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Abstract
The recent understanding that most TP53-intact normal tissues are Low-Dose Hypersensitive (LDHS) and Low-Dose Apoptotic 
(LDA) implies that the well-known fractionation window at ≈ 2 Gy/Fr defines the optimal tolerance level for most organs at 
risk and not at all the tumor dose as still is customary today when using IMRT. This necessitates new approaches to biologically 
optimized radiation therapy, requiring that the maximum dose to organs at risk should be ≤2.3 Gy/Fr, and especially that it should 
be of low ionization density and LET. Today we know that the fractionation window is due to a low-dose initiation of full DNA 
repair capability in normal tissues first after ≈½ Gy, and we should use this acquired repair advantage to its full extent up to 
≈2.3 Gy where the High Dose Apoptosis (HDA) may set in. Thus biologically optimized treatments should be focused on the 
application of a low number of high tumor-dose intensity- and/or radiation quality-modulated photon, electron or lower LET light 
ion beams. Doing so, reduces the integral dose delivery and the risk for secondary cancers and generates a real tumor cure without 
risk for caspase-3-induced accelerated tumor cell repopulation. The light ions should truly have the lowest possible LET in normal 
tissues to retain the fractionation window property but still have a high LET only in the gross tumor region to simultaneously 
maximize tumor cell inactivation. This necessitates the use of the lightest ions, from helium to ≈boron, as this fractionation 
advantage is practically lost for carbon and heavier ions. This unique property of the lightest ions is combined with the highest 
possible apoptosis and senescence in front of the Bragg peak and can best be characterized as allowing molecular radiation 
therapy since surrounding normal tissues are only exposed to a low dose and LET that causes easily repairable damage. Many 
other new associated ideas are also discussed, such as optimal use of IMRT, molecular tumor imaging with MRSI, PET-CT and 
phase contrast X-rays, TP53 cell survival radiation biology, biologically optimized radiation therapy: BIOART, quantum biology 
of curative radiation therapy, 4D-space-time radiation therapy optimization, influence of microdosimetric heterogeneity on the 
dose response relation, optimal time dose fractionation, accounting for tumor hypoxia, biologically optimal radiation quality, 
secondary cancer risks, mutant TP53 reactivation, and optimal dose delivery techniques since they are all involved directly or 
indirectly in these new principles for true optimization of radiation therapy.
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Introduction
The interaction of beams of different ionizing radiation 

with living normal tissues and tumors is one of the most complex 
biomedical problems since it requires detailed knowledge about the 
atomic and nuclear physics of the therapeutic beams as well as the 
complex interaction of their generated secondary electrons, and the 
molecular biology of living tissues and cells including their complex 
damage repair systems [1-3]. Detailed knowledge about radiation-
induced cellular damage and repair is the key to optimal safety in the 
therapeutic and diagnostic use and understanding of optimal high- 
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quality radiation beams. Biologically optimized intensity-modulated photons, electrons, and light ions represent the ultimate development 
of radiation therapy today approaching the border of molecular radiation therapy, as illustrated in Figures 1 and 4 [4]. Interestingly, the 
imparted absorbed dose and biological effect distributions to normal tissues can be designed so they are as low as possible from a radiation 
physical point of view; at the same time, as their therapeutic effect on radiation-resistant tumor cells is as high as possible from a radiation 
biological point of view [4-6]. With the lightest ions above protons: He-B, the border region between the clinical gross tumor and the 
associated internal target volume due to tumor and tissue motions in relation to surrounding healthy normal tissues can be set as narrow 
as physically possible. In addition, the optimal number of treatment fractions can be substantially reduced, and the curative gain factor 
on radiation-resistant hypoxic tumor cells may generally be more than doubled compared to low ionization density photons, electrons, 
and protons. Figure 1 shows how the optimal selection of therapeutic beams can be arranged and the intensity and energy modulation is 
shaped to maximize the complication-free cure probability for the patient with minimal risk for side effects in normal tissues [2, 5, 6].

Figure 1: The fantastic power available by employing biologically optimized inversely planned radiation therapy where the intensity 
of each pencil beam can be directed and modulated to maximize the complication free cure [4, 6]. If the approximate sensitivity of the 
tumor can be determined from its response the first week of therapy and the normal tissue responses are generally quite well know 
from historical data (!; cf. Figures 10- 12, 23, [4, 5]), it is possible to derive the biologically optimal beam directions and their intensity 
modulation by dynamic multi leaf collimation or scanning pencil beams (? ; [5]). It is even possible to find the optimal combination 
of low and high ionization density radiation (cf. Figures 9, 14, 27 below) and their incident energy spectra as well as the ideal time 
dose fractionation pattern, Figure 20 [1-3], using the biologically optimized complication free cure (P+) or more complex optimization 
strategies (P++: P+ with concomitant constrained injury minimization [4, 5]). In addition, if we have information about the interaction of 
the radiation modalities of interest with other chemotherapeutic agents and compounds of preference, the combined treatment schedule 
can also be optimized in biological terms. During the last week of conventional curative treatment, only a hand full of tumor clonogens 
remains in the target volume, as indicated in the figure, and they should then preferably be treated with the most microscopically uniform 
and homogeneous electron or photon beams (cf. Figures 13 and 18). This is optimal since both the particle beams and the tumor cells 
are quantized, and thus, some tumor clonogens may be protected from lethal hits by the inevitable cold spots between the ions during 
the last few and normally most curative therapeutic dose fractions, Figures 13, 15, 18 [1-5]! This will be the optimal approach since 
the most severe hypoxia is generally gone, especially after a last weekend of effective homologous recombination repair and tumor 
cell reoxygenation such that an excessively elevated ionization density and LET (linear energy transfer) may no longer be necessary 
(cf Figure 21, [2]). Furthermore, the steepest possible dose response is achieved, and thus, the possibility of truly maximizing the 
complication-free cure as clearly demonstrated in Figures 18a, b and 25.
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Interestingly, the present review brings in several new findings and understandings that strongly influence these processes in 
many important classical areas of interest that urgently need reconsideration. Based on directly observed clinical tumor reactions for 
the individual patient (In Vivo predictive assay) and historically established dose response parameters of most normal tissues (γ, D50, 
σ50, s, [6]) advanced biological therapy optimization is possible (Figure 1). Depending on the charge and mass of the particle beams, 
their fluence and ranges are exponentially absorbed for uncharged neutrons and photons, whereas electrons and light multiply charged 
ions have charge- dependent stopping powers due to electromagnetic interactions, and come to rest within a finite range in body tissues. 
Interestingly, in addition all ions similar to neutrons also have exponential attenuation due to their nuclear collisions, which severely 
reduces their fluence at a depth, especially for heavier ions beyond carbon (cf Figure 27 and [7]: Figure 8). This greatly influences 
their clinical usefulness for radiation therapy, as discussed in further detail in Figures 2 and 29 below. For example, the first study of 
Neon ions was less advantageous than initially expected due to their high nuclear attenuation. This resulted in high stopping power and 
fragmentation tails also in normal tissues, even though the high LET was a clear improvement for hypoxic tumors. The clinical situation 
was somewhat reminiscent of the problems facing neutron therapy ([7, 8], see Figures 14, 16, 29). In particular, the microdosimetric 
quantities in Figure 14 of different radiation therapy beams show that both carbon and particularly neon ion SOBP have too high 
biological effect in normal tissues both in the entrance, plateau region and behind the tumor in the fragmentation tail to be far from 
optimally suitable for radiation therapy. The same is surely true for oxygen ions located midway between C and Ne, and they have for 
some reason received high but unfortunately poorly motivated interest in recent years.

Figure 2: Illustration of the differences and similarities between biological optimization with neutral (photons and neutrons) and charged 
(electron and light ion) particle beams. Biologically optimized radiation therapy using the in vivo predictive-assay based BIOART 
approach is explained further in Figures 10-12. The light ions have advantages both with regard to attenuation, low multiple scattering 
penumbras and sharp practical ranges (cf [7]: Figures 7-10). Photon and neutron beams can mainly handle longitudinal protection by 
intensity modulation, whereas electrons and, in particular, light ions have finite practical ranges and the sharpest possible penumbras. 
To keep the energy deposition as low as possible in normal tissues, it is essential that the LET and attenuation be as low as possible in 
the entrance and plateau region of the beam dominated by “low dose radiation hypersensitive normal tissues”. This calls for the lightest 
ions, as also seen in Figures 27 and 29 below [2, 7]. Unfortunately, these facts have largely been neglected in modern carbon ion therapy 
losing the advantageous classic clinical fractionation window advantage (cf Figures 4, 6, 19, 20 [2, 3]).
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High Resolution Molecular Tumor Imaging

Modern radiation therapy have reached sub mm precision in 3D absorbed dose delivery, and consequently, we also need this degree of 
accuracy in our diagnostic imaging techniques for true tumor localization. CT and MR have already reached this geometrical accuracy 
but not when we also require highly specific molecular tumor imaging. With MR, tumor-specific metabolite imaging still has a resolution 
of 10 to 15 mm, which could be reduced to the submm level by high field strength MRSI units (magnetic resonance spectroscopic 
imaging, Figure 3a, [4]). Dual energy CT may allow more tumor specific imaging, especially using molecular contrast agents but the 
ultimate development of 3D high resolution X-ray imaging probably may require the use of stereoscopic phase contrast flash X-rays. 
A potential sub mm to 10 μm, 1 msec resolution in live humans is then theoretically possible [4]: Figures 12 and 13. PET and PET-CT 
have reached ≈3-4 mm tumor-specific resolution in whole body imaging, and ultrasensitive PET units with a very large field of view 
may improve this significantly down to ≈1 mm with imaging times of a few minutes. This would even make positron diffusion unfolding 
feasible to further improve the geometric resolution (Figure 3b, [4]).

