US 20180154178A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2018/0154178 A1

Oldham et al. 43) Pub. Date: Jun. 7, 2018
(54) PHOSPHOR-CONTAINING DRUG CO9K 11/73 (2006.01)
CARLO DERIVED X-RAY EXPOSURE, AGIKAL00 Q00601
= El
SYSTEM CONTAINING THE ACTIVATOR, COOK 11/02 (2006.01)
AND METHODS FOR USE AGIK 3137 (2006.01)
AG6IP 35/00 (2006.01)
(71)  Applicants: IMMUNOLIGHT, LLC., Detroit, MI (52) US.CL
SJCS)(U];;JKE UNIVERSITY, Durham, CPC .. AGIN 5/1031 (2013.01); A6IN 5/1077
(2013.01); CO9K 11/595 (2013.01); CO9K
(72) Tnventors: Mark Oldham, Durham, NC (US); 11/73 (2013.01); A6IN 2005/1034 (2013.01);
Justus Adamson, Durham, NC (US); CO9K 11/02 (2013.01); A61K 31/37 (2013.01);
Paul Yoon, Durham, NC (US); Harold AGIP 35/00 (2018.01); A6IN 2005/1098
Walder, Oak Island, NC (US); (2013.01); A61K 41/0057 (2013.01)
Frederic A. Bourke, JR., Seal Harbor,
ME (US); Zakaryae Fathi, Raleigh,
NC (US); Wayne F. Beyer, Bahama, (57) ABSTRACT
NC (US)
(73) Assignees: IMMUNOLIGHT, LLC., Detroit, MI A phosphor-containing drug activator activatable from a
(US); DUKE UNIVERSITY, Durham, Monte Carlo derived x-ray exposure for treatment of a
NC (US) diseased site. The activator includes an admixture or sus-
pension of one or more phosphors capable of emitting
(21)  Appl. No.: 15/819,130 ultraviolet and visible light upon interaction with x-rays,
o wherein a distribution of the phosphors in the diseased target
(22) Filed: Nov. 21, 2017 site is based on a Monte Carlo derived x-ray dose. A system
Related U.S. Application Data for treating a disease in a subject in need thereof, includes
the drug activator and a photoactivatable drug, one or more
(60) Provisional application No. 62/425,386, filed on Nov. devices which infuse the photoactivatable drug and the
22, 2016. activator including the pharmaceutically acceptable carrier
A . . into a diseased site in the subject; and an x-ray source which
Publication Classification is controlled to deliver the Monte Carlo derived x-ray
(51) Int. CL exposure to the subject for production of ultraviolet and
AGIN 5/10 (2006.01) visible light inside the subject to activate the photoactivat-
CO9K 11/59 (2006.01) able drug.




Patent Application Publication Jun. 7,2018 Sheet 1 of 32 US 2018/0154178 A1




Patent Application Publication Jun. 7,2018 Sheet 2 of 32 US 2018/0154178 A1

Processing of QC: Raw Material
Raw Materials Testing & Release
Y
Washing

Y

Ethyl Cellulose Coating

Y

Diamond Like Carbon

Coating
QC: In Process
Y Testing & Release
Mixing
Y
Packaging
Y
Sterilization

Y

Labeling & Device Storage Quality Control
(-20°C) Sample Removal

and Retention

Y

Analytical Testing &
Device Release

FIG. 1B



Patent Application Publication Jun. 7,2018 Sheet 3 of 32 US 2018/0154178 A1

14000 F

12000 -

10000 |

8000 |

6000 |

4000 |

2000 |

o —

9000 bt L1
100 150 200 250 300 350

Wavelength (nm)

FIG. 2

Counts

400 450

500000
400000
300000

Counts

200000
100000

0
450 200 550 600 650 700
Wavelength (nm)

FIG. 3




Patent Application Publication Jun. 7,2018 Sheet 4 of 32 US 2018/0154178 A1

60000
50000
40000
30000
20000
10000

0 b S

P
} i 3 { { 1 i

100 150 200 250 300 350 400 450
Wavelength (nm)

FIG. 4

Counts
[ I b T

¥

600000
500000 |
400000 |
300000 |
200000 |
100000 |
of

Counts

500 600 700
Wavelength (nm)

FIG. 5



Patent Application Publication Jun. 7, 2018 Sheet 5 of 32 US 2018/0154178 A1

First
Phosphor Material Second
3Cas(po4 )Z-Ca(F’ Cl) :Sb3+,Mn2+ Phosphor

Ethyl Material

. . . 2+
" Cellulose " 2”23'(3;}-'\/'”

Diamond Like
Coating

FIG. 6

FIG. 7



US 2018/0154178 Al

Jun. 7,2018 Sheet 6 of 32

Patent Application Publication

S
s

e

SRR




Patent Application Publication Jun. 7, 2018 Sheet 7 of 32 US 2018/0154178 A1

27
251
S B
=
>
DD
2
g 21+
o
5
S 4 Saline
< ¥ ——m—— XRY(2) + AMT
—&— XRi(2) + Phos (9/6)
w--g8---- XR1(2) + AMT + Phos (9/6)
- e XR1(2) + AMT + Phos (6/4)
—-@-— XRY(3) + AMT
—+— XRI(3) + Phos (9/6)
XRY(3) + AMT + Phos (9/6)
15 f | { { l |
7 T 15 18 22 25

Days after Tumor Cell Injection

FIG. 9A



Patent Application Publication Jun. 7,2018 Sheet 8 of 32 US 2018/0154178 A1

Animal Study #1
3000 - September 2013

2500
—4— Saline

-~ XRY(2) + AMT + phos

N
(o)
(o
D

—

&)}

(o]

e
I

Tumor Volume (mm3)

—

(o]

o

[aw)
I

500 el L

0 9 15 18 21 25 28
Days after Tumor Injection

FIG. 9B



Patent Application Publication Jun. 7,2018 Sheet 9 of 32 US 2018/0154178 A1

Animal Study #2

3000 — November 2013

—4— Saline
2500 -

-m- XR(2) + AMT + Phosp

N
o
(on]
(we]

1500

Tumor Volume (mm3)

—
(e
o
(o)

500

0 5 10 15 20 25
Days after Tumor Injection

FIG. 9C




Patent Application Publication Jun. 7,2018 Sheet 10 of 32  US 2018/0154178 A1

2500 L— Saline (N=8) (1)
—eem AMT + Xeray (N=14( (2)
2000 +-—— Phosphor + X-ray (N=14) (3)

«é ........ X-PACT (N=14) (4) ’
= 1500} g

2 1500 e /i
G Z 2y
2 1000 F i

z “"{,_...

% I . I

’.—

500 Pairwiset-test below

Days after Tumor Injection

Compared Conditions on Day 22 | Difference (mm3) p-Value
Saline X-PACT 944.7961 0.0002
AMT + X-ray X-PACT 733.2545 0.0006
Saline Phosphor + X-ray 554.807 0.0432

FIG. 9D-1



Patent Application Publication Jun. 7,2018 Sheet 11 of 32 US 2018/0154178 A1

=
o
> 3)
<L
- o
= ><
N\
Q
1))
o™
L
3]
=
©
W

Phosphor + X-ray




Patent Application Publication Jun. 7,2018 Sheet 12 of 32  US 2018/0154178 A1

30.00% -
27.50% -
25.00%
22.50% -
20.00% -
17.50% |-
15.00% -
12.50% -
10.00% |-
7.50% |-
5.00%
2.50% /
0.00%

% Cell Kill

-

~

300ms 500ms 800ms 1000ms
1Gy-10s 80kv | 1Gy-10s 80kv | 1Gy-10s 80kv | 1Gy-10s 80kv

FIG. 10




Patent Application Publication Jun. 7,2018 Sheet 13 of 32  US 2018/0154178 A1

30.00%

25.00%

20.00%

15.00%

T

% Cell Kill

10.00%

5.00%

0.00%

}
800ms- -100kv
1Gy-10s cycle

800ms- -80kv
1Gy-5.3s cycle-

800ms- -80kv | 800ms- -80kv
1Gy-10s cycle-| 1Gy-20 cycle-

FIG. 12




Patent Application Publication Jun. 7,2018 Sheet 14 of 32  US 2018/0154178 A1

100 " [1 no x-ray dose (1)
.
N=15 N=12 1Gy 80kVp (2)
90%F T N=10
80% - N=10 L .
70% - 7 N N=14
SEVISINNT
8 50%
@
T 40% , 7
30% - “IN=10
20% - ’
10% - //
0% N\ | |

UVADEX Phosphor  Phosphor+UVADEX
(1 @ (1 @ (1) @)

FIG. 13A



Patent Application Publication Jun. 7,2018 Sheet 15 of 32  US 2018/0154178 A1

120/ - - dekkk
o @ nox-ray dose (1) —
1Gy 80kVp (2)
10% N=10
= /
= 6%
£
2
E 4% N=J4
N=1 2Ni10
0
2% N=15
T N=10
0% : . T ) |
UVADEX Phosphor Phosphor+UVADEX
(1 @) (1 @ (1 @

FIG. 13B



US 2018/0154178 Al

e

50ug

3

phos

e

Jun. 7,2018 Sheet 16 of 32

FIG. 13C

Patent Application Publication

FIG. 13D



US 2018/0154178 Al

All conditions: 40 pM 8-MOP
471 (1)
CT2A (2)
KP158B (3)

Jun. 7,2018 Sheet 17 of 32

\\V\ LSS
mlni\\\\ 7
SLLS PSS

//
R

37

VNI ey

TJ.W\\\\\\\\\\\\ 7
D s

il

A I YNy,
Ti\\\,,,\\\\\\\\\\\\\\\\\ 7
e e e

Hy

e NN Ve i AN N VP N NP i
 — s R R Y Y Y Y N YN IINs
S A i i e ey e ey

; A i g f .

N

L

Patent Application Publication

FIG. 14A




Patent Application Publication Jun. 7,2018 Sheet 18 of 32  US 2018/0154178 A1

CT2A Cell Line Only

120.0% ~ O @ G I ) I € (3)

e % \ * ok Fkk
100.0% - N ) \ f f
TRPR bR %S 3& SRR
g 80.0% - Q L i\ N
2 Z\
O 60.0%F [\ VA N N7z
@£ = N AN
8 ,, ~
40.0% + e R
oGy () | | N N
20.0% - [| 4067 Gy (2) NN |
IN1.006y 3) (b Y YZ\BN7Z BNZ
0.0% Lk \ Al 7 NN
o 10pM  10pM  20pM  20pM  40pM  40uM
Control BMOP+ BMOP+ BMOP+ BMOP+ BMOP+ BMOP+
50pg/mL100pg/mL 50pg/mL100ug/mL50pg/miL 100ug/mL
Condition 0 Gy-1 Gy DIFF In Viability p-Value
10uM 8-MOP + 50ug/mL 0.1033359 0.0682
10uM 8-MOP + 100ug/mL -0.0639305 0.065
20uM 8-MOP + 50ug/mL 0.0892051 0.0177
20uM 8-MOP + 100ug/mL 0.064557 0.0313
40uM 8-MOP + 50ug/mL 0.1626792 0.0013
40uM 8-MOP + 100ug/mL 0.1797501 0.0003

FIG. 14B



Patent Application Publication

Jun. 7,2018 Sheet 19 of 32

US 2018/0154178 Al

Fit: Annexin V (+) =A +B [Psoralen] + C [Phosphor] = D [Psoralen] [Phosphor]

Equation Coefficients | Coefficient Estimate | P-value
A (Intercept) 3.7E-02 0.071
B (8-MOP effects) -1.2E-03 0.096
C (phosphor effects) -5.4E-04 0.050 R2
D (Interaction effects) 6.8E-05 <.0001 0.718
FIG. 15A
20%]
18% |
16%|
14%]
E R
5 12%
CD r
X 10%
2 ol 7
% 8%
g .
é 6(y0 " e /é
4% '/
N=4
2% ;}{Z %:
25pg/ml {50pg/mL 100pg/mLi100pg/mL100pg/mLi 50pg/mL {100pg/mL
15uM 5- | 15uM 5- | 15uM 5- | 25uM 5- | 25uM 5- | 5uM 5- | 55uM 5-
MOF | MOF | MOF MOF MOF MOF | MOF
UVADEXUVADEX |UVADEX{UVADEX|UVADEX |UVADEX|UVADEX

FIG. 15B




Patent Application Publication Jun. 7,2018 Sheet 20 of 32  US 2018/0154178 A1

o
S<
T

Annexin
FaN
X
T

80kVp 100kVp

FIG. 16



Patent Application Publication Jun. 7,2018 Sheet 21 of 32  US 2018/0154178 A1

Pre Tx
Post Tx

FIG. 17A FIG. 17B

Pre Tx
Post Tx

FIG. 18A FIG. 18B



US 2018/0154178 Al

2018 Sheet 22 of 32

7,

Jun

ion

t

Patent Application Publica

y10S

[

sfeLi

Bulinp paiinboy

s

feolulfo

6l

Ol

(cro2

)

&

eoIpe BOlBl

‘lucisiieq "o .ebew




US 2018/0154178 Al

Jun. 7,2018 Sheet 23 of 32

Patent Application Publication

q40¢ OIAd

AMGZ'0 = 3V '83G=N -
(oY) ABious

08 09  O0r (2

908

§

§

£

uonezusjoRIeyd 821n0s dAY 08 -

2000

¥00°0

900°0

800°0

100

relative counts

Voc "OIAd

BuisnoH sape|q
aqn AX  I8)i-8id J01RWI|j00-8id
_

4

{ H

¥ !
BBl | yloooid |
POdHIX |

1
/oo

Aijawosgy 82in0g .

AHLFNOTD J08HN0S AVE-X 180 NVIHVA



US 2018/0154178 Al

Jun. 7,2018 Sheet 24 of 32

Patent Application Publication

(wo) souesiy

Gl 01

G

—]

\

ojien) sjuon

N

painsesjy o

ddd -

(L10) SSAUNOIL Joljl) WnUIUN|E

Gy ¢ ¢ ¢

g'¢

¢

~.

OliE7) SJUOY ——

pPaINSBB O

AH -

0 < 5
<O o fow]
does ratio

et
-

™
o

TAIIE |

ISV 80°F 1€ ‘90°E ‘S5Z ‘p0'T = (wuw) V).

Wo0g=qsSS © woueyd Jsjem 'wog=S4 :add

woQol © 1d Jusweinseaus SAH -

(0d) sepejg A-X ‘(ad) Jorewjjoo-aid (1v) ieyy-aid -

Hli0004d |

5 VN iy

* \. ._.__ooo#_

HO4H X

V1

O

(¢°0'3)8

ol soeds-aseyd + Aljowoan payldwig .

NOILYOIHIEEA DI L3NISOd




cc old

X¥3q o) pazijsuniou ‘wo0g=ass @ Wil :HYO -
| 620 G0 570 0

US 2018/0154178 Al

W) 80UBISIp SIXB-X [JO
0l g 0 G- 01- — 90

[
(]

9s0(] SA JO

E: o

(o]
<t

(-]
«©

Jun. 7,2018 Sheet 25 of 32
relative dose

o
o]

:
5 O O W‘ R,
mma

e

rdh e
R

painsesyy| —
OpeD SJUO o ovl

HYO) oney sixe-jo -

NOILVYOI4Id3A Ol 1FWISOd

Patent Application Publication



XA |

ey I91eMq = oney 8s0(]

US 2018/0154178 Al

wojueyd Jelem ‘wopg=asS © (ww} ~) wiy 1489 -

M |||||||| Y S E i DS N I
m (wo) 54 leq Jsjemq
# ¢ 0z & 0 S 0. |
- D o F dliogoid \\il |/ Tegoid | B
g PeinsEo e L WOdHIX | V] 7
) |

. LL A

N P ﬂh\m ||||| TR A

e (¢'0°3)S

®
vl
Gl —
459 - -

a1y 8oeds-aseyd + Answoss) payldwis -

NOILVIIHIH3IA D14 LINISOd

Patent Application Publication



Patent Application Publication Jun. 7,2018 Sheet 27 of 32  US 2018/0154178 A1

FI1G. 24

o5e i air

%

e 1

U 10 20 20 40

-

u

noming! souare feld size {om)



Patent Application Publication Jun. 7,2018 Sheet 28 of 32  US 2018/0154178 A1

FIG. 25

15
145
1.4
1.35
1.3
1.25
1.2
1.15
11

ackscatter factor

b

R ?P chamber
| F e s M(}Q%& {:32» f 0
105 5 i TG61

0 5 10 15 20
surface field size {em)



Patent Application Publication Jun. 7,2018 Sheet 29 of 32  US 2018/0154178 A1

22 %x% S ................................................................................................. ................................................................................................




Patent Application Publication Jun. 7,2018 Sheet 30 of 32  US 2018/0154178 A1

FI1G. 27

Monts if}&i‘iﬁ}

off w-ais distance {om)



Patent Application Publication Jun. 7,2018 Sheet 31 of 32  US 2018/0154178 A1

FIG. 28A

FIG. 28B




Patent Application Publication Jun. 7,2018 Sheet 32 of 32  US 2018/0154178 A1

FIG. 29

Carpnal




US 2018/0154178 Al

PHOSPHOR-CONTAINING DRUG
ACTIVATOR ACTIVATABLE BY A MONTE
CARLO DERIVED X-RAY EXPOSURE,
SYSTEM CONTAINING THE ACTIVATOR,
AND METHODS FOR USE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. provisional
Ser. No. 62/425,386, filed Nov. 22, 2016, the entire contents
of which are hereby incorporated by reference. This appli-
cation is related to U.S. provisional Ser. No. 61/982,585,
filed Apr. 22, 2014, entitled “INTERIOR ENERGY-ACTI-
VATION OF PHOTO-REACTIVE SPECIES INSIDE A
MEDIUM OR BODY USING AN X-RAY SOURCE EMIT-
TING LOW ENERGY X-RAYS AS INITIATION
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BACKGROUND OF THE INVENTION

Field of Invention
[0003] The invention relates to methods and systems for
treating cell proliferation disorders that can be performed
using non-invasive or minimally invasive techniques.
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Discussion of the Background

[0004] Light modulation from a deeply penetrating radia-
tion like X-ray opens the possibility for activating bio-
therapeutic agents of various kinds within mammalian bod-
ies. As an example, the binding of psoralen to DNA through
the formation of monoadducts is well known to engender an
immune response if done properly. Psoralen under the
correct light activation gains the aptitude to bind to DNA.
Psoralen has been reported to react to other sites that have
a suitable reactivity including and not limited to cell walls.
If this reaction is of the correct kind, as is the case for
psoralen-DNA monoadducts formation, the binding leads to
a programmable cell death referred to as Apoptosis. Such
programmable cell death, if accomplished over a cell popu-
lation, can signal the body to mount an immune response
permitting target specific cell kill throughout the body. Such
immune response is of importance for various medical
treatments including cancer treatment.

[0005] Psoralens are naturally occurring compounds
found in plants (furocoumarin family) with anti-cancer and
immunogenic properties. They freely penetrate the phospho-
lipid cellular bilayer membranes and intercalate into DNA
between nucleic acid pyrimidines, where they are biologi-
cally inert (unless photo-activated) and ultimately excreted
within 24 hours. However psoralens are photo-reactive,
acquiring potent cytotoxicity after ‘activation’ by ultra-
violet (UVA) light. When photo-activated, psoralens form
mono-adducts and di-adducts with DNA leading to marked
tumor cytotoxicity and apoptosis. Cell signaling events in
response to DNA damage include up-regulation of p21*¥’
cip and p53 activation, with mitochondrial induced
cytochrome ¢ release and consequent cell death. Photo-
activated psoralen can also induce apoptosis by blocking
oncogenic receptor tyrosine kinase signaling, and can affect
immunogenicity and photochemical modification of a range
of cellular proteins in treated cells.

[0006] Importantly, psoralen can promote a strong long-
term clinical response, as observed in the treatment of
cutaneous T Cell Lymphoma utilizing extracorporeal pho-
topheresis (ECP). In ECP malignant CTCL cells are irradi-
ated with ultraviolet A (UVA) light in the presence of
psoralen, and then re-administered to the patient. Remark-
ably, complete long term responses over many decades have
been observed in a sub-set of patients, even though only a
small fraction of malignant cells were treated. In addition to
ECP, psoralens have also found wide clinical application
through PUVA treatment of proliferative skin disorders and
cancer including psoriasis, vitiligo, mycosis fungoides, and
melanoma.

[0007] The cytotoxic and immunogenic effects of psoralen
are often attributed to psoralen mediated photoadduct DNA
damage. A principle mechanism underlying the long-term
immunogenic clinical response likely derives from psoralen
induced tumor cell cytotoxicity and uptake of the apoptotic
cells by immature dendritic cells, in the presence of inflam-
matory cytokines. However, photochemical modification of
proteins and other cellular components can also impact the
antigenicity and potential immunogenicity of treated cells.
The diversity and potency of psoralen application is further
illustrated by recent success using psoralen in the develop-
ment of virus vaccines.
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SUMMARY OF THE INVENTION

[0008] In one embodiment, the present invention provides
a phosphor-containing drug activator activatable from a
Monte Carlo derived x-ray exposure including an admixture
or suspension of phosphors capable of emitting ultraviolet
and visible light upon interaction with x-rays; wherein a
distribution of the phosphors in a diseased target site or an
x-ray dose to the diseased site or both is based on a Monte
Carlo derived x-ray dose.

[0009] In one embodiment, there is provided a system for
treating a disease in a subject in need thereof, which includes
the drug activator and a photoactivatable drug, one or more
devices which infuse the photoactivatable drug and the
activator including the pharmaceutically acceptable carrier
into a diseased site in the subject; and an x-ray source which
is controlled to deliver a Monte Carlo derived x-ray expo-
sure to the subject for production of ultraviolet and visible
light inside the subject to activate the photoactivatable drug
and induce a persistent therapeutic response, the dose com-
prising a pulsed sequence of x-rays delivering from 0.5-2 Gy
to the tumor.

[0010] In one embodiment, there is provided a system for
treating a disease in a subject in need thereof, which includes
a phosphor-containing drug activator and a photoactivatable
drug, one or more devices which infuse the photoactivatable
drug and the activator into a diseased site in the subject; and
an x-ray source which is controlled to deliver a Monte Carlo
derived x-ray exposure to the subject for production of
ultraviolet and visible light inside the subject to activate the
photoactivatable drug.

[0011] It is to be understood that both the foregoing
general description of the invention and the following
detailed description are exemplary, but are not restrictive of
the invention.

