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Abstract. This study represents the first reported use of photodynamic
therapy (PDT) for metastatic bone lesions and specifically, as a treat-
ment for spinal metastases. A model of bone metastasis in rat con-
firmed the efficacy of benzoporphyrin derivative-monoacid-mediated
PDT for treating lesions within the spine and appendicular bone. Fluo-
rimetry confirmed the selective accumulation of drug into the tumor(s)
at 3 h post-injection. 48 h post-light delivery into the vertebral body of
the rat spine loss of bioluminescent signal and histological analyses of
sectioned spine confirmed MT-1 tumor cell kill in vivo as previously
confirmed in vitro using an established cell viability assay. Porcine
vertebrae provided a model comparable to that of human for light
propagation and PDT response. Histological examination of vertebrae
48 h post-PDT revealed a necrotic radius of 0.6 cm with an average
fluence rate of 4.3 mW/cm2. Non-necrotic tissue damage was evident
up to 2 cm out from the treatment fiber. Results support the applica-
tion of PDT to the treatment of primary or metastatic lesions within
bone. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1921887]
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1 Introduction
Over 100,000 bone metastases are identified in North Americ
each year and of those an estimated 30–40,000 cases of me
static breast cancer lesions occur in the spine.1,2 Yet, despite
this alarming statistic, the frontline approach for treating such
cancers remains irrefutably unsatisfactory and the related d
agnosis is often met with a poor prognosis. Presently, radia
tion therapy~RT! is considered the mainstay of treatment for
ambulatory patients, whereas surgery is reserved for those e
periencing collapse or neurological compromise. However
RT provides only limited relief from pain, composite to cord
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compression, offers no stability to the spine, and can
versely affect the capacity for soft tissue to repair followin
treatment. This in turn translates into a threefold increase
morbidity and mortality following surgical intervention.3–5

Photodynamic therapy~PDT! is a novel, nonionizing therapy
that can directly target interstitial, metastatic lesions. P
works by delivering an excitation light of specific waveleng
to a targeted tissue containing a photolabile compound
photosensitizer. The photosensitizer is activated by the lig
which in turn initiates a photochemical reaction that leads
the generation of reactive oxygen species~ROS!, predomi-
nantly singlet oxygen(1O2). 1O2 can kill cells directly or
damage the neo-vasculature of targeted aberrant tissu6–8
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Burch et al.: Photodynamic therapy . . .
Specificity of treatment is facilitated by the direct placement
of an optical fiber cable adjacent to or within the lesion. Pith-
ily, PDT promises to offer targeted tumor ablation without
collateral damage to nearby spinal cord and little obstruction
to subsequent wound repair processes within soft tissue. T
our knowledge there are no prior published reports of this
therapy being used in a metastatic bone model despite its u
in lung,9,10 intraperitoneal,11 and prostate cancer.12 In order to
substantiate our hypothesis that PDT could be used effective
to treat metastatic disease in bone, we investigated this wit
both in vitro and in vivo models using the human metastatic
breast cancer cell line, MT-1.13 A bioluminescent metastatic
model in the nude rat was developed to facilitate the localiza
tion, targeting, and progression of lesions prior to and follow-
ing PDT treatment. The transmittance of irradiating light
through porcine vertebrae was also evaluated as an approa
for discerning light dosimetry in a model comparable to that
in the human. These findings highlight the fact that PDT can
be delivered into bone and further support the notion that PDT
will provide a valuable alternative and/or adjunct to RT in the
treatment of bone cancer without the preclusion of subseque
percutaneous vertebropasty or kyphoplasty, either for firs
time treatments or repeat following metastatic recurrence.

2 Materials and Methods
2.1 Rat Model

2.1.1 Cells
MT-1 cells, a human breast cancer cell line, were kindly pro-
vided by Dr. O. Engebraaten, Norwegian Radium Hospital
Oslo, Norway. Cells were grown and maintained in Roswell
Park Memorial Institute~RPMI! 1640 media containing 100
U/mL penicillin and 0.1 mg/mL streptomycin with 10% fetal
bovine serum~Gibco, Grand Island, NY, USA! at 37 °C,
5% CO2/95% O2 . At 70–80% confluence cells were resus-
pended into free RPMI and harvested using a 0.05% trypsin
0.05 mM ethylenediamine tetra-acetic acid~EDTA, Gibco!
solution. A cell suspension was prepared at23105 cells/mL
and plated into chambered, borosilicate coverglass slide
~LabTek®, Nalge Nunc International Corp, Naperville, IL,
USA!.

2.1.2 Benzoporphyrin derivative (BPD-MA;
Verteporfin™) uptake into cells
The uptake of benzoporphyrin-derivative monoacid@BPD-
MA; Verteporfin™, QuadraLogic Technologies, Vancouver,
Canada; 1mg/mL in phosphate buffer solution~PBS; 45 mM
Na2HPO4 , 5 mM NaH2PO4 , and 0.15 M NaCl,pH 7.4!# into
MT-1 cells was visualized using epi-fluorescence microscopy
~Zeiss AxioVert 200 M;lex/lem5BandPass 485/20 nm and
LongPass 590 nm, respectively! and recorded using a charge-
coupled camera~CoolSnap HQ; Photometrics, Roper Scien-
tific, MD, USA! attached to the microscope.