High Resolution Tumor Metabolite Imaging using 15 - 20 T Whole Body MRSI

With standard 3 Tesla MR units, the geometric resolution with tumor metabolite spectroscopic imaging is only ≈10 mm to 15 mm. This 
makes the diagnostic imaging of true tumor tissue substantially impaired, requiring larger setup margins and a significant increase in the 
irradiation of normal tissues will be necessary. At ≈15 Tesla, the geometric resolution with tumor metabolite imaging may reach ≈1 mm 
with substantial improvement in molecular spectral imaging for accurate radiation therapy planning. The highest field strength whole 
body MR unit at present is the 12 Tesla INUMAC system (cf. Figure 3a [9, 10]), developed in collaboration between French and German 
scientists mainly for brain studies with ≈1 mm resolution (http://phys.org/news/2013-10-world-powerful-mri-online.html [10] and a 14 
Tesla system is being developed in China [11]). It should be possible to reduce the aperture somewhat from the present 900 mm of the 
INUMAC unit and use the latest type of high field strength tolerating windings to get into the 15 to 20 Tesla region with sub mm spectral 
resolution (cf lower middle insert in Figure 3a and [11]). To further improve the spectral resolution and reconstruction speed, the scanner 
should use the Fast Padè transform rather than the Fourier transform [4, 12]. This technique may further increase the effective magnetic 
field of the unit, which may be highly desirable for spectroscopic imaging. In Figure 3a, spectral metabolite imaging of a low-resolution 
prostate and high-resolution brain scanner shows a substantial improvement in the image resolution of a small-bore camera and the 
value of using alternative metabolites for accurate target volume definition and tumor confirmation [9]. Many further details on the new 
potential units have been discussed recently [13, 14].

Figure 3a: MR spectroscopic imaging with different metabolites of a prostate and brain tumor (modified from [9, 10]). It is clearly seen 
that both choline and lactate give rather similar indications of gross tumor extension, and choline works well for the prostate to the left.

High Resolution Ultra-Sensitive Whole-Body Molecular PET Imaging

A third revolution in tumor imaging after CT and MR have been introduced by PET and PET-CT. Their unique ability to allow 
highly specific molecular imaging with positron emitting tracers has really improved tumor diagnostics. Unfortunately, the geometric 
resolution is only 3-4 mm in whole body cameras, whereas brain- and other small volume cameras may reach 1 mm and below already 
today. To obtain this kind of resolution, which is needed for accurate radiation therapy, it is desirable to decrease the crystal size and 
increase the sensitivity primarily by increasing the axial field of view from 15 cm to 25 cm to ≈120 cm. This will increase the sensitivity 
≈ 50-fold and reduce the imaging time to a few minutes without needing to scan the patient or the camera to see the full extent of 
the disease (Figure 3b, [4]: Figure 7). Therefore, even if the cost increases by a factor of approximately four, it will be possible to 
substantially increase the patient throughput with the very short imaging times. Furthermore, it may become feasible to unfold random 
positron diffusion to improve resolution owing to the much higher number of registered local annihilation events. In addition, it will be 
important to correct for respiration dynamics, so one idea is to combine PET imaging in list mode with full 3D laser or projection camera 
optical imaging [17] so that each phase of the breathing cycle is fully synchronized with the PET data set. It may then even be possible 
to project all the PET data to one fixed position of the breathing cycle, for example, when simultaneous 4D CT data and projection 
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camera data are available, not least when the 3 imaging data sets are fully integrated as in Figure 3b. With all these methods at work, a 
fast whole body camera may reach a resolution of ≈ 1 mm. The treatment could then be performed with breath hold in the phase where 
the complication-free cure of the treatment is maximized or by synchronizing treatment by a similar projection camera in the treatment 
room (cf Figure 36a). In fact, it could be most cost efficient if all diagnostic and therapeutic units were provided with projection cameras 
for Auto Set Up and full breathing cycle synchronization. This would allow almost perfect synchronization of all data sets whether using 
CT, MR or PET (cf Figures 36 a, b) for dose delivery and biological responsiveness imaging (Figures 10-12). With advanced imaging 
equipment, it would generally be much less cost efficient if two or more very expensive units were totally integrated. Often, they may 
not work simultaneously, and one unit may be prohibited from use when the other is working. Furthermore, we may need more than 
two data sets for many situations. What one may save is the setup of the patient at two different units, but with projection camera Auto 
Set Up this is a minor problem and there are still motion artifacts between the two diagnostic modalities even if the initial positioning is 
correct. The only other solution to all these simultaneousness problems would be ultrafast imaging (such as 3D flash phase contrast [6]) 
and dose delivery by all methods requiring accurate synchronization of all 4D diagnostic and therapeutic techniques (see Figure 36a, b). 
Obviously, some combined units have extra benefits such as PET-CT, but often the patient is changing position on such units between 
the two imaging sessions making accurate Auto Set Up even preferred, especially using 4D imaging synchronization procedures. 
Interestingly, today, this problem can be solved by fully integrated PET-CT units (Figure 3b [6]) since modern electronics allow the same 
detector to be used for CT and PET. Avalanche photo diodes, for example, can be run in a low voltage current mode for CT and then be 
driven on a high voltage single photon counting mode for PET. Furthermore, the open PET design [15,16] could be used to put a high 
contrast and resolution Phase Contrast CT, or even an ultrafast stereoscopic phase contrast X-ray unit in the middle of the PET camera 
where the PET sensitivity would also be maximal (almost doubled [4, 16] see also more recent ideas presented by UCD and LBL [18]).

Figure 3b: Cross section through a dedicated high-resolution open 4D-PET-CT-PC tumor camera where a central opening is introduced 
to allow a high resolution in the unique CT region. The PET detectors may also detect peripheral CT photons but at a lower resolution 
sufficient for optimal PET reconstruction using CT attenuation data. The design may alternatively include a high-resolution stereoscopic 
phase contrast X-ray unit in the open PET configuration ([15, 16, 17] cf also Figure 10). To compensate for internal motions, a projection 
camera is also included to allow accurate unfolding of breathing motions based on a similarly registered 4D CT data set. Thanks to the 
4D-PET-CT-PC with the Projection Camera, it would also allow projection of all breathing phases on the optimal phase for radiation 
therapy with full resolution and sensitivity in the PET image. In the treatment room, a similar camera could reproject the internal target 
volume on the skin surface of the patient as seen from the radiation source point of view in real time to show by augmented reality if the 
tumor is always covered by the collimator opening, as shown in Figure 36b.
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Radiation Biology of TP53 in the Cell Survival of Tumors and Normal Tissues

The recent Repairable-Homologous-Repairable (RHR) damage formulation based on the interaction cross-sections for radiation-
induced cellular inactivation, repair, misrepair and apoptosis in TP53 intact and mutant cell lines can be used to truly optimize radiation 
therapy. The newly understood tumor and normal tissue response characteristics requires renewed thinking about many aspects the 
biological optimization of radiation therapy. It has already been suggested that most TP53-intact normal tissues are generally Low-
Dose Hypersensitive (LDHS, see lower left insert of Figure 4) and that the inherent microscopic heterogeneity of higher Linear Energy 
Transfer (LET) ion treatments the last week of treatment would benefit from a low LET round up, as shown in Figures 15, 18a, b, 
and 21 [1-3] below. The ability of the new method to quantify apoptosis [1] has helped identify the early Low-Dose Hypersensitivity 
(LDHS) and Low-Dose Apoptosis (LDA) of most normal tissues and tumors with intact TP53 and ATM genes. This mechanism has 
probably been developed by nature’s natural proses of preferential survival advantage select to ensure minimal risk for severe mutations 
to the genome before the DNA repair system is fully functional after a dose of ½ - 1 Gy [1-3, 19-21]. As a compensating measure, the 
apoptosis-inducing caspase 3 gene product (Figure 4 lower right) remarkably “remembers” this protective induced low dose apoptotic 
cell loss and starts cellular repopulation to reestablish homeostasis in the tissues after being irradiated. This useful mechanism in 
normal tissues, e.g., after accidental injury or irradiation or other damage, is a well-known problem after suboptimal radiation therapy 
where it can cause accelerated repopulation of remaining clonogenic tumor cells at the end of a treatment [22]. A clear curative intent 
is probably the principal way to avoid this tumor reactivating mechanism to just ensure normal tissue recovery. These studies also 
identified that maximum apoptosis is induced by the lowest LET ions largely as they have the highest fluence of δ -electron-induced 
apoptosis produced by the primary ions per unit dose [1, 6]. With a too high LET, apoptosis and senescence will instead be high in the 
normal tissues in front of and behind the tumor, which definitely is undesirable from a complication-free cure point of view, even if 
hypoxic tumors may marginally benefit from a high LET (cf Figures 27 and 29 below, [3, 7]). Modern carbon ion therapists has largely 
disregarded this elevated LET in normal tissues just because it is lower than at the Bragg peak but not as low as that of electrons and 
X-rays that is providing a significant normal tissue advantageous fractionation window (cf figures 6, 7, 19, 21)!

Figure 4: The guardian of the genome: TP53 largely determine the cellular response to different types of radiation [1-3, 6, 19-21]. Mild 
stress phosphorylates the serine 15 and 20 sites on p53 by ATM and CHK2, resulting in cell cycle block and DNA repair. This results in 
LDHS in normal tissues but generally not in tumors that often suffers a mutant TP53 gene, as seen in the cell survival insert. Local high 
doses and high ionization densities (LET) are resulting in DDSBs (Dual Double Strand Breaks see lower right corner [3, 4, 23, 24]) that 
increase the severity of the damage. Thus, phosphorylating the serine 46 site, e.g., via p38K or ATM, and a High-Dose Apoptotic (HDA) 
response may get triggered. DDSBs are the most common multiply damaged site and their probabilities are determining the biological 
effectiveness of different types of radiation as seen in Figures 9, 27, [24]. Lithium-Boron ions allow a unique therapeutic use by inducing 
massive apoptotic-senescent tumor cell response mainly within the Bragg peak (cf Figures 26, 27, σh: homologically repairable damage 
and σi: direct inactivation cross-sections [1]: Figure 8, [2]). In front of and beyond the Bragg peak, the LET is low, and nonhomologically 
easily repairable damage is mainly induced (σn: “NHEJ” cross-section [1]: Figure 8, [2]). This unique property of the lightest ions can 
best be characterized as molecular radiation therapy since the highest possible apoptosis and senescence can mainly be induced in a 5 
mm size spot with mainly low dose and especially low LET in the surrounding normal tissues [1, 2, 6].
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The increased flexibility of the new RHR formulation which 
is describing the shape of the cell inactivation probability has 
resulted in a significantly augmented description of the low- and 
high- dose apoptosis- and LET- induced cell kill, especially in 
TP53 normal and mutant tumors with increased survival and often 
mutant DNA repair-genes causing a low dose radiation resistant 
phenotype, (LDRR). It is well known that the nonhomologous 
end-joining (NHEJ, [1-3]) pathway is the dominating DNA repair 
process at low LET, and it is very fast. Ku70, Ku80, and a DNApk 
dimer bind together the broken DNA ends in a few seconds and 
simultaneously recruit p53 [19], such that the multiple DNA strand 
ends at high-dose and LET local damage can be repaired together 
in the right order except possibly for the δ - electron generated dual 
DSB (DDSB) [24]. This process is essential especially at high LET 
levels when the MRN dimer complex often replaces Ku-DNApk 
heterodimers not least if the cell is in the S or G2 phase of the cell 
cycle, and the homology-searching mechanism of Homologous 
Recombination (HR) is needed for high-fidelity repair [24, 25]. 
This makes HR more important than NHEJ at very high LETs, 
partly as less low- LET-type damage is induced ([1]: Figure 8 with 
three ions (B, C, and N) and three different cell lines, [26-29]:C), 
where the last reference [29] is a true molecular confirmation of the 
predictions of RHR formulation ([1]: Figure 8, [2]). Interestingly, 
the new repair formulation allows for the quantification of 
concurrent independent NHEJ and HR repair, as well as the 
HR repair of NHEJ misrepair, alone or concurrent with other 
ongoing HR repair processes. These new DNA repair terms (cf. 
lower left corner of Figure 4) make it possible to describe cellular 
repair far beyond the conventional Linear Quadratic model (LQ). 
Interestingly, the new DNA repair-based formulation inherently 
describes LDHS and LDA as they are linked to the DNA repair 

