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Photodynamic therapy (PDT) dosimetry, including light dose, photosensitizer dose and tissue
oxygen, has been a research focus in PDT. In this work, we present a three-dimensional (3D)
quanti¯cation of protoporphyrin IX (PpIX) using combined spatial frequency domain imaging
(SFDI) and di®use °uorescence tomography (DFT). The SFDI maps both the distributions of
tissue absorption and scattering properties at three wavelengths and accordingly provides the
optical background for DFT and extracts the tissue oxygenation for assessing the therapeutic
outcomes, while DFT dynamically monitors the 3D distribution of PpIX dose from measured
°uorescence signals for the procedure optimization. A pilot in vivo application in tumor nude
models showed that the proposed SFDI/DFT is able to dynamically trace changes in the PpIX
concentration and tissue oxygen during the treatment, rendering it a potentially powerful tool for
PDT to improve clinical e±cacy.

Keywords: Photodynamic therapy; spatial frequency domain imaging; di®use °uorescence
tomography.

1. Introduction

Photodynamic therapy (PDT) uses the photo-
chemical reactions of photosensitizers to produce
cytotoxic products inside tissues that damage bio-
molecules including proteins and lipids, leading to

cancer cell destruction and death.1 PDT has been

widely used in clinical practice for its therapeutic

e®ect on many kinds of tumors.2,3

To achieve therapeutic purposes, tumors enri-

ched with photosensitizers are typically irradiated
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with light of a speci¯c wavelength. The clinical
PDT protocols rely on an empirical given of pho-
tosensitizer dose and light dose according to the
patient's weight and tumor size but do not take into
account the individual di®erences. In fact, the
penetration of light through the target tissue is
dependent on the tissue absorption and scattering
properties.4 The heterogeneous distributions of
photosensitizer concentration and tissue oxygen-
ation among di®erent individuals and sites also af-
fect the treatment outcomes.5–7 Therefore, PDT
dosimetry, including light dose, photosensitizer dose
and tissue oxygen, is of great signi¯cance to improve
clinical e±cacy and has been a research focus in
PDT.8–11

Recently, spatial frequency domain imaging
(SFDI) has received extensive attention in PDT
dosimetry due to its advantages of fast, noninvasive
and wide ¯eld imaging.12–19 SFDI is an optical im-
aging modality that enables mapping of the tissue
optical properties, including the absorption coe±-
cient (�aÞ and reduced scattering coe±cient (� 0

sÞ, by
measuring the di®use re°ectances of turbid media at
di®erent spatial frequencies.12 It is also capable of
quantitative determination of photosensitizer dose
by measuring the °uorescence signals emitted by
photosensitizers.13 Saager et al. use SFDI to deter-
mine the tissue optical properties in PDT for skin
cancer and on this basis report quantitative °uo-
rescence imaging of protoporphyrin IX (PpIX).14,15

Sunar et al. demonstrate that SFDI enables nonin-
vasive determination of PpIX distribution and e®ect
assessment of PDT in nonmelanoma skin can-
cers.16–18 However, most of these methods only re-
construct the two-dimensional (2D) images of the
optical properties or the photosensitizer dose. At
present, no investigation is reported on in vivo as-
sessment of PDT that quanti¯es the dynamic
changes in the photosensitizer dose using SFDI.

In this work, we present a three-dimensional
(3D) quanti¯cation of PpIX-PDT using combined
SFDI and di®use °uorescence tomography (DFT).
The SFDI maps both the distributions of tissue
absorption and scattering properties at three
wavelengths and accordingly o®ers the priors of the
background optical properties for DFT and com-
pares the tissue oxygenations before and after PDT
for assessment of the therapeutic outcomes, while
DFT dynamically monitors the 3D distribution of
PpIX dose from measured °uorescence signals for
the procedure optimization. We performed a pilot

in vivo validation in tumor nude models. The results
showed that the proposed SFDI/DFT is able to
dynamically trace changes in the PpIX concentra-
tion and tissue oxygen during the treatment, ren-
dering it a potentially powerful tool for PDT to
improve clinical e±cacy.