2.1.3 BPD-MA detection in vivo
BPD-MA ~0.25 mg/kg in PBS! was administered intrave-
nously~i.v.! into 10 athymic, nudernu/rnu rats~150–180 g,
Harlan Sprague Dawley Indianapolis, IN, USA! through the
tail vein. Animals were then euthanized uponCO2 inhalation
at 15 min, 3 h, 6 h, and 24 h post-injection and samples(n
034011Journal of Biomedical Optics
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52/time point! of serum, spine, and spinal cord were ha
vested. Control animals that did not receive BPD-MA inje
tion were sacrificed 15 min post-saline injection~of equiva-
lent volume!. The spine was fixed in 10% formalin for 7 day
decalcified in 10% formic acid for an additional 7 days pri
to quantitative analysis of BPD-MA fluorescence using flu
rescent microscopy. Control studies confirmed that BPD-M
and its corresponding fluorescence were unaffected by the
mic acid treatment~not shown!. Spectrofluorimetric~Photon
Technology International, London, ON, Canada! measure-
ments of BPD-MA uptake into blood serum and spinal co
was performed on solubilized samples using a technique
viously described in our laboratory.14

2.1.4 Cell viability assay in vitro
The PDT-induced cell kill was assayed in clear, flat-bottom
96 well microplates~Corning Inc., Life Sciences, Acton, MA
USA! using the Sulphorhodamine B~SRB! viability assay.15

200 mL of a 23105 MT-1 cells/mL suspension was added
each well. Once attached, BPD-MA was added to give a fi
concentration of 1 or 10mg/mL and 8 h later, cells were
irradiated with 150 mW of 690 nm laser~Model LFI 4532,
Wavelength Electronics, London, ON, Canada! light for a to-
tal light dose of 100 or 25 J/cm2. At 24 h following PDT
treatment, the growth media was removed from the wells
the cells rinsed with sterile PBS to remove the dead cell po
lation. The remaining cells were fixed in 10% trichloroace
acid ~TCA; 100%! at 4 °C for 1 h. After fixation, the wells
were left to dry at room temperature before adding 50mL of
0.4% ~w/v! SRB solution ~in 1% acetic acid!. Cells were
stained for 30 min at room temperature prior to rinsing~35!
with 1% acetic acid and dried. The cell bound SRB was
nally precipitated out using 100mL unbuffered Tris solution
~Sigma; Trizma base;pH 10.5 and the resulting absorbanc
read at 540 nm~with 690 nm background subtraction! using a
microplate spectrophotometer~Titertek Multiskan® MCC/
340!. Results are expressed as normalized values to the
trols ~cells exposed to light without BPD-MA!. All reagents
used in this assay were purchased from Sigma-Aldr
Canada Ltd.~Oakville, Ontario, Canada! unless otherwise
stated.

2.1.5 Spinal metastases model
Ten nudernu/rnu female rats~4–6 weeks of age! were an-
aesthetized using halothane/O2 ~2%/3.5 L respectively! then
injected with MT-1 cells(23106 in 200 mL! into the left
ventricle using a 1 mLsyringe with a 26 G needle. Pulsatil
blood within the injection syringe confirmed that the need
was in the left ventricle. Following the injection, anima
were immediately recovered and returned to their cages w
free access to food and water. Animals were examined 14
21 days post-injection for signs for paralysis and/or cache
and the progression of metastases assessed using fine
radiography~faxitron™!. By 21 days, most animals displaye
profuse bony metastases within the spine, upper femur, t
lower mandible, and occasionally in the shoulder or humer
Some animals were excluded from the study due to the de
opment of extensive tumor burden outside the spine~most
notably the pericardium! or due to a debilitating loss of body
weight ~.50%!. After PDT treatment, vertebrae and lon
-2 May/June 2005 d Vol. 10(3)
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bones were harvested and fixed in 10% formalin for 7 days
Micro-CT images of lytic lesions within the spine and/or fe-
mur were obtained prior to decalcification in 10% formic acid
for 7 days and the presence of tumor within these sites con
firmed histologically from haematoxylin and eosin-labeled
paraffin sections using light microscopy.

2.1.6 Co-transfected of MT-1 cells for stable
expression of the luciferase gene
All transfection reagents were purchased from Promeg
~Madison, WI, USA!. MT-1 cells were subject to co-
transfection using dioctadecylamidoglycylspermine-
trifluoroacetate salt~Transfectam; E1231! with plasmid DNA
containing the luciferase gene of the fire-fly~Photinus pyralis,
pGL3 control vector E1741! and a plasmid containing the
neomycin resistance gene~PCI-Neo, E184, Promega!. Lu-
ciferin; Stable transfects of Luciferase-expressing MT-1 cells
(MT-1Luc) were confirmed by growing cells in the presence
of G-418 antibiotic~100mg/mL; G-418 sulphate! for 10 days,
at which time those colonies expressing the highest biolumi
nescent signal were isolated and cultured. Bioluminescent sig
nal was analyzed using the IVIS Bioluminescent Imaging sys
tem from Xenogen Corp~Alameda, California, USA!.
Bioluminescence of the luciferase gene was initiated follow-
ing the addition of Luciferin substrate~25 mM; beetle, potas-
sium salt anhydrous, E1603! to cells in vitro or 30 mg/kg i.p.
in vivo. In vitro, 10 mL of Luciferin stock ~0.5 mM in PBS!
was added toMT-1Luc cells containing 190mL of growth
media ~without phenol red!. The plates were gently agitated
and placed into the IVIS.In vivo, MT-1Luc (23106 in 200
mL! were injected intracardially~see previous discussion! and
the resulting bioluminescent signal analyzed at time points
post-treatment~0–48 h!. Bioluminescent signal was captured
as the absolute total flux~photons/steradian/cm2! emitted
within a 5 min integration time using the Living image™
software and plotted against time.