system of most, if not all, normal tissues, as described in more detail 
in Figure 4. This figure illustrates how the TP53 gene works as a 
complex cellular mastermind and controller by determining how 
the structure of DNA damage should best be repaired and whether 
senescence and apoptosis are needed,  [1-3, 30-32]. DNA damage 
by ionizing radiation can induce augmented phosphorylation of 
three Serine sites (nr 15, 20, 46) cf [11]) on TP53, following the 
increase in the extent of damage through some of its key upstream 
proteins, such as ATM, CHK2, and p38K as well as 53BP1 or 
BRCA1,2 to signal whether the currently best repair process 
is going to be NHEJ or HR. Most experimental tumor cell lines 
suffer from a mutant TP53 gene, making the early/low dose (0.5- 
1.5 Gy) radiation response more gradual without low-dose LDA 
and thus no LDHS. Thus making a low dose radiation resistant 
(LDRR) phenotype as shown in the tumor type cell survival insert 
in Figure 4 (cf also Figures 5-7 and the U1690 SCLC cell survival 
in Figure 33). As TP53 intact cells are irradiated, after ¼ Gy, ATM 
is autophosphorylated and in turn phosphorylates the serine 15 site 
on p53 trying to start NHEJ repair. After a total of ½ Gy or 18 
DSBs, CHK2 is also phosphorylated and phosphorylates the serine 
20 site on p53 to achieve fully efficient DNA repair with both HR 
and NHEJ up toward 1 Gy [1- 3, 19-21]. As seen from the lower 
left insert in Figure 4 and Figures 5 and 6, this last step results in 
a switch in normal tissue sensitivity from an initial LDHS stage 
before the full serine 15 and 20 phosphorylation of p53 generates a 
more radiation-tolerant state. In fact, the well-known experimental 
demonstration that the LDHS property can be eliminated by 
low-dose preirradiation is a clear indication that the first ½ Gy 
is needed to starts up efficient DNA repair. After that, the cellular 
repair system is fully activated and functional, with reduced cell 
loss and almost a survival plateau toward 2 Gy [1,2,15, 33- 36].  
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Figure 5: Demonstration that LDHS is a cell-nuclear phenomenon by avoiding cytoplasmic irradiation, and the LDA response is clearly 
strengthened. Cytoplasmic irradiation may react to direct mitochondrial damage, possibly partly through its maternal DNA, and with 
less p53, so it is likely a general phenomenon in most cells (Experimental data: [37] cf Figures 4, 6, 7, CDN1 is a Closest Distance Norm 
linear fit, not least square! [3]).

It is clear from Figures 4-6 that doses well above 2 GyE are needed for significant tumor cure, and the dose to normal tissues 
should be just above 2 Gy or below to ensure optimal radiation recovery, as clearly shown in Figure 7 with the pale blue dotted tangent 
line through the origin indicating the shallowest damage slope per unit dose to normal tissues. The LDA and LDHS of normal tissues 
are caused by 5- 15% acute low-dose apoptosis (Figures 4-7 and [1, 20, 21]), but interestingly, most likely, due to the compensating 
measure of caspase-3-induced cellular repopulation [24], late effects are therefore few as it try to compensate the apoptotic cell loss. 
This will re-establish homeostasis in normal tissues thus minimizes late normal tissue damage and generate a fractionation window, 
but it may sometimes also repopulate malignant tumor clonogens if they are not entirely eradicated by the treatment [24]. This means 
that LDA and LDHS truly protect normal tissues from potential low-dose mutations before NHEJ and HR are fully functional and can 
address the damage. Interestingly, the recent publication on DNA repair quantification using the RHR formulation demonstrated that this 
early low-dose cell loss before establishing full repair efficiency is mainly due to an intact TP53 gene in most normal tissues. The cell 
loss is due to LDA induction ([1]: Figures 7, 9 a, b and 12 a, c, d), in general agreement with [20, 21] and the present study’s Figure 4, 
but may also happen for those tumors that harbor intact TP53 and ATM related genes. This direct LDA and its associated LDHS is most 
likely a general property of intact normal tissues and the cells natural way to protect them self from low-dose, potentially cancerous, 
mutations before full DNA repair efficiency is established after ≈ ½ Gy [1,20, 36]. The normal therapeutic 2 Gy fractions generate 75 
DSBs and possibly also one δ-electron generated dual DSB (DDSB) that may induce High-Dose Apoptosis (HDA) via serine 46, as 
shown in Figure 4. In fact, these DDSBs as shown recently [23] are the key effectors of all curative radiation therapies, as described in 
great detail and shown in the lower right corner of Figure 4, and explain why normal tissues at risk should never receive more than ≈2.3 
Gy of low LET per treatment fraction, as discussed in further detail in Figures 19 and 20 below. Most tumor cell lines and more than 
50% of all clinical tumors are characterized by a mutant TP53 gene that commonly eliminates most LDHS and early LDA to obtain a 
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low-dose radiation- resistant LDRR phenotype and an LQ-tumor-like survival shoulder, as seen from the insert in Figure 4 and Figure 
6. As shown for mouse embryo fibroblasts with key repair genes knocked out, both CHK2-/- and particularly ATM-/- cells lose all the 
LDHS of wild-type (wt) cells, highlighting the importance of the low-dose phosphorylation steps (Figure 4, [1]: Figure 13, and [19, 38]). 
Obviously, there are also some wt TP53 and wt ATM tumor cell lines that may show LDHS properties (cf [35] and Figure 32, [1, 2]).

Figure 6: Close-up of the characteristic cell survival curves of intact LDHS normal tissues and most tumor cell lines that often have a 
mutant TP53 gene, resulting in a low-dose radiation resistance (LDRR) phenotype due to a lack of LDA (cf Figure 4 insert). As seen 
from the low dose curve shapes, such tumors generally need light ions with low LET in normal tissues or high IMRT doses for effective 
cure. On the right side, some of the key clinical conclusions drawn from these curve shapes are summarized (cf [1-3] for further details). 
In radiation therapy, this means that the fully functional DNA repair system should continue to be utilized until more severe high-dose 
apoptosis sets in after 2- 2.5 GyE, as seen in Figure 4. Thus, there is a low-LET optimal radiation therapy fractionation window in normal 
tissues ≈ 1.8- 2.3 Gy/Fr to minimize normal tissue damage, as seen indirectly in Figures 4-7 and further discussed in detail below (cf. 
[2]: Figure 5 [3, 39]).

The most recent RHR paper also investigated LDHS and LDA for light ions, demonstrating that it generally peaks for low-LET 
ions (≈20 eV/nm, [2]: Figure 3), where for reasons related to ion interaction physics, the highest low-energy δ-electron production 
per unit dose occurs, as the LET is low but sufficient to induce apoptosis, and the ion fluence per unit dose is highest. Thus, apoptosis 
peaked here (31% measured at 3 Gy of 40 eV/nm B5+ ions ([1]: Figures 7, 11, 12, 13)), and a clear but small LDHS was observed ([3]: 
Figure 16, [40]), mainly due to the early dual NHEJ only and HR misrepair (5% at 0.5 Gy, estimated ([1]: Figures 7, 8 and 9b)). The 
31% value was not just LDA but mainly serine-46-induced HDA since at high LET, the LDA and HDA regions almost overlap to make 
an almost straight exponential survival curve (HDA sets in after ≈2+ GyE or 0.7 Gy high LET, as shown in Figure 4). Therefore, even 
if there is a weak low-LET ion LDHS and LDA, it is most likely not sufficient to establish a real light ion fractionation window with 
carbon ions but surely with the entrance plateau and fragmentation tail of low-LET lithium ions (cf lower lain of Figure 4 [1, 6], Figures 
6, 7 [2, 3, 34]: with 60Co and Figure 33 with mut p53-reactivated, as well as for lowest-LET boron ions and 60Co in Figure 32). In fact, 
as the LET goes above ≈55 eV/nm, the low dose hypersensitivity is almost gone since then 0.6 Gy ≈ 2 GyE, and the δ-ray multiplicity 
reaches ≈3, so cells increasingly follow directly the high-dose apoptosis HDA pathway. This results in an almost straight high DDSB and 



Citation: Brahme A (2024) New Radiation Oncology Optimization Principles Based On In-Vivo Predictive Assay and Recent Develop-
ments in Molecular Radiation Biology. Ann Case Report 09: 1625. DOI: 10.29011/2574-7754.101625