2. Materials and Methods

2.1. Animal models and experimental

preparations

The protocols and handling of the animals had been
approved by Tianjin University Ethics Committee.
The mice were acquired from Tianjin Medical uni-
versity cancer institute and hospital. These nude
mice (BALB/c, Charles River) with 4–5 weeks of
age had breast cancer cells (4T1) subcutaneously
inoculated with 5� 106 cell/200 ul in their groin
areas. The growing tumors are located shallow be-
neath the skin, making them easy to observe and
measure. 5-aminolevulinic acid (5-ALA) was used
as a photosensitizer. When exogenous 5-ALA enters
tissues, it can be selectively absorbed by tumor cells,
resulting in excessive accumulation of PpIX in
tumor. When irradiated by red light, the PpIX
produces large amounts of singlet oxygen to damage
cancer cells.5

Before the treatment, topical application of
5-ALA was adopted for PpIX accumulation. The
5-ALA-hydrochloride (A924477, Macklin) was dis-
solved in the injection to make a 20% 5-ALA solu-
tion. The solution was applied to the tumors with a
clean cotton ball for three hours until fully absor-
bed. The tumors were then treated with a 630 nm
laser. Light fractionation PDT is adopted to avoid
the rapid depletion of oxygen in tissues (a ¯ve
minutes interval for every 25min of irradiation).20

The radiant exposure is 108 J/cm2 at the irradiance
of 12mW/cm2.21 A total of six mice were used, ¯ve
of them as a treatment group and one (mouse #4)
as a control group. The control group was also ap-
plied with the ALA solution, but exposed to dark
environment without irradiation.

2.2. Imaging system and data
acquisition

We utilize a custom-developed SFDI system for
data acquisition. The setup of the imaging system is
shown in Fig. 1. The light source includes three laser
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diodes with the wavelength of 405, 520 and 630 nm,
where the 405 nm and 630 nm are the excitation and
°uorescence wavelengths of PpIX, respectively.
Because the main absorption peak of PpIX is
405 nm with the central wavelength of PpIX °uo-
rescence being 630 nm, the 405 nm excitation can
maximize the excitation e±cacy. The light source
power is >100mW to ensure the excitation depth.
The tissue absorption and scattering properties at
these wavelengths are measured to provide the op-
tical background for DFT and to obtain tissue ox-
ygenation. Light from the three laser diodes is
coupled into a projector (DlpVisionFly4500, Texas
Instruments) through a multimode optical ¯ber to
generate the wild-¯eld sinusoidal illumination. The
spatial frequency used is 0.1mm�1. The re°ected
image or the °uorescence image on tissue surface is

captured using an electron multiplier CCD (EM-
CCD) camera (Rolera-MGi, Teledyne Photo-
metrics). A long-pass ¯lter above 600 nm (FEL0600,
Thorlabs), controlled through a ¯lter wheel
(FW102C, Thorlabs), is used in the °uorescence
measurements to ¯lter out the excitation light.

The processes of the treatment and data acqui-
sition are shown in Fig. 2. Before applying the
photosensitizers to the tumors, the 3D height maps
of mice are ¯rst measured using the phase pro¯lo-
metry technique. The height data is used to provide
geometric models for DFT and mitigate the surface
pro¯le e®ects of tissues on the optical property ex-
traction. After applying the photosensitizers, the
tissue optical properties are measured before and
after the treatment. The results at the excitation
and °uorescence wavelengths before the treatment

(a) (b)

Fig. 1. SFDI system used in this work. (a) Schematic diagram and (b) photograph.

Fig. 2. The experimental setup. (a) The imaging ¯eld of view and (b) the processes of the treatment and data acquisition.
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are used as the optical background in DFT to
eliminate their e®ects on measured °uorescence
signals. The accordingly extracted tissue oxygena-
tions before and after the treatment are used to
assess the PDT outcomes. The °uorescence image is
then measured at each interval of the irradiation
and used as the input to DFT for dynamically
monitoring the 3D distribution of PpIX dose during
the treatment. The auto°uorescence of mice is also
measured as a reference of the °uorescence signal.
The planar (DC) and spatially modulated (AC)
amplitudes of the images are extracted by project-
ing three sinusoidal patterns with phase o®sets of 0,
2�/3 and 4�/3. All measurements are carried out in
a dark environment. The mice were anesthetized
and attached to an imaging platform to prevent
motion artifacts during the measurements. The
pixel resolution of the measured image is 128� 128,
with the imaging ¯eld of view of 30� 30mm2. A
homogeneous planar phantom with the known op-
tical properties is used for di®use-re°ectance
calibrations.