2.1.7 PDT treatment of bone metastases
At day 21 post-injection, tumor-bearing animals(n543;
rnu/rnu, 4–6 weeks of age! were anesthetized with 2%
halothane/air mixture and placed into a custom made radiolu
cent, stereotactic jig in the left lateral decubitus position. Be-
cause lesions within the vertebral bodies could not be detecte
by fine detail radiography, histological analysis of bone taken
from 10 animals used in establishing the metastatic mode
~see previous discussion! was also used to confirm that for
those animals with tumor, by 21 days most vertebrae con
tained metastases and the T12 and L4 vertebrae were selec
as representative levels for treatment. An 18 G needle wa
placed onto the cortex of the targeted vertebrae or long bon
with the use of a mini C-arm image intensifier. BPD-MA was
administered intravenously at a dose of 2 mg/kg prior to the
administration of the light dose. Drug light intervals included
1, 3, and 24 h 690 nm laser light~150 mW output! was de-
livered via an optical fiber~200mm o.d.! inserted through the
needle. Light doses ranged from 25 to 150 J. The effects o
different drug light intervals and different light doses using a
fixed drug concentration were evaluated immunohistochemi
cally using the TdT-mediated dUTP Nick-End Labeling
~TUNEL! assay ~ApoDirect, Promega, Madison, WI! and
034011Journal of Biomedical Optics
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H&E staining to identify apoptotic cells and necrotic cell
respectively. A human, horseradish peroxidase labeled
mary antibody to the endothelial growth factor recep
~EGF-r; Invitrogen Inc., Paisley, Scotland! and keratin stain-
ing provided reliable labeling of MT-1 orMT-1Luc tumor
cells within bone marrowin situ. The area of effect was quan
tified using a Nikon slide scanner and Image Pro™ softw
and the relative decrease in viableMT-1Luc cells following
PDT was quantitatively assessed for each targeted le
based on the change in bioluminescence signal before
after treatment. The use of the mini-C-arm fluoroscopic i
ager and the stereotactic frame, allowed the position of
optical fiber~and hence the target for PDT! and the biolumi-
nescence signal from that location to be correlated precis

2.1.8 Statistical analysis
Statistical significance between treatment and control gro
was tested using one-way analysis of variance~ANOVA ! for
95% confidence intervals with Bonferroni correction for mu
tiple comparions of group means.

2.2 Porcine Model

2.2.1 Animal model
Five female, Landrace pigs~46–53 kg body weight! were
used. Animals were taken off solid food 18 h prior to surge
Anaesthesia was induced following i.v. bolus injection of Ke
amine~Ketalean®, 15 mL; 30 mg/kg, BiMeda-MTC, Anima
Health Inc., Cambridge, Canada!, the animals were intubate
and maintained under anaesthetic@2% isoflurane ~Abbott
Laboratories Ltd., Saint-Laurent, Quebec, Canada!/0.4 FIO2]
with assist-controlled ventilation~12 breaths/min, 600 cc tida
volume! throughout the surgery. Physiological measureme
included mean arterial blood pressure, heart rate, partial o
gen saturation, and rectal temperature. Animals were hydr
throughout the procedure with 0.9% sodium chloride solut
~10 mL/min; Baxter Corporation, Toronto, Canada!. Once
stable, the animals were placed prone onto a custom-desig
radiotranslucent gurney to allow free access for circumfer
tial 3-D cone beam computer tomography~CBCT; see the
following discussion!. Two laproscopic incisions~4 cm! were
made using a scalpel through the skin and underlying mu
proximal to the transverse processes~left and right! of verte-
brae L1 and L2. A channel~;2 mm diameter! was made
through each pedicle of both the left and right transverse p
cesses into the vertebral bodies of L1 or L2. Channels wit
the left and right pedicles were orientated approximately 7
90% planar angle to each other through which closed-end
optically translucent catheters were placed. The fluence de
tor probe~s! ~400mm silicon with spherical, isotropic tip! and
emitting fiber~s! ~2 cm cylindrical diffusing tip, 400mm di-
ameter silicon! were subsequently inserted into the cathete

2.2.2 Imaging acquisition
Guidance for placement of the probes was afforded by fl
roscopy and CBCT imaging in the lateral and anteri
posterior aspects. The precise coordinates(x,y,z) for each
probe within the vertebrae were discerned from reconstruc
CT images. We acquired over 200 projections across 180
60 s with high resolution~10243768 pixels! per projection at
-3 May/June 2005 d Vol. 10(3)
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Fig. 1 Fluorescence microscopy images showing the presence of
BPD-MA predominantly localized to perinuclear sites within the cy-
tosol of cells after 45 min incubation at 37 °C, 95% O2 . Magnifica-
tion 633. (a) SRB assay confirms the sensitivity of MT-1Luc cells to
BPD-MA-PDT using 1 mg/mL BPD-MA and 25 J/cm2 (lane 4) or 100
J/cm2 (lane 6) which was not significantly altered using 10 mg/mL
BPD-MA and 25 J/cm2 (lane 5) or 100 J/cm2 (lane 7) (b) Results are
expressed as percent viability of untreated cells (lane 1) with 10
mg/mL BPD-MA (Lane 2) or 100 J/cm2 (Lane 3) light treatment alone
included as controls.
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388 mm/pixel that were reconstructed by cosine reconstruc
tion, medium filter with 0.5 mm resolution~51235123384;
400 mm voxels! using a Pentium 4 processor and acquisition
time of approximately 6 min. CBCT consisted of a Varian
43030 A flat panel imager mounted on a Siemens PowerMo
BIL™ Isocentric C-arm. Fluoroscopy involved spot film im-
aging of orthogonal pair images at 125 kVp, 4.3 mA at 0.5
resolution projections~10243768 pixels!.