10 Volume 09; Issue 01

Ann Case Rep, an open access journal
ISSN: 2574-7754

δ-electron density exponential cell survival curve, as indicated in 
Figures 4, 6, and 32 [1, 3, 23]. The high DDSB production should 
therefore always be reserved for target tissues either by high-dose 
low LET or preferably Bragg peaks from the lightest ions beyond 
protons up to boron (cf. Figure 9). Thus, LDA, (cf. [41] for LDA) 
HDA and DDSB are very valuable therapeutically in the tumor, 
but unfortunately often lost by a mutant TP53 gene. Even more 
important can the often associated senescence be (cf Figure 31, 
[1-3, 42-  44]), as also described in Figure 4, since it does not 
cause later problems with caspase-3 activation of tumor clonogens 
[22]. Interestingly, these therapeutic processes together are the 
key functions of molecular radiation therapy, not least by the 
associated low LET in normal tissues simultaneously retaining the 
fractionation window capability but also because the lightest ions 
simultaneously maximizes tumor apoptosis and senescence [1, 
2, 4, 23, 41]. A very interesting way to increase these therapeutic 
properties on TP53 mutant tumors, which are known to be a major 
clinical problem due to LDRR, as seen in Figures 4 and 6, is to 
use a p53 reactivating compound as described in more detail in 
Figure 33 below. To further elucidate the development of the cell 
survival curve shape description, some key steps are summarized 
in Figures 7 and 8, considering the normal lung epithelial cell data 
[1-3, 29] and V79 hamster cells, respectively. From the 1940s to 
1960s, the logarithmic Linear Model (Ln-) was established, with 
a back extrapolated (slope D0) initial cell number (n) larger than 
1 to account for cellular division and repair during irradiation. 
Alternatively, the so-called quasithreshold dose (Dq, which is 
actually related to LDHS, as seen in Figure 7) was also used to 
indicate that the linear extrapolation seemed to start from a dose 
that was wasted due to tumor cell repopulation and repair. Clearly, 
this was a rather crude way to describe the early cell survival that 

often was of low clinical importance at the time but truly not today 
[16]. From the late 1960s, the still currently dominating linear 
quadratic model could better describe the slight curvature of the 
quasilinear medium-dose cell survival by its α and β factors of 
most tumors but did not account so well for the low- and high-dose 
survival, at least for most normal tissues, as seen in Figure 7. It 
also misses a true repair term, as a high repair requires a high β, but 
that means less survival since the term is negative, so α needs to be 
reduced to better describe the survival, which may only work in a 
small-dose region, and α loses its original meaning. This illogical 
effect, and the fact that it gives a poor description of LDHS normal 
tissue survival, has misled two generations of radiation biologists 
to trust it rather uncritically even if it describes experimental often 
TP53 mutant tumor cell lines better than Ln. The beauty of the 
third Repairable- Conditionally Repairable (RCR) model is that it 
is very simple and describes what occurs at large to the cells using 
Poisson statistics with a simple exponential term for missed cells 
and a linear exponential term for the correctly repaired fraction 
of sublethal hit cells. Thus, it is a logical continuation of the Ln 
expression, as seen in Figure 7 and [45]. It therefore can describe 
the LDHS quite well and solves the repair and overkill problem 
at low and high doses seen with the LQ model. The repairable- 
homologically repairable formulation (RHR) goes a few steps 
further by accounting for the two major DNA repair pathways, 
as mentioned above, and their associated misrepair processes, as 
seen in the lower right corner of Figure 7. This formulation can 
therefore handle cell lines with mutant and/or knocked-out repair 
genes, high and low LETs, and apoptosis induction [1-3].

Figure 7: Cell survival curve models have during the last century been developed from the linear exponential model with back 
extrapolated effective initial cell number (1), n, Ln) to the currently dominating linear quadratic formula (2), LQ), which does not even 
account well for cell repair as Ln does. The more recent repairable- conditionally repairable model (3), RCR [45] handles the cellular 
repair of sublethal damage considerably better and separates it clearly from unhit survival. The most recent repairable- homologically 
repairable (4), RHR) formulation further accounts separately for nonhomologous and homologous recombination repair, as shown in 
the lower right corner, and can estimate the apoptotic and senescent fraction and individual repair processes (cf. [1]: Figures 1- 3 [23]: 
Figure 2b). Interestingly, the least damage per unit dose is obtained between 1.8 and 2.3 Gy/Fr, as indicated by the fine dotted pail blue 
tangent line with the shallowest slope possible through a point on the survival curve and the point of unit survival [2]. For further details, 
see [1-3, 23, 34, 45].
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Figure 8: The development of cell survival models characterizing the shape of the cell survival curve from target inactivation type 
theories first summarized by Zimmer to the repair models initiated by Pohlits Cybernetic repair model [46] and the DNA repair 
formulation separating slow homologous repair from other faster repair types. Elkind’s early cell survival experiment demonstrating 
the importance of the fast 24 hrs NHEJ repair, here modified to include also the slow Homologous Recombination repair that play an 
important role in the 3-day weekend brake of conventional radiation therapy (cf also the insert of Figure 20). Renewed repair thinking 
is essential for understanding normal tissue survival, as shown in Figures 4-6 and especially Figures 7, 20 [1-3, 23, 47]. The very 
interesting incomplete repair model of Thames is a kind of bridge between the two groups following Elkind type data (cf insert in 
Figure 20, [3]). The underlying cartoon by Wolfgang Pohlit mid 1970s trying to bridge the two different schools, but unfortunately the 
difference is much more serious than this humoristic point of view (cf [1-7])!

It is thus extremely important to consider the significant differences between the cell survival of most tumors and generally 
LDHS normal tissues when designing optimal radiation therapy protocols, as shown in Figures 6- 9. It is unfortunate that the bulk of 
established tumor cell lines mostly suffer from TP53 and associated mutations, so they can easily grow in the laboratory and it lead to 
the erroneous conclusion that all cell lines have LQ-like shoulders, almost making the LQ model a dogmatic model of true cell survival. 
In fact, it is most likely that all intact normal tissues have wild-type TP53 and ATM genes and thus are linked to LDHS and LDA, as 
recently indicated (Figure 4, [1-3, 21]), and it is probably an inherited growth advantage to avoid cancerous transformations after low-
level genetic damage that may otherwise not be correctly repaired. The intriguing reason why it went undetected for such a long time 
is that too few studies were conducted on live normal tissues at low doses and with sufficient accuracy until Joiner [35] found low 
dose hypersensitivity in mouse renal cells. Furthermore, LDA-associated accelerated repopulation via caspase-3 is a natural way to 
compensate for LDA and LDHS at the end of an irradiation sequence to truly re-establish normal tissue homeostasis [2, 18] and thereby 
practically hide all the earlier low-dose cell losses (LDA) in subsequent studies.

The more conceptual changes in cell survival description during this period are shown in Figure 8 as the initial target based 
theories of plain cell kill gradually had to be replaced by the cellular repair models that could better describe the temporal processes 
and the influence of the true DNA repair processes. Fortunately, the most commonly used LQ-model may still be useful to describe 
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the fractionation sensitivity at least of TP53 mutant tumors (cf 
Eq 2, 3) that are most common clinically and largely miss LDHS 
and instead show a clinically problematic LDRR phenotype, but 
it is unsuitable for normal tissues. Today, the LDRR tumors may 
require modern IMRT approaches, light ions and/or adjuvant 
p53 reactivating compounds (see below). The high biological 
effectiveness of ion beams as well as low energy electrons and 
photons are almost totally described by their slowing down spectra 
of δ-electrons (0.2-1.5 keV), as shown in some detail in Figure 9. 
Interestingly, the dense clusters of ionizations by these δ-electrons 
can severely damage dense volumes of hetero chromatin in the cell 
nucleus mainly by forming dual DSBs on the periphery of their 
nucleosomes, and they are the most common multiply damaged 
sites on DNA that are hard to repair for the main cellular repair 
processes NHEJ and HR, as indicated in the lower right corner 
of Figure 4 and Figure 9 [23]. In fact, the DDSB that dominates 
the low LET cell kill ([22, 23]: Figures 5-8) is the key effector 
of radiation therapy since >99% of the simple ≈75 DSBs per cell 
nuclei are perfectly repaired at 2 Gy of low LET and at the same 
time there are only 1-2 δ-electrons that can potentially generate 
dual DSBs and more commonly kill cells. Light ions generate 
≈3 times more δ-electrons, and their RBE is ≈ 3 mainly due to 

the associated higher DDSB production, as seen in the upper left 
panel of Figure 9. Thus the DDSBs are truly our best tool and 
effector to inactivate a tumor by radiation and we do not need too 
many of them as we get from carbon and heavier ions [23]. The 
euchromatic regions that are more common in tumor tissues are 
characterized by more spares beads on a string chromatin that 
reduce the nucleosome density and the number of DDSBs that a 
single δ-electron can reach, as seen by the few higher multiplicity 
DDSBs produced (cf [23]: Figure 14). Only a few triple DSBs 
and hardly any quadruple DSBs are seen. Interestingly, the same 
tendency is seen whether it is measured as pKu70, pKu80, 53BP1 
or pDNApkcs foci with carbon ions or photons. The percentage of 
DDSBs seems to vary between ≈5-25% and is similar for photons 
and medium LET carbon ions as it is mainly generated by very 
similar types of δ-electrons. The very extreme cell kills are far 
from optimal (cf [23]: Figure 13), as they are also associated with 
higher cell kill in normal tissues in the entrance and plateau region 
of the beam (cf Figure 27). Interestingly, these severe phenomena 
are mainly linked to heterochromatin, where the nucleosomes are 
so densely packed that a single δ-electron can reach up to ≈ 2-4 
nucleosomes on its own. This is also the main reason there are so 
many more DDSB clusters in heterochromatin (≈ 3.5 fold [23]).

