing individu-
alized dosimetry and, perhaps, more consistent treatment re-
sults.

The increase in fluence rate in the tissue is the result of
reflected light redirected back onto the skin surface. The
amount of reflected light should be related to the reflectance
measured through the side port, and could, in principle, be
used to predict the interstitial fluence rate change. To test this
hypothesis, MC simulations were performed with a range of
absorption and reduced scattering coefficients, and the relative
fluence and reflectance were calculated as described previ-
ously. These results are shown in Fig. 8. When the scattering
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oefficient was held constant and the absorption coefficient
as increased, the relative fluence decreased, as previously

een. Conversely, when the absorption coefficient remained
onstant and the scattering coefficient was increased, the rela-
ive fluence increased. When the relative fluence was plotted
gainst the side port reflectance, a strong linear relationship
as evident �see Fig. 9�, described by,

�rel = �1.29 � 0.03� � Rm + �0.96 � 0.01� , �2�

here the uncertainties are estimated from the least-squares
inear fit.

Discussion
.1 Characterization of Sphere Effects
he contour plots, profile, and depth fluence curves confirm

hat the sphere is effective at increasing the light fluence rates
n tissue. In the contour plots, this was evident in a shift of the
sofluence lines roughly 1 cm deeper into the tissue. In the
rofile curves, this was seen by an increase in the central axis
uence value at a depth of 3 mm, ranging from 30 to 100%,
epending on the absorption coefficient of the tissue. Finally,
n the depth fluence curves, this was indicated by the constant
ractional increase in fluence measured at each depth.

The sphere was also successful at improving the beam
haracteristics. Profiles with the sphere in place showed an
mprovement in flatness across the field size as well as a re-
uction in the penumbra, allowing for a better defined, more
niform treatment field. The field size at a 3 mm depth was
ufficiently described by the size of the irradiation port. This
s important, because it indicates that the treatment area is
ufficiently illuminated at depth.

.2 In Vivo Results
he hemoglobin spectral features and the variation with skin

ypes of the relative fluence curves from Fig. 7 indicate that
he efficacy of the sphere is dependent on the skin’s optical
roperties which, in turn, are dependent on the concentrations
f melanin and oxyhemoglobin.

The relative fluence measured on the surface of the skin on
olunteers’ forearms was up to 50% higher than the values
etermined from the phantom and MC data at depth. These
esults were confirmed with MC simulations in which an iso-
ropic “detector” was located just above the tissue surface.
his difference was not investigated in further detail, as the
ubsurface fluence rate is the clinically relevant parameter.
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When the sphere was positioned over the treatment area, it
was observed that the treatment was no longer sensitive to
patient movement, as the direct contact of the sphere with the
tissue prevented any misalignment.

4.3 Treatment Time
As discussed in Sec. 3.4, it was hypothesized that the relative
fluence could be predicted from the reflectance measurement.
This was investigated by running additional MC simulations
with different combinations of absorption and reduced scatter-
ing coefficients. It was shown that the relative fluence in-
creased monotonically with the reduced scattering coefficient,
while the reverse behavior was seen with the absorption co-
efficient. These observations are consistent with the fact that,
for a given index of refraction, the diffuse reflectance from a
semi-infinite volume of tissue Rd depends solely on the trans-
port albedo,

a� =
�s�

�a + �s�
. �3�

When the relative fluence was plotted as a function of the side
port reflectance, a strong linear relationship �Fig. 9� was ob-
served. This relationship can be explained using the integrat-
ing sphere theory. The first assumption is that a fraction of the
initial irradiance incident on the tissue P is reflected back into
the integrating sphere. This fraction R* depends on the optical
properties of the tissue and the diameter of the irradiation
port. The second assumption is that a second fraction Rs of the
light remitted into the sphere is reflected back onto the tissue.
If this process were to continue, allowing for multiple reflec-
tions from and back into the tissue, the fluence rate with the
sphere in place becomes the sum of an infinite series, yielding
a relative fluence of,

�rel �
1

1 − RsR*
. �4�

The irradiance on the inner surface of the sphere is calculated
in a similar way,

�s =
PR*

1 − RsR*
. �5�

The reflectance is calculated by dividing the irradiance with
the sphere over tissue ��s� by the irradiance when the sphere
is over the calibration plate ��c� �with a reflectance Rw,
where Rw is the measured sphere wall reflectance�, which
would be,

�c =
PRw

1 − RsRw
. �6�

The measured side port reflectance is then defined as,

Rm =
R* � �1 − RsRw�
Rw � �1 − RsR*�

. �7�

Combining Eqs. �4� and �7� results in a relationship between
the relative fluence and the side port reflectance,
September/October 2010 � Vol. 15�5�6
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�rel = � RsRw

1 − RsRw
� Rm� + 1, �8�

hich agrees with the empirical, linear relation expressed in
q. �2�.

To test this, Rs was calculated from the Monte Carlo data
y tracking the average number of reflections inside the
phere. For the sphere geometry used in this set of simula-
ions, each photon that re-enters the sphere is reflected off the
phere wall 16 times before reaching the irradiation port.
ombined with a measured sphere wall reflectance �Rw� of
.970�0.002, this yields a value for Rs of 0.61�0.02. With
hese results, the slope of the fitted value from Eq. �2� of
.29�0.03 is similar to the calculated slope of the line from
q. �8� of 1.47�0.14. The fitted y-intercept of 0.96�0.01 is
lso close to the theoretical y-intercept of 1.