2.2.3 Light dosimetry and analysis
Once in place, irradiating light~150 mW/cm; 690 nm! was
transmitted into each of the vertebrae, L1 and L2 and ligh
dosimetry studies were conducted by retracting the isotropi
fluence detector probe and catheter out of the vertebral bod
towards the pedicle in ten incremental movements each 2.
mm apart. Measurements of fluence rate~F; mW/cm2! at each
034011Journal of Biomedical Optics
of the ten points within the vertebrae were made using a fo
channel PMT system as the probe was retracted. The su
quent delivery of PDT into the vertebrae resulted in a necro
lesion, the radius of which(r n) was measured on histologica
sections along the short axis of the treatment area and pa
with the actualF at the necrotic/non-necrotic boundary. W
were then able to confirm the averageF obtained atr n during
the in vivo light dosimetry measurements. Although the inte
tion was to cut the sections normal to the length of the tre
ment fiber, this was not always possible, in which case
shorter axis was considered the more accurate measure
of r n . When measurements were not available at precis
r n , F(r n) was extrapolated from measurements at sepa
tions surroundingr n .

Optical properties of the tissue were estimated by fitti
the fluence rate measurements to an analytical diffus
model for a linear diffuser16

F~r !5
S0e2~r /d!~pd/2r !1/2

2pmad2
, ~1!

wherer is the radius from the diffusing fiber,d is the penetra-
tion depth,ma is the absorption coefficient of the tissue, a
S0 is the incident power per centimeter of fiber. This mod
was also used to estimate the extent of PDT-induced dam
for different light doses. The thresholdF will remain the
same regardless of theS0 , with r n , increasing with higher
treatment power. The change inr n can be estimated by taking
the ratio of Eq. ~1! for two different values ofS0 , i.e.,
F(r n)/F(r n8) for S0 and S08 , respectively. Equation~1! can
be rearranged to deciferr n as shown by

Fig. 4 Bioluminescent MT-1Luc lesions in the spine and femur of rnu/
rnu rats (see arrows) before (a and c) and 48 h after (b and d) PDT with
1 mg/mL, i.v. BPD-MA, followed 3 h later with 150 J/cm2 irradiance.
The bioluminescence signal from lesions is considerably reduced and
in some cases the signal is lost entirely.
-4 May/June 2005 d Vol. 10(3)
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Fig. 2 Pharmacokinetic uptake of BPD-MA into blood serum and the
spinal cord. BPD-MA is rapidly cleared from the serum within 6 h i.v.
post-injection. Uptake into the spinal cord is considerably less with a
maximum reached at 3 h post-injection.
l

d

MA

r-

g

he
r n85F ~d/2p!1/2 lnS S08

S0
D 1Ar nG2

. ~2!

2.2.4 Preparation of BPD-MA
BPD-MA was supplied as a dry powder. The powder was
reconstituted into 7 mL of sterile de-ionized water, filtered
~0.45 mm Millipore filter! and added into 23 mL of 5% dex-
trose solution~Baxter Corporation, Toronto, Canada!. Prepa-
ration was conducted on the day of the experiment.

2.2.5 BPD-MA-PDT in the spine
In order to negate the inflammatory/allergic reaction of the
pigs to the photosensitizing agent, BPD-MA, benadryl®
~Warner-Lambert Company, Morris Plains, NJ, USA! was ad-
ministered~2 mg/kg i.v. bolus! 5 min before BPD-MA and
similarly, to avoid precipitation of the BPD-MA out of solu-
tion, the saline i.v. infusion was flushed with 5% dextrose
solution. BPD-MA ~0.33 mg/kg; ;6 mg/m2! was subse-
quently co-injected as a slow infusion~1.5 mg/min for 10
min! together with the dextrose. At 30 min or 1 h post-
BPD-MA administration, light~150 J/cm, 150 mW/cm, 690
nm! was delivered to the L1 and/or L2 vertebral bodies for a
total duration of 36 min/treatment.

2.2.6 Post-operative care
After PDT was given, the probes were removed and the sma
incisions through the muscle and skin sutured closed~4.0
braided vycril and 2.0 prolene, respectively; Ethicon Inc.,
Johnson and Johnson Co., Somerville, NJ, USA!. The animals
were recovered to the point of being able to stand unaide
before being given buprenorphine analgesic~Buprenex®,
0.01 mg/kg, i.m. bolus! and antibiotic~2.5 mL i.m. bolus of
1500 I.U. Duplocillin® LA; Intervet Canada Ltd., Whitby,
Canada!. Repeat injections of analgesic were given twice
daily.
034011Journal of Biomedical Optics
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3 Results
3.1 Rat Model

3.1.1 Sensitivity of MT-1 cells to BPD-MA PDT in
vitro
Fluorescence microscopy images taken 45 min post-BPD-
administration@Fig. 1~a!# confirmed that uptake of BPD-MA
into MT-1 cells is ubiquitous, rapid and predominantly ta
geted to perinuclear organelles within the cell cytosol.

Once inside the cells, the extent of cell kill followin
BPD-MA mediated PDT in MT-1 cells was quantifiedin vitro
using the SRB assay@Fig. 1~b!#. ANOVA statistical analysis
confirmed a significant difference(p,0.001) between the
mean absorbance of the untreated cells versus treated~light
and drug! with no statistical difference(p.0.1) between un-
treated wells and wells treated with light or drug only. T