Figure 9: The pink regions show where a high fluence of δ-rays is generated, either in low keV electron or photon beams or ion beams 
in their electron slowing down spectra, and they show up in δ-electron and ion RBE distributions. The peak ion biological effectiveness 
or RBE appears when the cellular inactivation cross-section saturates at high LETs (upper right panel [48]), since the cross-section 
cannot increase with LET any more, and at higher LETs, the biological effectiveness decreases because of a quasiconstant cross-section 
and a narrower ion track width, an increasing probability of radical- radical recombination when secondary electrons and ionizations 
are generated more and more closely together and an “overkill” effect sets in. The dashed curves are taken from [47] and describe the 
average response of the multiple experimental data sets very well (modified from [48]) as the δ-electron multiplicity increases along the 
ion track [23]. Interestingly, the peak δ-ray LET (≈25 eV/nm), but the effective LET is almost doubled by multiple scattering, secondary 
electron production and multiple scattering detours to ≈50 eV/nm at the track ends (upper right corner and lower right Scol) of ≈500-700 
eV electrons (lower panels)! The ion RBE peak at approximately an LET of 120-200 eV/nm thus corresponds to a δ-electron trackend 
multiplicity on the ion track of ≈ 3 and higher ([23]: Figures 13 and 14), and an RBE ≈ 3, which is too much overkill as a single or a 
couple DDSBs, is generally sufficient, again making boron ions a good alternative to carbon (cf [7]: Figure 16)
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Biologically Optimized In Vivo Predictive-Assay Based Treatment Planning

During the last thirty years, the field of cellular and not least molecular radiation biology has developed substantially and can today 
describe the response of heterogeneous tumors and organized normal tissues to radiation therapy quite well. An increased understanding 
of subcellular and molecular responses is leading to a more general systems biological approach to radiation therapy and treatment 
optimization. It is interesting that most of the characteristics of the tissue infrastructure, such as the genetic make-up (cf Figure 4) as 
well as the vascular system and the nutritional and the degree of hypoxia (cf below), must be considered to obtain an accurate description 
of tumor and normal tissue responses to ionizing radiation. A brief description of some of the most important concepts, and processes 
is possible, starting from the key functional genomics pathways of the cell that are not only responsible for tumor development but 
also for the response of the cells to subcellular damage such as radiation therapy. Some of the key mechanisms for cellular damage and 
damage repair are discussed above, and the key question is how these repair processes can be brought to interact to inactivate the tumor 
without severely damaging surrounding normal tissues using suitable radiation modalities such as light ions, electrons and photons 
using biologically optimized radiation intensity- and quality- modulated radiation therapy (IMRT and QMRT [5, 7, 38, 49-51]). The 
use of such methods may lead to a truly scientific approach to radiation therapy optimization, not least when in vivo predictive assays 
of radiation responsiveness become clinically feasible, as shown in Figure 10 [49, 50]. Brief examples of such an approach using the 
efficiency of IMRT showing how sensitive normal tissues can be spared at the same time as highly curative doses are delivered to a 
tumor that is often radiation resistant. The present method maximizes the probability of eradicating the tumor, while at the same time, 
adverse reactions in sensitive normal tissues at risk are truly minimized using optimal time-dose fractionated IMRT photon electron or 
light ion beams. 

Figure 10: PET-CT-PC can be used to derive tumor responsiveness information that can be used to plan, verify and biologically optimize 
using the in vivo predictive assay based radiation therapy method (cf Figure 3b and BIOART [49-51]). By measuring the tumor cell kill 
early in the treatment, 3D in vivo predictive assay information about radiation responsiveness is obtained for accurate prediction of the 
optimal dose delivery based on measured hypoxic tumor cell response status and adaptive control [5, 49-51]. Different imaging methods 
from various body regions exemplify aspects of the adaptive feedback procedure. The normal tissue responses are approximately known 
from historical data [38].
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3D in vivo PET-CT dose delivery monitoring is possible 
both with scanned high energy photon and light ion beams, 
to further optimize the treatment based on the observed patient 
specific mean dose delivery. This may differ from the planned 
dose delivery without considering organ and patient motions and 
set up uncertainties [52]. Both these data sets, when used together, 
will allow a high degree of therapy optimization where practically 
all major sources of treatment error can be picked up as long as 
they influence tumor cell survival during the first week or two of 
therapy, and can thus be corrected for using biologically optimized 
adaptive treatment techniques. The lower left in vivo dose delivery 
image (Figure 10) was made using 50 MV photon beams in a four-
field box technique with the help of a 64 slice PET-CT camera 
with ≈ 4 mm resolution [53]. Interestingly, the patient was a bit too 
rapidly positioned on the diagnostic couch to not lose too many 
positron counts, and the left side of the body was partly located 
outside the couch top, causing a substantial rotation (≈20°) of 
all the surrounding fatty soft tissues with peak PET activity (no 
auto setup on the PET-CT!). Thus, it appears that the whole four-
field box technique was performed with severely oblique beams 
[53]. Even if larger than normal set up errors it indicate a set up 
problem that for example may broaden penumbras in regular 
treatment procedures. The projection camera (PC, [17]) and PET-
CT information can be used to verify the BIOART approach. By 
measuring the tumor cell kill early in the treatment, 3D in vivo 
predictive assay information about radiation responsiveness is 
obtained for accurate prediction of the optimal dose delivery based 
on known or estimated hypoxic status (Figures 23 and 24). Both 
with light ions and scanned high energy photon beams, 3D in vivo 
PET-CT dose delivery monitoring can adaptively optimize the 
treatment based on the observed mean dose delivery, which may 
differ from the planned dose delivery without considering organ 
and patient motions as seen here. Both these data sets, when used 
together, will allow a high degree of therapy optimization where 
practically all major sources of treatment error in principle can be 
picked up as long as they influence tumor cell survival and can thus 
be corrected for using biologically optimized adaptive treatments 
techniques by the “BIOART” technique, shown and quantified in 
more detail in Figures 11 and 12 [51].

Optimal Dose Distribution for Heterogeneous Tumor Eradication

It is possible to express the optimal dose distribution 
necessary to eradicate a tumor to any desired probability or cell 
density with uniform recurrence probability once the density and 
radiation resistance of the clonogens are known [54]. This allows 
the interesting use of the first three data sets of Figure 10, as shown 
in further detail in Figure 11 based on:

•	 Geometric information about the location of the tumor on the 
background of normal tissue anatomy and the approximate 

initial density of tumor cells given by the first PET-CT image 
just before the treatment.

•	 Information about the density of tumor cells preferably after 
approximately 1 week of treatment.

•	 Calculated spatial radiation resistance distribution of the 
tumor cells determined from 1 and 2.

With this information it is possible to approximate the density 
of trapped positron emitters owing to the metabolic activity in 
functional tumor cells. If the PET image approximately quantitates 
the density of positron emitters in the tissue such that scatter and 
attenuation of the annihilation photons are accurately taken into 
account, the imaged emission density PET0 to PET7 ratio is largely 
determined by the effective radiation resistance of the tumor cells 
to fractionation D0,eff (cf Figures 7 and 19 for the definition), as 
shown in the lower left in Figure 11. When this quantity is known, 
we can use the simple equation for the optimal dose delivery [51, 
55] to the right in Figure 11, e.g., aiming at 95% tumor cure (ns≈ 
0.05). A correction for the increased vascularization due to the 
reduced internal tumor pressure as tumor cells are lost, as seen in 
the upper part of Figure 11, is also needed. These calculations do 
not take the possible adverse effects on normal tissues into account 
but can be performed by physical dose optimization, as further 
shown in the upper part of Figure 12, leading to a loss in tumor 
cure by ≈ 15%. Interestingly, the information collected in Figures 
10 and 11 can also be used for a stricter biological treatment.

The Dose- Response Relation of the Tumor and Advanced 
Biological Therapy Optimization

 For true biological optimization, we really want to know 
how to find the dose distribution that maximizes the probability 
of curing the patient without unacceptable or severe normal tissue 
side effects and minimal late sequelae [5, 53]. To this end, we need 
to quantitate the probability of eradicating the tumor for a given 
dose delivery, while at the same time, we need to know the risk 
for severe normal tissue damage, as discussed in detail elsewhere 
[5, 54]. Fortunately, the early PET-CT data from the first week 
of treatment can be used to quantify the tumor cure probability. 
According to binomial, Poisson and preferably extreme value 
distribution statistics, the probability of eradicating all clonogenic 
tumor cells is closely related to e−N, where N is the mean number 
of surviving tumor clonogens, as shown in the lower part of Figure 
12 [2, 55]. The interesting property of this expression is that it 
includes the individual patient’s initial tumor spread, n(r), and 
vasculature data as well as in vivo predictive assay data on tumor 
radiation resistance, D0,eff(r), to make the patient individual tumor 
response prediction and treatment optimization as reliable as 
possible. In true treatment optimization, we now have to combine 
the benefit probability of curing the patient: PB with the probability 
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of avoiding severe injury or adverse reactions: PI. The interesting property of this expression is that it includes the individual patient’s 
initial tumor spread and vasculature data as well as in vivo predictive assay data on tumor radiation resistance to make the tumor 
response prediction and treatment. Optimization as reliable as possible.

Figure 11: True dose responsiveness imaging applied on a large lung cancer. By taking the ratio of the tumor FDG uptake before therapy 
and after a week of treatment and 18 Gy of tumor dose, in this case, it is possible to quantify the change in tumor uptake and the effective 
radiation resistance, D0 or D0,eff. From D0,eff and the tumor cell density, it is possible to estimate the optimal dose level necessary for 
tumor eradication (lower right panel, [51]) without considering the risk for normal tissue damage, which is generally is fairly low for 
light ion and photon IMRT treatments [53].

If they were statistically independent processes, the probability of achieving a complication-free cure P+ would be simply P+ = PB 
(1 – PI). However, in most clinical studies, adverse reactions in normal tissues are often closely correlated to the local control as both 
increase with the dose delivery, and a more accurate expression for P+ is given by

P+ = PB − PI + δ(1− PB) PI              (1)

 Where δ is on the order of 0.2 or lower for many normal tissue tumor configurations [56]. It has been noted that Eq. (1) is a 
compromise between the additional cure and injury that is too crude when the dose is increased because some forms of severe treatment-
related morbidity may be considered less desirable than a recurring tumor. However, the statistically independent expression is even 
worse, as it corresponds to δ = 1 and the last uncured injury term in Eq. (1): (1− PB) PI is then five times larger. Recently, an even better 
way to solve this clinical optimization problem has been developed. This so- called P++ optimization strategy first maximizes P+ by 
intensity modulation, selection of optimal beam directions, and radiation modalities [5, 60, 61]. By this P++ approach, the achieved P+ is 
then relaxed by a fraction of 1%, and this P+,min value is used as a constraint on P+ not allowing lower values, while instead, the injury PI 
is minimized. This strategy almost simultaneously optimizes P+ and minimizes PI by selecting slightly improved angles of incidence and 
intensity modulations. A reduction of P+ of 0.5% may result in a decrease in complication probability by as much as 5%. This approach 
is, of course, highly desirable, not least in countries where the risk of legal action even after a slight overtreatment may be a reality. The 
optimal way to fractionate the treatment plan in Figure 12 is in view of the new fractionation window idea, described in more detail in 
Figure 20 and Eq 3!
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Figure 12: The optimal dose distribution in Figure 11 can be used as an objective for inverse physical dose therapy optimization (upper 
half figure). Even more accurately, the tumor cell density, n(r), and estimated D0, eff(r) of Figure 11 can be used for biologically effective 
dose delivery optimization using the clinically observed tumor response and historically observed dose- response data for normal tissue 
side effects that are systematically much more similar between patients than the effective tumor response that can vary substantially [56]. 
Interestingly, the complication-free cure increases from 60% to almost 80% by introducing the biological optimization method based on 
the 3D in vivo predictive assay and even one step further by optimal time dose fractionation (cf Figures 4-8, 19, 20 and Eq. (3) [1, 2]), 
and it is most ideal for molecular radiation therapy with a few lithium ion beams (see below).