These results indicate that the patient-specific relative flu-
nce for any given sphere can be determined from the reflec-
ance, using Eqs. �2� and �8�. The parameters in these equa-
ions are dependent on the sphere geometry but can be
etermined empirically. The treatment time can be adjusted
ccordingly.

.4 Penetration Depth
he previous results raised the question whether the reflec-

ance measurements could also be used to determine the pen-
tration depth in the skin. This would be beneficial for dosim-
try, as it would allow the treatment time to be adjusted to
nsure that the entire thickness of the tumor is irradiated to a
inimum fluence, Eq. �6� indicates that the measured reflec-

ance Rm can be used to determine the tissue reflectance R*.
o investigate the relationship between R* and Rm, the diffuse
eflectance coefficient Rd was calculated using the tissue op-
ical properties from the MC simulations and Eq. �9�.13

Rd =
a��1 + exp�− �4/3�A	3�1 − a���


2�1 + 	3�1 − a���
, �9�

here A is defined as the internal reflection parameter. A lin-
ar relationship was obtained �not shown�. Therefore, there
hould be a strong correlation between the transport albedo
nd side port reflectance. This is shown in Fig. 10. With a
phere geometry that has previously been characterized, it
ould be possible to calculate the transport albedo from the
easured reflectance. This correlation will depend on the spe-

ific sphere geometry. A second set of simulations was run for
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ig. 10 Transport albedo as a function of reflectance. The open
quares represent the original sphere geometry �rsphere=53.0 mm and
port=26.0 mm�, and the closed circles represent another sphere ge-
metry �rsphere=33.8 mm and rport=15.0 mm�.
ournal of Biomedical Optics 058001-
a different sphere geometry to illustrate this dependence.
These results are also shown in Fig. 10.

The penetration depth is calculated as the reciprocal of the
effective attenuation coefficient �eff, where �eff= �3�a��s�
+�a��1/2 in the case of the diffusion limit. As such, the ab-
sorption and scattering coefficients cannot be determined in-
dependently from the albedo. However, if the scattering coef-
ficient were known a priori, the absorption coefficient could
be calculated and the effective attenuation coefficient and
penetration depth could be determined.

If the reduced scattering coefficient is not known in ad-
vance, typical values taken from the literature might provide a
reasonable estimate of the penetration depth. This could be
used in conjunction with the laser power and treatment time to
determine the fluence at a specific depth. This would be an
ideal light dose metric, as it would remove the effects of dif-
ferent tissue optical properties that currently limit treatment
efficacy, and it would be defined at a more clinically relevant
location.

To test this, the transport albedo and the penetration depth
were calculated for a set of optical properties typical for skin.
The reduced scattering coefficient was increased by 25%, and
the previously calculated transport albedo was used to calcu-
late an absorption coefficient. The incorrect scatter and ab-
sorption coefficients were then used to calculate a penetration
depth. The difference between this and the actual penetration
depth was 36%, resulting in an uncertainty of less than 1 mm.
Given that the penetration depth can vary by up to 3 mm,14

knowing this value to within one millimeter would still be
useful in PDT dosimetry.

5 Conclusions
It is demonstrated that the incorporation of an integrating
sphere improves the efficiency of the light delivery system for
superficial PDT treatments. Contour plots show an increase in
the overall fluence rate compared to the current treatment
setup. The profile curves demonstrate that the sphere not only
increases the fluence rate, but also improves the beam flat-
ness, reduces the penumbra, and creates a more uniform light
field.

Both the profile and depth data confirm that the relative
fluence diminished as the absorption coefficient of the tissue
increased. However, even for the highest absorption coeffi-
cient, the sphere is still able to increase the fluence rate by
30%.

Measurements taken on the forearms of volunteers confirm
the previously observed results that the sphere’s effectiveness
depends on the tissue optical properties. The range of relative
fluence values at the surface is, on average, 50% greater than
those measured at depth. This difference is confirmed by MC
simulation but is not investigated further. Since the sphere is
positioned directly on the tissue, the sensitivity of the treat-
ment to patient movement is minimized.

The side port of the integrating sphere is used to measure
the reflectance, which can be used to determine the patient-
specific relative fluence. This information could be used to
adjust the treatment time accordingly, potentially providing
more personalized treatments. If a population average for the
reduced scattering coefficient is known, the reflectance can
also be used to approximate the penetration depth in the tis-
September/October 2010 � Vol. 15�5�7
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ue. This information could be used to calculate a better light
ose metric �such as fluence at a specified depth� that would
ncorporate differences in patient optical properties and pos-
ibly improve treatment efficacy.

The incorporation of an integrating sphere into the PDT
reatment of superficial skin cancers not only improves the
ight fluence and treatment field geometry, it may also allow
or real-time dosimetry through the side port reflectance mea-
urements. This would lead to more personalized, and poten-
ially more successful, treatments. It may also be possible to
reat multiple lesions simultaneously using several spheres
onnected to the same light source.
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