Fig. 3 Osteolytic lesions secondary to tumor infiltration were evident
in a number of sites throughout the rat. The loss of radio-opacity at the
proximal head of the femur (a; defined by arrow) is clearly evident
using high definition radiograph (Faxitron®) of rat vertebrae and left
femur at 21 days post-i.c. injection of MT-1 cells. Lesions within spi-
nal vertebrae were less obvious to demarcate using this technique.
Corresponding images using microcomputer tomography x ray of rat
vertebrae, with sagittal and transverse views (b) clearly define the
metastatic lesions within the bone.
-5 May/June 2005 d Vol. 10(3)
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Fig. 5 MT-1 tumor cells (T) are highly conspicuous from surrounding bone marrow (BM) within the vertebrae using haemotoxylin and eosin
histological stains (a; magnification is 310 and d; magnification is 320) and display high specificity for keratin staining (b; magnification is 35).
MT-1 cells also express high levels of endothelial growth factor receptor (EGFr) which can be immunohistochemically visualized using a human-
derived EGFr antibody labeled with horseradish-peroxidase (c; magnification is 320). The effects of PDT (BPD-MA, 2 mg/mL; i.v.) are clearly
evident upon histological analysis with nuclear condensation and blood pooling within the surrounding bone marrow (e and f).
034011-6Journal of Biomedical Optics May/June 2005 d Vol. 10(3)
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administration of BPD-MA at a final concentration of 10 or 1
mg/mL followed by a light dose of either 100 or 25 J/cm2

resulted in comparable cell viability suggesting that the PDT
effect was maximal at 1mg/mL BPD-MA and 25 J/cm2 light
dose.

3.1.2 BPD uptake in the serum and spinal cord
Fluorimetry was used to assay the specific uptake of BPD-MA
into the spinal cord and blood serum at 15 min, 3 and 24 h
post-i.v. injection. Fluorescence intensity versus time~Fig. 2!
confirmed the rapid increase in serum drug concentratio
within 15 min post-injection followed by a steady decline
over the next 6 h and returning to base line levels by 24 h.
Uptake into the spinal cord was less obvious with a slight
increase in intensity at 3 h that cleared by 6 h post-injection.
The presence of BPD-MA within the neuronal cell bodies of
the spinal cord and the bone marrow of the vertebrae was als
evident using fluorescent microscopy at 15 min and 3 h, re
spectively~not shown!. BPD-MA related fluorescence was not
evident in either structure at 24 h post-injection.

3.1.3 The spinal metastases model and quantitative
assessment of the BPD-MA induced PDT effect
using MT-1Luc cells
Induction of metastatic disease was approximately 70% suc
cessful. The mean survival for animals with tumor was 25
days. Four of the animals showed palpable tumors in the fe
mur and tibias as well as the lower mandible. Two animals
developed hind leg paralysis secondary to metastatic diseas
All animals with tumors became cachexic. The affected ani-
mals appeared well until day 18 after which the animals de
veloped rapid weight loss and overt tumors. Faxitron™ x-ray
Corp. ~Wheeling, IL! indicated lesions within the humerus,
femur, and tibia as early as day 14 in some animals@Fig.

Table 1 Showing the treatment parameters and incidence of paraly-
sis for experimental animals subject to PDT treatment.

Light
energy (J)

Vertebral
level

treated

Drug light
interval

(h)
Hind leg
paralysis N

25 T12 3 0 5

50 T12 3 2 unilateral 5

75 T12 3 1 bilateral 4

100 T12 3 2 unilateral 3

125 T12 3 1 bilateral 2

150 T12 3 3 bilateral 4

150 T12 3 4 bilateral 4

150 T12 24 0 5

150 L4 3 0 5

150 Distal femur 3 0 3

Control* T12 3 0 3
034011Journal of Biomedical Optics
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3~a!#. However, lesions could not be detected in the verteb
of any animals by day 21 using Faxitron™. Micro-CT anal
sis of the thoracic and lumbar spines of these animals sho
multiple lytic lesions within the vertebrae@Fig. 3~b!# and tibia
~not shown!. The mean area of the lytic lesions within th
lumbar and thoracic vertebrae was 2.92 and 2.14 mm2, respec-
tively. The lesions approximated 1/3 of the vertebral body s
in both of the lumbar and thoracic vertebrae that were imag

Histological analysis of the vertebrae confirmed the pr
ence of osteolytic tumor within the long bones and verteb
of the affected animals. All animals showed localization
bioluminescent signal to the spine or long bones by day
Of the animals used in this study that did not develop para
sis following PDT treatment(n520), the distribution of bi-
oluminescence and hence metastatic disease was compa
for all animals prior to PDT. High signal was obtained fro
the lumbar and thoracic spine, the humerus, lower mandi
femur, and tibia in addition to the lung. The use of a custo
made stereotactic radiolucent jig facilitated localization a
targeted treatment of bioluminescent metastases. Targete
sions treated with 25 J of light with a 3 hdrug light interval
showed a decrease in tumor growth of 66% compared to
of the control lesions. No effect was seen when light w
administered at a 24 h drug light interval or in control anima
with light or drug alone. Targeted lesions treated with 150 J
light with a 3 h drug light interval reduced the signal from th
targeted site by 87% and decreased tumor growth by 99.8%
compared to control lesions 48 h following treatment~Fig. 4!.
A total of 13 animals that received PDT in T12 resulted
hind leg paralysis. Parlysis was seen in animals when tre
at the 3 h drug light interval at T12 with light doses of b
tween 50 and 150 J but not 25 J. Further, no paralysis
seen at the 24 hr drug light time interval in animals trea
with 150 J at T12 or L5 level of the spine. The same was a
true for 150 J treatment of the distal femur. Indeed, six a
mals still showed a diffuse weak bioluminescent signal loc
ized to the treatment site suggesting that viable tumor c
still existed in the bone after treatment. It appears theref
that the photodynamic efficacy is diminished at 24 h po
injection of photosensitizer compared with the 3 h time point.
Additionally, four of the animals had high signals within th
chest cavity and gross dissection revealed large metastati
mors within the lung and pericardium. Table 1 details t
treatment protocol and incidence of hind limb paralysis
experimental groups.