2.3. Quanti¯cation of optical properties
and PpIX

The 2D tissue absorption and scattering properties
are extracted from the measured di®use re°ectances
using a look-up table approach.9 In order to com-
pensate for the intensity deviations incident onto
and re°ected from the tissue surface, the DC and
AC amplitudes are processed using a correction
method.22 The concentrations of oxyhemoglobin
and deoxyhemoglobin, the main absorbers of tissues
in visible spectrum, are then determined from the
absorption coe±cients at the two wavelengths.
The extinction coe±cients of oxyhemoglobin and
deoxyhemoglobin are obtained from an online
reference.23

The 3D quanti¯cation of PpIX is achieved using
the spatial frequency domain DFT (SFD-DFT)
method. The PpIX dose is characterized using the
°uorescence yield which is proportional to the con-
centration. The forward SFD-DFT model for pre-
dicting the excitation and °uorescence °ux inside
tissues, given the background optical properties and
the light source, can be described as a set of di®u-
sion equations.24 Due to the phase shift of the spa-
tially modulated light source in a heterogeneous
medium, the AC response contains both amplitude
and phase components and the equations should be

expressed in phasor form, referred to as phasor
di®usion equations. The 3D distributions of the
tissue absorption and scattering properties at the
excitation and °uorescence wavelengths are
obtained by uniformly assigning the 2D results in
the depth direction. The SFD-DFT inverse formu-
lation can be derived in terms of the phasor di®u-
sion equations, within framework of the Born
normalization25

I
ðeÞ
v ð�dÞ

I
ðxÞ
v ð�dÞ

� ðxÞ
v ð�dÞ ¼

Z
�r

G
ðeÞ
v ð�d; rÞ� ðxÞ

v ðrÞ�ðrÞdr; ð1Þ

where I
ðeÞ
v ð�dÞ and I

ðxÞ
v ð�dÞ denote the measured

modulation amplitudes of the °uorescence (eÞ and
excitation (xÞ wavelengths at the detection posi-
tion, �d, on tissue surface, with v 2 fDC; ACg
denoting the DC and AC; �

ðxÞ
v ð�dÞ represents the

light °ow of the excitation on tissue surface; �r is

the domain of integration; �
ðxÞ
v ðrÞ and �ðrÞ repre-

sent the light °ux phasor and °uorescence yield
at the position r inside the tissue, respectively;

G
ðeÞ
v ð�d; rÞ represents the Green's function. The

�
ðxÞ
v ð�dÞ, � ðxÞ

v ðrÞ and G
ðeÞ
v ð�d; rÞ are calculated on

basis of the forward model and the Robin boundary
condition.26 To solve the forward model, we build
the 3D complex geometry of each mouse from the
measured height data and solve it with ¯nite ele-
ment method.27

The above equation can be discretized into the
following matrix notation:

Y ¼ J¯; ð2Þ
where Y is the Born-normalized data, J is the
Jacobian matrix regarding the Born normalization
and ¯ represents the °uorescence yields at the ¯nite
element nodes. The matrix equation is solved using
the algebraic reconstruction technique.28

3. Results

We ¯rst showed the 2D maps of the optical prop-
erties and tissue oxygen saturation (StO2Þ and
compared their changes before and after the treat-
ment. The results of DFT were then shown to re°ect
the PpIX dose inside tissues, with the distribution
concentrated at the edge of the tumor within the
depth of 1.5mm beneath the surface. Finally, we
investigated the temporal variation of PpIX dose
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during the treatment and discussed the e®ects of
PpIX and StO2 decreases on PDT outcomes.

3.1. Maps of optical properties and StO2

Figure 3 shows the optical property maps of mouse
#2 at the two wavelengths before the treatment.
The �a was slightly higher in tumors than that in
normal tissues, while the � 0

s did not show signi¯cant
di®erences between them. Due to the large surface
curvatures in tumor edges, the correction method
failed to completely compensate for the di®use re-
°ectance deviations, leading to the biased optical
properties in these regions, as shown in the zoomed-
in versions. Since only a single course of PDT was
performed in the experiment and the light dose was

low, no signi¯cant changes in tumor size were
observed after the treatment.