The Quantum Biology of Curative Radiation Therapy

As shown in Figure 1, both the therapeutic beams and the tumor consist of individual particles and cells, so the ultimate cure 
depends on the probability that all remaining tumor cells have truly been hit at the end of the treatment. This means that only a tenth 
of a cell can be allowed to survive to have 90% tumor control probability, since that means that out of ten patients, only one will on 
average have a single surviving tumor clonogen that may repopulate its tumor (cf Figure 13). Therefore, as in quantum mechanics it is 
generally not possible to state the exact state of the patient after a treatment whether he is cured and is alive and well or not, we can only 
state the probability range to expect based, e.g., on the ExtremeValue Distribution ([2], cf also “Schrödinger’s cat”). In fact, radiation 
therapy is truly the perfect example of an extreme value distribution, as it is well known that only the last few most radiation-resistant 
tumor clonogens that survived the initial major part of the treatment (≈60 Gy/70 Gy≈ 85%) without being killed remain to finally form 
the tumor control probability curve, as recently described in great detail (Figure 13, [2, 3]). It is therefore not surprising that the tumor 
control probability can be rewritten to perfectly follow the cumulative extreme value distribution [2].
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Figure 13: The last few radiation treatment fractions will determine the outcome of the treatment, and they are not at all deterministic 
as it depends on random hits. To eradicate the last few randomly located tumor clonogens, a too high LET with a high microscopic 
standard deviation in dose delivery should not be used. As shown here, the last five 2 Gy fractions of low-ionization-density electron or 
photon therapy increase the cure probability from a few percent up to approximately 90%, whereas the last 3.0-3.3 Gy of carbon ions, 
on average, may only reach ≈75% (cf Figures 15, 18, 20 and 25). Therefore, with a handful of remaining spread-out tumor clonogens 
(Nc ≈ 4, cf Figures 1, 18, and 20), a low LET is essential in finding the optimal way between “Scylla and Charybdis” cf Figure 18. The 
present Figure is a bit schematic and not corrected for the relative variance Vr of the carbon ion tumor control curve (≈ pink dotted line, 
Figure 18 [2]), but Figures 15, 18a, 20 and 25 are fully corrected (cf also the clinical data in Figures 18b, 26). An increased carbon ion 
dose just results more normal tissue injury (Figure 18)!

The Scylla and Charybdis of Radiation Therapy

Like Odysseus on his travels had to pass through the strait of Messina, he had to be extra careful since on the west Sicilian side, 
there were the vortices of Charybdis and on the east Italian peninsula side there were the six headed monster Scylla as shown on the old 
Italian map inserted in Figure 13. A similar difficulty faces radiation therapy as we try to raise the dose as much as possible to get rid of 
the tumor, but not too much as it may harm the patient. It is well known that the tumor control probability rises steeply first at the end 
of the treatment, as shown in Figures 13 and 18. The linear alignment of the DSB´s on the ion track, and the high density of the DNA 
damage close to the ion tracks (cf. [3]: Figures 1-5, [23]: Figures 5, 11-13) increases the Relative Biological Effectiveness (RBE) in the 
gross tumor, due to increased probability of severe damage when the cell density is high. However, this is a major disadvantage towards 
the end of the treatment when the remaining dose is low and very few tumor clonogens are left. These may not be covered completely 
owing to the high microscopic heterogeneity and standard deviation in dose delivery [8, 62, 63] at high LETs and the low total doses as 
the RBE is high but also due to the high skewness of the extreme value distributions (S≈1.14 cf sec 5.2 and especially the last few GyE 
as seen in Figures 13, 15). This is due to the microscopic dose heterogeneity of high-ionization-density ions as shown in Figures 13-18. 
Therefore, the normalized dose-response gradient is actually shallower [58, 63-65], resulting in an increased risk for microscopic cold 
spots to fall on tumor clonogens. In part, this is due to the lower dose with high LET and thus in total fewer and more aligned DSBs 
but equal number of therapeutic DDSB hot (and cold) spots [24], so sufficient cell kill will occur within dense tumor cell populations, 
but generally not so likely with only a few remaining tumor clonogens. The random “hot spots” then practically need to hit or come 
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close to all the remaining clonogens to ensure a high probability of permanent cure and patient survival, which will be less likely, as 
seen in Figures 15 and 18. The dose-response gradient γC is therefore shallower at high LETs, as indicated in Figure 13 and clearly seen 
in Figures 15, 18a, b, 20 and 24-26 below [2, 8, 47, 63- 66]; in addition, the hypoxia of the tumor should simultaneously be less of a 
problem with very few remaining viable tumor cells (cf Figure 22). Using a lower LET toward the end of the treatment can thus reduce 
this disadvantage of the high heterogeneity and the resultant lower-dose-response slope at high LET´s. Therefore, a steeper clinical γC 
value (cf Table in Figure 15) and higher tumor cure are achieved with less dose delivery and better normal tissue sparing, thus improving 
the complication-free cure, as described in further detail in Figures 13-21 and particularly in Figure 18a, b [2].

Influence of Microdosimetric Heterogeneity on the Dose Response Relation
Microdosimetry and nanodosimetry is the science of the stochastic nature of the energy depositions in particle and radiation beams in 
general when we go into the microscopic molecular scale of energy depositions so both the beam and the target objects are quantized. 
Thus, indeed, one step further than presented in the plain Figure 1. Interestingly, this means that the classical Linear Energy Transfer 
(LET) concept is replaced by the stochastic quantity lineal energy: 𝑦 and we have to consider its mean value in a small! m size volume, 
such as the frequency and dosimetric mean lineal energy, denoted  and  respectively. These two quantities can now be used to 
describe the relative Variance Vr of the energy deposition in different radiation beams simply by taking the ratio / = Vr +1. In Figure 
14, this basic microdosimetric quantity has been measured in different radiation therapy beams as a function of the frequency mean 
lineal energy in μm size objects. Starting from the left side, we can see that low energy electrons and photons have a low variance, but 
in high energy beams it reaches ≈ 5 due to the effect of the slowing down spectrum (cf upper left panel of Figure 9) whereas protons 
and π-mesons have 5-10 times more and photo nuclear, fission, and high energy -neutrons 2-5 times the high energy electron and photon 
value [8].

Figure 14: The variation of the microscopic relative variance for different radiation modalities. The variance of the energy deposition (Vr 
+ 1 = / , where  is the dose mean lineal energy value) as a function of the frequency mean lineal energy  or ≈ mean LET at different 
locations on the depth dose curve. Interestingly, the SOBP has low variance except near the distal edge, where range straggling and very 
high LET Bragg peak  -values combine to make Vr high. For the SOBP, the frequency mean lineal energy is fairly constant for both 
carbon and neon ions, but the plateau in front of it and tail has only marginally lower  -values. The unmodulated carbon beam has a much 
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higher peak  -value at its Bragg peak. MeV-electrons, neutrons (50 
MV photonuclear, fission, and high-energy monochromatic), pi-
meson, proton and all SOBP ion beams have a rather high variance 
in energy deposition. Except for high LET ions and low energy 
neutrons this has the advantage that the region of lowest energy 
deposition is not too low (few microscopic cold spots) but instead 
the mean LET is rather low and so is the biological effectiveness. 
Interestingly, Vr is related to the σm

2 = (σD/ )2 of Figure 15 (cf. [8], 
updated with more recent He, C, Ne, Si and Fe data from NIRS).

For light ions, the distal region is also high, meaning that the 
biologically important  is high, whereas  is almost constant 
over the Spread Out Bragg Peak (SOBP) and not much lower in 
entrance and plateau region for C and Ne ions, whereas helium 
a-particles have a good normal tissue sparing. It is notable that the 
Bragg peak has an approximately 5 fold higher  value than the 
entire SOBP that averages over a large volume. For low LET and 

 -value radiation, the shape of the tumor dose-response relation 
is accurately described using the binomial, Poisson or even the 
extreme value statistical probability distributions for having no 
viable surviving tumor clonogens at the end of the treatment. As 
the dose is increased during the treatment, the number of surviving 
tumor cells is reduced until at high doses, the number of surviving 
clonogens tends to zero, and the cure probability approaches unity 
along a sigmoidal curve, as shown in Figures 13 and 15. The 
curve shape is reminiscent of the cumulative distribution function 
of a random variable, which, by definition, also starts from zero 
and finally reaches one or 100% when all random events have 
been counted. Interestingly, the curve shape is within a few % 
described by the cumulative generalized gamma distribution, but 
even more exactly using the perhaps more well-known extreme 
value distribution, which is known to describe the distribution of 
outliers of random processes, when the rest of the distribution is 
approximately normal distributed.

However, for high LET and  value radiation the microscopic 
hot spots, due to their very high heterogeneity, naturally increase 
the effect on tumor cure and normal tissue damage in randomly 
located high-dose regions when there remain many tumor and 
normal tissue cells, whereas cold spots delay cure at high doses, 
as it becomes increasingly uncertain to hit the last few remaining 
most radiation-resistant clonogenic cells by random hot spots as 
seen in Figures 15 and 16. Interestingly, a switch to electrons/
photons during the last week of therapy, will recover the steep 
tumor response and a high tumor cure at a lower patient dose 
equivalent, as seen in the calculated Ne10++e− curve in Figure 15. 