3.1.4 The effect of PDT in vertebrae with metastases
Subsequent histological staining with H&E, keratin and im
munohistochemical staining for human EGF-r@see Figs.
5~a!–5~f!# confirmed the presence of human breast can
cells within the thoracic and lumbar spine. Histological co
firmation of tumors within the spine was verified for all of th
animals that had metastases present within the spinal c
Light doses ranging from 25 to 150 J had an ablative effect
both normal bone marrow and tumor tissue. The region
effect ranged from 2.5 to 22 mm in the rostral-caudal dime
sion. The effect varied in direct proportion to the amount
light given with the greatest effect being seen with 150
However, a 75 J light dose administered at a 1 h drug light
interval produced a similar effect. Histological analysis
contiguous slices through the rat spine@see Figs. 6~a!–6~d!#
-7 May/June 2005 d Vol. 10(3)
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Fig. 6 Brightfield images of rat vertebrae following PDT (150 J, 24 h
post-BPD-MA injection). (a) The rostral caudal dimensions of effect
(outlined by arrows) are clearly delineated at low magnification
(32.5) after haemotoxylin and eosin staining. (b) The large nucleated
tumor cells are evident at higher power at the margins of the necrotic
lesion (magnification is 310). Contiguous slices stained using TUNEL
stain reveal the presence of apoptotic cells at the margins of the ne-
crotic lesion at low (c; 32.5) and high objective magnification (d;
310).

Fig. 9 Histological slice through the pig vertebra pre- (a) and post- (b) BPD-MA PDT. The bone marrow, including osteoclasts, are destroyed with
only a few remaining cells in amongst large fat deposits.
034011-8Journal of Biomedical Optics May/June 2005 d Vol. 10(3)



-

a

r
n

-

r

.

-

a

o
o

d

ub-
be
osis
res
ob-
ted

r ac-

mic
e-
-
e-
he

cifi-
n-
ral

and
, the
e-
is
e
gly
at-
nt

ave

y,
ue

lity
ell

ered
nd
ub-

e
ne
ce

nal
ed

o re-
RT

by
iated
r-
rs
ntly
idate

al
be
A

get
re-
e
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confirmed that BPD-MA-PDT with 150 J and 24 h drug/light
interval induces wide spread apoptotic cell death at the mar
gins of necrotic lesion@Figs. 6~c! and 6~d!# within the MT-1
metastatic breast cancer 48 h post-treatment.

3.2 Porcine Model

3.2.1 Light transmittance in vertebrae
Figure 7~a! shows a reconstructed, axial CT image through
the pig spine~L1! that clearly reveals the bi-transpedicular
placement of treatment and detector probes into the vertebr
body. The angle of insertion was critical in order to avoid
damaging the spinal cord and to approximate a 90° plana
angle between them. Transverse and coronal reconstructio
were also analyzed to ensure close approximation between th
probe tips in 3-D geometry. Volumetric rendering of the ver-
tebrae using maximum intensity projection@Fig. 7~b!# or
shaded surface segmentations@Fig. 7~c!# provided vivid as-
sessment of the probe placement~see arrows! relative to sur-
rounding bony and soft tissue structures, respectively.

The fluence rate of light at the cylindrical diffusing fiber
implanted into the pig vertebra~L1 level! was derived using
Eq. ~1!. The averageF(r n) at the necrotic/non-necrotic inter-
face from histological sections was determined to be 4.363
mW/cm2, which for a total treatment time of 36 min, trans-
lates into a total delivered fluence of 9.3 J/cm2. This measure-
ment therefore represents the minimum PDT light dose re
quired to produce necrotic damage within the bone tissues
The radius of necrosis was consistent for most treatments
with r n50.5960.02 cm(n54) although since no measure-
ments were made of drug uptake in the treated spines, th
actual PDT threshold dose could not be determined. Furthe
the light dosimetry measurements were difficult to analyze
using a standard diffusion model for homogeneous tissues
primarily because of the heterogeneity in tissue structure
However, effective light penetration depths could be esti-
mated forF measurements at small source-collection separa
tions. The average penetration depth was 0.1660.04 cm. An
example of theF as a function of distance between the de-
tector probe and cylindrical treatment fiber is shown in Fig. 8.
An exponential decrease in measuredF ~symbols! is evident
for distances of<1 cm with close correlation(p,0.05) to
the diffusion theory approximation using Eq.~1! as shown by
the solid line with a penetration depth,d50.18 cm. At sepa-
rations larger than 1 cm, the analytical fits deviate from the
measured values, largely due to the heterogeneity of the spin
tissue. At a separation distance of 1 cm, theF decreases by 2
log units and at 2 cm it is,0.01 mW/cm2. Unfortunately, the
considerable variability in measurements from one vertebra t
another made averaging these data counterproductive. F
qualitative approximation, however, when we apply our treat-
ment parameters to an analytical model previously describe
by Jacques et al.,16 we can assume that a doubling of the
treatment power will increase the radius of necrosis by
0.205–0.795 cm.

3.2.2 Effect of PDT in normal pig vertebrae
The areas of dead cells within bone marrow@Fig. 9~a!# are
clearly distinguishable from live tissue@Fig. 9~b!# with mass
areas of cellular debris and/or acellularity. Interestingly, on a
number of histological sections there was a notable expans
034011Journal of Biomedical Optics
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of apoptotic cells beyond the boundaries of necrosis. If s
stantiated, this may imply that a lower light dose could
valuable as a means of promoting apoptosis over necr
when treating lesions within bone close to critical structu
such as peripheral nerve roots and spinal cord. A similar
servation of apoptotic induction at the margins of the targe
area within the vertebrae was also observed in the rat@Figs.
5~c! and 5~d!#.