BRIEF DESCRIPTION OF THE FIGURES

[0012] A more complete appreciation of the invention and
many of the attendant advantages thereof will be readily
obtained as the same becomes better understood by refer-
ence to the following detailed description when considered
in connection with the accompanying drawings, wherein:
[0013] FIG. 1A illustrates a system according to one
exemplary embodiment of the present invention;

[0014] FIG. 1B is a flow diagram for one process of the
invention for manufacturing the phosphor-containing
device;

[0015] FIG. 2 is a depiction of cathodoluminescence data
for Zn,Si0,:Mn** measured between 100-400 nm;

[0016] FIG. 3 is a depiction of cathodoluminescence data
for Zn,Si0,:Mn** measured between 450-700 nm;

[0017] FIG. 4 is a depiction of cathodoluminescence data
for (3Ca,(PO,),.Ca(F, Cl),: Sb**, Mn**) measured between
100-400 nm;

[0018] FIG. 5 is a depiction of cathodoluminescence data
for (3Ca,(PO,),.Ca(F, Cl),: Sb>*, Mn**) measured between
450-700 nm;

[0019] FIG. 6 is an illustration of a combination phosphor
device having a dual coating;

[0020] FIG. 7 is an illustration of a combination phosphor
device having a 2:1 ratio with one part of Zn,SiO,:Mn>* for
every two parts of (3Ca,(PO,),.Ca(F, Cl),: Sb>*;

[0021] FIG. 8 is a photographic depiction of a packaged
device kit according to one embodiment of the invention;
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[0022] FIGS. 9A, 9B, 9C, 9D-1, and 9D-2 show graphs
showing tumor volume as a function of days after treatment
for an in-vivo treatment of BALBC mice with syngeneic
4T1-HER2 tumors, as well as photographs of tumors being
treated during the course of treatment;

[0023] FIG. 10 is a plot summarizing the fractional cell
kills as a function of kVp for a fixed amperage of 200 mA;
[0024] FIG. 11 is a photographic depiction showing of
methylene blue staining for cell viability post treatment with
x-rays, phosphors, and UVADEX;

[0025] FIG. 12 is a plot summarizing the fractional cell
kills under different x-ray exposure cycles;

[0026] FIGS. 13A, 13B, 13C, and 13D illustrate the effi-
cacy of a treatment in-vitro against 4T1-HER2 cells;
[0027] FIGS. 14A and 14B are illustrations of the relative
effectiveness of UV activated psoralen on three independent
cell lines;

[0028] FIGS. 15A and 15B are illustrations of the anti-
tumor effects of the x-ray psoralen activated cancer therapy
(XPACT) treatment and individual components on 4T1-
HER2 cells;

[0029] FIG. 16 is a comparison of the phosphor-contain-
ing drug activator at two different x-ray energies (80 and 100
kVp) for 4T1-HER?2 cells treated with 8-MOP;

[0030] FIGS. 17A and 17B are photographic depictions
showing the efficacy of the phosphor-containing drug acti-
vator during a canine study pre-treatment and post-treatment
on Subject #1, respectively;

[0031] FIGS. 18A and 18B are further photographic depic-
tions showing the efficacy of the phosphor-containing drug
activator during the canine study pre-treatment and post-
treatment on Subject #2, respectively;

[0032] FIG. 19 is a composite micrograph showing a
cone-beam computed tomography (CBCT) image in differ-
ent perspectives and a FlukaFlair simulation of the radiation
dose received in the canine;

[0033] FIG. 20A is a schematic depiction of the x-ray
source geometry;

[0034] FIG.20B is a schematic depiction of a simulated 80
KVp x-ray energy spectrum emanating from the OBI device;
[0035] FIG. 21 is a schematic depiction of x-ray device
modeling showing verification of the MC simulation results
by measurements of the half value layer for different thick-
nesses of aluminum and the percent depth dose (PDD) in a
water phantom;

[0036] FIG. 22 is a composite schematic showing verifi-
cation of the MC simulations with respect to the off-axis
ratio (OAR) of the x-ray energy spectrum;

[0037] FIG. 23 is a composite schematic showing verifi-
cation of the MC simulations with respect to the back
scattered factor (BSF) of the x-ray energy spectrum ema-
nating from the OBI device at 80 KVp and depositing its
energy in a water phantom;

[0038] FIG. 24 is a plot of relative dose in air as a function
of field size (Sc) for 80 kVp source at 50 SSD;

[0039] FIG. 25 is a schematic showing comparative plots
of'the ratio of dose on water surface to dose in air at the same
position (backscatter factor), for the 80 kVp source with a
source to detector distance of 50 cm;

[0040] FIG. 26 is a schematic depiction of depth dose
curves for 80 kVp source at 80 cm source to surface distance
for 3 cm, 8 cm, and 32 cm field sizes (defined at surface) and
normalized at a depth of 1 cm;
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[0041] FIG. 27 is a composite schematic showing verifi-
cation of the MC simulations with respect to the off-axis
ratio (OAR) of the x-ray energy spectrum emanating from
the OBI device at 80 KVp;

[0042] FIGS. 28A and 28B show respectively the setup of
the dog in the room (first image) and the 3D model of the
anatomy from a CBCT (second image);

[0043] FIG. 29 is a composite depiction showing a final
dose calculation using Monte Carlo modeling and canine
CBCT for example case in FIGS. 28A and 28B.

DETAILED DESCRIPTION OF THE
INVENTION

[0044] The present invention sets forth a novel method of
treating cell proliferation disorders that is effective, specific,
and has few side-effects. In one embodiment of the present
invention, the treatments and protocols described below are
performed with the assistance of pre-planned Monte Carlo
derived x-ray exposures (detailed below). The Monte Carlo
derived x-ray exposures in one embodiment of the invention
permit the settings of the x-ray source and its dose energy
and dose flux to be optimized for the location and distribu-
tion of the tumor (or diseased site) within the body.

[0045] As used herein, the phrase “cell proliferation dis-
order” refers to any condition where the growth rate of a
population of cells is less than or greater than a desired rate
under a given physiological state and conditions. Although,
preferably, the proliferation rate that would be of interest for
treatment purposes is faster than a desired rate, slower than
desired rate conditions may also be treated by methods ofthe
invention. Exemplary cell proliferation disorders may
include, but are not limited to, cancer, bacterial infection,
immune rejection response of organ transplant, solid tumors,
viral infection, autoimmune disorders (such as arthritis,
lupus, inflammatory bowel disease, Sjogrens syndrome,
multiple sclerosis) or a combination thereof, as well as
aplastic conditions wherein cell proliferation is low relative
to healthy cells, such as aplastic anemia. Particularly pre-
ferred cell proliferation disorders for treatment using the
present methods are cancer, staphylococcus aureus (particu-
larly antibiotic resistant strains such as methicillin resistant
staphylococcus aureus or MRSA), and autoimmune disor-
ders.

[0046] Those cells suffering from a cell proliferation dis-
order are referred to herein as the target cells. A treatment for
cell proliferation disorders, including solid tumors, is
capable of chemically binding cellular nucleic acids, includ-
ing but not limited to, the DNA or mitochondrial DNA or
RNA of the target cells. For example, a photoactivatable
agent, such as a psoralen or a psoralen derivative, is exposed
in situ to an energy source (e.g., X-rays) capable of activating
energy modulation agents (e.g., phosphors) which emit light
to activate photoactivatable agents such as psoralen or
coumarin.

[0047] The terminology used in the description of the
invention herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the
invention. As used in the description of the embodiments of
the invention and the appended claims, the singular forms
“a”, “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. Also,
as used herein, “and/or” refers to and encompasses any and
all possible combinations of one or more of the associated
listed items. Furthermore, the terms “at” or “about,” as used
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herein when referring to a measurable value or metric is
meant to encompass variations of 20%, 10%, 5%, 1%, 0.5%,
or even 0.1% of the specified amount, for example a
specified ratio, a specified thickness, a specified phosphor
size, or a specified water contact angle. It will be further
understood that the terms “comprises” and/or “comprising,”
when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

[0048] The present invention in one embodiment utilizes
x-ray driven activation of 8MOP (or UVADEX) to induce a
persistent anti-tumor response and a resulting arrest of tumor
growth or regression. As used herein, a persistent antitumor
response is a response which slows or stops the tumor
growth from that of a control or blind subject receiving only
a placebo. The present invention demonstrates that x-ray
driven activation of a photoactivatable drug (e.g., SMOP)
slows tumor growth in some cases and in other cases arrests
growth of the tumor leading to signs of complete remission
for the subject.

[0049] In particular, the present invention in one embodi-
ment utilizes a novel phosphor-containing drug activator for
causing a change in activity in a subject that is effective,
specific, and able to produce a change to the medium or
body. The phosphor-containing drug activator in one
embodiment comprises a mixture of two different phos-
phors, which upon x-ray excitation, each have emissions in
the UV and visible spectrum. The mixture of phosphors
results in superior performance compared to either phosphor
alone. The mixture of phosphors preferably includes a
mixture of two or more phosphors, namely NP-200 and
GTP-4300, that are purchased from Nichia and Global
Tungsten and Powders, respectively. The chemical formulas
of these phosphors are Zn,SiO,:Mn>* and (3Ca,(PO,),Ca
(F, Cl),: Sb™*, Mn**), respectively. These phosphors absorb
penetrating forms of energy (e.g., low dose x-rays) and emit
light in wavelengths that activate the SMOP (or UVADEX)
in-situ. In one embodiment of the invention, the phosphors
in the novel phosphor-containing drug activator are coated
with a biocompatible Ethyl Cellulose coating and/or coated
with a Diamond Like Carbon (DLC) coatings. The coatings
are described below.

[0050] As used herein, the phrase “Monte Carlo derived
x-ray exposures” refers to the setting of x-ray conditions
(beam amperage, kVp, collimators, aperture opening) based
on Monte Carlo simulations of one or more of the x-ray
source, the patient treatment area, and the phosphor type and
distribution, the bone mass, and the tumor mass.)

[0051] Reference will now be made in detail to the pre-
ferred embodiments of the invention, examples of which are
illustrated in the accompanying drawings (including color
drawings), in which like reference characters refer to cor-
responding elements.

[0052] FIG. 1A illustrates a system according to one
exemplary embodiment of the invention. Referring to FIG.
1A, an exemplary system according to one embodiment of
the invention may have an initiation energy source 1 directed
at the subject 4. An activatable pharmaceutical agent 2 and
the above-noted phosphor-containing drug activator 3 can be
administered to the subject 4 by way of a sterile suspension
of two or more of the above-noted phosphors. The initiation
energy source may additionally be controlled by a computer
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system 5 that is capable of directing the delivery of the
initiation energy (e.g., X-rays).

[0053] Computer system 5, in one embodiment of the
present invention, is programmed with the protocol-based
information for treating a disease in a subject in need
thereof. The protocol-based information includes a quantity
and type of phosphor-containing drug activator and a quan-
tity and type a photoactivatable drug. The protocol-based
information can include details in the types of devices which
can be used to infuse the photoactivatable drug and the
activator (including optional pharmaceutically acceptable
carriers) into a diseased site in the subject. The protocol-
based information can optionally include information on an
x-ray source and how it is to be controlled to deliver a
pre-planned Monte Carlo derived x-ray exposure to the
subject for production of ultraviolet and visible light inside
the subject to activate the photoactivatable drug and pref-
erably induce a persistent therapeutic response.

[0054] In further embodiments, dose calculation and
robotic manipulation devices (such as the CYBER-KNIFE
robotic radiosurgery system, available from Accuray, or
similar types of devices) may be included in the system to
adjust the distance between the initiation energy source 1
and the subject 4 and/or to adjust the energy and/or dose
(e.g., kVp or filtering) of the initiation energy source such
that the x-rays incident on the target site are within a
prescribed energy band. Further refinements in the x-ray
energy and dose can be had by adjusting the distance to the
subject 4 or the intervening materials between the target site
and the initiation energy source 1. The initiation energy
source 1 (i.e., an X-ray source) can provide images of the
target area being treated.

[0055] In various embodiments, the initiation energy
source 1 may be a linear accelerator equipped with at least
kV image guided computer-control capability to deliver a
precisely calibrated beam of radiation to a pre-selected
coordinate. One example of such linear accelerators is the
SMARTBEAM™ IMRT (intensity modulated radiation
therapy) system (from Varian Medical Systems, Inc., Palo
Alto, Calif.) or Varian OBI technology (OBI stands for
“On-board Imaging”, and is found on many commercial
models of Varian machines). In other embodiments, the
initiation energy source 1 may be commercially available
components of X-ray machines or non-medical X-ray
machines. X-ray machines that produce from 10 to 150 keV
X-rays are readily available in the marketplace. For instance,
the General Electric DEFINIUM series or the Siemens
MULTIX series are two non-limiting examples of typical
X-ray machines designed for the medical industry, while the
EAGLE PACK series from Smith Detection is an example
of'a non-medical X-ray machine. Another suitable commer-
cially available device is the SIEMENS DEFINITION
FLASH, (a CT system), by Siemens Medical Solutions. As
such, the invention is capable of performing its desired
function when used in conjunction with commercial X-ray
equipment.

[0056] In a particularly preferred embodiment, the initia-
tion energy source 1 is a source of low energy x-rays, of 300
kVp or lower, e.g., at or below 300 kVp, at or below 200
kVp, at or below 120 kVp, at or below 105 kVp, at or below
80 kVp, at or below 70 kVp, at or below 60 kVp, at or below
50 kVp, at or below 40 kVp, at or below 30 kVp, at or below
20 kVp, at or below 10 kVp, or at or below 5 kVp. In this
embodiment, the initiation energy source provides low
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energy x-rays which are converted by the phosphor-contain-
ing drug activator 3 in situ to an energy capable of activating
8MOP (or UVADEX).

[0057] Inone embodiment of the invention, the phosphors
in the phosphor-containing drug activator are first coated
with a biocompatible Ethyl Cellulose coating, and then
overcoated with a second coating of Diamond Like Carbon
(DLC). In one embodiment of the invention, the phosphors
in the phosphor-containing drug activator are coated only
with the Ethyl Cellulose coating or the DL.C coating.
[0058] Ethyl Cellulose (EC) is widely used in biomedical
applications today, including artificial kidney membranes,
coating materials for drugs, blood coagulants, additives of
pharmaceutical products, blood compatible materials. EC
and its derivatives have been widely used in various, per-
sonal care, food, biomedical and drug related applications.
EC is not a skin sensitizer, it is not an irritant to the skin, and
it is not mutagenic. EC is generally regarded as safe
(GRAS), and widely used for example in food applications
such flavor encapsulation, inks for making fruits and veg-
etables, paper and paperboard in contact with aqueous and
fatty foods.

[0059] EC is also widely used for controlled release of
active ingredients. The enhanced lipophilic and hydrophobic
properties make it a material of choice for water resistant
applications. EC is soluble in various organic solvents and
can form a film on surfaces and around particles (such as
phosphors). In one embodiment of this invention, ethyl
cellulose is used to encapsulate the phosphors particles of
the phosphor-containing drug activator to ensure that an
added degree of protection is in place on the surface of the
phosphors. In one embodiment of this invention, EC poly-
mers with high molecular weight for permanent encapsula-
tion and long term biocompatibility are used to encapsulate
the phosphors particles of the phosphor-containing drug
activator. In a preferred embodiment, the EC polymer can be
any commercially available pharmaceutical grade ethyl cel-
Iulose polymer having sufficient molecular weight to form a
coating on the phosphor surface. Suitable EC polymers
include, but are not limited to, the ETHOCEL brand of ethyl
cellulose polymers available from Dow Chemical, prefer-
ably ETHOCEL FP grade products, most preferably ETHO-
CEL FP 100.

[0060] Diamond Like Carbon (DLC) films are in general
dense, mechanically hard, smooth, impervious, abrasion
resistant, chemically inert, and resistant to attack by both
acids and bases; they have a low coefficient of friction, low
wear rate, are biocompatible and thromboresistant. Tissues
adhere well to carbon coated implants and sustain a durable
interface. In presence of blood, a protein layer is formed
which prevents the formation of blood clots at the carbon
surface. For medical prostheses that contact blood (heart
valves, anathomic sheets, stents, blood vessels, etc.), DLC
coatings have been used.

[0061] DLC has emerged over the past decade as a ver-
satile and useful biomaterial. It is harder than most ceramics,
bio-inert, and has a low friction coefficient. DLC is one of
the best materials for implantable applications. Studies by
the inventors of the biocompatibility of DL.C demonstrate
that there is no cytotoxicity and cell growth is normal on a
DLC-coated surface. (DLC coatings on stainless steel have
performed very well in in vitro studies of hemocompatibil-
ity. Histopathological investigations by the inventors have
shown good biotolerance of implants coated with the DLC.
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Moreover, DL.C as a coating is efficient protection against
corrosion. These properties make the embodiment described
here with a double coating (EC and DLC) particularly
advantageous for the novel phosphor-containing drug acti-
vator of the invention.

[0062] Methods for coating the phosphors with EC or
DLC are known to those of ordinary skill, and have been
described, for example, in PCT/US2015/027058 filed Apr.
22, 2015, incorporated earlier by reference.

[0063] Manufacturing Process Steps

[0064] FIG. 1B is a flow diagram for one process of the
invention for manufacturing the novel phosphor-containing
drug activator using the raw materials noted in Table 1
below. (The present invention is not limited to the various
steps described below in the illustrative manufacturing pro-
cess. The steps merely provide specific ways that these steps
can occur.)

TABLE 1

Raw Material

Item Description/Name Manufacturer

Phosphor GTP 4300
Phosphor NP200

Ethyl Cellulose

Acetone

Diamond like carbon (DLC)

Global Tungsten and Powders
Nichia

Dow Chemical Co

Thermo Fisher

Fraunhoffer

[0065] As shown in FIG. 1B, manufacturing of the novel
phosphor-containing drug activator of the invention starts
with quality control of the raw materials. As part of quality
control, in one embodiment of the invention, the raw mate-
rials utilized in the novel phosphor-containing drug activator
are characterized with one or more of the following suite of
tests:

[0066] X-Ray Diffraction (XRD) to confirm the crys-

tallography type;

[0067] X-Ray Photoelectron Spectroscopy (XPS) for

surface elemental analysis;

[0068] Inductively Coupled Plasma (ICP) for total

elemental analysis;

[0069] Scanning Electron Microscopy (SEM) for par-

ticle size determination;

[0070] Cathodoluminescence for UV/VIS emissions
[0071] X-ray diffraction (XRD) is nondestructive tech-
nique for characterizing crystalline materials. It provides
information on structures, phases, preferred crystal orienta-
tions (texture), and other structural parameters, such as
average grain size, crystallinity, strain, and crystal defects.
The x-ray diffraction pattern is a fingerprint of periodic
atomic arrangements in a given material. A comparison of an
observed diffraction pattern to a known reference material
allows confirmation of the crystal lattice of the solid mate-
rial. In one embodiment of the invention, x-ray diffraction
peaks matching known references form one acceptance
criterion of the invention for further processing. Preferably,
the Zn,Si0,:Mn** phosphor has cathodoluminescent emis-
sion peaks at least at 160 nm, 360 nm, and 525 nm, while
preferably the (3Ca,(PO,),Ca(F, Cl),: Sb**, Mn**) phos-
phor has a cathodoluminescent emission edge at least at 400
nm and a cathodoluminescent emission peak at least at 570
nm.

[0072] X-ray Photoelectron Spectroscopy (XPS Analysis),
also known as Electron Spectroscopy for Chemical Analysis
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(ESCA), is used to determine quantitative atomic composi-
tion and chemistry. It is a surface analysis technique with a
sampling volume that extends from the surface to a depth of
approximately 50-70 Angstroms. XPS analysis can be uti-
lized to characterize thin films by quantifying matrix-level
elements as a function of depth. XPS is an elemental
analysis technique that is unique in providing chemical state
information of the detected elements, such as distinguishing
between sulfate and sulfide forms of the element sulfur. The
process works by irradiating a sample with monochromatic
x-rays, resulting in the emission of photoelectrons whose
energies are characteristic of the elements within the sam-
pling volume. In one embodiment of the invention, XPS is
another acceptance criterion of the invention for further
processing in which both the position (energy) of the emitted
photoelectrons and their relative intensity patterns should
match the reference patterns on file for each inorganic
phosphor being used (e.g. NP200 and GTP430).

[0073] Inone embodiment of the invention, this analytical
method is used to determine the surface elemental compo-
sition of the raw material(s) and subsequent changes in
atomic % of carbon to confirm that both the EC and DLC
coating processes are within acceptable tolerances (e.g. up to
a 25-75% increase in C content for the final EC/DLC
autoclave product). As an acceptance criterion of the inven-
tion, emission peaks from Zn, Si, Ca, P, O, F, Cl, Sb, Mn and
C should be present and no other elements (such as con-
taminants) would be present.

[0074] Inductively Coupled Plasma (ICP) analytical tech-
niques can quantitatively measure the elemental content of
a material from the ppt to the wt % range. In this technique,
solid samples are dissolved or digested in a liquid, usually
an acidic aqueous solution. The sample solution is then
sprayed into the core of an inductively coupled argon
plasma, which can reach temperatures of approximately
8000° C. At such temperature, analyte species are atomized,
ionized and thermally excited. The analyte species is then
detected and quantified with a mass spectrometer (MS). In
one embodiment of the invention, XPS is another accep-
tance criterion of the invention in which both the mass
number and intensity (relative quantity) should match ref-
erence patterns on file for each inorganic phosphor used (e.g.
NP200 and GTP430).

[0075] Scanning Electron Microscopy (SEM) provides
high-resolution and long-depth-of-field images of the
sample surface and near-surface. SEM is one of the most
widely used analytical tools due to the extremely detailed
images it can provide. Coupled to an auxiliary Energy
Dispersive X-ray Spectroscopy (EDS) detector, SEM also
offers elemental identification for nearly the entire periodic
table. In one embodiment of the invention, SEM/EDS
screens raw and final materials for gross size and morpho-
logical particle analysis as well as a confirmation of elemen-
tal surface analysis of both our raw and processed materials.
In one embodiment of the invention, SEM and/or EDS is
another acceptance criterion of the invention in which the
range of crystal sizes and/or elemental constituency is
confirmed.

[0076] Cathodoluminescence is a technique that detects
light emissions based on the specific chemistry of a crys-
talline lattice structure. Cathodoluminescence accelerates
and collimates an electron beam toward a material (e.g., a
phosphorous material). When the incident beam impacts the
material, it causes the creation of secondary electrons and
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hole formation, the recombination of which leads to the
emission of photons which are detected by a photospec-
trometer placed in close proximity to the material.