It should be pointed out here that even if the total dose delivery 
was perfectly uniform until the last week of treatment, what truly 
matters is the microscopic heterogeneity of the last 10 GyE of low 
LET or ≈3 Gy ≈ 10 GyE of high LET on the finally remaining few 
tumor clonogens (approximately five in a curative treatment) that 
lift the cure probability from a few percent to almost 100% as seen 
in Figures 13 and 15 (cf [1]: Figure 20). In fact, the shallow final 
high LET dashed line dose responses seen in Figure 15 means that 
approximately 20 GyE finally have to be delivered for high cure 
probability with high LET ions, that is an extra fraction or two, 
and consequently with increased risk for normal tissue damage 
as shown in Figure 18! The effect of the microdosimetric relative 
standard deviation σm=σD/  on the slope γC of the dose- response 
relation was pointed out many years ago by approximating the 
tumor control curve using an over simplified error function [43, 
63] that by necessity is linked to zero Skewness and a Kurtosis of 
3.0. However, the real statistical probability distributions behind 
the dose- response relation is the extreme value distribution with 
a Skewness ≈ 1.1395 and a Kurtosis of 5.40 independent of the 
number of cells and their effective radiation resistance [2]. This 
results in rather rapid rise in response at low doses and an extended 
high dose tail making safe high tumor cure the normal tissue 
damage first increases rather rapidly and the complication free 
cure is reduced both on high dose tumor cure side and the low dose 
normal tissue damage side by the skewed extreme probabilities 
requiring very high doses and high risks for complications. This 
also means that the normal tissue damage first  increases rather 
rapidly and the complication free cure is reduced both on the high 
dose tumor cure side and the low dose normal tissue damage side 
by the skewed extreme value distribution (cf Figure 18a, b)! Thus, 
the classical normal probability distribution should be avoided 
for example when considering the influences of dosimetric and 
microdosimetric uncertainties and tumor and normal tissue 
heterogeneities. In Figure 15, this is thus taken into account by 
using the full extreme value distribution according to [2], now also 
convolved by the microdosimetric relative standard deviations 
for e− and X-rays, H+, He2+, Li3+, B5+, C6+, and Ne10+ ions 
with σm ≈0.7%, 1.8%, 3%, 4%, 5%, 7%, and 15%, respectively, 
for 8 µm diameter cell nuclei (cf [61]: Figure 10 and [47]: Figure 
14). The significant reduction in the γC value is clearly seen in 
Figures 15, 16 18a, b and by the thin line curves in Figures 24 and 
25, as the microdosimetric relative standard deviation increases 
with increasing atomic weight, LET, and RBE. This problem 
has been well known for neutron therapy [8], where the relative 
standard deviation is almost as high as for carbon and neon ions 
(cf tabulation in Figure 15) partly due to the high LET and low 
therapeutic dose (≈20-23 Gy). 

. 
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Figure 15: The change in shape of the tumor control probability curve for a uniform cell line using different radiation modalities as a 
function of the absorbed dose (upper scale). The lower scale and dashed line curves are normalized to the ≈50% tumor control dose that 
is approximately proportional to the dose equivalent, to more clearly see the effect of the microdosimetric relative standard deviation on 
the γC value with increasing the LET (cf digital values in the table). Not only are the hot spots often in the form of Dual Double-Strand 
Breaks (DDSBs, cf lower right corner of Figure 4; [3]: Figure 2, [24]) and cold regions become more extreme with increasing LET, but 
the RBE first increases, thus reducing the total dose by approximately threefold with carbon, neutrons, and neon, increasing the relative 
standard deviation, and reducing the γC value more than therapeutically desirable. For mixed high- and low-LET treatments such as neon 
ions Ne+e−, an extra upper Gy-equivalent scale is needed.

The interesting clinical neutron and photon dose- response data set of Lionel Cohen [67, 68] also supports this fact, as was later 
analyzed quantitatively and showed a reduction in the dose- response steepness by ≈ 50 % for neutrons, compared with photons, as seen 
in the upper left panel of Figures 16 and 18b [69]. This is in good agreement with the data calculated in the tabular portion of Figure 
15. Figures 16, 22, 25, and 26 also show in other clinical data that it is difficult to reach γC values above 4 with neutron and carbon 
ions almost as calculated for the intrinsic maximum value achievable slope considering the microscopic heterogeneity of the energy 
depositions as shown in the lower right corner of Figure 26. It should be pointed out that in the case of the lung tumors as in Figure 
26 that are known to be quite hypoxic even though they are sitting in the middle of the lungs as shown by PET imaging e.g. in Figures 
10-12. This is due to the fact that high pressure venous blood are pumped from the heart directly to the lungs (≈10 cm distance) for 
oxygenation and when it reaches the tumor periphery it squeezes the outer most tumor vessels and thereby reduces the venous blood 
flow through the tumor so it is truly hypoxic. Furthermore, the lack of local alveolar regions in the tumor makes it stay strongly hypoxic 
as seen in Figure 10 and 11 and first after a weak of therapy (≈18 Gy) and tumor cell loss, the tracer can reach the tumor core. This 
is the key mechanism for lung tumor hypoxia and therefore a steeper tumor response is obtained with carbon ions than with photons 
even though the intrinsic microdosimetric heterogeneity of high-LET beams limit it to a γC value below ≈ 4 (cf also Figures 22 and 26). 
Epidermoid cancer data of Lionel Cohen [68] was probably less hypoxic and the hypoxic advantage of neutrons didn’t really show up 
in his data set as seen in Figure 18b. The intrinsic microdosimetric heterogeneity of high-LET beams and their low therapeutic doses 
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showed early on that a combination of photon and high-LET neutron beams often was advantageous [8, 38, 59, 70]. Figures 17 and 18 
further demonstrate how the microdosimetric heterogeneity not only influences the tumor cure but also naturally has a similar reduced 
steepness influence on the normal tissue damage curve. It is also seen that the microdosimetric variance actually increases the early rise 
in the tumor cure curve mainly due to microscopic hot spots in high densities of clonogenic tumor cells. However, this early advantage 
is rapidly lost at high doses due to microscopic cold spots when the clonogenic tumor cell densities and numbers are very low. The rather 
low final dose increments in High-LET and high-microscopic heterogeneity treatment will cause microscopic cold spots where some of 
the few remaining tumor clonogens may survive and it is equally unlikely that the heterogenic hot spots fall on all the remaining tumor 
clonogens. However, after such a noncurative treatment with caspase-3 induced apoptosis, an accelerated repopulation of normal tissues, 
as well as of remaining clonogenic tumor cells, may be induced [24].

Figure 16: The clinical neutron and photon dose- response data set of Lionel Cohen (upper left panel). Bone and soft tissue sarcoma, 
upper right, are very effectively treated by carbon ions similar to neutrons (PB). However, the normal tissue morbidity is much lower 
with ions since the LET in normal tissue is lower for plateau carbon ions than for neutrons, resulting in a significantly increased 
complication-free a cure (≈ 85% for carbon ions and ≈ 15% for neutrons). Very good cosmetic results and healing of the bony structures 
are seen in the lower and top inserts (cf also Figure 27; Clinical data: NIRS, Chiba, Dose response calculation: Karolinska). Arterial 
Venous Malformation obliteration data for helium ion treatments at Berkeley compared to photons (lower left). A clear-cut improvement 
in dose response is seen partly due to the increased apoptotic cell kill with intermediate LET Bragg peaks in small-to- medium sized 
target volumes. Light ions are probably the modality of choice for these nonmalignant but life-threatening malformations. A comparison 
of the 5-year local control for the treatment of chordomas, lower right, by conformal photons, IMRT photons, protons and helium carbon 
ions is shown. The right shallow curves with photons (conformal and IMRT), and protons pertain to low LET radiation, whereas the left 
curve pertains to carbon ions. The higher γC value and local control with carbon ions may be due to tumor hypoxia similar to lung tumors 
(Figure 26). The increased tumor control of ≈ 20% with a ridge filtered beam (NIRS) compared to lateral Bragg peak scanning (GSI) 
may partly be due to the increased synergistic effect by simultaneously delivering the low and high LET beam components.
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Figure 17: The intrinsic microdosimetric heterogeneity can also be expressed by the Poissonian probability of having a lethal cellular 
hit. When probability for no hits, P0, is increased at low doses and high LET´s the probability of random tumor clonogen survival is 
getting higher! At 3 Gy carbon ions, the probability of no hit is more than 1%. 

Φ =Fluence of ions; σn =Cross-section of nucleus; ν =Hits/cell nucleus.

 The normal tissue damage effects are shown in more detail in Figure 18a, demonstrating that the clinical influence on normal 
tissues is reversed since the hot spots in more densely populated normal tissues cause increased damage and thereby further reduce the 
complication-free cure. Consequently, both the tumor control steepness and the width of the therapeutic window will shrink with a too 
high LET, thereby reducing the probability of achieving complication-free cure, as clearly demonstrated in Figure 18a and b. Thus, 
a too elevated LET both reduces tumor cure and increases normal tissue damage, so the selection of optimal LET is truly critical for 
maximizing complication-free cure (cf Figures 13-18 and [3]: Figure 22). From this point of view, boron ions are more advantageous 
than carbon, at least for medium-sized tumors [7] and a low LET round up may be the optimal way to recover a steep response and a 
high complication free cure with boron and heavier ions. Here, we can conclude that at the end of the treatment, the lowest possible 
LET is optimal to minimize the significant dose heterogeneity effects and simultaneously minimize the normal tissue injury (cf Figures 
18a, b and 21). This calls for high-energy electron or photon IMRT or even QMRT, as seen from the table in Figure 15. In addition to 
the radiation modality or ion species and the tumor clonogen number, there are several other clinical factors influencing the steepness 
of the dose response relation. One of these factors is the heterogeneity of the tumor with regard to cell numbers and their sensitivities, 
as determined by cellular differentiation, the degree of hypoxia, and the nutritional status (cf Figures 24-26, [6, 64-66]). Some of these 
heterogeneity factors, such as hypoxia, are actually reduced with an elevated LET, but the intrinsic ion heterogeneity is still limiting the 
highest possible γC value and will limit this positive influence on the hypoxic γ value (see the tabulation in Figure 15 and Figure 26; more 
details are provided in the recent overviews (cf [2] and [49]: Figures 8.5n, 8.10, 8.23c).
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Figure 18a: A A too-high LET have adverse effects both on the complication-free cure (P+) as it reduces the high dose tumor cure and 
simultaneously increases normal tissue injury (dashed lines; solid lines: [38, 51]: Figure 4, [71]). Interestingly, there is a very cost-
efficient clinical solution to this problem: by switching to electrons, photons, and in special cases even protons during the last week of 
treatment. This will lead to a steeper tumor response ([1]: Figures 20 and 22, [7]: Figure 16, [49]: Figures 8.10 a, b), generating a higher 
complication-free cure, all at a lower delivered dose equivalent (see Figure 15 for Ne + e-) and reduced risk of damaging normal tissues, 
as demonstrated here. P (D$) is the probability of tumor control or normal tissue damage as a function of the mean tumor dose (cf also 
Figure 18b).