The changes in the �a before and after the
treatment were then analyzed. The means of �a in
tumors at 405 nm and 520 nm increased slightly
after the treatment, while the means at 630 nm
slightly decreased. The results showed good consis-
tence among the mice in the treatment group. The
changes in �a may result from the changes in tissue
oxygenation such as the total hemoglobin concen-
tration and StO2. We calculated the StO2 from the
�a at the wavelengths of 520 nm and 630 nm. The
results are shown in Fig. 4. A slight decrease in StO2

was observed in most mice. Oxygen consumption
caused by the photochemical reactions may be the
major reason for the decreases of StO2 in the

Fig. 3. Optical absorption and scattering maps of mouse #2 before the treatment at the wavelengths of 520 nm and 630 nm.

(a) (b)

Fig. 4. Results of StO2. (a) The StO2 maps of mouse #2 before (top) and after (blow) the treatment; (b) mean StO2 values in
tumors before and after the treatment. Mouse #4 is the control group.
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tumors. The StO2 in the control group and normal
tissues also decreased after the treatment, which
was probably caused by prolonged anesthesia.

3.2. 3D quanti¯cation of PpIX

Finally, we reconstructed the 3D distribution of
PpIX °uorescence yield using the SFD-DFT meth-
od described in Sec. 2.3. The geometry of the mice is
discretized with tetrahedron elements containing
about 60,000 nodes. The °uorescence yields at the
¯nite element nodes are linearly interpolated to
produce the map with resolution of 128� 128 at
di®erent depths. To better represent the tomo-
graphic results, we plotted the top views of the
°uorescence yields at di®erent depths beneath the
mouse surface. In addition, the sections in the X–Z
and Y–Z directions are also presented to show the
surface pro¯les.

Figure 5 shows the results of mouse #2. Before
the treatment, the °uorescence yields in the tumors
were signi¯cantly higher than those in the normal
tissues. The results indicated that the ALA solution
was selectively absorbed by the tumor cells and
metabolized to produce the PpIX that enriched the
tumors. The normal tissues also had a small con-
centration of PpIX, which probably resulted from
blood transport and metabolism. From the depth
direction, the PpIX was mainly distributed within
the depth of 0–1.5mm beneath the surface and
concentrated at the edges of the tumors, with the
dose decreased rapidly at the deeper tissues, as
shown in Fig. 5(c). The limited penetration depth of
photosensitizers through percutaneous delivery may

account for the super¯cial distribution of PpIX. In
addition, the limited penetration depth of the ex-
citation light inside the tissues can result in the
failure of PpIX in the deeper positions to stimulate
and release °uorescence. After the treatment, the
concentration of PpIX was reduced in both the
tumors and normal tissues, as shown in Fig. 5(b).
The depletion by the photodynamic reactions may
be an important cause to the decreased PpIX con-
centration, which can explain the greater decline in
the tumors than in normal tissues. Besides, the
tissue metabolism of photosensitizers also reduces
the concentration (usually metabolized completely
in 24 h).

Figure 6 shows the average °uorescence yields
versus time. The areas of the tumors and normal
tissues used for calculating the mean values are in-
dicated in Fig. 5(b). The depth of the two areas is
within 2mm. The origin of the time axis corre-
sponds to the measurements taken before the
treatment. The auto°uorescence of mice before ap-
plying the photosensitizers (�0.5 h) was also cal-
culated. Due to the individual di®erences in drug
uptake, the PpIX dose in each mouse is signi¯cantly
di®erent. Though the temporal variation of the
PpIX concentration had good consistency among
mice. In the treatment group, the concentrations of
the PpIX in the tumors reached the highest level
after applying the photosensitizers and gradually
decreased with the treatment, reaching about half
of the initial values after 2.5 h. Speci¯cally, the
concentrations decreased rapidly during the ¯rst
hour and slowed down afterwards. In the control
group, the concentrations of the PpIX remained

Fig. 5. Tomographic reconstructions of PpIX °uorescence yields of mouse #2. Fluorescence yield maps at di®erent depths (a)
before and (b) after the treatment; (c) sections of the °uorescence yields before the treatment in X–Z and Y–Z directions. The dotted
lines and circles indicate the positions of the sections and the areas of the tumor and normal tissues used to calculate the average
°uorescence yields, respectively.
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at the same level, with no decreasing trend.
Figure 6(b) shows the °uorescence yields of the
tumors and normal tissues versus time in the
treatment group and the control group. The curves
of the treatment group are obtained by calculating
the average °uorescence yields of ¯ve mice. The
temporal variation of the PpIX concentration shows
signi¯cant di®erences between the two groups and
between the tumors and normal tissues.