[0077] In one embodiment of the invention, a representa-
tive phosphor contained in the novel phosphor-containing
drug activator would be tested by placing 10 mg inside a
high vacuum chamber. The electron beam would be accel-
erated using a bias voltage of 1000V to 1500V. Obtaining at
least 5000 counts (au) ensures that the material is emitting
properly, and forms another acceptance criterion of the
invention. Reference cathodoluminescence data for raw
material phosphors are illustrated in FIGS. 2-5. FIG. 2 is a
depiction of cathodoluminescence data for Zn,SiO,:Mn>*
measured between 100-400 nm. FIG. 3 is a depiction of
cathodoluminescence data for Zn,SiO,:Mn** measured
between 450-700 nm. FIG. 4 is a depiction of cathodolu-
minescence data for (3Ca,(PO,),.Ca(F, Cl),: Sb**, Mn>*)
measured between 100-400 nm. FIG. 5 is a depiction of
cathodoluminescence data for (3Ca,(PO,),.Ca(F, Cl),: Sb**,
Mn**) measured between 450-700 nm. In one embodiment
of the invention, the cathodoluminescence emission wave-
length of UV and visible light emitted form an acceptance
criterion of the invention.

[0078] The above described analytical testing is per-
formed on purchased phosphors before these materials are
accepted for use in manufacturing of the novel phosphor-
containing drug activator. The test methods for the accep-
tance of the various raw materials in a preferred embodiment
are specified below in Table 3.

TABLE 3

Acceptance Criteria for Raw Materials

Parameter Method
Phosphor crystalline phase XRD
Surface elemental composition XPS
Core elemental composition ICP
Emission CL
Size distribution SEM

[0079] As further shown in FIG. 1B, in one embodiment
of the invention, manufacturing of the novel phosphor-
containing drug activator starts processing of the qualified
raw phosphor materials by washing of the phosphor mate-
rials. More specifically, in one example, the phosphor mate-
rials are individually weighed with one gram (1 g) of
phosphor placed in 50 mL plastic test tubes. Six mL of
acetone are added and vortexed to thoroughly mix with the
phosphors. The phosphors are pelletized via a low speed
centrifuge, after which the excess acetone is removed. This
cycle is repeated an additional two times for each of the two
phosphors.

[0080] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator then coats each of
the two phosphors first with ethyl cellulose, followed by a
second coating consisting of diamond like carbon. Each of
the phosphors constituting the phosphor containing device
in one embodiment of the invention is independently doubly
coated, before mixing the two phosphors together. FIG. 6 is
an illustration of both phosphors (NP-200: Zn,SiO,:Mn>*
and GTP-4300: (3Ca,(PO,),.Ca(F, Cl),: Sb*>*, Mn**) coated
with a first coating (Ethyl-Cellulose) and a second coating
(Diamond-ILike-Carbon).
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[0081] For the ethyl-cellulose coating, in one preferred
embodiment of the invention, the phosphor particles are
encapsulated based on the parameters provided in Table 4.

TABLE 4

Preferred thickness of the EC coating

Ethyl Cellulose Coating

Target Thickness (nanometers) 30
Phosphor Density (g/cc) 7.5

[0082] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator in one embodi-
ment of the invention then coats each of the two phosphors
with a secondary coat of DLC by Physical Vapor Deposition
to further encapsulate the phosphors and to further enhance
their biocompatibility.

[0083] For the DLC film, a preferred thickness is 100
nm+/-3 nm, and a preferred Elastic Modulus is 45-55 Gpa,
most preferably 50-53 Gpa.

[0084] The PVD coating machine is equipped with various
process control sensors and interlocks to ensure reproduc-
ibility.

[0085] The contact angle of non-coated glass and non-
coated silicon are 19 degrees and 65 degrees respectively.
After the coating process, the contact angles are preferably
100°+/-10%. The contact angle (for a water droplet) of both
substrates is targeted to be between 90 and 110°. The water
droplet contact angle provides another acceptance criterion
of the invention.

[0086] Specific release specifications for in-process test-
ing are specified in the table below:

TABLE 7

Release Specifications for In-Process Test Material

Parameter Method
Coating thickness Step Height
Size distribution Scanning
Surface elemental composition XPS

[0087] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator in one embodi-
ment of the invention continues by mixing the two types of
coated phosphors. The phosphor-containing drug activator
as noted above is made of a combination of two phosphors.
Specifically, NP-200 (Zn,SiO4:Mn>*) is mixed with (3Ca3
(PO4)2.Ca(F, C1)2: Sb3+, Mn2+) at a ratio NP-200: GTP-
4300 of from 1:10 to 10:1, or from 1:5 to 5:1, or from 1:2
to 2:1, or about 1:2.

[0088] FIG. 7 is a representative illustration of the mixture
of phosphors constituting the phosphor-containing device.
(The efficacy of this mixture has been determined in vitro by
assessing the cell kill brought about by the addition of the
drug alone, mixture of phosphors alone, and then the mix-
ture of drug and phosphors under X-Ray energy.)

[0089] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator in one embodi-
ment of the invention continues by packaging of the com-
bination phosphor-containing device. Specifically, the phos-
phor-containing drug activator is aseptically pre-weighed
and packaged in sterile, nonpyrogenic 10 ml borosilicate

Jun. 7, 2018

amber glass vials. These vials come equipped with a 20 mm
crimp neck, fitted with a 20 mm butyl rubber stopper and
finally crimp sealed with 20 mm flip-top aluminum seals.
The final amount of device per sterile container is specified
by a kit number.

[0090] Inone embodiment of the invention, multiple treat-
ment kits can be prepared to accommodate different tumor
sizes, with each vial designed for example to deliver 0.6 mg
of phosphors per cubic centimeter of tumor volume.

[0091] Specifics of the container closure system are listed
below in, although other sterile enclosure systems or enclo-
sure systems that can be sterilized are suitable for this
invention.

TABLE 8A

Container Closure Components

Item Description/Name Manufacturer
10 mL amber glass vials, 20 Wheaton
20 mm buty! rubber stopper Wheaton
20 mm aluminum flip cap Wheaton

[0092] All device vials are cleaned and depyrogenated by
the manufacturer according to standardized procedures.
After filling the vials with the phosphor-containing drug
activator device, vials are stoppered with the butyl rubber
septum top. The stoppered vials are then crimp sealed
employing a flip-off seal and sent for sterilization.

[0093] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator in one embodi-
ment of the invention continues by sterilizing the vials.
Specifically, crimp sealed vials are autoclaved for 30 min-
utes (dry-cycle, 250° F. at 14 PSI) and immediately removed
from the autoclave. Sterile vials are visually inspected and
affixed with an adhesive label (heat resistant, permanent ink)
that specifies contents, packaging lot number and date of
preparation. Labeled vials are then placed in labeled boxes
fitted with individual vial partitions. Sealed cases of devices
are labeled with a lot number and shipped. FIG. 8 is a
photographic depiction of on example of final, packaged
device kit according to one embodiment of the invention in
which the device kit includes the novel phosphor-containing
devices described above.

[0094] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator in one embodi-
ment of the invention continues by device storage. The
sterile materials of the novel phosphor-containing drug
activator should be kept at room temperature (20-30° C.) in
a humidity controlled environment. Dark storage is pre-
ferred but not required.

[0095] As further shown in FIG. 1B, manufacturing of the
novel phosphor-containing drug activator continues to steps
ensuring quality control and retention of the characteristics
noted above corroborated by analytical testing before prod-
uct release. Table 8B below shows a listing of acceptance
criteria for the novel phosphor-containing drug activator
prior to the phosphor-containing drug activators being
mixed with a pharmaceutically acceptable carrier and/or
UVADEX.
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TABLE 8B

Acceptance Criteria for the Phosphor-Containing Devices

Parameter Method

Size SEM

Emissions Cathodoluminescence
Coating XPS

Biocompatibility Chemical extraction and toxicological
risk assessment per ISO 10993-17
Cytotoxicity: 10993-5

Sensitization: 10993-10

Irritation: 10993-10

Systemic toxicity: 10993-11

Implantation: 10993-6

Pyrogenicity USP 34 <151>
Sterility USP <71>
Bacterial Endotoxin USP <85>

[0096] United States Pharmacopeia (USP) is a compen-
dium of quality control tests for drugs and excipients to be
introduced into a medicinal formulation. It is published
every year by the United States Pharmacopoeial Conven-
tion.

[0097] In one embodiment of the invention, preparation of
the vials will be performed under USP 797 guidelines for
compounding sterile preparations. Specifically, using a ster-
ile syringe and 18-20 Ga needle, the novel phosphor-
containing drug activator will be hydrated with a specified
volume of sterile UVADEX (psoralen). The contents of the
vial will be vortexed for a minimum of 3 minutes to ensure
proper phosphor dispersion, after which the contents of the
vial will be transferred into a standard syringe. The treat-
ment administration syringe will be labeled, at a minimum,
with the following information: Subject name, subject num-
ber, device name, eIRB #, dose due date and time, pharma-
cist initials. Immediately following preparation, the device
preparation will be delivered to the treatment area for
administration to the subject.

[0098] In one embodiment of the invention, multiple treat-
ment kits can be prepared to accommodate different tumor
sizes, with each vial designed to deliver a consistent mass of
phosphors per cubic centimeter of tumor volume. Specifi-
cally, five (5) treatment kits can be prepared in accordance
with Table 9 below.

TABLE 9

Kit Packaging- Device Weight Per Kit

Treat- Tumor Volume UVADEX Final Total
ment (cubic Hydration (mg/mL) Phosphor
Group centimeters) Volume (mL) Phosphor (mg/sterile vial)
TG-1 <15 0.75 10 7.5
TG-2 15.1- 1.5 10 15.0
TG-3 30.0- 3 10 30.1
TG-4 50.0- 4 10 40.1
TG-5 >75 5 10 50.2
[0099] Device Administration and Activation

[0100] In conjunction with the pre-planned Monte Carlo
derived x-ray exposures (or independent of the pre-planned
Monte Carlo derived x-ray exposures), administration in one
embodiment of the invention is preferably by intratumoral
injection immediately prior to irradiation, at a total volume
0.033-0.067 mL per cm® tumor, including 0.33 to 0.667 mg
phosphor per cm® tumor. In one embodiment of the inven-
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tion, the phosphor-containing drug activator including the
UVADEX will be administered in multiple injections across
the tumor.

[0101] In one embodiment of the invention, immediately
after injection, the phosphor-containing drug activator will
be activated with a low dose X-ray from an on-board
imaging (OBI) system of the treatment linear accelerator.
The prescribed dose can be 0.6 to 1.0 Gy per fraction, and
preferably is set by the pre-planned Monte Carlo derived
X-ray exposures.

[0102] In one embodiment of the invention, the radiation
delivery is set such that 1 Gy of radiation is delivered per
fraction using 80 kVp X-rays from the OBI on the linac CT.
In one embodiment of the invention, immediately following
intratumoral injection, the region of interest will be exposed
to a low dose kilovoltage radiation, by acquiring a cone
beam CT (CBCT). At least one rotational kilovoltage CBCT
can be utilized such that images can be stored for future
evaluation. Subsequent CBCT’s can be shared if there has
been a significant reduction in tumor volume such that RT
re-planning is necessary to avoid overdosing normal tissues
adjacent to the tumor.

[0103] In one embodiment of the invention, activation of
the phosphor-containing drug activator can be performed
using 1.0 Gy of 80-100 kVp of x-ray energy delivered from
a CT device. Accordingly, the in vivo phosphor-containing
drug activator in one embodiment absorbs low energy x-rays
from commercially available, FDA-cleared CT scanners and
re-emits that energy in wavelengths that overlap with the
absorption spectra of UVADEX, an FDA approved drug that
promotes apoptosis of tumors cells by for example forming
photoadducts with DNA, resulting in inhibition of DNA
synthesis and cell division.

[0104] As noted above, the Monte Carlo derived x-ray
exposures in one embodiment of the invention permit the
settings of the x-ray source and its dose energy and dose flux
to be optimized for the location and distribution of the tumor
(or diseased site) within the body.

[0105] Murine Studies

[0106] A baseline study has demonstrated the efficacy of
x-ray activated treatments. In this study, a trial was con-
ducted for an evaluation of treatment administered to syn-
geneic 4T1-HER2 tumors grown on BALB/c mice. There
were 4 arms of this trial: (1) saline only (control), (2)
phosphors alone with x-ray, (3) psoralen (AMT) alone with
x-ray, and (4) full treatment including both phosphor and
psoralen and x-ray irradiation. Treatments were given in 3
fractions per week, to a total of 6 fractions. In arms 2-3 a
consistent x-ray irradiation technique was used (0.36 Gy
delivered at 75 kVp by 30 mA in 3 minutes) with 100 pg of
phosphor, and 5 pM psoralen (AMT). 0.5 Million 4T1-
HER?2 cells were injected subcutaneously to the right thigh
of each mouse. There were 6-8 mice per arm, and the study
was repeated a second time, yielding effective sample sizes
of 12-16.

[0107] The results from the in-vivo treatment of BALBC
mice with syngeneic 4T1-HER2 tumors are shown in FIGS.
9A-9D.

[0108] The toxicity of the treatment was evaluated by the
monitoring of the average body weight for different arms of
the treatment, as shown in FIG. 9A. There was no significant
loss in body weight for any of the arms. Meanwhile, the data
in FIGS. 9B and 9C show the suppression of tumor growth
as compared to a saline injection.
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[0109] In FIG. 9D-1, the overall saline controls are indi-
cated by line (1). The two other component control arms
correspond to 5 uM psoralen (AMT) only, and 100 pg of
phosphor only and are shown as lines (2) and (3), respec-
tively. A consistent x-ray irradiation technique was used for
all arms (except saline control) which was 0.36 Gy delivered
at 75 kVp by 30 mA in 3 minutes. (The full treatment,
consisting of the device, drug and X-ray, is depicted as x-ray
psoralen activated cancer therapy X-PACT, indicated by line
“4).)

[0110] The first treatment was delivered to the syngeneic
4T1-HER2 tumors, on day 10 after implantation of the
4T1-HER2 tumors. Over the next two weeks a growth delay
was observed in the treatment arm, compared to controls.
Encouragingly, by day 25, there was a 42% reduction in
tumor volume (p=0.0002). FIG. 9D-2 shows a photographic
depiction showing a comparison of the tumors from different
mice at different times after exposure of the mice to different
arms of the treatment.

[0111] In Vitro Studies

[0112] Also as part of the baseline study which demon-
strated the efficacy of x-ray activated treatments, in-vitro
studies were conducted on a 4T1 (murine breast cancer)
cells incubated in appropriate growing media and buffers
before being trypsinized and plated evenly onto twelve (12)
well plates for 24 hours. About 20 minutes prior to irradia-
tion, the wells of each plate were exposed to the following
combinations of additives: (1) Control—cells only with no
additives, (2) UVADEX only, (3) phosphors only, (4) UVA-
DEX+ phosphors. Each plate had twelve (12) wells with
three wells for each of the four treatment arms. The plates
were then irradiated with x-rays by placing the plate at a
known distance from the x-ray source (e.g., 50 cm). After
irradiation, the cells were incubated on the plate for 48 hours
prior to performing flow cytometry. Guava AnnexinV flow
cell cytometry was used to quantify cytotoxicity. The live
cells were quantified, and the numbers of cells undergoing
early or late apoptosis were measured. The treatment was
then contrasted using a figure of merit referred to as the
fractional cell kill (or the % of cells that were no longer
viable). Table 10 shows this figure of merit for different
ratios. The final amount of phosphor used in each case was
kept at 50 micro-grams. The mixture of phosphors consist-
ing of'a 1:2 ratio by weight leads to better fractional cell kill.
However, the results showed the efficacy of the present
invention over a wide range of ratios and when using only
one or the other of the phosphors noted above.

TABLE 10

Fractional Cell Kill with Different Phosphor Ratios

NP-200  GTP-4300  NP-200/GTP-4300  Fractional Kill
100% 0% 1:0 4.70%
33% 67% 1:2 25.10%
0% 100% 0:1 13.30%
[0113] X-Ray Activation of the Phosphor-Containing

Drug Activator

[0114] In one embodiment of the invention, the initiation
energy that is used to activate the phosphor device is
delivered through a series of x-ray pulses consisting of a
programmable kV, a set distance from the source, an amper-
age, and a time. These parameters preferably being deter-
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mined by Monte Carlo simulations (as detailed below). For
the baseline study, the preferred setting for x-ray pulsing that
activates UVADEX in the presence of phosphors consists of
a distance of 50 cm, 80 kV, 200 mA and 800 ms. In one
embodiment of the invention, each of these pulses can be
repeated a number of times to achieve the desired pre-
planned Monte Carlo simulated dose. To obtain a dose of 1
Gy, twenty one (21) such pulses for example could be used.
The time between these programmable pulses could be set at
10 sec. It was found in the baseline study and thus expected
for the Monte Carlo derived x-ray exposures of the present
invention that the process is stable and that small variations
in any of the settings do not lead to drastic changes in the
results.

[0115] FIG. 10 is a summary of the fractional cell kill from
the baseline study which demonstrated the efficacy of x-ray
activated treatments. FIG. 10 illustrates that the best results
were obtained at 80 kV, 800 ms for a fixed amperage of 200
mA.

[0116] Methylene blue staining of viable 4T1-HER2 cells
confirms that the device works well according to the target
parameters identified above. A plate having six (6) wells is
subjected to treatment. FIG. 11 is a photographic depiction
showing of Methylene Blue stain for cell viability post
treatment with X-ray, phosphors and UVADEX from the
baseline study which demonstrated the efficacy of x-ray
activated treatments. One well (#1) is the control. One well
(#2) has phosphor coated with EC and DLC (H100). One
well (#3) has phosphor coated with EC (but no DLC). One
well (#4) has drug UVADEX but no phosphors. One well
(#5) has drug UVADEX and phosphors coated with EC and
DLC. One well (#6) has drug UVADEX and phosphors
coated with EC and no DLC.

[0117] All wells were exposed to the x-ray conditions
noted above. The combinatory effect of drug plus phosphors
is evident and leads to cell death more effectively than the
other conditions. The EC coated phosphors and the EC and
DLC coated phosphors both work effectively. One added
benefit to a dual coating is redundancy in safety of the
treatment.

[0118] In the baseline study which demonstrated the effi-
cacy of x-ray activated treatments and applicable here for
the Monte Carlo derived x-ray exposures of the present
invention, the elapsed time between the various x-ray pulses
was considered as a variable. The x-ray pulses were in the
baseline study delivered using 5.3 seconds cycles between
pulses. These tests were compared to cycles of 10 sec and 20
seconds between cycles. FIG. 12 is a plot showing the
optimum cycle time between pulses from the baseline study.
The cycle time that best optimizes the fractional cell kill is
10 sec between pulses. So, in effect, a dose of 1 Gy is
delivered using twenty one (21) X-Ray pulses spaced apart
by 10 seconds; and, each x-ray pulse consists of the follow-
ing settings: 80 kV, 800 ms, 200 mA. These were the settings
used in the follow on canine in-vivo studies and applicable
for the Monte Carlo derived x-ray exposures of the present
invention.

[0119] Quantification of Cytotoxicity and Apoptosis
[0120] In the baseline study which demonstrated the effi-
cacy of x-ray activated treatments, Guava Annexin V flow
cell cytometry was used to quantify cytotoxicity in 3 murine
tumor cell lines (mammary-4T1; 4T1-HER2, 4T1 stably
transfected with the human HER2 oncogene; glioma-CT2A;
sarcoma KP-B). The mouse breast cancer cell line 4T1 was
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purchased from ATCC. 4T1-HER2 was provided by Dr.
Michael Kershaw (Cancer Immunology Program, Peter
MacCallum Cancer Centre, Victoria, Australia) and main-
tained in DMEM with penicillin/streptomycin and 10% FBS
The Sarcoma KP-B cell lines were derived from primary
tumors LSL-Kras; p53 Flox/Flox mice (45).

[0121] Tumors between 250 and 300 cm® were digested
using a mixture of collagenase/dispase/trypsin for 1 hour,
passed through a 70-micron filter, and cultured 5 to 8
passages before being used for experiments. Cells were
cultured in DMEM medium supplemented with 10% FBS
and incubated at 37° C. with 5% CO, in a humidified
cell-culture incubator.

[0122] As part of the baseline study, in-vitro studies were
conducted on plated cells following standard procedures.
Cells were maintained in RPMI-1640 supplemented with
10% fetal bovine serum and L-glutamine from GIBCO
(Grand Island, N.Y.) growing in a humidified atmosphere of
5% CO,. After incubation, cells were trypsinized and plated
evenly onto twelve 12-well plates for 24 hours. About 20
minutes prior to irradiation, the 12 wells of each plate were
exposed to the following combinations of additives: (1)
control—cells only with no additives, (2) UVADEX only,
(3) phosphors only, (4) UVADEX+ phosphors. Each plate
had 12 wells with three wells for each of the four treatment
arms. The plates were then irradiated with x-rays by placing
the plate at a known distance from the x-ray source (50 cm).
After irradiation, the cells were incubated on the plate for 48
hours prior to performing flow cytometry. For compatibility
with 96-well Guava Nexin® assay, the remaining cells were
again trypsinized (after the 48 hour incubation) and plated
onto the 96-well plate.

[0123] As part of the baseline study, a range of x-ray
activation protocols were investigated to determine the
cytotoxic efficacy in relation to x-ray energy (kVp), total
dose, and dose-rate. kV beam energies ranging between
80-100 kVp were investigated. kV beams were obtained
from various x-ray generating equipment, including ortho-
voltage units, standard diagnostic radiographic, fluoro-
scopic, and cone-beam computed tomography (CBCT) sys-
tems. The primary kV x-ray source utilized in the in vitro
studies (for all data presented, unless stated otherwise in the
figure caption) was a Varian on-board-imaging x-ray source
commonly found on Varian medical linear accelerators. The
x-ray dose delivered for the in-vitro irradiations studied here
ranged from 0.2-2 Gy, with main emphasis on lower doses
of 0.5-1 Gy.

