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Indirect radiation therapy and therapeutic imaging

PAT /PXT: Lu,Gd + Yy = n-e”  Auger-electrons —> R* radicals —> DNA inactivation @ tumor
Fig.1: Photon activation therapy PAT (PXT) inactivates cancer cells by secondary radiation products

after specific absorption of synchrotron X-ray photons at the K-edge of the target material.

Therapy of cancer and specific imaging can be extended by indirect radiation therapy IRT using
heavy metal targets with synchrotron X-ray radiation, as shown in figure 1, or neutrons (Gd).

The healing effect of indirect radiation therapy, cell inactivation by secondary radiation products after
specific beam absorption, is superimposed by unspecific radiation absorption elsewhere, which may
cause radiation damages. In our concept the ratio of healing to damage effects is improved
with target nanoparticles which are based on two principles (figure6,7): slow diffusion and magnetism

— concentration of about 1000,000 target atoms in nanoparticles
—local enrichment of the nanoparticles by magnetic forces at the tumor site

We wuse target nanoparticles, which can be locally concentrated, as shown in figure3:
i) target liposomes (magnetic), which bear the water soluble target in the entrapped lumen, and
ii) double-shell poly-Ferrofluids, containing the target in a surface layer. Our target nanoparticles are
biocompatible. The heavy metal is applied as extremly stable metal-chelate complex, e.g. Lutetium-
DTPA (fig.3, no metabolism; Gd-DTPA is usual in MRI imaging (2g) ).
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Nano-therapy : target concentration and local enrichment
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Fig.6: Nanotherapy improves the effect of molecular active substances (drug, target) twice:

~1,000,000 molecules are concentrated in nanoparticles, which are enriched at the tumor locally.

Thus unfavorate side effects of conventional therapy are reduced, the healing dose is incresed.

a) magnetic target liposome b) target poly-Ferrofluid c) biocompatible target
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Fig.7: Magnetic and target entities (T) for nanotherapy can be introduced in magnetic liposomes
(a), or in double-shell poly-Ferrofluids (b). The Lanthanide-DTPA complexes are biocompatible.

The healing effect of indirect radiation therapy, cell inactivation by secondary radiation products after
specific beam absorption by the target metal, is superimposed by unspecific radiation absorption
elsewhere, which may cause radiation damages. A therapy quality factor Rz can be defined, which is
given by the relation of the radiation absorption contributions of therapeutic target (T, specific) and body
(B, unspecific), and the corresponding doses D and quality factors Q (Equ.l) [1]. The dose can be
precisely estimated and predicted by transmission measurements under therapy conditions, i.e. above and
below the absorption K-edge (contrast imaging, tomography). This leads us to a therapeutic imaging
postulate, at least for adjuvant therapy, which tries to cure cancer completely.

Postulate : Q; / Dg* Qg (equ.1)

Relative therapy effect R.g= D;*

Target materials and properties

An effective (adjuvant) cancer therapy target should be visible by in vivo contrast imaging (therapeutic imaging)

Absorption - dose calculation : human head with a brain tumor

local flux, dose
tumor

Tablel: Z |Ex dyg [em] | 1-Typo | 1-Tieo | Physiol. | 1-Ty target- Ryg = Iy/Ig, (6+6) cm
[keV]|inH,O |[lcm @ |12 cm |possible |tumeor d=1 cm, |H,0-head dummy,
Element K-edge |~head | concentr. | metal-c= Cypyin | 1 cm tumor-target
I Todine 53 133.17 |0.93 0.525 0.9998 |1 M ~0.6 0.007; before tumor!
Pt cis-Platinum |78 | 78.39 | 11.4 0.059 0.518 [0.001M |~10.0006 ~ 0.0008; conc. low
Hf Hafnium 72 65.35|6.6 0.100 0.716 |?7(0.2M) | ?(~0.12) ? (0.1) tox. unknown
La Lanth 57/38.92 1.4 0.370  [0.996 |025M+ |~0.2 (calc) 0.013 // 2x6 cm H,0
Gd Gadelini 64 150.24 3.0 0206  [0.938 |0.25M+ | 0.239, see fig.4 | 0.063 // 2x6 cm H,O
Lu Luteti 71163.31]6.0 0.109  [0.750 |0.25M + | 0.154, see fig.5 | 0.098 // 2x6 cm H,0
tonsty 105,6)
ool MY 1) £8 oo Lutetium photon absorption
- f ) ~—— wiTooser 1000000 o oetaes
remno << 1=
ool o} sewpeomareoms sens0 “ 100000
- ‘ ann i e
- 5 e ) | e
2 lov Xray RT
o 0000 - 0 § |
Gacwate i e £ w ! &8
2 . - |
‘es

W W W E eV oor o1 1 10

Photon energy [keV] strctwre  |RT direct RT

Fig.8-10: Stable Lanthanide-DTPA complexes are suitable for IRT and therapemlrtlimc imaging due to
their biocompatibility and high solubility. The best absorbing is Lutetium; E; = 63 keV; d,, = 6 cm.
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Fig.2: Dose-transmission calculation for a human head with a brain tumor (1cm) and Lutetium-target (2cm).

Therapeutic imaging test : dummy experiment with a rat skull + water
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Fig.3,4: A rat head with a brain tumor and Lutetium-target (4 mm) was simulated by a water-rat-skull
dummy. The phase-contrast projection image yielded the detection limit and the suitable therapy conditions.

Therapeutic imaging : first in vivo treatment (rat brain)

Lu -imaging
(below - above K)
10 yl Lu-DTPA
0.253 M; 440 ug Lu
17 min. after injection

17 min.

rat

Fig.5: A rat was subjected to therapeutic imaging after intracranial injection of 10 ul Lutetium-target (0.44
mg) during anaestesia. The animal survived during subsequent tomography experiments (target kinetics; Sh).

The comparison of possible target materials in tablel indicates three important properties:
biocompatibility (non toxic), high target solubility and suitable K-energy range, which result in a
sufficient half-path absorption length d,,, in body. Thus trials with I and Pt were interupted.

-The most specifically absorbing are the rare earth elements Lutetium, to Gadolinium (fig.8-10).

-Target-irradiation and biocompatibility cell tests with living bacteria (Micrococcus luteus) and rat
9L & F98 tumor cells (not shown), we were successful in therapeutic imaging and treatment.

-Model calculations (fig.6) indicated, that only highly concentrated targets of high Z fulfill the
therapeutic imaging postulate. The heaviest element is Lutetium-DTPA (biocompatible)

- Dummy tests with a water-rat-skull target system (fig.3,4) yielded the phase contrast detection
limit of 10 pl solution of 25 mM LuDTPA, and were the pre-requisite for the in vivo experiments

- The first in vivo treatment and therapeutic imaging with a rat (fig.5) was successful.

-First cancer treatment tests with tumor rats (fig.11) resulted in prolonged survival after treatment.
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Fig.11: First successful cancer treatment tests with rats bearing brain-tumors from F98 cells.
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Abbreviations :  NCT = Neutron Capture Therapy; PAT = Photon Activation Therapy; PXT = Photodynamix X-ray Therapy;

DTPA = Di-cthylene-Triamine-Penta-Acetic acid (Complexon V); Gd- &Lu-DTPA was produced by the STS method

Acknowledgements: We thank T. Brochard for excelent support, and the ministrry of science and technology BMBF for financial support.

The target materials in biocompatible formulation (key) Gd-DTPA (Lanthavist G), Lu-DTPA (Lanthavist L), target
liposomes and the magnetic Ferrofluid nanoparticles were a gift of FerroMed (www.ferromed.de).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