4 Discussion
Breast cancer continues to be the most prevalent cance
counting for an estimated 211 300 new cases in 2003~Ref. 17!
alone and of those patients that go on to develop syste
malignancies at least 30% will diagnose with spinal m
tastases during their disease.18–20 Cancer in bone is often ac
companied by very poor prognosis for long-term survival b
yond 1–2 years, depending on the primary malignancy. T
chronic morbidity associated with spinal metastases, spe
cally, can be the defining factor predicting survival with i
tractable back pain due to lesions in one or more verteb
bodies encroaching onto the spinal cord, loss of bowel
bladder function, paresis, and paralysis. As a consequence
patients’ quality of life is often markedly depreciated and d
clines sharply with increasing longevity. Yet, despite th
alarming statistic for mortality and chronic morbidity, th
treatment options for such lesions are limited and disturbin
inadequate. In the ambulatory patient the mainstay of tre
ment is currently RT, however, results of RT for the treatme
of spinal metastases have shown that only one third h
complete relief of their back pain.21 The shortfalls of RT are
largely twofold. First, that RT is a nondiscerning modalit
affecting both normal supporting tissues and tumor tiss
alike, which can lead to myelopathy and pronounced fragi
within the spine. As a result, the number of treatments as w
as the range of radiation dose that can safely be administ
for treating spinal tumors is limited. Second, that cells a
tissues can rapidly develop resistance to radiation upon s
sequent re-treatment~s! thus making the initially prescribed
dose quickly ineffective with little option for elevating th
dose due to the impending risk of myelopathy and/or bo
fracture. Both of these factors contribute to the high inciden
of recurrence, an estimated 33%, of patients with spi
metastases,1,22 which is further exacerbated by an increas
longevity of patients with spinal metastases~average survival
2 years with breast cancer, mean 1 year survival of 78%!.23 As
recurrence intensifies and lesions become increasing radi
sistant, so does the need for spinal surgery. Unfortunately,
is known to increase the morbidity of surgical intervention
as much as threefold, a procedure that is already assoc
with a 30–40% risk of morbidity and a 7–16% risk of mo
tality. Ultimately, alternate approaches for treating tumo
within the spine and other bony metastases are urge
needed and we propose that one such potential cand
therapy is PDT.

In order for PDT to be a successful treatment for spin
metastatic lesions, the drug and light combination must
locally targeted to the tumor. In this study we chose BPD-M
as our photosensitizing agent given its propensity to tar
vasculature and/or tumor cells directly. There are several
ports of BPD-MA-PDT in soft tissue tumors in the murin
-9 May/June 2005 d Vol. 10(3)
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Fig. 7 (a) A CBCT reconstruction in axial plane (51235123384 at 396 mm voxels) showing the transpedicular trajectory of the probes into the
vertebral body of the pig. 3-D volumetric rendering provided clear assessment of the probe position relative to bony structures (b) and soft tissues
(c).
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model24–27 as well as in an orthotopic chondrosarcoma6 and
fibrosarcoma tumor models.28,29 Results from these studies
have shown a significant effect at both the 15 min and 3 h
drug light interval with 33% of the lesions being completely
ablated at 4 weeks post-treatment. A recent study by Koudi
nova et al. in 2003~Ref. 30! describes the application PDT
using a new vascular targeted photosensitizer, Pd
Bacteriopheophorbide~Tookad™, Steba Biotech, Toussus-Le-
Noble, France!, to percutaneously treat human small cell car-
cinoma of the prostate that had been injected directly into th
tibia of CD-1, nude mice. The authors report that of those
treated for intraosseous tumors, 50% showed complete tumo
ablation 2–3 months after treatment. Although not a true rep
resentative model for metastatic disease, this paper clear
corroborates the utility of PDT for the treatment of cancers in
bone.

To our knowledge there have been no reports until now o
PDT use in anin vivo metastatic breast cancer model affecting
bone and the pharmacokinetics of BPD-MA into bone and the
light scattering properties of bone are poorly defined. A num-
ber of studies do exist though31–33and include Takeuchi et al.
in 1997,34 who, reported that light is attenuated significantly
034011Journal of Biomedical Optics
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y

Fig. 8 A plot of decrease in fluence rates in pig vertebra as a function
of distance between the detector probe and cylindrical treatment fiber
displayed as normalized actual measurements (symbols) and theoret-
ical fit using Eq. (1) (line).
-10 May/June 2005 d Vol. 10(3)
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more through cortical bone as compared to cancellous bon
which in itself may prove favorable if the intention is to de-
liver PDT to a single vertebra without causing collateral dam-
age to the adjacent structures including the spinal cord. Thi
study encompasses the transmittance of light through pig ve
tebrae as a model for the human spine and describes the d
livery of PDT in this model as well as in a small animal, rat
model of human metastatic breast cancer. The size of the latt
model precludes the placement of optical fibers trans
pedicularly and para-pedicular insertion would also be diffi-
cult.

Consequently, fibers were placed adjacent to the targete
spinal vertebrae and our results confirm that light transmissio
through metastatically involved rodent vertebrae is impeded
minimally by surrounding cortical bone. As such, this study
reinforces our hypothesis that PDT can be administered bot
safely and effectively providing tumor ablation without dam-
aging spinal cord and/or peripheral neurovascular structure
Histology clearly demarcates the boundaries of PDT respons
revealing substantial ablation of tumor and surrounding bon
marrow tissue. The incidence of apoptosis was directly cor
relative to the metastatic dispersion of MT-1 cells within ver-
tebrae. Further, the influence of PDT on tumor growth kinet-
ics involving differing regiments of BPD-MA and light, was
convincingly demonstrated using bioluminescence imaging o
MT-1Luc cells in vivo. Bioluminescence represents a measure
of cellular metabolism. The relative intensity of signal is de-
pendent on the energetic status of the cell and reflects th
availability of ATP and molecular oxygen within the cell.35

Indeed we have recently reported on the use of biolumines
cence to monitor the tumor response following PDT.36 Results
in this study reveal a 99.8% decrease in tumor growth 48 h
following an acute PDT treatment of 150 J delivered over the
course of 16 min. The relative size of response area was co
relative to the number of joules of light delivered with a 66%
reduction in the tumor growth at 25 J. It was important not to
measure the bioluminescent signal during or immediately fol
lowing PDT as both bioluminescence and PDT are oxygen
dependent and therefore a decrease in bioluminescent sign
could be interpreted as increased cell death or a reduction
oxygen due to PDT-induced hypoxia.