[0124] As part of the baseline study, for x-ray irradiation,
the well plates were positioned at a set distance (typically 50
cm) from the x-ray source on a solid water phantom and the
position of the well plates within the x-ray beam was verified
by low dose kV imaging. Irradiations were typically deliv-
ered in a “radiograph” mode; where multiple pulses of a set
mA (typically 200) and ms (typically 800) and pulses were
delivered every 5-15 seconds. In experiments investigating
dose-rate effects, the radiation was also delivered in a
“pulsed fluoroscopy mode” (10 Hz) at the maximum mA
setting. The most common kVp settings were 80 and 100
kVp with no added filtration in the beam (Half Value
Layer=3.0 and 3.7 mm Al respectively).

[0125] Two primary flow cytometry analyses were used,
both determined at 48 hours after treatment. Cells plated in
12-well plates, where individual wells in each plate received
different experimental conditions (e.g. psoralen concentra-
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tion), but the same x-ray dose (i.e. all wells in a given plate
receive the same x-ray dose). The first analysis evaluated
was metabolic cell viability (herein referred to as cell
viability) calculated from the number of whole cells per well
as determined using forward scattering (FSC). For each
well, cell viability was normalized to that in a control well
without psoralen or phosphors but which did receive radia-
tion. (All wells on a given plate receive the same dose.) The
second assay is Annexin V positivity, which is the fraction
of viable cells that are Annexin V+ by flow cell cytometry.
The Annexin V (+) signal was corrected by subtracting the
control signal from the no-psoralen/phosphor well on the
same plate.

[0126] Other assays were used to provide independent
complimentary information on cell viability, e.g. Methylene
blue staining and ATP-induced Luminescence imaging
(Cell-Titer-Glo® Luminescence Cell Viability Assay). The
luminescence imaging permitted investigation of the cyto-
toxicity of psoralen activated directly with a UV lamp, and
in the absence of phosphors and x-ray radiation.

[0127] As part of the baseline study, several statistical
analyses were completed, including unequal variance two-
sample t-tests, Analysis of Variance (ANOVA), and multi-
variable regression. The unequal variance two-sample t-test
tests the null hypothesis that the means of observations (e.g.
viable cells, Annexin V signal) in two different populations
are equal. The p-value gives the probability that the
observed difference occurred by chance. Multi-variable
regression was used to test the null hypothesis that psoralen
and phosphor had no effect on Annexin V (+) signal and to
test if there is a first-order interaction between the two
therapeutic elements. Non-parametric statistical analysis
were also performed for each test, and showed consistent
results.

[0128] Results of statistical analyses are classified in four
categories: weakly significant, moderately significant, sig-
nificant, and very significant. A single asterisk indicates
weakly significant statistics (*), where the p-value is in the
range 0.01<p<0.05. Double asterisks indicate moderately
significant statistics (**), where 0.001<p<0.01. Triple aster-
isks indicate significant statistics (***), where 0.0001<p<0.
001. Quadruple asterisks indicate very significant statistics
(***¥) where p<0.0001. This convention will be used
throughout the Results and Discussion section.

[0129] FIGS. 13A-13D illustrates the efficacy of treatment
in-vitro in 4T1-HER2 cells, utilizing a regimen of 1/10-
diluted UVADEX (with equivalent of 10 uM 8-MOP), 50
pg/mL phosphor 1 Gy of 80 kVp x-rays. FIG. 13A presents
the cell viability data for three treatment conditions: UVA-
DEX alone, phosphors alone, and the combination of UVA-
DEX and phosphors. These data were compiled from experi-
ments performed on 5 different days (within 1 month),
including 15 separate experimental and 10 control plate
irradiations. FIG. 13B presents the Annexin V (+) signal for
the same 3 conditions as FIG. 13A. FIGS. 13C and 13D
show corresponding images of viable cell populations
revealed by methylene blue staining. Two results from two
separate plates are shown, each with identical preparations
to investigate reproducibility. Three concentrations of phos-
phor (25, 50, and 100 pg/ml.) were tested with the UVADEX
concentration fixed at 1/10 dilution (10 uM 8-MOP). The
anti-tumor effect is evident from this data. In FIGS. 13A-
13D, the anti-tumor effects of the treatment and its indi-
vidual components on 4T1-HER2 cells. In FIG. 13A, cell
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viability after treatment (10 uM 8-MOP equivalent dilution
of UVADEX, 50 pg/mL phosphor, 1 Gy of 80 kVp radiation)
as determined by Guava flow cytome cytometry is depicted.
N is the number of independent measurements (different
days), and error bars indicate one standard deviation. In FIG.
13B, the Annexin V (+) fraction of viable cells shown in
13A. In FIGS. 13C and 13D, cell viability illustrated by
methyl blue staining for identical plates each receiving 1 Gy
of 80 kVp x-rays is depicted. Each plate contained wells
including no additives (control), three concentrations of
phosphor only (25, 50, and 100 pg/ml. with DLC), UVA-
DEX only (10 uM 8-MOP equivalent dilution), and three
combination treatment regimes

[0130] In the baseline study which demonstrated the effi-
cacy of x-ray activated treatments and applicable here for
the Monte Carlo derived x-ray exposures of the present
invention, the relative effectiveness of UV activated pso-
ralen on the three independent cell lines noted above is
shown in FIGS. 14A and 14B. FIG. 14A shows comparable
sensitivity of CT2A (murine malignant glioma), 4T1 and
KP-B (sarcoma) cell lines to psoralen activated by the
phosphor device. FIG. 14B presents data on CT2A malig-
nant glioma cells, for a range of treatment parameters
including variable x-ray dose (0, 0.67 and 1 Gy), phosphor
concentration (50 or 100 pg) and psoralen concentration
(8-MOP) at 10, 20 and 40 uM respectively. For FIG. 14A,
x-ray induced UV light activated psoralen was observed to
reduce viable cells in 3 cell lines (data from Cell-Titer-Glo®
Luminescence Cell Viability Assay under x-ray induced UV
light). N=4 for each cell line at each UV light condition (O,
0.25, 0.5, 1.0 J/em?). The psoralen concentration was 40 uM.
For FIG. 14B, in CT2A cells, the treatment cytotoxicity
increases with X-ray dose (0, 0.67 and 1.00 Gy respec-
tively), concentration of 8-MOP psoralen (10, 20 and 40 uM
respectively), and phosphor (50 and 100 pg/ml) respectively
(p values shown thereon).

[0131] FIG. 15A presents a multi-variable linear regres-
sion analysis on thirty-six (36) independent measurements
(wells) of Annexin V (+) as a function of two variables:
psoralen concentration, and phosphor concentration. Pso-
ralen and phosphor concentrations ranged from 10 uM to 50
uM and 25 pg/mL to 200 pug/ml., respectively. Each of the
36 wells was irradiated with 1 Gy of x-ray radiation at 80
kVp. The fit had the following form given in Equation 1

(where P=phosphor, and Conc=concentration):

Annexin V(+)=4+B*[8-MOP Conc]+C*[P Conc]+D*
[8-MOP Conc.]*[P Conc.] Eq 1

[0132] For FIG. 15A, a multi-variable linear regression
analysis on thirty-six (36) independent measurements of
Annexin V (+) in 4T1-Her2 cells as a function of psoralen
and phosphor concentration. All samples received an x-ray
dose of 1 Gy at 80 kVp. Psoralen and phosphor concentra-
tions ranged from 10 pM to 50 uM and from 25 pg to 200
ng respectively. The fitting equation is given at the top of the
Table and in Equation 1. The overall fit was statistically
significant as were each of the fit coefficients. FIG. 15B
shows a subset of data collected which demonstrate the
magnitudes and effects of increasing concentrations of pso-
ralen and phosphor on Annexin V (+) staining. For FIG.
15B, a subset of the data that was collected on a single day,
indicating magnitude and trends. Neat UVADEX (100 uM
8-MOP) was diluted to 10, 20, and 50 uM, or 1:10, 1:5, and
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1:2 UVADEX. Four repeats (N=4) were performed for the
condition with 50 pg/ml. of phosphor and 10 uM of 8-MOP
diluted from UVADEX.

[0133] FIG. 16 compares the use of the phosphor-contain-
ing drug activator at two different x-ray energies (80 and 100
kVp), used in the baseline study and applicable here for the
Monte Carlo derived x-ray exposures of the present inven-
tion. These experiments involved 4T1-HER2 cells treated
with 10 uM 8-MOP equivalent UVADEX, and 50 pg/mL
phosphors. Specifically, in FIG. 16, a treatment effect in
4T1-her2 was observed at both 80 and 100 kVp, with
suggestion that 80 kVp may be slightly more effective than
100 kVp (p=0.011, *). This data acquired from X-PACT
treatment of 4T1-HER2 cells with constant phosphor con-
centration of 50 pg/ml. and UVADEX diluted to 8-MOP
concentration of 10 uM (1:10 dilution). N is the number of
independent measurements.

[0134] Discussion of Murine Studies

[0135] In the 4T1 in-vitro cell viability analysis (FIG.
13A), a substantial reduction in viable cells (~48%, p<O0.
0001) was observed in the full treatment condition (phos-
phor device, psoralen, and x-ray). Cell viability was higher
(70-85%) in the control conditions.

[0136] The effect of adding radiation to the control con-
ditions did not lead to a reduction in cell viability. The
addition of radiation to UVADEX alone (left bars in FIG.
13A) had no significant effect on cell viability (p=0.97).
Cells exposed to phosphors alone (middle bars in FIG. 13A)
show a slight reduction in cell viability (~8%, p=0.034)
when radiation was added. The increased toxicity associated
with the presence of both phosphors and x-rays could be
attributed to DNA damage arising by UV light from x-ray
induced phosphorescence from the phosphors. Substantial
cytotoxicity (~80%) was only observed in the full treatment
arm, demonstrating the synergistic therapeutic effect of the
combination of phosphor, UVADEX and radiation.

[0137] In the 4T1 in-vitro apoptotic analysis (FIG. 13B),
cells exposed to UVADEX alone (left bars) exhibited neg-
ligible apoptotic activity either with or without x-ray (p
values of 0.90 and 0.09 respectively). There was a slight
increase in Annexin V staining when cells were exposed to
phosphor alone (middle bars) (~1%, p=0.098) suggesting a
slight toxicity of the phosphors. However, it was only when
both phosphor and UVADEX were combined (right bars)
that a statistically significant increase in Annexin V staining
was observed (~8%, p<0.0001), indicating an increase in
apoptosis. The anti-tumor effects of the treatment were
further illustrated in the methyl blue staining in FIGS. 13C
and 13D. In both treatments, little effect was observed for
the individual components of UVADEX and phosphor. The
methyl blue staining results are consistent with the flow
cytometry data, in that all treatment components are required
for high cytotoxicity. Less cytotoxicity is manifest in the first
treatment condition because of decreased phosphor concen-
tration.

[0138] When evaluated on the three different cell lines
(FIG. 14A), an ANOVA analyses reveals no statistically
significant differences in the sensitivity of these lines either
to individual components or to full treatment (p>0.05). This
observation suggests that treatment may have applicability
to a range of different tumor types. In CT2A malignant
glioma cells, cell cytotoxicity was observed (FIG. 14B) to
increase with the magnitude of X-ray dose (0, 0.66 and 1 Gy
respectively), concentration of 8-MOP psoralen (10, 20 and
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40 uM respectively), and phosphor (50 and 100 pg/ml
respectively). Two-sample unequal variance t-test analyses
revealed that the effect of 1 Gy radiation was significant on
CT2A cells for 20 uM 8-MOP+50 pg/mL phosphors and
larger concentrations, but was not significant below those
concentrations, especially for the control group. This sug-
gests that radiation itself is not the cause of the increased
cytotoxicity.

[0139] The most comprehensive in-vitro 4T1 analysis
(FIG. 15A) revealed a statistically significant multi-variable
linear regression (R2=0.72). The synergy interaction coef-
ficient D was statistically significant (p<0.0001) and positive
indicating an enhanced effect when phosphor and psoralen
were present. The interaction coefficients for psoralen and
phosphor alone were only weakly suggestive (p~0.1 and
0.05 respectively). The p values indicate likely significance,
but gave no indication of magnitude of effect, which is
shown in FIG. 15B. A general observation from this data,
acquired with constant x-ray dose, is that apoptotic fraction
induced by the treatment increases with either increasing
phosphor or psoralen concentration.

[0140] In FIG. 16, the in-vitro study investigated whether
changing x-ray energy had much effect on the treatment
efficacy. This study indicated that ~80 kVp would be opti-
mal, but a higher energy would have an advantage from
treatment delivery perspective (greater penetration in tis-
sue). For this reason a 100 kVp beam energy was investi-
gated. An increase in apoptotic signal (over the control) was
observed for treatments at both energies, indicating that both
80 and 100 kVp are applicable for the Monte Carlo derived
x-ray exposures of the present invention

[0141] Canine Study

[0142] As part of the baseline study, a study of spontane-
ous tumors in canine companion animals was conducted.
The primary endpoint was device safety, with secondary
endpoints to include treatment feasibility and tumor
response. Each of six dogs was treated three times a week for
three consecutive weeks. The treatment consisted of anes-
thetizing the dog, administering the phosphor-containing
drug activator in a slurry of UVADEX and delivering 0.6 to
1 Gy of 80 kVp x-ray energy from a cone beam CT system.
Dogs were followed for one year post treatment.

[0143] The following protocols were utilized in the canine
study and are applicable for the Monte Carlo derived x-ray
exposures of the present invention.

[0144] Protocol Summary: Without limiting the invention,
the following describes nine (9) repeated sessions including
tumor measurements, visualizations, and treatments. (More
or less than nine sessions can be used depending on the state
of the malignancy. Indeed, a treatment with 3-5 sessions
might be useful in situations where the tumor is near surface
and thorough exposure of the tumor is likely at each session.
Alternatively, a treatment with 12-15 sessions might useful
in situations where the tumor is within a human organ inside
the musculoskeletal system exposure of the tumor is limited
to the radiation exposure dose. Moreover, while described
below with emphasis on canine treatments, the invention is
not limited to the use of these protocols to canines as other
animal and human patients could benefit.)

[0145] While other measurements, evaluations, and treat-
ments for the malignancies can occur, each session typically
included: tumor measurements, toxicity scoring, labwork
(collected-at treatments #2, 3, 6 and 9), intratumoral injec-
tions of drug and energy modulator substances (preferably
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while anesthetized), and radiation treatment (RT) with for
example radiation of 1 Gy via 80 kVp X-rays. Following the
nine sessions, there were follow-up weekly evaluations 3
and 6 weeks after completing the last RT. The follow-up
weekly evaluations a) evaluated acute local and systemic
toxicity via physical examination and routine labwork, and
b) estimated the tumor volume. Following the nine sessions,
there were follow-up monthly evaluations at 3, 6, 9 and 12
months after completing the last RT. The follow-up monthly
evaluations a) evaluated delayed local toxicity via physical
examination, and b) described duration of local tumor in
enrolled cases.
[0146] Treatment and Imaging:
[0147] As noted above, subjects in the protocol were
anesthetized nine (9) times over 3 weeks. The treatment
included intratumoral injections of a slurry containing the
novel phosphor-containing drug activator described above.
During the radiation treatment, the tumor is imaged prefer-
ably using a cone-beam CT technology. The imaging may
provide an indication of the localization of phosphors and
their distribution throughout the volume of the tumor.
[0148] Intratumoral Injections:
[0149] 1. 3-dimensional caliper measurements of the
tumor.
[0150] 2. Tumor volume will be estimated by multiply-
ing the product of 3 orthogonal diameters by /6.
[0151] 3. The total volume to be injected into each
tumor follows the regiment outlined below using vials
of sterilized phosphor to be mixed UVADEX™ (100
ng/ml. 8-MOP) as the sole diluent.

TABLE 11
mL of slurry  milligrams of phosphor Total
Tumor per cm® tumor per cm? of tumor volume
volume Min  Max Min Max injected
8-15 cubic 0.034  0.063 0.333 0.625 0.5 mL
centimeters
15-29.9 cubic 0.033  0.067 0.334 0.667 1 mL
centimeters
30-49.9 cubic 0.040  0.067 0.401 0.67 2 mL
centimeters
50-74.9 cubic 0.040  0.060 0.401 0.600 3 mL
centimeters
75-99.9 cubic 0.040  0.053 0.400 0.533 4 mL
centimeters
>100 cubic 0.044  0.050 0.435 0.500 5 mL

centimeters

[0152] Especially for the canine treatments, but also for
other patients, the fur/hair was clipped to improve visibility
of the tumor. The tumor skin overlying the tumor was
prepared via three (3) alternating scrubs of alcohol (or sterile
saline) and chlorohexidine (or iodine).

[0153] A grid (e.g., of 1 cm squares) can optionally be
used to ensure distribution of the phosphor injections over
the course of multiple treatments. Each week, typically, the
center and corners can be marked (e.g., with a permanent or
paint marker) in blue at the first of that week’s treatments,
green at the second treatment and white at the 3rd treatment
The grid can serve as a template for free-hand injection of
the psoralen/phosphor slurry. The grid can be rotated (in the
same plane, pivoting about the center) 0.25 cm per day.
[0154] An appropriate amount of individual, coated phos-
phors were weighed into a glass crimp top vial, fitted with
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a Teflon septum top and an aluminum crimp ring, sealed via
a crimp tool and autoclaved on a dry goods cycle (250° C.,
30 minutes) and immediately removed from the autoclave,
allowing to cool to room temperature. The sterilized mate-
rials were stored at room temperature, protected from light
until use.

[0155] In one example, approximately 30 minutes prior to
injection, sterilized phosphors in sealed, crimp top vials
were rehydrated with the indicated volume of UVADEX via
a sterile needle through a septum cap. Post addition of
UVADEX, the entire mixture was continuously vortexed
(using a laboratory grade vortex mixer set to the highest
setting) for approximately 2 minutes. The mixed sample was
introduced into a sterile syringe and sealed with a luer lok
cap. Syringes were delivered to the treatment room and
immediately prior to intratumoral injection, the sealed
syringed was mixed via vortex for approximately 30 sec
followed by injection into the desired subject site.

[0156] A 20-25 gauge sterile hypodermic needle was used
to make free-hand injections in multiple injection sites
across the tumor, or at the corner of each square on the grid
(if used). (Changing the size of the needle or syringe can be
used to optimize the injection distribution.) The total volume
to be injected was divided evenly. Injections were preferably
made into palpable tumor, but not adjacent normal tissues.
The plunger was depressed as the needle was withdrawn
from the tumor, to maximize the distribution of phosphors
and UVADEX.

[0157] In one embodiment, tumors on or near the surface
can be palpated to facilitate delivery of the phosphors.
Typically, multiple injections are made to help distribute the
phosphors throughout the tumor mass. For deeper treatment
areas where the tumor cannot be palpated, ultrasound guid-
ance can be employed. Additionally, ultrasound can be used
to assist in the dispersion of the UVADEX after the phos-
phors were delivered to the treatment site.

[0158] This protocol used UVADEX (8-methoxypsoralen)
as the activatable pharmaceutical agent (using concentra-
tions in the range of 10 pg/mL to 50 pug/ml), and used H100
(diamond coating formed in the presence of 40 atomic %
hydrogen) and EC (ethyl cellulose coating) with the com-
bination phosphor being a 1:2 mixture of NP200:GTP-4300.
[0159] Following injection of the phosphors and UVA-
DEX, radiation therapy followed immediately.

Radiation Therapy:

[0160] 0.6-1 Gy of radiation was delivered per treatment
session using 80-100 kVp X-rays from the on board imaging
(OBI) device of a Novalis Tx radiosurgery platform. (Be-
sides the OBI device of a Varian linear accelerator, a Trilogy,
iX, TruBeam, etc. could be used with appropriate adjustment
of x-ray dose and energy). With regard to the Novalis Tx
platform, this platform includes three imaging modalities for
pinpointing a tumor and positioning the patient with high
precision. The OBI may be programmed to provide con-
tinual imaging during treatment to detect movement and
support robotic adjustments in patient positioning in six
dimensions (although image quality during treatment will
not be optimum). The patient disposed on the Novalis Tx
platform is positioned above the concentric imaging position
of the x-ray source at a distance of 50 to 70 cm from the
x-ray anode.

[0161] Subjects can be positioned on a linear accelerator’s
treatment couch (with the gantry at zero degrees) with the
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tumor centered at the isocenter of the linear accelerator
(centering accomplished using visual inspection and lasers
from the linear accelerator); the subject can then be verti-
cally raised to a position with a source to surface distance
(SSD) of 70-90 cm, per the optical distance indicator. This
corresponds to a source to surface distance of 50-70 cm
when the kilovoltage X-ray source (in the on-board imaging
system) is moved to zero degrees for irradiation. Subjects
with small body size are elevated on a riser which sits atop
the 1 linear accelerator’s couch, to facilitate a terminal SSD
of 50-70 cm; the goal is always to make the terminal SSD
(from the kV source) as close to 50 cm as possible, to
minimize treatment times.

[0162] Immediately following the final intratumoral injec-
tion of the phosphor device (preferably within several min-
utes) alignment radiation from the x-ray source (fluoroscopy
and/or planar radiographs) confirmed that the source was
properly positioned to deliver x-rays to the tumor site by
imaging of fiducial markers around the tumor. Then, within
several or 5 minutes of the final injection, x-rays from the 80
kVp source pulsing for 800 microsecond pulses was deliv-
ered to the target site. In one example, the flux of x-rays was
interrupted periodically and restarted until a dose of 0.5 to
1.0 Gy has been delivered in total. As an example, multiple
pulses can be used with each pulse is set for 80 kV, 200 mA,
800 milliseconds. The total dose (in Gy) delivered was
determined by the number of pulses delivered. The number
of pulses delivered to achieve the therapeutic dose was a
function of the depth and location of the tumor. Bone mass
in the exposure region preferably is accounted. For example,
a radiation therapy typically was designed for a maximum
estimated fractional bone dose of 3 Gy per fraction.
[0163] After, this therapeutic radiation treatment (prefer-
ably less than 30 minutes, more preferably less than 20
minutes), the region of interest was typically exposed to the
kilovoltage radiation using the Varian Novalis OBI (on bard
imaging system). At least one rotational kilovoltage CBCT
is typically scheduled such that images can be stored for
evaluation. Additional beam angles collimated per the rec-
ommendations can be used.