Above results indicate that there are signi¯cant
di®erences among individuals in the spatial distri-
bution and temporal variation of PpIX dose as well
as in the optical properties and tissue oxygenation.
We also noted a correlation of tumor growth to both
PpIX concentration and tissue oxygenation. As
tumors grew, the StO2 and PpIX concentrations of
mice appeared to decrease (The mice with larger
numbers had longer tumor growth time when
measured, e.g., the tumor of mouse #6 grew nearly
¯ve days longer than that of mouse #1.). It is
speculated that the growth of tumors impaired the
physiological function of the mice, leading to the
decrease in tissue oxygen and drug absorption.
Since the e±cacy of PDT is dependent on concen-
tration of the singlet oxygen produced in tissues,
which is proportional to the product of local pho-
tosensitizer dose and light dose in simple case,7 the
decreases of PpIX dose and oxygen can result in
reduced treatment outcomes.

4. Discussions and Conclusion

This work has achieved the quanti¯cation of PpIX
dose and tissue oxygenation. The light dose can also

be predicted from the di®usion equation. Therefore,
the concentration of singlet oxygen is able to be
estimated during the treatment. The ultimate goal
of this study is to provide guidance for treatment
optimization, including the additional application
of photosensitizers or local increases in light irradi-
ance, to compensate for the PpIX dose and oxygen
depletions during the treatment. Due to the small
number of mice measured in the experiment and the
lack of long-term monitoring of tumors for assess-
ment of the therapeutic outcomes, more works are
required to further verify the clinical performance of
the method. But existing results have proved that
the method provides a feasible strategy for PDT
dosimetry. Despite the success, there are limitations
of the proposed method that require to be discussed.

In this work, the 405 nm excitation is adopted.
Despite that the 405 nm excitation can maximize
the excitation e±cacy of PpIX °uorescence, its ex-
citation depth is limited. We have validated the
e®ective penetration depths of the excitation light
using the Monte Carlo simulation and found that
the values are less than 1mm and 0.7mm at the DC
and 0.1mm�1, respectively. Compared to the su-
per¯cial °uorescence, the °uorescence beneath the
penetration depth is very weak. Successful detection
of these weak °uorescence signals requires a high-
power light source to enhance the excited °uores-
cence intensity and a high-sensitivity detector to
capture them escaping from the surface. Consider-
ing the high excitation e±cacy at 405 nm, the use of
a high-power excitation source combined with a
high-sensitivity EM-CCD camera can detect the
°uorescence beneath 1mm. This depth may be

(a) (b)

Fig. 6. PpIX °uorescence yields versus time. (a) Results in tumors; (b) results in tumors and normal tissues between the treatment
(T) and control (C) groups. The error bars in the T group indicate the standard deviations for the tumors (solid lines) and normal
tissues (dotted lines).
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su±cient for this study as the topical application of
ALA normally has super¯cial distribution, but it
can be very limited for tomography of deeper
tumors. The 630 nm excitation of PpIX will be used
as the alternative strategy in further work, which
has greater advantages in the excitation depth.19

We obtain the tissue oxygenation from the ab-
sorption coe±cients at the 520 nm and 630 nm. But
the two wavelengths have di®erent penetration
depths, which di®er by approximately 0.5mm at
the measured optical properties. The di®erences in
the penetration depth can reduce the accuracy of
the obtained tissue oxygenation as the main chro-
mophores, including hemoglobin, melanin and fat
are distributed at di®erent depths inside the tissues.
More works are required in the future to improve
the results of tissue oxygenation. These works in-
clude using the wavelength near 630 nm to reduce
the di®erence in the penetration depth and studying
the method for depth-resolved quantitation of op-
tical properties to distinguish the absorption con-
tributions of hemoglobin from those of other
chromophores inside the tissues.