The effects of PDT on tumors within the thoracic cord
were comparable to that of the lumbar spine. The same cann
be said, however, of the surrounding structures, as the pre
ence of spinal cord in thoracic vertebrae but absence in lum
bar vertebrae is responsible for the sizable difference in ligh
energy that can safely be delivered into the spine at early tim
points post-BPD-MA injection without causing paralysis. In-
deed, the onset of neurologic sequelae including unilatera
and/or bilateral paralysis was only evident following PDT
~50–150 J at 3 h! to lesions within the thoracic spine and was
not seen following similar treatment in the lumbar region.
This observation is important clinically and reiterates the im-
portance of light/drug dosing and the effects of PDT on the
neuronal cell bodies within the spinal cord. The target loca-
tion on the spine and the drug light interval were the major
defining factors predicting outcome and response. Our resul
for BPD-MA biodistribution, although by no means exhaus-
tive and without adequate n number to support statistical con
clusions, do provide an inkling as to the pharmacokinetics
suggesting that BPD-MA uptake into the spinal cord is negli-
034011Journal of Biomedical Optics
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gible and time delayed by.1–2 h as compared to the uptak
into vertebrae~15 min!. This infers that a therapeutic window
exists during which PDT can be delivered safely without da
age to the spinal cord.

Optical properties within rat vertebrae cannot be extra
lated to that for human vertebrae. For this we chose the
vertebrae. The vertebral anatomy in pig spine is compara
to that of human thus affording us the opportunity for dev
oping and assessing the trans-pedicular placement of t
ment ~and detecting! fibers into trabecular bone of the verte
bral body ~see Fig. 7!. The transmittance of light through
trabecular bone was measured as fluence with increasing
tance between emitting fiber and the detector probe being
tracted at 2.5 mm increments out of the vertebral body. T
idea that light can travel whether by reflection, scattering
direct transmission, through trabecular bone is not surpris
given its cavernous network. Our results imply that 150 J/
of 690 nm laser light can travel beyond 2 cm from the sou
fiber, although it is conceivable that this will depend on t
extent of blood pooling within the fiber tract and the age
bone. It is also clear that the transmittance of light throu
bone will not be the same for tumor and dosimetry for treat
diffuse metastatic lesions within the spine may require hig
energies than predicted from nonlesion vertebrae.

It was also encouraging to note that unlike the rat,
outer layer, cortical bone in pig vertebrae served as very g
barriers to light raising the potential for treatment targeted
a single vertebra without risk of damage to adjacent str
tures. The PDT response in pig was consistent with that in
with respect to bone marrow ablation and clearly demarca
boundaries of cell death surrounding the treatment fiber
was also noted that beyond the necrotic zone, a second
of apoptotic cells was evident in a number of PDT treat
vertebra. We have not included a figure showing apopto
within the pig vertebrae as further studies are necessar
confirm whether the apoptotic induction is, as we suspe
solely attributable to the PDT treatment or whether it is
artifact related to the handling and preparation of the tissu~s!
for histology. If verified in subsequent studies, it will be o
interest to examine the PDT parameters that induce apop
and validate the merits of exploiting apoptotic cell death wh
targeting lesions close to the spinal cord. In this instan
however, 150 J/cm was implemented as a submaximal, n
thermal light regiment within the center of the trabecular v
tebra causing a 0.6 cm radius of necrotic lesion and tis
damage up to 2 cm out from the treatment fiber without da
age to the spinal cord. It is likely that higher energies, perh
administered at the same intensity, could be implemente
provide even larger target response with similar preserva
of the spinal cord. Regardless, the observed destruction
bone marrow is clinically advantageous as bone-degrading
teoclasts within the marrow display symbiotic interaction w
the growing tumor cells.37 It is important to note that the
integral structure of the bone tissue itself appears to be hig
resilient to photodynamic damage. In a report by Mey
et al.38 the authors describe inducing necrosis within the s
rounding soft tissues of the rabbit oral cavity with no effect
the contiguous bony structures. This is an important obse
tion and, despite the fact that jaw is made of flat bone and
cancellous bone, it is one with direct clinical pertinence wh
-11 May/June 2005 d Vol. 10(3)
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considering the use of PDT in patients where bone may b
very weak, such as the elderly.

The practicalities of fiber placement in this current large
animal study were critical and rigorous and many of the po-
tential hazards integral to this procedure were quickly real
ized. Current clinical intervention provides tumor de-bulking
by radiation followed by surgical resection when applicable. It
is probable that PDT could be added to this arsenal either i
adjunct to surgery or as a stand alone therapy with vertebro
plasty to provide mechanical stabilization post treatment. The
option for fractionated, repeat and/or metronomic PDT39 re-
gimes can also be considered upon permanent percutaneo
implant of optical fibers.

In conclusion, the feasibility of a minimally invasive sur-
gical approach to target spinal metastases using photodynam
therapy has been established in this pre-clinical study. Th
evaluation of light transmittance through the vertebral body in
a pig model reinforces the potential for fiber-based, nonther
mal light delivery into bone for targeting lesions up to 2 cm or
greater from the treatment fiber without damaging the spina
cord.
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