[0164] In the baseline study and applicable here for the
Monte Carlo derived x-ray exposures of the present inven-
tion, the preceding treatment in one patient was further
supplemented with a “booster” treatment, that is, the initial
treatment considered a “priming treatment, with an addi-
tional treatment used to “boost” the initial treatment
response. A “booster treatment” in one embodiment could
involve re-injecting the tumor with psoralen (or other pho-
toactivatable drug) and radiating the tumor site again. A
“booster treatment” in another embodiment could involve
re-injecting the tumor with psoralen (or other photoactivat-
able drug) and an energy modulation agent and radiating the
tumor site again. A “booster treatment™ in another embodi-
ment could involve radiating the tumor site again, but at a
radiation level considered to be at either a palliative or
therapeutic level. The purpose of these “booster” treatments
is to activate the immune response initially or originally
generated within the patient during the initial treatments.
[0165] In one embodiment of the booster treatment appli-
cable here for the Monte Carlo derived x-ray exposures of
the present invention, the phosphor concentration can be
increased to 20 mg/ml., the amount of UVADEX was
increased 2-4 times, and the treatment frequency was
increased to five (5) treatments in five (5) consecutive days.
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Furthermore, the timing between the prime (initial treatment
sessions such as the nine treatments described above) and
the booster treatment was set to allow for an initial humoral
or cellular immune response, followed by a period of
homeostasis, most typically weeks or months after the initial
priming treatment.

[0166] Booster treatments in the present invention can
include treatments which not only increase the drug or x-ray
dose but can also in one embodiment decrease the drug or
x-ray dose over the original amount. In one embodiment of
the present invention, higher energy x-rays in 1 MV range
can be used as the original treatment or as part of the booster
treatment. The higher energy range more uniformly exposes
the tumor and may create itself damaged cells to stimulate
a patient’s immune system.

[0167] From the baseline study, FIGS. 17A and 17B
demonstrated a dramatic and complete response in one
subject. The depicted pretreatment photograph (FIG. 17A) is
directed to a rostral maxillary tumor with a histopathologic
diagnosis of a round cell tumor. The post treatment photo-
graph (FIG. 17B) was taken three weeks after the comple-
tion of treatment. This dog remains in complete response
one year after treatment.

[0168] FIGS. 18A (pre-treatment) and 18B (post-treat-
ment) depict another dramatic treatment effect. This subject
had a maxillary plasma cell tumor with disease progression
after melphalan chemotherapy. This dog was treated with the
phosphor-containing drug activator and 8-MOP and had
stable disease thereafter. An additional “booster” treatment
(consisting of 5 treatments in 5 consecutive days) was
added, after which the intra-oral part of the tumor com-
pletely resolved. The infra-oral component has remained
stable for several months.

[0169] Variations of the Monte Carlo Derived X-Ray
Exposure Treatments

[0170] In another embodiment of the invention, particu-
larly for more aggressive cancers, an intervening treatment
between the prime and boost stages can be provided to stunt
the growth of the tumor while the immune system develops
a response. The intervening treatment can take the form of
palliative radiation, or other treatments known to those
skilled in the art.

[0171] The invention can utilize one or more booster
treatments in a manner similar to that described by David L.
Woodland in their paper in TRENDS in Immunology Vol. 25
No. 2 Feb. 2004, entitled “Jump-Starting the Immune Sys-
tem: Prime-Boosting Comes of Age” (the entire contents of
which are incorporated herein by reference). The basic
prime-boost strategy involves priming the immune system
to a target antigen, or a plurality of antigens created by the
drug and/or radiation induced cell kill, and then selectively
boosting this immunity by re-exposing the antigen or plu-
rality of antigens in the boost treatment. One key strength of
this strategy in the present invention is that greater levels of
immunity are established by heterologous prime-boost than
can be attained by a single vaccine administration or
homologous boost strategies. For example, the initial prim-
ing events elicited by a first exposure to an antigen or a
plurality of antigens appear to be imprinted on the immune
system. This phenomenon is particularly strong in T cells
and is exploited in prime-boost strategies to selectively
increase the numbers of memory T cells specific for a shared
antigen in the prime and boost vaccines. As described in the
literature, these increased numbers of T cells ‘push’ the
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cellular immune response over certain thresholds that are
required to fight specific pathogens or cells containing tumor
specific antigens. Furthermore, the general avidity of the
boosted T-cell response is enhanced, which presumably
increases the efficacy of the treatment.

[0172] Here, in this invention and without limitation as to
the details but rather for the purpose of explanation, the
initial treatment protocol develops antibodies or cellular
immune responses to the psoralen-modified or X-ray modi-
fied cancer cells. These “initial” responses can then be
stimulated by the occurrence of a large number of newly
created psoralen-modified or X-ray modified cancer cells.
As such, the patient’s immune system would mount a more
robust response against the cancer than would be realized in
a single treatment series.

[0173] In one embodiment of the invention, as noted
above, the treatments for the non-adherent or liquid tumors
can be given once, or periodically (such as 3 to 5 times a
week), or intermittently, such as 3 to 5 times a week,
followed by a period of no treatment, typically one to two
weeks, followed by another treatment period of 3 to 5 times
a week.

[0174] Additionally, a prime-boost strategy can be
employed, such as is described herein for the treatment of
solid tumors. The prime phase can be a single treatment,
periodic treatment or intermittent treatment, followed by a
period of no treatment, typically 6-12 weeks, followed by a
booster treatment. The booster treatment can be the same
duration and frequency as the prime treatment, or can be
accelerated or shortened.

[0175] In one embodiment of the invention, prior to the
initial treatment or prior to booster treatments, the immune
system of the subject could be further stimulated by injec-
tion of a more conventional vaccine such as for example a
tetanus vaccine. Prior work by others has shown the efficacy
of a tetanus booster to bolster the immune system’s attack on
the tumor by helping cancer vaccines present in the subject
migrate to the lymph nodes, activating an immune response.
Here, in this invention, the autovaccines generated internally
from the treatments described above could also benefit from
this effect.

[0176] The invention also has utility in treating non-
adherent (liquid) tumors, such as lymphoma. Instead of
injecting the phosphors and drug into the solid tumor, the
phosphor and drug combination can be injected into a lymph
node, preferably the draining lymph node distal to a lym-
phoma tumor, or any lymph node with disease involvement.
Alternatively, treating any area with a lymphoma infiltration
is acceptable.

[0177] Debris from dead and dying tumor cells would be
transported to regional lymph nodes where immune activa-
tion would occur and tumor specific immune cells would
then recirculate and begin to destroy tumor cells at multiple
sites. This killing of tumor cells in the lymph or any organ
with a lymphoma infiltrate creates more immune stimuli for
activation in the regional lymph nodes and further re-
circulation, making repeat treatments beneficial.

[0178] In one embodiment of the invention, intervening
treatments to control the growth or spread of the lymphoma
while the immune system activates can also be added. These
treatments can include palliative x-ray exposures, enzyme
treatments such as asparginase, chemotherapy, or surgery.
[0179] The typical tube voltage for radiography is typi-
cally in the range of 60-120 kV. The x-ray beam is then
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passed through filtration achieved by interposing various
metal filters in the x-ray path. The metals that can be used
include Aluminum (Al) and Copper (Cu). The filtration of
the beam eliminates noise and results in a cleaner output
beam, preferentially removing softer photons. This leads to
a cleaner spectrum and systems from different vendors
would result in having substantially the same output spec-
trum. After filtration the beam is passed through a collima-
tor. X-ray radiation can be collimated into a fan-shaped
beam. The beam is passed through an adjustable aperture.
Lead (Pb) plates of about 2 mm in thickness can be used to
block the beam and limit the exposure of x-ray to the tumor
area.

[0180] The 60-120 kV beam can be sufficient to activate
the bio-therapeutic agent via the phosphors described in the
present invention.

[0181] In one embodiment, a method in accordance with
the present invention utilizes the principle of energy transfer
to and among different agents to control delivery and acti-
vation of cellular changes by irradiation such that delivery of
the desired effect is more intensified, precise, and effective
than the conventional techniques. The phosphors noted
above represent but one energy modulation agent of the
present invention. In general, at least one energy modulation
agent can be administered to the subject which adsorbs,
intensifies or modifies said initiation energy into an energy
that effects a predetermined cellular change in said target
structure. The energy modulation agent may be located
around, on, or in said target structure. Further, the energy
modulation agent can transform a photonic initiation energy
into a photonic energy that effects a predetermined change
in said target structure. In one embodiment, the energy
modulation agent decreases the wavelength of the photonic
initiation energy (down convert). In another embodiment,
the energy modulation agent can increase the wavelength of
the photonic initiation energy (up convert). In a different
embodiment the modulation agent is one or more members
selected from a biocompatible fluorescing metal nanopar-
ticle, fluorescing metal oxide nanoparticle, fluorescing dye
molecule, gold nanoparticle, silver nanoparticle, gold-
coated silver nanoparticle, a water soluble quantum dot
encapsulated by polyamidoamine dendrimers, a luciferase, a
biocompatible phosphorescent molecule, a combined elec-
tromagnetic energy harvester molecule, and a lanthanide
chelate exhibiting intense luminescence.

[0182] In one aspect of the invention, a downconverting
energy modulation agent can comprise inorganic particu-
lates selected from the group consisting of: metal oxides;
metal sulfides; doped metal oxides; and mixed metal chal-
cogenides. In one aspect of the invention, the downconvert-
ing material can comprise at least one of Y,O;, Y,0,S,
NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF,, LaCl,, La,O,,
TiO,, LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, ZnS;
ZnSe; MgS; CaS and alkali lead silicate including compo-
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sitions of Si0,, B,0;, Na,O, K,0, PbO, MgO, or Ag, and
combinations or alloys or layers thereof. In one aspect of the
invention, the downconverting material can include a dopant
including at least one of Er, Eu, Yb, Tm, Nd, Mn Tb, Ce, Y,
U, Pr, La, Gd and other rare-earth species or a combination
thereof. The dopant can be included at a concentration of
0.01%-50% by mol concentration.

[0183] In one aspect of the invention, the downconverting
energy modulation agent can comprise materials such as
ZnSeS:Cu, Ag, Ce, Tb; CaS: Ce,Sm; La,0,S:Tb; Y,0,S:
Tb; Gd,0,S:Pr, Ce, F; LaPO,. In other aspects of the
invention, the downconverting material can comprise phos-
phors such as ZnS:Ag and ZnS:Cu, Pb. In other aspects of
the invention, the downconverting material can be alloys of
the ZnSeS family doped with other metals. For example,
suitable materials include ZnSe,S :Cu, Ag, Ce, Th, where
the following x, y values and intermediate values are accept-
able: x:y; respectively 0:1; 0.1:0.9; 0.2:0.8; 0.3:0.7; 0.4:0.6;
0.5:0.5; 0.6:0.4; 0.7:0.3; 0.8:0.2; 0.9:0.1; and 1.0:0.0.
[0184] In other aspects of the invention, the downconvert-
ing energy modulation agent can be materials such as
sodium yttrium fluoride (NaYF,), lanthanum fluoride
(LaF5), lanthanum oxysulfide (La,0,S), yttrium oxysulfide
(Y,0,8), yttrium fluoride (YF,), yttrium gallate, yttrium
aluminum garnet (YAG), gadolinium fluoride (GdF;),
barium yttrium fluoride (BaYFs, BaY,Fy), gadolinium oxy-
sulfide (Gd,0,S), calcium tungstate (CaWQ,), yttrium oxi-
de:terbium (Yt,05;Tb), gadolinium oxysulphide:europium
(Gd,0,8:Eu), lanthanum oxysulphide:europium (La,O,S:
Eu), and gadolinium oxysulphide:promethium, cerium, fluo-
rine (Gd,0,S:Pr,.Ce,F), YPO,:Nd, LaPO,:Pr, (Ca,Mg)SO,:
Pb, YBO;:Pr, Y,SiO4:Pr, Y,Si,0,:Pr, Srli,SiO,:Pr,Na, and
Cali,810,:Pr.

[0185] In other aspects of the invention, the downconvert-
ing energy modulation agent can be near-infrared (NIR)
downconversion (DC) phosphors such as KSrPO,,:Eu**Pr’*,
or NaGdF,:Fu or Zn,SiO,:Tb**Yb** or B-NaGdF, co-
doped with Ce** and Th** ions or Gd,O,S:Tm or BaYFj:
Eu®* or other down converters which emit NIR from visible
or UV light exposure (as in a cascade from x-ray to UV to
NIR) or which emit NIR directly after x-ray or e-beam
exposure.

[0186] In one aspect of the invention, an up converting
energy modulation agent can be at least one of Y,O;,
Y,0,8, NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl;,
La,0;, TiO,, LuPO,, YVO,, YbF;, YF;, Na-doped YbF, or
SiO, or alloys or layers thereof.

[0187] In one aspect of the invention, the energy modu-
lation agents can be used singly or in combination with other
down converting or up converting materials.

[0188] Below is a list of X-ray phosphors which can be
used in the present invention along with their corresponding
peak emission values.

TABLE 14

Emission

Spectrum X-ray Absorption Microstructure

Peak Emission Emiss Eff K-edge  Specific Crystal

# Phosphor (nm) (%) Eff (Z) (keV) Gravity Structure Hygroscopic
1 BaFCL:Eu?* 380 13 49.3 37.38 4.7  Tetragonal N
2 BaSO,:Eu?* 390 6 45.5 37.38 4.5 Rhombic N
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TABLE 14-continued
Emission
Spectrum X-ray Absorption Microstructure
Peak Emission Emiss Eff K-edge  Specific Crystal
# Phosphor (nm) (%) Eff (Z2) (keV) Gravity Structure Hygroscopic
3 LaOBr:Tm** 360, 460 14 49.3 38.92 6.3  Tetragonal N
4 YTaO, 337 59.8 67.42 7.5 Monolithic N
5 YTaO,:Nb 410 11 59.8 67.42 7.5 Monolithic N
)
6 CaWO, 420 5 61.8 69.48 6.1  Tetragonal N
7 LaOBr:Tb** 420 20 49.3 38.92 6.3  Tetragonal N
8 Yzozs:Tb3+ 420 18 34.9 17.04 4.9  Hexgonal N
9 ZnS:Ag 450 17 26.7 9.66 3.9 Hexgonal N
10 (Zn,Cd)S:Ag 530 19 384  9.66/267 4.8 Hexgonal N
11 Gd,0,S:Tb* 545 13 59.5 50.22 7.3 Hexgonal N
12 LazOzS:Tb3+ 545 12.5 52.6 38.92 6.5 Hexgonal N
Various plastic scintillators, plastic scintillator fibers and Other polymers are able to emit in the visible range and
related materials are made of polyvinyltoluene or styrene these include:
and fluors. These materials could be used in the present
invention especially if encapsulated or otherwise chemically TABLE 16
isolated from the target structure so not as to be dissolved or
otherwise deteriorated by the fluids of the target structure. # of
These and other formulations are commercially available, Phosphor Product Peak Emission  Photons Per
such as from Saint Gobain Crystals, as BC-414, BC-420, (Fiber Forms) Reference (nm) MeV
BC-422, or BCF-10.
Organic BCF-10 432 8000
TABLE 15 Organic BC-420 435 8000
Organic BC-422 492 8000
Product Peak Emission
Phosphor Reference (nm)
Organic BC-414 309 [9189] Table .17 shows a Wlde.VaI'l?ty. of energy mo.dule}-
Organic BC-420 391 tion agents which can be used in this invention, which is
Organic BC-422 370 provided as an exemplary list only and is not intended to be
limiting of the energy modulation agents useable in the
present invention.
TABLE 17
Emission X-Ray
Spectrum Absorption
Phosphor Peak Emission K-edge Specific Crystal
Color (nm) Emiss Eff (%) Eff () (keV) Gravity Structure Hygroscopic
Zn3(PO4)2:Tl+ 310 N
BaF2 310 Slightly
Csl 315 N
Ca3(PO4)2:Tl+ 330 N
YTaO4 337 59.8 67.42 7.5 Monolithic N
Csl:Na 338 Y
BaSi205:Pb2+ 350 N
Borosilicate 350 N
LaCl3(Ce) 350 Y
SrB40O7F:Eu2+ 360 N
RbBr:Tl+ 360 ?
(Ba,Sr,Mg,)35i207:Pb2+ 370 N
YAIO3:Ce3+ 370 N
BC-422 370 Organic ?
BaFCL:Eu2+ 380 13 49.3 37.38 4.7  Tetragonal N
BaSO4-:Eu2+ 390 6 455 37.38 4.5  Rhombic N
BaFBr:Eu2+ 390 ?
BC-420 391 Organic ?
BC-414 392 Organic ?
SrMgP207:Eu2+ 394 N
BaBr2:Eu2+ 400 N
(S1,Ba)Al2Si208:Fu2+ 400 N
YTaO4:Nb(*) 410 11 59.8 67.42 7.5 Monolithic N
Y2Si05:Ce3+ 410 N
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17
TABLE 17-continued
Emission X-Ray
Spectrum Absorption
Phosphor Peak Emission K-edge Specific Crystal
Color (nm) Emiss Eff (%) Eff (z) (keV) Gravity Structure Hygroscopic
CaWo0O4 420 5 61.8 69.48 6.1  Tetragonal N
LaOBr:Tb3+ 420 20 49.3 38.92 6.3  Tetragonal N
Y202S:Tb3+ 420 18 34.9 17.04 4.9  Hexgonal N
Lu2SiO5:Ce3+ 420 N
Lul.8Y0.28i05:Ce 420 N
ZnS:Ag 450 17 26.7 9.66 3.9 Hexgonal N
CdWO04 475 Slightly
Bi4Ge3012(BGO) 480 N
(Zn,Cd)S:Ag 530 19 384 9.66/26.7 4.8 Hexgonal N
Gd202S:Tbh3+ 545 13 59.5 50.22 7.3 Hexgonal N
La202S:Tb3+ 545 12.5 52.6 38.92 6.5 Hexgonal N
Y3AI5012(Ce) 550 N
LaOBr:Tm3+ 360, 460 14 49.3 38.92 6.3  Tetragonal N
CaF2(Eu) 435/300 N
[0190] By selection of one or more of the phosphors noted [0193] In a further embodiment, methods in accordance

above (or others known in the art), the present invention
permits one to provide in a vicinity of or within a target
structure one or more light emitters capable of emitting
different wavelengths corresponding to respective biological
responses, and permits the activation of one or more bio-
logical responses in the target structure depending on at least
one or more different wavelengths of light generated inter-
nally or provided internally within the subject, wherein the
different wavelengths activate the respective biological
responses (i.e., selective activation).

[0191] Another embodiment to deliver the energy modu-
lation agent-PA drugs involves the use of ferritin and apo-
ferritin compounds. There is increasing interest in ligand-
receptor-mediated delivery systems due to their non-
immunogenic and site-specific targeting potential to the
ligand-specific bio-sites. Platinum anticancer drug have
been encapsulated in apoferritin. Ferritin, the principal iron
storage molecule in a wide variety of organisms, can also be
used as a vehicle for targeted drug delivery. It contains a
hollow protein shell, apoferritin, which can contain up to its
own weight of hydrous ferric oxide-phosphate as a micro-
crystalline micelle. The 24 subunits of ferritin assemble
automatically to form a hollow protein cage with internal
and external diameters of 8 and 12 nm, respectively. Eight
hydrophilic channels of about 0.4 nm, formed at the inter-
sections of subunits, penetrate the protein shell and lead to
the protein cavity. A variety of species such as gadolinium
(Gd**) contrast agents, desferrioxamine B, metal ions, and
nanoparticles of iron salts can be accommodated in the cage
of'apoferritin. Various metals such as iron, nickel, chromium
and other materials have been incorporated into apoferritin.
Zinc selenide nanoparticles (ZnSe NPs) were synthesized in
the cavity of the cage-shaped protein apoferritin by design-
ing a slow chemical reaction system, which employs tet-
raaminezinc ion and selenourea. The chemical synthesis of
ZnSe NPs was realized in a spatially selective manner from
an aqueous solution, and ZnSe cores were formed in almost
all apoferritin cavities with little bulk precipitation.

[0192] Some of the phosphors used for psoralen activation
have a high atomic mass with a high probability of interac-
tion with the X-Ray photons. As a result, the phosphors are
also X-Ray contrasting agents. An image can be derived
through X-Ray imaging and can be used to pin-point the
location of the tumor.

with the present invention may further include adding an
additive to alleviate treatment side-effects. Exemplary addi-
tives may include, but are not limited to, antioxidants,
adjuvant, or combinations thereof. In one exemplary
embodiment, psoralen is used as the activatable pharmaceu-
tical agent, UV-A is used as the activating energy, and
antioxidants are added to reduce the unwanted side-effects
of irradiation.

[0194] The activatable pharmaceutical agent and deriva-
tives thereof as well as the energy modulation agent, can be
incorporated into pharmaceutical compositions suitable for
administration. Such compositions typically comprise the
activatable pharmaceutical agent and a pharmaceutically
acceptable carrier. The pharmaceutical composition also
comprises at least one additive having a complementary
therapeutic or diagnostic effect, wherein the additive is one
selected from an antioxidant, an adjuvant, or a combination
thereof.

[0195] As used herein, “pharmaceutically acceptable car-
rier” is intended to include any and all solvents, dispersion
media, coatings, antibacterial and antifungal agents, isotonic
and absorption delaying agents, and the like, compatible
with pharmaceutical administration. The use of such media
and agents for pharmaceutically active substances is well
known in the art. Except insofar as any conventional media
or agent is incompatible with the active compound, use
thereof in the compositions is contemplated. Supplementary
active compounds can also be incorporated into the com-
positions. Modifications can be made to the compound of the
present invention to affect solubility or clearance of the
compound. These molecules may also be synthesized with
D-amino acids to increase resistance to enzymatic degrada-
tion. If necessary, the activatable pharmaceutical agent can
be co-administered with a solubilizing agent, such as cyclo-
dextran.

[0196] A pharmaceutical composition of the invention is
formulated to be compatible with its intended route of
administration. Examples of routes of administration include
parenteral, e.g., intravenous, intradermal, subcutaneous, oral
(e.g., inhalation), transdermal (topical), transmucosal, rectal
administration, and direct injection into the affected area,
such as direct injection into a tumor. Solutions or suspen-
sions used for parenteral, intradermal, or subcutaneous
application can include the following components: a sterile
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diluent such as water for injection, saline solution, fixed oils,
polyethylene glycols, glycerin, propylene glycol or other
synthetic solvents; antibacterial agents such as benzyl alco-
hol or methyl parabens; antioxidants such as ascorbic acid or
sodium bisulfate; chelating agents such as ethylenedi-
aminetetraacetic acid; buffers such as acetates, citrates or
phosphates, and agents for the adjustment of tonicity such as
sodium chloride or dextrose. The pH can be adjusted with
acids or bases, such as hydrochloric acid or sodium hydrox-
ide. The parenteral preparation can be enclosed in ampoules,
disposable syringes or multiple dose vials made of glass or
plastic.