The surface issue has been a challenge for
SFDI. The surface heights and curvatures a®ect
both the measured light intensity and spatial fre-
quencies. To mitigate the surface e®ects on the
reconstructions, we measure the surface pro¯le of
each mouse and adopt the pro¯le-based Minnaert's
correction and the multi-frequency processing and
interpolation methods to compensate for the in-
tensity and spatial frequency deviations, respec-
tively. The corrections work well for low-angle areas
but do not function e®ectively for tumor edges with
large heterogeneities and surface curvatures. The
results are mainly caused by the following limita-
tions. First, the Minnaert's correction method
assumes that the measured re°ectances of low-angle
areas are representative of the entire region and
large heterogeneities are likely to introduce errors.
Second, the frequency interpolation method
requires the real spatial frequency projected, which
is di±cult to obtain for steep surfaces. In addition to
the correction methods, the errors also result from
the height data. In this work, we measured the mice
surfaces only at the beginning of the experiment and
assumed that the surfaces are unchanged. However,
the movement of the mice during the experiment
can cause their real positions and postures to be
inconsistent with the measurements, which accord-
ingly can reduce the correction performance.

In future works, more e®ective correction methods
and the pro¯lometry techniques with enhanced
performances in both accuracy and speed are re-
quired to handle the surface issue.

In addition, we have observed that the recon-
structed PpIX °uorescence yield are in°ated at the
depth of 1–2mm. In fact, the topical application of
ALA normally does not go deeper than 1mm via
di®usion. The errors in the results may be caused by
the following reasons: First, the di®use model can be
inappropriate for predicting the light °ux at the
excitation light due to the high tissue-absorption
properties. Compared to the Monte Carlo simula-
tions, the di®usion model solutions are numerically
biased by about 15% at the measured optical
properties and spatial frequencies. The errors can be
partly reduced in the framework of the Born nor-
malization due to the ratio relationship between the
light °ow and light °ux, but it can still lead to the
reduced accuracy in the DFT reconstruction. In
future work, we will consider using more accurate
forward model, such as Monte Carlo simulation, for
the reconstructions. Second, the uniform assign-
ment of the optical properties to provide the 3D
optical background can also cause errors to the
reconstructions as the tissues normally have the
layered structures. Our recent work is to study the
method for depth-resolved quantitation of optical
properties in layered media, which is expected to
provide the more accurate optical background for
DFT. Third, the errors can also result from the
mesh dissections in the ¯nite element method. In
this work, the geometry is subdivided into tetrahe-
dral elements following a gradual coarsening from
the surface downwards. This meshing strategy can
improve the reconstruction e±ciency, but it can
cause the spatial resolution of the results to decrease
with the depth. The linear interpolation of the
results therefore leads to greater errors as the depth
increases. Finer meshing can reduce such errors, but
the resulting increase in node numbers will bring the
increased ill-posedness and computational burden
for solving the inverse problems.

In this work, the algebraic reconstruction tech-
nique is used for solving the inverse problem, which
has strong performance in robustness and conver-
gence. For the class of inverse problems in this study,
it can obtain a minimum norm solution. Appropriate
regularization method, such as Tikhonov regulari-
zation, can help accelerate the convergence and
improve the accuracy of the solution. But the
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regularization requires prior knowledge, otherwise it
may cause subjective errors. In this work, the depth
regularization is inherent to themeasurements as the
penetration depth varies at each spatial frequency,
therefore the use of multi-frequency measurements
can mitigate the skin e®ect in the results. Beyond
that, no additional regularization is used to con-
strain the solution. Future work will focus on the
data-driven adaptive regularizationmethods or deep
learningmethods to further improve the solution. To
mitigate the surface contributions, we build the 3D
complex geometry for each mouse based on the
measured surface data. The curved boundaries of the
geometries match the real surfaces, which therefore
can mitigate the surface contributions on the
reconstructions. In addition, a pair of linear polar-
izers is used in the imaging system to eliminate the
specular re°ections from the surface.

In summary, this work presents a 3D quanti¯-
cation of PpIX in PDT using combined SFDI and
DFT. The scheme ¯rst maps both the distributions
of tissue absorption and scattering properties to
provide the optical background for DFT and ac-
cordingly extracts tissue oxygenation for the as-
sessment of PDT outcomes and ¯nally monitors the
3D distribution of PpIX concentration for proce-
dure optimization. The pilot in vivo application in
tumor nude models demonstrated the feasibility of
the proposed SFDI/DFT to dynamically trace
changes in the PpIX concentration and tissue oxy-
gen during the treatment. This method is expected
to provide guidance for the individualization of
PDT, including pre-operative planning and intrao-
perative adjustment, and ultimately improve the
treatment outcomes.
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