[0197] Pharmaceutical compositions suitable here for
injectable use include sterile aqueous solutions (where water
soluble) or dispersions and sterile powders for the extem-
poraneous preparation of sterile injectable solutions or dis-
persion. For intravenous administration, suitable carriers
include physiological saline, bacteriostatic water, or phos-
phate buffered saline (PBS). In all cases, the composition
must be sterile and should be fluid to the extent that easy
syringability exists. It must be stable under the conditions of
manufacture and storage and must be preserved against the
contaminating action of microorganisms such as bacteria
and fungi. The carrier can be a solvent or dispersion medium
containing, for example, water, ethanol, polyol (for example,
glycerol, propylene glycol, and liquid polyethylene glycol,
and the like), and suitable mixtures thereof. The proper
fluidity can be maintained, for example, by the use of a
coating such as lecithin, by the maintenance of the required
particle size in the case of dispersion and by the use of
surfactants. Prevention of the action of microorganisms can
be achieved by various antibacterial and antifungal agents,
for example, parabens, chlorobutanol, phenol, ascorbic acid,
thimerosal, and the like. In many cases, it will be preferable
to include isotonic agents, for example, sugars, polyalcohols
such as manitol, sorbitol, sodium chloride in the composi-
tion. Prolonged absorption of the injectable compositions
can be brought about by including in the composition an
agent which delays absorption, for example, aluminum
monostearate and gelatin.

[0198] Sterile injectable solutions can be prepared by
incorporating the active compound in the required amount in
an appropriate solvent with one or a combination of ingre-
dients enumerated above, as required, followed by filtered
sterilization. Generally, dispersions are prepared by incor-
porating the active compound into a sterile vehicle that
contains a basic dispersion medium and the required other
ingredients from those enumerated above. In the case of
sterile powders for the preparation of sterile injectable
solutions, methods of preparation are vacuum drying and
freeze-drying that yields a powder of the active ingredient
plus any additional desired ingredient from a previously
sterile-filtered solution thereof.

[0199] In one embodiment, the active compounds (phos-
phors and UVADEX) are prepared with carriers that will
protect the compound against rapid elimination from the
body, such as a controlled release formulation, including
implants and microencapsulated delivery systems. Biode-
gradable, biocompatible polymers can be used, such as
ethylene vinyl acetate, polyanhydrides, polyglycolic acid,
collagen, polyorthoesters, and polylactic acid. Methods for
preparation of such formulations will be apparent to those
skilled in the art. The materials can also be obtained com-
mercially. Liposomal suspensions (including liposomes tar-
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geted to infected cells with monoclonal antibodies to viral
antigens) can also be used as pharmaceutically acceptable
carriers. These can be prepared according to methods known
to those skilled in the art, for example, as described in U.S.
Pat. No. 4,522,811.

[0200] As shown above, the pharmaceutical compositions
can be included in a container, pack, or dispenser together
with instructions for administration. The instructions could
be in any desired form, including but not limited to, printed
on a kit insert, printed on one or more containers, as well as
electronically stored instructions provided on an electronic
storage medium, such as a computer readable storage
medium. Also optionally included is a software package on
a computer readable storage medium that permits the user to
integrate the information and calculate a control dose, to
calculate and control intensity of the irradiation source.
[0201] It will also be understood that the order of admin-
istering the different agents is not particularly limited. Thus
in some embodiments the activatable pharmaceutical agent
may be administered before the phosphors comprising the
novel phosphor-containing drug activator, while in other
embodiments the phosphors may be administered prior to
the activatable pharmaceutical agent. It will be appreciated
that different combinations of ordering may be advanta-
geously employed depending on factors such as the absorp-
tion rate of the agents, the localization and molecular
trafficking properties of the agents, and other pharmacoki-
netics or pharmacodynamics considerations.

[0202] Monte Carlo Derived Treatments

[0203] In the past, Monte Carlo (MC) models have been
developed to assist in modeling mammographic imaging
from different x-ray sources. Tzanakos et al. in the paper
entitled A Monte Carlo simulation model of mammographic
imaging with x-ray sources of finite dimensions, Phys Med
Biol. 2002 Mar. 21; 47(6):pp. 917-33, the entire contents of
which are incorporated by reference, describe a simulation
model of mammographic x-ray sources. The model in that
paper was based on MC methods and took into account the
electron penetration inside the anode, the anode geometry
and material, as well as the spectral and spatial distribution
of' x-rays. The main outputs of that model were Monte Carlo
generated images that corresponded to the irradiation of
properly designed phantoms. In this way, it was possible to
study the influence of x-ray source characteristics prior to
clinical studies.

[0204] One commercial MC based simulation tool is
described in The FLUKA Code: An Accurate Simulation
Tool for Particle Therapy, by Giuseppe Battistoni et al,
Front. Oncol., 11 May 2016 |http://dx.doi.org/10.3389/fonc.
2016.00116, the entire contents of which are incorporated
herein by reference. As described therein, MC simulations
have been a tool for the design of clinical facilities, provid-
ing a detailed description of the beam line and the delivery
system. In situations where experimental validation was
unavailable and/or analytical methods were inadequate, MC
simulation allowed patient-specific dose calculations to be
made.

[0205] In U.S. Pat. No. 6,148,272 (the entire contents of
which are incorporated herein by reference), there is
described a system and method for radiation dose calcula-
tion within sub-volumes of a Monte Carlo based particle
transport grid. In a first step of the method voxel volumes
enclosing a first portion of the target mass are received. A
second step in the method defines dosel volumes which
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enclose a second portion of the target mass and overlap the
first portion. A third step in the method calculates common
volumes between the dosel volumes and the voxel volumes.
A fourth step in the method identifies locations in the target
mass of energy deposits. And, a fifth step in the method
calculates radiation doses received by the target mass within
the dosel volumes. A common volume calculation module
inputs voxel volumes enclosing a first portion of the target
mass, inputs voxel mass densities corresponding to a density
of the target mass within each of the voxel volumes, defines
dosel volumes which enclose a second portion of the target
mass and overlap the first portion, and calculates common
volumes between the dosel volumes and the voxel volumes.
A dosel mass module, multiplies the common volumes by
corresponding voxel mass densities to obtain incremental
dosel masses, and adds the incremental dosel masses cor-
responding to the dosel volumes to obtain dosel masses. A
radiation transport module identifies locations in the target
mass of energy deposits. A dose calculation module, coupled
to the common volume calculation module and the radiation
transport module, for calculating radiation doses received by
the target mass within the dosel volumes. These dose cal-
culation steps would be suitable in the present invention for
calculation of the energy deposited at a diseased site to be
treated.

[0206] Indeed, in one embodiment of the present inven-
tion, Monte Carlo simulations are used to simulate both the
type of high energy x-ray source treating the patient and the
x-ray dose absorbed in a patient’s tumor region to be treated.
In one embodiment of the invention, standard MC simula-
tion tools are applied to model the x-ray source from a
commercial x-ray machine. The x-ray source models are
then compared to the measured x-ray flux as determined by
one or more sensors measuring the distribution of xrays
emitted from the x-ray source. Following confirmation or
refinement of the x-ray source model, the Monte Carlo
simulations are used to model the tumor treatment area of
the patient. In one embodiment, a CT scan is first used to
identify the distribution of bone tissue and soft issue in the
neighborhood of the tumor. From this distribution, the
Monte Carlo simulations then use a first principles calcula-
tion to determine where the x-rays (from the commercial
x-ray source) are absorbed respectively in the bone tissue
and soft tissue regions. While described below with respect
to x-ray exposure, the present invention is not so limited and
the modeling of other energy sources can be used, such as
exposure of a patient to electron beams, proton beams, ion
beams, gamma rays, and beta rays.

[0207] In a further embodiment of the present invention,
the Monte Carlo simulation can be used to determine a
psoralen activation field within a tumor, and use that deter-
mination to set the parameters of the irradiation source and
configuration to generate that psoralen activation field in-
vivo within the patient.

[0208] FIG. 19 is a composite micrograph showing a
canine cone-beam computed tomography (CBCT) image in
different perspectives and a FlukaFlair simulation of the
radiation dose received in the canine.

[0209] In one aspect of the invention, the x-ray source (or
high energy source) modeling and the x-ray penetration (or
energy dose distribution) modeling include parameters such
as the energy spectrum, the off-axis ratio, the half value
layer, the percent depth dose (PDD), and backscatter factor
(BSF) which are calculated and to the degree possible
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measured as confirmation of the model. A material’s half-
value layer (HVL), or half-value thickness, is the thickness
of the material at which the intensity of radiation entering it
is reduced by one half. The off-axis ratio (OAR) is the ratio
of off-axis dose to the central axis dose at the same depth.
The backscattered factor (BSF) is used to determine a true
absorbed dose from the factors by which the radiation dose
is increased by radiation scattered back from the body. Use
of the backscatter factor in calculations of the radiation dose
accounts for the radiation scattered backwards to the surface
of the patient, which like the forward radiation will be
absorbed.

[0210] Dosimetry Measurements for Model Verification:
[0211] FIG. 20A is a schematic depiction of the x-ray
source geometry, and FIG. 20B is a schematic depiction of
a simulated 80 KVp x-ray energy spectrum emanating from
the OBI device. The x-ray tube specifications including
target design, material composition, and density, and filtra-
tion systems were obtained from the manufacturer (Varian
Medical Systems, Palo Alto Calif.) and the manufacturer
provided Monte Carlo Data Package for the OBI37. While
the present invention is not limited to a particular x-ray
spectrum or source, 80 kVp spectrum from an on-board
imaging (OBI) on a Varian Trilogy linear accelerator
(LINAC) is of interest. The models simulated generation of
the 80 kVp spectrum. Specifically, FIG. 20B depicts the 80
kVp photon energy spectrum simulated from the x-ray
source geometry detailed above, the simulation using 5x108
histories and an energy bin size of 0.25 keV.

[0212] For the 80 kVp setting, verification measurements
included the beam quality defined using half value layer
(HVL) in pure aluminum, percent depth dose (PDD) curves,
backscatter factors (B), collimator scatter factor (Sc), heel
effect (off axis ratio), and quantification of leakage through
the collimators. All measurements were made so as to utilize
the on-board imaging (OBI) at source to surface distances
between 50-80 cm to minimize the required mAs per unit
dose and thus minimize tube heat loading.

[0213] The HVL was determined by measuring collected
charge from a farmer chamber placed at the isocenter (100
cm source to surface distance) with the x-ray tube oriented
below the isocenter (at 180°). A 5x5 cm? field size was set,
and collected charge was measured at a set mAs with
varying thicknesses of pure aluminum placed on the x-ray
housing window (located 14.8 cm from the source).
[0214] PDDs were measured at collimator (blade) sizes
ranging from 3-32 cm (defined at a distance from the source
of 100 cm) and source to surface distance of 50 cm and 70
cm using a combination of measurement devices including:
optically stimulated luminescence (OSL) dosimeters, a par-
allel plate chamber (model PPCOS, IBA Dosimetry), and
gafchromic film. Measurements were made both within
water and solid water that is tissue equivalent within the kV
range. When the gafchromic film was used, it was placed
within water at a slight (5°) angle relative to the kV source
using a three dimensioned jig, so that the primary beam was
attenuated by water rather than by the film itself; a total dose
of 1.52 Gy was delivered at the water surface. The film
optical density was read out using a flatbed optical scanner
at a resolution of 50 dpi using the red channel, and optical
density was converted to dose using a measured calibration
curve.

[0215] Sc is the ratio of dose in air measured at a given
field size with that at a reference field size. TG-61 is an
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AAPM (American Association of Physicists in Medicine)
protocol for x-ray beam characterization of developed by the
Radiation Therapy Committee Task Group 61, for reference
dosimetry of low- and medium energy x rays for radio-
therapy and radiobiology (40 kV<tube potential<300 kV).
Sc was measured using a farmer chamber and OSLs at an
SSD of 50 cm with the reference field size being 10x10 cm
(defined at the isocenter).

[0216] The backscatter factor (B) is defined as the ratio of
dose at the surface to dose in air, and is dependent on beam
quality, field size, and source to surface distance. The
backscatter factors B were measured using Gafchromic film
and OSLs at select field sizes as the ratio of dose measured
at a solid water surface and dose measured for film sus-
pended in air with plastic wrap. Backscatter factors for a
more comprehensive set of field sizes were obtained using
measurements at the phantom surface measured with a
plane-parallel chamber divided by the collimator scatter
factor and normalized using the previously measured Back-
scatter factors with a 10 cm field size. The measured
backscatter factors were compared to those tabulated in the
AAPM protocol for reference dosimetry in the orthovoltage
dose range. These tabulated values are derived from Monte
Carlo simulations and include source to surface distances up
to 50 cm. The factors from TG-61 were converted from
circular to square fields assuming that the backscatter factor
is equivalent for fields with equal areas.

[0217] Heel effect was measured using Gafchromic film
placed on the surface of solid water, located a distance of 50
cm from the source, receiving a total dose of 1 Gy.

[0218] Transmission through the collimator was deter-
mined using a farmer chamber near isocenter, and was
defined as the ratio of charge collected with and without the
collimator within the beam path (collimator closed).

[0219]

[0220] In one embodiment of the invention, given the
measured dosimetric data, the formalism below was used to
calculate a dose in water for simple, homogenous geometry.
This formalism is expressed in the equation 1 below:

Formalism for Absolute Dose Calculation in Water:

D(FS, d, L, SSDyyeat) =
_ SSDZ,
SSD?

treat
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2
——————— | -OARU
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[0221] This formulation was used for calculating the
required mAs (beam current) to deliver a dose D to a desired
point in water, where OF ,, is the dose in air per unit mAs
at a distance of SSD,, from the source (80 cm) with a square
field size of FS, - (8 cm at 80 cm from source). OF,,, is
measured and derived from the TG-61 calibration procedure
with an ADCL calibrated chamber and includes conversion
to air kerma and corrections for temperature, pressure, ion
recombination, polarity effect, electrometer accuracy, and
stem effect, but does not include conversion from dose in air
to dose in water nor backscatter factor. The ratio of average
mass energy-absorption coefficients water to air, free in air,
to convert air kerma to water kerma is included here and was
obtained from Table 4 of the TG-61 report.
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[0222] Monte Carlo Dose Calculation Including Tissue
Heterogeneity:
[0223] The formalism above provided the ability for abso-

Iute dose calculation in water with a phantom geometry;
however at kV energies, the dose effects of tissue hetero-
geneity are non-negligible. Because of this, in one embodi-
ment of the invention, a Monte Carlo based treatment
planning tool was developed that assessed dose distributions
within clinical situations. The simulation package used was
the FLUKA multi particle transport code version 2005. As
noted above, the x-ray tube specifications including target
design, material composition and density, and filtration
systems were obtained from the manufacturer (Varian Medi-
cal Systems, Palo Alto Calif.) and the manufacturer provided
Monte Carlo Data Package for the OBI37. The models
simulated generation of the 80 kVp spectrum, as shown in
FIG. 20B.

[0224] In one embodiment of the invention, the electron
beam impinging on the target was simulated as a parallel
rectangular source incident from the side with a monochro-
matic energy of 80 kV. The large focal spot size, in accor-
dance with the manufacturer’s specifications for the large
focal spot, was simulated. In one embodiment of the inven-
tion, the cathode geometry, anode geometry, tube housing,
and adjustable X and Y axis collimators were also simulated
according to the manufacturer specifications. (As a bowtie
filter is not used during X-PACT, it was not included in the
present MC simulations.)

[0225] In one embodiment of the invention, the initial
model of the OBI system was created for the Monte Carlo
simulations according to the manufacturer specifications,
which was used to calculate the Half Value Layer (HVL) in
aluminum. For the Monte Carlo simulations, the HVL was
calculated as the ratio of dose with and without the layer of
aluminum located at the Mylar window; the dose was
calculated in a 1 cm? voxel of water located 100 cm from the
focal spot in order to match the measurement conditions and
the field collimated to a 5 cmx5 cm square in order to
achieve narrow beam geometry. Discrepancies in the mea-
sured and MC calculated HVL were then minimized by
adjusting (in the model) the layers of oil, tungsten, and glass
that consist of the inherent filtration from the x-ray housing
in the Monte Carlo model.

[0226] In one embodiment of the invention, after this
tuning of the Monte Carlo model, the energy spectrum and
intensity distribution (heel effect) were calculated at a dis-
tance of 6 cm from the anode, and used to create a second
source geometry model. This simplified model included the
photon energy spectrum recreated at the position of the focal
spot, and included collimator jaws to shape the field accord-
ing to the planned treatment geometry. The heel effect was
modeled by defining source intensity as a function of angle
using the measured off axis ratio. In one embodiment of the
invention, this second model was then used to calculate
percent depth dose curves, backscatter factors, and collima-
tor scatter factors, which were compared to their measured
counterparts.

[0227] In one embodiment of the invention, the Monte
Carlo source model was applied to a clinical treatment
geometry with the X-PACT canine trial including an initial
CBCT acquired for planning purposes, which segmented air,
soft tissue, and bone in the CBCT, and then imported this
segmented geometry into the FLUKA Monte Carlo envi-
ronment for dose calculation.
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[0228] Verification Measurements and Results:

[0229] As noted above, the model development proceeded
by a characterization of OBI as a X-PACT kV Source. The
model includes the geometry of the electron gun and target
enclosed in a vacuum space, and optionally details of the
aperture emitting x-rays from the vacuum space, the alumi-
num pre-filter, the lead x-y blades and collimator. The source
geometry modeled in the FLUKA Monte Carlo software is
illustrated in FIG. 20A.

[0230] FIG. 21 is a schematic depiction of x-ray device
modeling showing verification of the MC simulation results
by measurements of the half value layer for different thick-
nesses of aluminum and the percent depth dose (PDD) in a
water phantom. The agreement with measurement is illus-
trated in FIG. 21, which shows the measured and modeled
attenuation of the beam by varying thicknesses of aluminum
(HVL) using a narrow beam geometry. The HVL was
measured to be 3.00£0.04 mm Al These measurements
compared to the simulated results verify the accuracy of the
MC simulations and the utility of the present inventive
approach.

[0231] FIG. 22 is a composite schematic showing on the
right side verification of the MC simulations with respect to
the off-axis ratio (OAR) of the x-ray energy spectrum
emanating from the OBI device at 80 KVp. The left side of
FIG. 22 shows EBT radiochromic film measurements which
were made to determine the back-scatter-factors which are
part of the commissioning data required by AAPM Task
Group report TG61.

[0232] FIG. 23 is a composite schematic showing verifi-
cation of the MC simulations with respect to the back
scattered factor (BSF) of the x-ray energy spectrum ema-
nating from the OBI device at 80 KVp and depositing its
energy in a water phantom. The schematic of kV x-ray
source model used for FLUKA Monte Carlo modeling of
backscatter factor is shown on left side, with the source
geometry was modeled using the vendor’s published speci-
fications

(Varian Medical Systems 2010).

[0233] In one embodiment of the invention, as shown, the
beam is introduced from the right-hand side of the canine
normal to the direction of the spine. In one embodiment of
the invention, the beam is introduced from a variety of
different angular directions in order to ascertain for example
which direction provides as much dose to the tumor before
exceeding the maximum dose permissible in the bone. In
one embodiment of the invention, the beam stops of the
x-ray source are varied to change the shape of the x-ray
bean, and different shapes of beams are evaluated in order to
ascertain for example which shape provides as much dose to
the tumor before exceeding the maximum dose permissible
in the bone. In one embodiment of the invention, the beam
energy is varied in order to ascertain for example which
beam energy provides as much dose to the tumor before
exceeding the maximum dose permissible in the bone.

[0234] In one embodiment of the invention, the x-ray
penetration (or dose distribution) modeling includes as noted
above a distribution of bone and soft tissue including the
tumor region being irradiated. The tumor region includes a
distribution of phosphors in the tumor region. In one
embodiment of the invention, the distribution includes a
concentration and concentration profile of the phosphors. In
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one embodiment of the invention, the modeling includes
information concerning the material of the phosphors and
their size.

[0235] In one embodiment of the invention, MC simula-
tions determine further a light field (UV or visible) emitted
from the phosphors upon irradiation with the x-rays from the
modelled x-ray device. In this way, optimized x-ray dose and
phosphor placements maximize the amount of light gener-
ated within the tumor region for the medical treatment of the
patient’s tumor. Accordingly, in one embodiment of the
invention, a Monte Carlo derived x-ray exposure is provided
which permits the clinician to set the x-ray device param-
eters and angle of entry and beam energy into the patient
such that the deposited x-ray energy resides in the tumor
without exceeding the permissible dose in nearby bone or at
the skin.

[0236] More specific to the model verification and use of
the TG-61 protocol, the dose in air located 80 cm from the
source (OF , ) was measured to be 9.58x10~* ¢cGy/mAs for
an 80 kVp beam with an 8 cmx8 cm square field size (at 80
cm from the source). Accordingly, the measured relationship
between dose per mAs and field size (Sc) is illustrated in
FIG. 24, where the nominal field size is defined at 100 cm
from the source. Specifically, FIG. 24 is a plot of relative
dose in air as a function of field size (Sc) for 80 kVp source
at 50 SSD, measured with a farmer ion chamber and
measures with the optically stimulated Iuminescence
devices OSLs. The curve for the OSLs is the logarithmic fit
of 67 OSL measurements (with 95% confidence interval),
which was within 1.5% of the ion chamber measurement for
nominal field sizes of 5 to 30 cm (at 50 SSD), with a
maximum difference of 2.3% at a nominal field size of 40
cm.

[0237] Measured and modeled backscatter factors (B) are
plotted in FIG. 25, with square field geometry at a 50 cm
distance from the source. For the OSL curve, the ratio was
first taken between readings from 37 OSL measurements and
the average of the OSL and ion chamber collimator scatter
factor curves (from FIG. 24), after which the backscatter
OSL measurements they were fit with a logarithmic curve
(with 95% confidence interval). The backscatter factor
curves were within 0.7%, 3.4%, and 2.4% of the TG-61 data
for surface field sizes of 5 to 15 cm for ion chamber, OSLs,
and Monte Carlo, respectively. Specifically, FIG. 25 is a
schematic showing comparative plots of the ratio of dose on
water surface to dose in air at the same position (backscatter
factor), for the 80 kVp source with a source to detector
distance of 50 cm. The measurements in FIG. 25 were made
with a farmer ion chamber and OSLs, and both indicated
increasing dose with field size. 67 OSL. measurements were
fit to a logarithmic curve (with 95% confidence interval),
which was within 1.5% of the ion chamber measurement for
nominal field sizes of 5 to 30 cm (at 50 SSD), with a
maximum difference of 2.3% at a nominal field size of 40
cm. FIG. 25 shows remarkable agreement between the
Monte Carlo model and that observed for OSLs, gafchromic
film, the parallel plate PP chamber, and TG-61. In one
embodiment of the invention, the backscatter factor com-
parison noted above is performed prior to treating a patient
to verify that the OBI device (or the x-ray source) has not
changed.

[0238] The measured and modeled depth dose curve(s) for
3x3 cm?, an 8x8 cm?, and 32x32 cm? square field sizes (at
surface) and an 80 cm SSD are illustrated in FIG. 26.
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Specifically, FIG. 26 is a schematic depiction of depth dose
curves for 80 kVp source at 80 cm source to surface distance
for 3 cm, 8 cm, and 32 cm field sizes (defined at surface) and
normalized at a depth of 1 cm. Solid points represent
measured values, while open points represent Monte Carlo
simulations. This x-ray device modeling shows verification
of'the MC simulation results by measurements of the percent
depth dose (PDD) in a water phantom. In one embodiment
of the invention, the percent depth dose (PDD) verification
noted above is performed prior to treating a patient to verify
that the OBI device (or the x-ray source) has not changed.
[0239] Off axis ratio due to heel effect is shown in FIG. 27,
which also used a 50 cm distance from the source. Specifi-
cally, FIG. 27 is a composite schematic showing verification
of the MC simulations with respect to the off-axis ratio
(OAR) of the x-ray energy spectrum emanating from the
OBI device at 80 KVp. FIG. 27 shows the relative dose at
water surface as a function of off axis distance in the toe-heel
axis for 80 kVp source with an SSD of 50 cm. In one
embodiment of the invention, the off-axis ratio (OAR)
verification noted above is performed prior to treating a
patient to verify that the OBI device (or the x-ray source) has
not changed.

[0240] In general, FIGS. 24-27 are data that is represen-
tative of the more comprehensive set of measured data that
was measured to enable dose calculations with the formal-
ism in Equation 1. The formalism in Equation 1 was verified
using OSL. measurements (N=10) made at various points
within solid water, with varying source to surface distances
(50-65 cm), field sizes (4x4-11x11 cm?), and treatment
depths (0-5 cm). The difference between measured and
expected dose for these verification measurements was
1%+4% (meanzstandard deviation).

[0241] FIGS. 28A and 28B show respectively the setup of
the dog in the room (first image) and the 3D model of the
anatomy from a CBCT (second image). This second image
is taken is not from the Monte Carlo simulation but shows
the type of structure accounted for in the Monte Carlo
simulation. The Monte Carlo was used to calculate the dose
distribution. A comparison of these two figures verifies the
accuracy of the x-ray device model and the x-ray penetration
(or dose distribution) modeling. In one embodiment of the
invention, the MC simulation to x-ray image comparison
verification noted above is performed prior to treating a
patient to verify that the OBI device (or the x-ray source) has
not changed.

[0242] FIG. 29 is a composite depiction showing a final
dose calculation using Monte Carlo modeling and canine
CBCT for example case in FI1G. 28. Thus, FIG. 29 shows the
dose distribution for one dog, overlaid with the CBCT image
of the dog’s anatomy.

[0243] The results show agreement between the measure-
ments and Monte Carlo simulations for HVL, percent depth
dose, and backscatter factor. In one embodiment of the
invention, one or more of these (or other) verification
techniques can be used prior to XPACT treatment to ensure
that the x-ray source has not changed its characteristics.
[0244] For the 80 kVp beam, the HVL was measured to be
3.00£0.04 mm of Aluminum. Absolute dose in air at 80 cm
from the source was 9.58x107> ¢cGy/mAs with an 8 cmx8 cm
square field size. At a source to surface distance of 80 cm
using the same blade settings, the depth dose was 71.3%,
37.2%, and 11.8% at 2, 5, and 10 cm, respectively. Colli-
mator scatter factor was non-negligible, with a 6.3%
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increase when the field size increased from 10x10 cm to
20x20 cm. The dose calculation hand formalism indicated
that 21 pulses of 160 mAs were required to deliver a
prescription dose at a depth of 1 cm. Measured backscatter
factors were aligned within 3.5% of values obtained from
the TG-61 protocol. The dose distribution for a canine
X-PACT treatment was calculated with using the Monte
Carlo planning tool and visualized at with a 1x1x2 mm?>
spatial resolution, and indicated a dose enhancement in hip
bone up to 4.5 Gy.

[0245] These simulations show the propensity of the x-ray
energy to be deposited into the bone tissue. A top view, side
view, and frontal view is shown. In one embodiment of the
invention, as shown, the beam is introduced from the
right-hand side of the canine normal to the direction of the
spine. In one embodiment of the invention, the beam is
introduced from a variety of different angular directions in
order to ascertain for example which direction provides as
much dose to the tumor before exceeding the maximum dose
permissible in the bone. In one embodiment of the invention,
the beam stops of the x-ray source are varied to change the
shape of the x-ray bean, and different shapes of beams are
evaluated in order to ascertain for example which shape
provides as much dose to the tumor before exceeding the
maximum dose permissible in the bone. In one embodiment
of the invention, the beam energy is varied in order to
ascertain for example which beam energy provides as much
dose to the tumor before exceeding the maximum dose
permissible in the bone.

[0246] In one embodiment of the invention, the x-ray
penetration (or dose distribution) modeling includes (as
noted above) a distribution of bone and soft tissue including
the tumor region being irradiated. The tumor region includes
a distribution of phosphors in the tumor region. In one
embodiment of the invention, the distribution includes a
concentration and concentration profile of the phosphors. In
one embodiment of the invention, the modeling includes
information concerning the material of the phosphors and
their size.

[0247] In one embodiment of the invention, MC simula-
tions determine further a light field (UV or visible) emitted
from the phosphors upon irradiation with the x-rays from the
modelled x-ray device. In this way, optimized x-ray dose and
phosphor placements maximize the amount of light gener-
ated within the tumor region for the medical treatment of the
patient’s tumor. Accordingly, in one embodiment of the
invention, a Monte Carlo derived x-ray exposure is provided
which permits the clinician to set the x-ray device param-
eters and angle of entry and beam energy into the patient
such that the deposited x-ray energy resides in the tumor
without exceeding the permissible dose in nearby bone or at
the skin.

[0248] Example X-PACT Canine Treatment:

[0249] A twelve-year old spayed female beagle dog/ca-
nine companion animal with a grade I soft tissue sarcoma
overlying the left hip was enrolled in the study, and was
prescribed to receive 10 fractions of X-PACT, with 5 frac-
tions being delivered per week. Prior to treatment, a simu-
lation was performed in which a kV CBCT was acquired of
the volume of interest and the attending oncologist veteri-
narian delineated the clinical tumor volume (CTV) on the
CT image and indicated the depth (at central axis) at which
0.6 Gy was to be prescribed (2.8 cm). A treatment plan was
prepared by defining collimator settings to deliver dose to
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the CTV with an added 1 cm margin. The 80 kVp irradiation
was planned as a single anterior field at a 50 cm SSD; mAs
for beam was determined by an absolute dose calculation to
the prescribed depth (ignoring heterogeneity) from Equation
1, consisting of 21 pulses of 160 mAs.

[0250] The planning CBCT was segmented and imported
into the FLUKA Monte Carlo program, and the CBCT
intensity values were assigned an effective Z based on their
segmentation (bone, soft tissue, lung, air). A Monte Carlo
simulation (1x109 primary histories) was carried out using
the machine parameters defined in the treatment plan, and
dose was calculated at 1x1xx2 mm> resolution and normal-
ized to the prescribed dose point.

[0251] At each treatment fraction, the subject was aligned
for treatment while under anesthesia, and a solution con-
taining co-incubated phosphors and psoralen were injected
directly into the tumor in a grid pattern in order to achieve
a diffused distribution. Immediately after injection, the SSD
was set to 70 cm using the optical distance indicator, the
target volume was aligned to the planned MV light field. The
Varian hardware has the capability to shine a light that
represents the x-ray beam onto the patient’s surface. The
planned MV light field is adjusted for SSD differences
between MV and kV sources, and 4 CT compatible fiducials
(for example small metal spheres “BBs”) were place on the
skin outlining the desired treatment area. Next the gantry
was rotated by 90° so that the kV source was incident, the
kV source was aligned to 80 cm from the isocenter (50 cm
SSD), and the planned collimator blades were set to their
pre-planned positions and verified under fluoroscopy. The
planned mAs was then delivered in pulses of 160 mAs each.
At the first treatment fraction, surface dose was verified via
a measurement with an Optically Stimulated Luminescence
(OSL) dosimeter, which matched to within 0.3%. The treat-
ment setup and 3D rendering from the CBCT are shown in
FIGS. 28A and 28B, while the isodose overlay on the CBCT
is shown in FIG. 29.

[0252] The limited penetration of the kV source; for
instance, FIG. 26 shows that at 5 cm the dose is <40% of the
surface dose. This limits the depth to which the phosphors
can be activated. In one embodiment of the invention,
rotational treatments offer the possibility of extending the
treatments to greater depths. By exposing the deeper regions
of the patient from x-rays coming from sources rotated off
a normal axis, the skin exposure can be reduced while the
cumulative x-ray dose in the deeper regions can be
increased.

[0253] While discussed above with regard to a canine, the
present invention is not so limited and other animal species
including human patients can benefit from this approach.
[0254] In one embodiment of the present invention, the
treatments and protocols described above are performed
with the assistance of pre-planned Monte Carlo derived
x-ray exposures. The Monte Carlo derived x-ray exposures
in one embodiment of the invention permit the settings of the
x-ray source and its dose energy and dose flux to be
optimized for the location and distribution of the tumor (or
diseased site) within the body.

[0255] In one embodiment, there is provided a system for
treating a disease in a subject in need thereof, which includes
a phosphor-containing drug activator and a photoactivatable
drug, one or more devices which infuse the photoactivatable
drug and the activator including the pharmaceutically
acceptable carrier into a diseased site in the subject; and an
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x-ray source which is controlled to deliver a pre-planned
Monte Carlo derived x-ray exposure to the subject for
production of ultraviolet and visible light inside the subject
to activate the photoactivatable drug and preferably induce
a persistent therapeutic response.

STATEMENTS OF THE INVENTION

[0256] The following numbered statements of the inven-
tion provide descriptions of different aspects of the invention
and are not intended to limit the invention beyond that of the
appended claims. While presented in numerical order, the
present invention recognized that the features set forth
below can be readily combined with each other as part of
this invention. Furthermore, the features set forth below can
be readily combined with any of the elements of the speci-
fication discussed above.

[0257] 1. A phosphor-containing drug activator activatable
from a Monte Carlo derived x-ray exposure for treatment of
a diseased site, comprising:

[0258] an admixture or suspension of one or more phos-
phors capable of emitting ultraviolet and visible light upon
interaction with X-rays;

[0259] wherein a distribution of the phosphors in the
diseased target site or an x-ray dose to the diseased site or
both is based on a Monte Carlo derived x-ray dose. As noted
above, phosphors and phosphor combinations and ratios of
different phosphors can be used in the present invention, and
the x-ray dose distribution preferably does not exceed a
maximum permissible dose in proximate bone tissue.
[0260] 2. The activator of statement 1, wherein said phos-
phors comprise Zn,Si0,:Mn** and (3Ca,(PO,),Ca(F, Cl),:
Sb>*, Mn?*) at a ratio from 1:10 to 10:1 or ratio from 1:5 to
5:1.

[0261] 3. The activator of statement 2, wherein said ratio
ranges from 1:2 to 2:1.

[0262] 4. The activator of statement 2, wherein said ratio
is about 1:2.

[0263] 5. The activator of statement 1, further comprising
8 MOP.

[0264] 6. The activator of statement 1, wherein said phos-
phors have a composition that emits said ultraviolet and
visible light at wavelengths which activate 8 MOP.

[0265] 7. The activator of statement 2, wherein the Monte
Carlo derived x-ray dose accounts for bone in a vicinity of
the diseased site to be treated.

[0266] 8. The activator of statement 2, wherein said
7n,Si0,:Mn** phosphor has cathodoluminescent emission
peaks at 160 nm, 360 nm, and 525 nm and said (3Ca;(PO,)
,Ca(F, Cl),: Sb**, Mn>*) phosphor has a cathodolumines-
cent emission edge at 400 nm and a cathodoluminescent
emission peaks at 570 nm.

[0267] 9. The activator of statement 1, wherein each of
said phosphors has a first coating comprising said ethylene
cellulose coating on the phosphor, and a second outer
coating comprising said diamond-like carbon coating on
said first coating.

[0268] 10. The activator of statement 1, wherein each of
said phosphors has an outer coating of said ethylene cellu-
lose coating.

[0269] 11. The activator of statement 1, wherein each of
said phosphors has an outer coating of said diamond-like
carbon coating
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[0270] 12. The activator of statement 10, wherein said
ethylene cellulose coating is present and has a thickness
between 10 and 100 nm.

[0271] 13. The activator of statement 10, wherein said
ethylene cellulose coating is present and has a thickness
between 30 and 60 nm.

[0272] 14. The activator of statement 11, wherein said
diamond-like carbon coating is present and has a thickness
between 50 and 200 nm.

[0273] 15. The activator of statement 11, wherein said
diamond-like carbon coating is present and has a thickness
between 75 and 125 nm.

[0274] 16. The activator of statement 2, wherein said
Zn,Si0,:Mn** phosphor has a size between 0.05 and 100
microns.

[0275] 17. The activator of statement 2, wherein said
Zn,Si0,:Mn** phosphor has a size between 0.1 and 50
microns.

[0276] 18. The activator of statement 2, wherein said
Zn,Si0,:Mn** phosphor has a size between 0.5 and 20
microns.

[0277] 19. The activator of statement 2, wherein said
(3Ca,y(PO,)2Ca(F, Cl),: Sb**, Mn**) phosphor has a size
between 0.05 and 100 microns.

[0278] 20. The activator of statement 2, wherein said
(3Ca,(PO,)2Ca(F, Cl),: Sb**, Mn**) phosphor has a size
between 0.1 and 50 microns.

[0279] 21. The activator of statement 2, wherein said
(3Ca,(PO,)2Ca(F, Cl),: Sb**, Mn**) phosphor has a size
between 0.5 and 20 microns.

[0280] 22. The activator of statement 1, which is a sus-
pension and wherein said phosphors and the pharmaceuti-
cally acceptable carrier comprise a sterile solution.

[0281] 23. The activator of statement 22, wherein a ratio
of phosphor weight to volume of the sterile suspension
ranges from 1 to 50 mg/mL.

[0282] 24. The activator of statement 22, wherein a ratio
of phosphor weight to volume of the sterile suspension
ranges from 5 to 25 mg/mL.

[0283] 25. The activator of statement 22, wherein a ratio
of phosphor weight to volume of the sterile suspension
ranges from 8 to 10 mg/mL.

[0284] 26. The activator of statement 1, wherein the
Monte Carlo derived x-ray dose is derived from at least one
of'a model of an x-ray source or a model of the diseased site
including bone structures present therein.

[0285] 27.The activator of statement 1, further comprising
an additive providing a therapeutic or diagnostic effect.
[0286] 28. The activator of statement 27, wherein the
additive comprises at least one of an antioxidant, an adju-
vant, or a combination thereof.

[0287] 29. The activator of statement 27, wherein the
additive comprises an image contrast agent.

[0288] 30. The activator of statement 27, wherein the
additive comprises a vaccine.

[0289] 31. A system for treating a disease in a subject in
need thereof, comprising:

[0290] the activator of one of statements 1-30 or combi-
nations thereof;

[0291] a photoactivatable drug;

[0292] one or more devices which infuse the photoacti-
vatable drug and the activator including the pharmaceuti-
cally acceptable carrier into a diseased site in the subject;
and
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[0293] an x-ray source which is controlled to deliver said
Monte Carlo derived x-ray exposure to the subject for
production of the ultraviolet and visible light inside the
subject to activate the photoactivatable drug and induce a
persistent therapeutic response, said dose comprising a
pulsed sequence of x-rays delivering from 0.5-2 Gy to the
tumor.

[0294] 32. The system of statement 31, wherein the pho-
toactivatable drug is untethered from the phosphors.
[0295] 33. The system of statement 31, wherein the one or
more devices administer the photoactivatable drug in accor-
dance with a volume of the diseased site.

[0296] 34. The system of statement 31, wherein

[0297] an amount of the phosphors in the pharmaceutical
carrier ranges from 0.1 to 0.66 milligrams of phosphor per
cm? of the volume of the diseased site, and

[0298] a concentration of the photoactivatable drug in the
pharmaceutical carrier ranges from 10 pg/ml to 50 pg/mlL..
[0299] 35. The system of statement 31, wherein the x-ray
source is configured to generate x-rays from a peak applied
cathode voltage at or below 300 kVp, at or below 200 kVp,
at or below 120 kVp, at or below 105 kVp, at or below 80
kVp, at or below 70 kVp, at or below 60 kVp, at or below
50 kVp, at or below 40 kVp, at or below 30 kVp, at or below
20 kVp, at or below 10 kVp, or at or below 5 kVp.

[0300] 36. The system of statement 31, wherein the dose
of x-rays comprises an amount to cause an auto-vaccine
effect in the human or animal body.

[0301] 37. The system of statement 31, wherein the x-ray
source is controlled during a booster treatment to repeat on
a periodic basis a treatment of the disecased site.

[0302] 38. The system of statement 37, wherein, in the
booster treatment, at least one of phosphor concentration,
photoactivatable drug concentration, and the radiation dose
is increased by a factor of at least two times, five times, or
ten times respective initial values.

[0303] 39. The system of statement 37, wherein the
booster treatment produces psoralen-modified cancer cells
or X-ray modified cancer cells.

[0304] 40. The system of statement 37, wherein the
booster treatment produces radiation damaged cancer cells.
[0305] 41. The system of statement 37, wherein a period
between booster treatments is delayed according to a toler-
ance level of the human or animal body for radiation-
modified cells generated during the booster treatment.
[0306] 42. The system of statement 31, wherein the x-ray
source directs x-rays to at least one of a tumor or a
malignancy.

[0307] 43. The system of statement 31, wherein the x-ray
source directs x-rays to at least one of a eukaryotic cell, a
prokaryotic cell, a subcellular structure, an extracellular
structure, a virus or prion, a cellular tissue, a cell membrane,
a nuclear membrane, cell nucleus, nucleic acid, mitochon-
dria, ribosome, or other cellular organelle.

[0308] 44. The system of statement 31, wherein the x-ray
source directs x-rays to a diseased site in a pulsed manner
having an on and off time.

[0309] 45. The system of statement 44, wherein the x-ray
source directs x-rays to the diseased site such that the on
time activates the phosphor and the off time is long enough
for decay of phosphor light emission.

[0310] 46. The system of statement 31, wherein the x-ray
source directs X-rays to a tumor or a malignancy in a pulsed
manner having an on and off time.
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[0311] 47. The system of statement 46, wherein the x-ray
source directs x-rays to the tumor or the malignancy such
that the on time activates the phosphor and the off time is
long enough for decay of phosphor light emission.

[0312] 48. The system of statement 31, wherein the x-ray
source directs x-rays to the diseased site according to a
predetermined radiation protocol such that a predetermined
change occurs in the diseased site.

[0313] 49. The system of statement 48, wherein said
predetermined change comprises at least one of 1) affects a
prion, viral, bacterial, fungal, or parasitic infection, 2) com-
prises at least one of one of tissue regeneration, inflamma-
tion relief, pain relief, immune system fortification, or 3)
comprises at least changes in cell membrane permeability,
up-regulation and down-regulation of adenosine triphos-
phate and nitric oxide.

[0314] 50. The system of statement 31, wherein the x-ray
source is controlled such that a dose of about 1 Gy is
delivered using twenty one x-ray pulses spaced apart by 10
seconds; and, each x-ray pulse of 800 ms is delivered from
the x-ray source set at a voltage of 80 kV and an amperage
of 200 mA.

[0315] 51. A method for treating a disease in a subject in
need thereof using the system of statement 31, comprising:
[0316] infusing the photoactivatable drug, and the activa-
tor including the pharmaceutically acceptable carrier into a
diseased site in the subject; and

[0317] delivering said Monte Carlo derived x-ray expo-
sure to the subject for production of the ultraviolet and
visible light inside the subject to activate the photoactivat-
able drug and induce a persistent therapeutic response, said
dose comprising a pulsed sequence of x-rays delivering from
0.5-2 Gy to the tumor.

[0318] 52. The method of statement 51, wherein infusing
comprises infusing the photoactivatable drug untethered
from the phosphors.

[0319] 53. The method of statement 51, wherein infusing
comprises administering the photoactivatable drug in accor-
dance with a volume of the diseased site.

[0320] 54. The method of statement 51, wherein

[0321] an amount of the phosphors in the pharmaceutical
carrier ranges from 0.1 to 0.66 milligrams of phosphor per
cm? of the volume of the diseased site, and

[0322] a concentration of the photoactivatable drug in the
pharmaceutical carrier ranges from 10 pg/ml to 50 pg/mlL..
[0323] 55. The method of statement 51, wherein deliver-
ing comprises generating x-rays from a peak applied cathode
voltage at or below 300 kVp, at or below 200 kVp, at or
below 120 kVp, at or below 105 kVp, at or below 80 kVp,
at or below 70 kVp, at or below 60 kVp, at or below 50 kVp,
at or below 40 kVp, at or below 30 kVp, at or below 20 kVp,
at or below 10 kVp, or at or below 5 kVp.

[0324] 56. The method of statement 51, wherein deliver-
ing comprises providing a dose of x-rays in an amount to
cause an auto-vaccine effect in the human or animal body.
[0325] 57. The method of statement 51, wherein deliver-
ing comprises providing a booster treatment which repeats
on a periodic basis a treatment of the diseased site.

[0326] 58. The method of statement 57, wherein, in the
booster treatment, at least one of phosphor concentration,
photoactivatable drug concentration, and the radiation dose
is increased by a factor of at least two times, five times, or
ten times respective initial values.
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[0327] 59. The method of statement 57, wherein the
booster treatment produces psoralen-modified cancer cells
or X-ray modified cancer cells.

[0328] 60. The method of statement 57, wherein the
booster treatment produces radiation damaged cancer cells.
[0329] 61. The method of statement 57, wherein a period
between booster treatments is delayed according to a toler-
ance level of the human or animal body for radiation-
modified cells generated during the booster treatment.
[0330] 62. The method of statement 51, wherein deliver-
ing comprises at least one of:

[0331] directing x-rays to instrumentation for verification
of the Monte Carlo derived x-ray exposure;

[0332] verifying the Monte Carlo derived x-ray exposure;
and
[0333] directing x-rays to a diseased site such as at least

one of a tumor or a malignhancy.

[0334] 63. The method of statement 51, wherein deliver-
ing comprises directing x-rays to at least one of a eukaryotic
cell, a prokaryotic cell, a subcellular structure, an extracel-
Iular structure, a virus or prion, a cellular tissue, a cell
membrane, a nuclear membrane, cell nucleus, nucleic acid,
mitochondria, ribosome, or other cellular organelle.

[0335] 64. The method of statement 51, wherein deliver-
ing comprises directing x-rays to a diseased site in a pulsed
manner having an on and off time.

[0336] 65. The method of statement 64, wherein deliver-
ing comprises directing x-rays to the diseased site such that
the on time activates the phosphor and the off time is long
enough for decay of phosphor light emission.

[0337] 66. The method of statement 51, wherein deliver-
ing comprises directing x-rays to a tumor or a malignancy in
a pulsed manner having an on and off time.

[0338] 67. The method of statement 66, wherein deliver-
ing comprises directing x-rays to the tumor or the malig-
nancy such that the on time activates the phosphor and the
off time is long enough for decay of phosphor light emission.
[0339] 68. The method of statement 51, wherein deliver-
ing comprises directing x-rays to the diseased site according
to a predetermined radiation protocol such that a predeter-
mined change occurs in the diseased site.

[0340] 69. The method of statement 68, wherein said
predetermined change comprises at least one of 1) affects a
prion, viral, bacterial, fungal, or parasitic infection, 2) com-
prises at least one of one of tissue regeneration, inflamma-
tion relief, pain relief, immune system fortification, or 3)
comprises at least changes in cell membrane permeability,
up-regulation and down-regulation of adenosine triphos-
phate and nitric oxide.

[0341] 70. The method of statement 51, wherein deliver-
ing comprises providing a dose of about 1 Gy using twenty
one x-ray pulses spaced apart by 10 seconds; and, each x-ray
pulse of 800 ms is delivered from an x-ray source set at a
voltage of 80 kV and an amperage of 200 mA.

[0342] 71. A method for treating a disease in a subject in
need thereof using the system of statement 31, comprising:
[0343] prior to treating the disease, performing a Monte
Carlo calculation to ascertain an x-ray energy distribution
inside a target site of the disease; and

[0344] delivering x-rays into the target site with an energy
spectrum and direction determined by the Monte Carlo
calculation.

[0345] 72. The method of statement 71, wherein perform-
ing a Monte Carlo calculation comprises introducing a
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modeled beam of x-rays from different angular directions in
order to ascertain which direction provides a dose to the
tumor before exceeding a maximum dose permissible in
nearby bone tissue.

[0346] 73. The method of statement 71, wherein perform-
ing a Monte Carlo calculation comprises introducing a
modeled beam of x-rays from different shaped beams in
order to ascertain which beam shape provides a dose to the
tumor before exceeding a maximum dose permissible in
nearby bone tissue.

[0347] 74. The method of statement 71, wherein perform-
ing a Monte Carlo calculation comprises introducing a
modeled beam of x-rays from different peak beam energies
in order to ascertain which peak beam energy provides a
dose to the tumor before exceeding a maximum dose per-
missible in nearby bone tissue

[0348] 75. The method of statement 71, wherein perform-
ing a Monte Carlo calculation comprises modeling the x-ray
penetration or absorbed dose distribution in the target site.
[0349] 76. The method of statement 75, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
distribution of bone and soft tissue including a tumor region
to be treated.

[0350] 77. The method of statement 75, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
concentration profile of the one or more phosphors in the
tumor region.

[0351] 78. The method of statement 75, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
material and size of the one or more phosphors.

[0352] 79. The method of statement 75, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling an
emitted light distribution from the one or more phosphors.
[0353] 80. A method for treating a disease in a subject in
need thereof using the system of statement 31, comprising:
[0354] prior to treating the disease, performing a Monte
Carlo calculation to ascertain an x-ray energy distribution
inside a target site of the disease; and

[0355] delivering the activator to the target site of the
disease in a distribution within the target site as determined
by the Monte Carlo calculation.

[0356] 81. The method of statement 80, wherein perform-
ing a Monte Carlo calculation comprises introducing a
modeled beam of x-rays from different angular directions in
order to ascertain which direction provides a dose to the
tumor before exceeding a maximum dose permissible in
nearby bone tissue.

[0357] 82. The method of statement 80, wherein perform-
ing a Monte Carlo calculation comprises introducing a
modeled beam of x-rays from different shaped beams in
order to ascertain which beam shape provides a dose to the
tumor before exceeding a maximum dose permissible in
nearby bone tissue.

[0358] 83. The method of statement 80, wherein perform-
ing a Monte Carlo calculation comprises introducing a
modeled beam of x-rays from different peak beam energies
in order to ascertain which peak beam energy provides a
dose to the tumor before exceeding a maximum dose per-
missible in nearby bone tissue
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[0359] 84. The method of statement 80, wherein perform-
ing a Monte Carlo calculation comprises modeling the x-ray
penetration or absorbed dose distribution in the target site.
[0360] 85. The method of statement 84, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
distribution of bone and soft tissue including a tumor region
to be treated.

[0361] 86. The method of statement 84, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
concentration profile of the one or more phosphors in the
tumor region.

[0362] 87. The method of statement 84, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling a
material and size of the one or more phosphors.

[0363] 88. The method of statement 84, wherein modeling
the x-ray penetration or absorbed dose distribution in the
target site comprises accommodating in the modelling an
emitted light distribution from the one or more phosphors.
[0364] 89. A system for treating a disease in a subject in
need thereof, comprising: a phosphor-containing drug acti-
vator and a photoactivatable drug, one or more devices
which infuse the photoactivatable drug and the activator
optionally including a pharmaceutically acceptable carrier
into a diseased site in the subject, and an x-ray source which
is controlled to deliver a Monte Carlo derived x-ray expo-
sure to the subject for production of ultraviolet and visible
light inside the subject to activate the photoactivatable drug.
[0365] 90. The system of statement 89 utilizing any of the
activator of statements 1-30, the system components of
statements 31-50, and/or implementing any of the methods
of statements 51-88.

[0366] Numerous modifications and variations of the
invention are possible in light of the above teachings. It is
therefore to be understood that within the scope of the
appended claims, the invention may be practiced otherwise
than as specifically described herein. All of the publications,
references, patents, patent applications, and other documents
identified above are incorporated by reference herein in their
entirety.

1. A phosphor-containing drug activator activatable from
a Monte Carlo derived x-ray exposure for treatment of a
diseased site, comprising:

an admixture or suspension of one or more phosphors

capable of emitting ultraviolet and visible light upon
interaction with X-rays;

wherein a distribution of the phosphors in the diseased

target site or an x-ray dose to the diseased site or both
is based on a Monte Carlo derived x-ray dose.

2. The phosphor-containing drug activator of claim 1,
wherein said phosphors comprise Zn,SiO,:Mn** and (3Ca,
(PO,),Ca(F, Cl),: Sh**, Mn*") at a ratio from 1:10 to 10:1
or ratio from 1:5 to 5:1.

3. The phosphor-containing drug activator of claim 2,
wherein said ratio ranges from 1:2 to 2:1.

4. The phosphor-containing drug activator of claim 2,
wherein said ratio is about 1:2.

5. The phosphor-containing drug activator of claim 1,
wherein said phosphors have a composition that emits said
ultraviolet and visible light at wavelengths which activate
8-methoxypsoralen (8-MOP).
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6. The phosphor-containing drug activator of claim 2,
wherein said Zn,SiO,:Mn** phosphor has cathodolumines-
cent emission peaks at 160 nm, 360 nm, and 525 nm.

7. The phosphor-containing drug activator of claim 2,
wherein said (3Ca,(PO,)2Ca(F, Cl),: Sb>*, Mn**) phosphor
has a cathodoluminescent emission edge at 400 nm and a
cathodoluminescent emission peaks at 570 nm.

8. The phosphor-containing drug activator of claim 1,
wherein each of said phosphors has a first coating compris-
ing said ethylene cellulose coating on the phosphor, and a
second outer coating comprising said diamond-like carbon
coating on said first coating.

9. The phosphor-containing drug activator of claim 1,
wherein each of said one or more phosphors has an outer
coating of said ethylene cellulose coating.

10. The phosphor-containing drug activator of claim 1,
wherein each of said one or more phosphors has an outer
coating of said diamond-like carbon coating.

11. The phosphor-containing drug activator of claim 9,
wherein said ethylene cellulose coating is present and has a
thickness between 10 and 100 nm.

12. The phosphor-containing drug activator of claim 9,
wherein said ethylene cellulose coating is present and has a
thickness between 30 and 60 nm.

13. The phosphor-containing drug activator of claim 10,
wherein said diamond-like carbon coating is present and has
a thickness between 50 and 200 nm.

14. The phosphor-containing drug activator of claim 10,
wherein said diamond-like carbon coating is present and has
a thickness between 75 and 125 nm.

15. The phosphor-containing drug activator of claim 2,
wherein said Zn,SiO,:Mn** phosphor has a size between
0.05 and 100 microns.

16. The phosphor-containing drug activator of claim 2,
wherein said Zn,SiO,:Mn>* phosphor has a size between 0.1
and 50 microns.

17. The phosphor-containing drug activator of claim 2,
wherein said Zn,SiO,:Mn** phosphor has a size between 0.5
and 20 microns.

18. The phosphor-containing drug activator of claim 2,
wherein said (3Ca,(PO,)2Ca(F, Cl),: Sb>*, Mn**) phosphor
has a size between 0.05 and 100 microns.

19. The phosphor-containing drug activator of claim 2,
wherein said (3Ca,(PO,)2Ca(F, Cl),: Sb>*, Mn**) phosphor
has a size between 0.1 and 50 microns.

20. The phosphor-containing drug activator of claim 2,
wherein said (3Ca,(PO,)2Ca(F, Cl),: Sb>*, Mn**) phosphor
has a size between 0.5 and 20 microns.

21. The phosphor-containing drug activator of claim 1,
wherein the Monte Carlo derived x-ray dose is derived from
at least one of a model of an x-ray source or a model of the
diseased site including bone structures present therein.

22. A system for treating a disease in a subject in need
thereof, comprising:

the activator of claim 1, including said one or more

phosphors;

a photoactivatable drug;

one or more devices which infuse the photoactivatable

drug and a suspension including a pharmaceutically
acceptable carrier into a diseased site of the subject;
and

an x-ray source which is controlled to deliver a Monte

Carlo derived x-ray exposure to the subject for produc-
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tion of the ultraviolet and visible light inside the subject
to activate the photoactivatable drug.

23. The system of claim 22, wherein the photoactivatable
drug is untethered from the phosphors.

24. The system of claim 22, wherein the Monte Carlo
derived x-ray exposure induces a persistent therapeutic
response, said dose comprising a pulsed sequence of x-rays
delivering from 0.5-2 Gy to the tumor.

25. The system of claim 22, wherein

an amount of the phosphors in the pharmaceutical carrier

ranges from 0.1 to 0.66 milligrams of phosphor per cm>
of the volume of the diseased site, and

a concentration of the photoactivatable drug in the phar-

maceutical carrier ranges from 10 pg/ml to 50 pg/mlL.

26. The system of claim 22, wherein the x-ray source is
configured to generate x-rays from a peak applied cathode
voltage at or below 300 kVp, at or below 200 kVp, at or
below 120 kVp, at or below 105 kVp, at or below 80 kVp,
at or below 70 kVp, at or below 60 kVp, at or below 50 kVp,
at or below 40 kVp, at or below 30 kVp, at or below 20 kVp,
at or below 10 kVp, or at or below 5 kVp.

27. The system of claim 22, wherein the Monte Carlo
derived x-ray dose accounts for bone in a vicinity of the
diseased site to be treated.

28. The system of claim 22, wherein the x-ray source is
controlled during a booster treatment to repeat on a periodic
basis a treatment of the diseased site.

29. The system of claim 28, wherein, in the booster
treatment, at least one of phosphor concentration, photoac-
tivatable drug concentration, and the radiation dose is
increased by a factor of at least two times, five times, or ten
times respective initial values.

30. The system of claim 28, wherein the booster treatment
produces psoralen-modified cancer cells or X-ray modified
cancer cells.

31. The system of claim 28, wherein the booster treatment
produces radiation damaged cancer cells.

32. The system of claim 28, wherein a period between
booster treatments is delayed according to a tolerance level
of the human or animal body for radiation-modified cells
generated during the booster treatment.

33. The system of claim 32, wherein the x-ray source
directs x-rays to at least one of a tumor or a malignancy.

34. The system of claim 32, wherein the x-ray source
directs x-rays to at least one of a eukaryotic cell, a prokary-
otic cell, a subcellular structure, an extracellular structure, a
virus or prion, a cellular tissue, a cell membrane, a nuclear
membrane, cell nucleus, nucleic acid, mitochondria, ribo-
some, or other cellular organelle.

35. The system of claim 32, wherein the x-ray source
directs x-rays to a diseased site in a pulsed manner having
an on and off time.

36. The system of claim 35, wherein the x-ray source
directs x-rays to the diseased site such that the on time
activates the phosphor and the off time is long enough for
decay of phosphor light emission.

37. The system of claim 22, wherein the x-ray source
directs x-rays to a tumor or a malignancy in a pulsed manner
having an on and off time.

38. The system of claim 37, wherein the x-ray source
directs x-rays to the tumor or the malignancy such that the
on time activates the phosphor and the off time is long
enough for decay of phosphor light emission.
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39. The system of claim 22, wherein the x-ray source
directs x-rays to the diseased site according to a predeter-
mined radiation protocol based on the Monte Carlo derived
x-ray dose and derived from at least one of a model of an
x-ray source or a model of the diseased site including bone
structures present therein, such that a predetermined change
occurs in the diseased site.

40. The system of claim 39, wherein

said predetermined change comprises at least one of 1)

affects a prion, viral, bacterial, fungal, or parasitic
infection, 2) comprises at least one of one of tissue
regeneration, inflammation relief, pain relief, immune
system fortification, or 3) comprises at least changes in
cell membrane permeability, up-regulation and down-
regulation of adenosine triphosphate and nitric oxide.

41. The system of claim 22, wherein the x-ray source is
controlled such that a dose of about 1 Gy is delivered using
twenty one x-ray pulses spaced apart by 10 seconds; and,
each x-ray pulse of 800 ms is delivered from the x-ray
source set at a voltage of 80 kV and an amperage of 200 mA.

42. A method for treating a disease in a subject in need
thereof using the system of claim 22, comprising:

infusing the 8-methoxypsoralen (8-MOP) and the suspen-

sion including the pharmaceutically acceptable carrier
into a diseased site in the subject; and

delivering said Monte Carlo derived x-ray exposure to the

subject for production of the ultraviolet and visible
light inside the subject to activate the photoactivatable
drug and induce a persistent therapeutic response, said
dose comprising a pulsed sequence of x-rays delivering
from 0.5-2 Gy to the tumor.

43. The method of claim 42, wherein infusing comprises
infusing the photoactivatable drug untethered from the phos-
phors.

44. The method of claim 42, wherein infusing comprises
administering the photoactivatable drug in accordance with
a volume of the diseased site.

45. The method of claim 42, wherein

an amount of the phosphors in the pharmaceutical carrier

ranges from 0.1 to 0.66 milligrams of phosphor per cm®
of the volume of the diseased site, and

a concentration of the photoactivatable drug in the phar-

maceutical carrier ranges from 10 ng/mL to 50 ng/mL.

46. The method of claim 42, wherein delivering com-
prises generating x-rays from a peak applied cathode voltage
at or below 300 kVp, at or below 200 kVp, at or below 120
kVp, at or below 105 kVp, at or below 80 kVp, at or below
70 kVp, at or below 60 kVp, at or below 50 kVp, at or below
40 kVp, at or below 30 kVp, at or below 20 kVp, at or below
10 kVp, or at or below 5 kVp.

47. The method of claim 42, wherein delivering com-
prises providing a dose of x-rays in an amount to cause an
auto-vaccine effect in the human or animal body.

48. The method of claim 42, wherein delivering com-
prises providing a booster treatment which repeats on a
periodic basis a treatment of the diseased site.

49. The method of claim 48, wherein, in the booster
treatment, at least one of phosphor concentration, photoac-
tivatable drug concentration, and the radiation dose is
increased by a factor of at least two times, five times, or ten
times respective initial values.

50. The method of claim 48, wherein the booster treat-
ment produces psoralen-modified cancer cells or X-ray
modified cancer cells.
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51. The method of claim 48, wherein the booster treat-
ment produces radiation damaged cancer cells.

52. The method of claim 48, wherein a period between
booster treatments is delayed according to a tolerance level
of the human or animal body for radiation-modified cells
generated during the booster treatment.

53. The method of claim 42, wherein delivering com-
prises at least one of:

directing x-rays to instrumentation for verification of the

Monte Carlo derived x-ray exposure;

verifying the Monte Carlo derived x-ray exposure; and

directing x-rays to a discased site.

54. The method of claim 42, wherein delivering com-
prises directing x-rays to at least one of a eukaryotic cell, a
prokaryotic cell, a subcellular structure, an extracellular
structure, a virus or prion, a cellular tissue, a cell membrane,
a nuclear membrane, cell nucleus, nucleic acid, mitochon-
dria, ribosome, or other cellular organelle.

55. The method of claim 42, wherein delivering com-
prises directing x-rays to a diseased site in a pulsed manner
having an on and off time.

56. The method of claim 55, wherein delivering com-
prises directing x-rays to the diseased site such that the on
time activates the phosphor and the off time is long enough
for decay of phosphor light emission.

57. The method of claim 42, wherein delivering com-
prises directing x-rays to a tumor or a malignancy in a pulsed
manner having an on and off time.

58. The method of claim 57, wherein delivering com-
prises directing x-rays to the tumor or the malignancy such
that the on time activates the phosphor and the off time is
long enough for decay of phosphor light emission.

59. The method of claim 42, wherein delivering com-
prises directing x-rays to the diseased site according to a
predetermined radiation protocol such that a predetermined
change occurs in the diseased site.

60. The method of claim 59, wherein

said predetermined change comprises at least one of 1)

affects a prion, viral, bacterial, fungal, or parasitic
infection, 2) comprises at least one of one of tissue
regeneration, inflammation relief, pain relief, immune
system fortification, or 3) comprises at least changes in
cell membrane permeability, up-regulation and down-
regulation of adenosine triphosphate and nitric oxide.

61. The method of claim 42, wherein delivering com-
prises providing a dose of about 1 Gy using twenty one x-ray
pulses spaced apart by 10 seconds; and, each x-ray pulse of
800 ms is delivered from an x-ray source set at a voltage of
80 kV and an amperage of 200 mA.

62. A method for treating a disease in a subject in need
thereof using the system of claim 22, comprising:

prior to treating the disease, performing a Monte Carlo

calculation to ascertain an x-ray energy distribution
inside a target site of the disease; and

delivering x-rays into the target site with an energy

spectrum and direction determined by the Monte Carlo
calculation.

63. The method of claim 62, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
x-rays from different angular directions in order to ascertain
which direction provides a dose to the tumor before exceed-
ing a maximum dose permissible in nearby bone tissue.

64. The method of claim 62, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
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x-rays from different shaped beams in order to ascertain
which beam shape provides a dose to the tumor before
exceeding a maximum dose permissible in nearby bone
tissue.

65. The method of claim 62, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
x-rays from different peak beam energies in order to ascer-
tain which peak beam energy provides a dose to the tumor
before exceeding a maximum dose permissible in nearby
bone tissue

66. The method of claim 62, wherein performing a Monte
Carlo calculation comprises modeling the x-ray penetration
or absorbed dose distribution in the target site.

67. The method of claim 66, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a distribution of
bone and soft tissue including a tumor region to be treated.

68. The method of claim 66, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a concentration
profile of the one or more phosphors in the tumor region.

69. The method of claim 66, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a material and
size of the one or more phosphors.

70. The method of claim 66, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling an emitted light
distribution from the one or more phosphors.

71. A method for treating a disease in a subject in need
thereof using the system of claim 22, comprising:

prior to treating the disease, performing a Monte Carlo

calculation to ascertain an x-ray energy distribution
inside a target site of the disease; and

delivering the activator to the target site of the disease in

a distribution within the target site as determined by the
Monte Carlo calculation.

72. The method of claim 71, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
x-rays from different angular directions in order to ascertain
which direction provides a dose to the tumor before exceed-
ing a maximum dose permissible in nearby bone tissue.
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73. The method of claim 71, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
x-rays from different shaped beams in order to ascertain
which beam shape provides a dose to the tumor before
exceeding a maximum dose permissible in nearby bone
tissue.

74. The method of claim 71, wherein performing a Monte
Carlo calculation comprises introducing a modeled beam of
x-rays from different peak beam energies in order to ascer-
tain which peak beam energy provides a dose to the tumor
before exceeding a maximum dose permissible in nearby
bone tissue

75. The method of claim 71, wherein performing a Monte
Carlo calculation comprises modeling the x-ray penetration
or absorbed dose distribution in the target site.

76. The method of claim 75, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a distribution of
bone and soft tissue including a tumor region to be treated.

77. The method of claim 75, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a concentration
profile of the one or more phosphors in the tumor region.

78. The method of claim 75, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling a material and
size of the one or more phosphors.

79. The method of claim 75, wherein modeling the x-ray
penetration or absorbed dose distribution in the target site
comprises accommodating in the modelling an emitted light
distribution from the one or more phosphors.

80. A system for treating a disease in a subject in need
thereof, comprising:

a phosphor-containing drug activator and a photoactivat-

able drug;

one or more devices which infuse the photoactivatable

drug and the activator into a diseased site in the subject;
and

an x-ray source which is controlled to deliver a Monte

Carlo derived x-ray exposure to the subject for produc-
tion of ultraviolet and visible light inside the subject to
activate the photoactivatable drug.
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