.
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 Figure 18b: Clear clinical neutron and photon dose response data showing the reduction in complication free cure by a too high 
microscopic heterogeneity in dose delivery using neutron therapy. The adverse effect of a too-high LET on the complication-free cure 
reduces the tumor cure and simultaneously increases normal tissue injury (doted lines and lower DEq scale for neutrons; solid lines and 
upper scale: from [67] and [59]: Figure 9,). Interestingly, the cost-efficient clinical solution is to switch to electrons or photons the last 
week of therapy with very few remaining hypoxic tumor clonogens and reduced need for high LET dose delivery. Interestingly, the 
effective RBE for the tumor and normal tissue responses are very similar as also shown in Figure 18a. The loss in dose response slope 
does not change the dose interwall between the curves but mainly the complication free cure distance between them as especially seen 
at peak P+ around 78 GyE! P+ for simplicity determined from Eq (1) with δ ≈ 0.

Optimal Time Dose Fractionation

The rapid and efficient repair of sublethal damage induced by low LET radiation between ≈ 0.5-2.3 Gy can be used to optimize the 
treatment outcome during fractionated radiation therapy. Most normal tissues poses a general low-ionization density daily fractionation 
window as seen in Figure 19 [2, 3, 38, 71, 72], as was mentioned in connection with Figures 4- 7. In fact, to minimize the effect of the 
LDHS, in normal tissue there exists an optimal daily fractionation window at approximately 1.5- 2.3 Gy/fraction where the shallowest 
tangent from the origin touches the cell survival curve at approximately 2 Gy (cf. Figures 7 and 19). This is therefore the optimal 
dose/fraction to an organ at risk near the tumor when very high therapeutic doses to the tumor must be delivered. Using such a dose 
per treatment fraction in the normal tissues around the tumor also means that the tumor dose is significantly higher, by a factor of 
approximately 1.2- 2, and the tumor will suffer significantly more damage, especially with mutated DNA repair genes. The fact, that the 
2 Gy/Fr dose level has been generally used over the last 70 years in clinical radiation therapy to maximize cure and minimize normal 
tissue damage, which indirectly supports the existence of the LDHS phenomenon in most normal tissues as explained in molecular terms 
in Figures 4 and clinically in Figures 6, 7 and 19. As discussed above the first quarter to half Gy induces Low Dose Apoptosis (LDA) 
to avoid mutations in normal tissues before full DNA repair is induced at about half a Gy. It is then optimal to deliver a further dose of 
≈1.5 Gy with full repair capacity induced and a very shallow dose response as seen in Figure 19. At higher doses the risk For High Dose 
Apoptosis (HDA) induction instead becomes a problem as seen in to the right in Figure 4.
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Figure 19: The fast low-dose initiation of full DNA repair first causes low-dose hypersensitivity and apoptosis but is followed by 
almost a plateau of effective repair and improved cell survival per unit dose. In normal tissues, there is therefore a daily fractionation 
window ≈ 2 Gy/Fr (≈1.8- 2.3 Gy, [2]: Figure 5), where the least detrimental response is obtained (SF2 ≈ 0.52 and D0,eff ≈ 3.1 Gy) for 
a given therapeutic dose level having to be delivered to the neighboring tumor volume (cf Eq 3). The dashed curve shows how the 
surviving fraction at 2 Gy (SF2) varies with the dose per fraction on the horizontal axis, having a clear maximum near 2 Gy. This is 
probably the main reason why in classical radiation therapy, where the tumor and normal tissue doses were often rather similar, the 
dose was best tolerated ≈ 2 Gy per fraction. For light ions with largely a low LET in normal tissues, such as lithium to boron ions, the 
normal tissue dose should preferably also be in this range unless there is a substantial high LET dose spillover to critical normal tissues 
surrounding the tumor region. With well-optimized IMRT dose delivery, the tumor dose could simultaneously be ≈ 1.5 or more times 
higher, and in addition, the biological effectiveness is significantly increased. This makes the total increase in therapeutic effect in the 
tumor approximately two to three times higher and more, particularly for smaller tumors. Unfortunately, this recommendation was not 
well understood by the community, who conservatively continued giving 2 Gy/Fr to the tumor. Now is the time to change, as discussed 
in further detail around Eq (3).

In addition to this daily fractionation window, by giving higher doses per fraction on days where there is a longer time for sublethal 
damage repair before the next treatment, it is largely possible to compensate for the two missing dose fractions over the weekend and 
thereby better maximize HR repair. The optimal weekly fractionation window is illustrated in full detail in Figure 20, showing that simply 
by increasing the dose on Friday and utilizing the weekend for repair (cf insert), a gain in complication-free cure (P+) of approximately 
6% can be achieved. Due to the effective weekend repair, the dose fraction on Monday could also be increased to gain a further 3% in 
P+. A total gain in P+ of approximately 12% is possible by giving high doses Monday morning and Friday evening, lower doses Tuesday 
and Thursday evening, and rather high doses midday on Wednesday and the last day of treatment, as seen in Figure 20 [3, 72].
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Figure 20: Improvement in complication-free cure by up to 12% (P+, right scale), using an optimal weekly fractionation schedule to 
make the weekend free from treatments and maximizing the sublethal damage HR repair in normal tissues as seen in the lower right 
insert. The insert also shows decreased reparability with key DNA repair genes knocked out [3, 39]. The fast NHEJ is clearly separated 
from the slow HR repair, especially for wt1 and wt2. As expected, the fast part was almost totally lost for the Lig4 knockout cell line. 
Interestingly, the improved normal tissue repair capability is particularly valuable during the last week of treatment when the tumor 
burden is reduced and normal tissues suffer the most after a several weeks of treatment. Nevertheless, the last treatment fraction should 
be high to use the extra repair potential at the end of treatment. Clearly, the advantage of a low-LET round-up after a high-LET treatment 
will generally optimize the whole treatment procedure, not least using the present fractionation approaches. As seen in the middle row 
of cells and violet numbers, a low LET round up regain the highest possible P+.

High-dose fractions should be given only when there is a longer delay until the next dose fraction: either more than 60 h over 
weekends or more than 29 h when followed by a lower dose. Such a fractionation schedule maximizes the use of sublethal DNA damage 
repair particularly via the HR pathway in tumor-surrounding normal tissues. The tumor, often with a mutated TP53 gene and/or repair 
genes (e.g., ATM and DNApk), has no advantage with a 60- 100% longer repair time, as shown in the lower left insert in Figure 20 (cf 
[3]: Figure 10 and its accompanying table). Furthermore, as shown in the lower left insert in Figure 20, this dose level also allows NHEJ 
to function very effectively daily, and HR to ≈ 50+ % over the weekend for most normal tissues. To conclude, if the dose per fraction 
to normal tissue is approximately 2 Gy and the dominating NHEJ repair pathway is intact, a normal tissue, minimal damage weekly 
fractionation window is established [2, 39, 72], as inherently described by the current repair model; and it applies to all ions from helium 
almost up to boron ions (cf Figure 32 and [1]: Figure 7) by most importantly largely avoiding an elevated LET´s in normal tissues!
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The 4D-Space-Time of Ion Therapy Optimization

Interestingly, the proposed switch to a low LET simultaneously 
increases the steepness of the dose-  response relation and thus 
enhances the therapeutic window and increases the complication-
free cure through less normal tissue injury and simultaneously 
solving all the high-LET heterogeneity problems indicated in Fig-
ures 13-21. The reason it works so well, is that there is no longer 
an excessive microdosimetric variance in the final dose delivery, 
causing an increased dose response steepness, less normal tissue 
damage, and a higher curative response. In retrospect, there is ac-
tually a clinical demonstration of the value of using low-LET dose 
delivery in addition to high-LET treatments in the interesting US 
clinical trials of neutron therapy. Not only was it shown that the 
first ever gantry- mounted about 1m thick pure electrolytic iron 
multileaf collimator (to minimize neutron activation) in Seattle 
provided much less normal tissue damage than the ordinarily used 
block collimation inserts (grade 3 and 4 cumulative late normal tis-
sue toxicity rates was reduced from 39% >10% [71]) but also the 
use of mixed beam treatments where a photon addition was found 
to be quite advantageous, as discussed in detail elsewhere [8, 49, 
73-82]. The above discussion was not too well understood at that 
time, and the results could most likely have been improved even 
further, as discussed here, but it is not excluded that the somewhat 
better dose delivery with photons may also have contributed to 
the improvements even if a small net survival advantage was seen 
with neutrons for prostate cancer [79]. Interestingly, the optimal 
transition from a high to low LET should be when only a handful 
of tumor clonogens remain and most of the severe hypoxia is gone, 
preferably following the last weekend of neutron or ion treatments, 
giving an extra valuable HR-dependent DNA repair and hopefully 
a tissue reoxygenation boost, as shown by the insert of Figure 20.

In fact, the discussion above about the last week of therapy 
should also apply at least partly to the previous week because the 

periphery of the initial internal target volume [83] may only harbor 
a lower density of tumor cells either due to microscopic growth or 
diffusion of tumor cells and/or to an added setup margin to account 
for organ motions and establish set up uncertainties [83], as seen 
in Figure 21. Independent of the exact reason, this margin is also 
unlikely to harbor high numbers of hypoxic or radiation-resistant 
tumor cells, and it therefore does not truly benefit from an elevated 
LET treatment that unfortunately is likely to cause unnecessary 
normal tissue damage, as discussed above and explained in Figure 
18. Therefore, the last part of the second-to-last week of therapy 
may also benefit from a switch to low-LET irradiation (see the few 
tumor clonogens in the penumbra region in Figure 21), although 
now possibly together with a dedicated high-LET boost but only 
to the original gross tumor volume that still may harbor some 
hypoxic or radiation-resistant clonogenic tumor cells [4, 8, 47, 63, 
66, 69]. Interestingly, the last week and a half of the treatment can 
thus largely be considered a low-LET treatment of the periphery 
of the four-dimensional space- time internal target volume [83], as 
shown in Figure 21, for simplicity and clarity drawn assuming an 
initial cubic tumor volume. The target volume is shown to shrink 
in the fourth time dimension for simplicity and clarity and to obtain 
a real 4D perspective. The true tumor volume may shrink slightly 
during treatment but not necessarily, e.g., if we truly manage to 
induce massive senescence (cf Figure 31, [6] and [42-44]). The 
initial setup margin (pale pink) and the few remaining gross tumor 
clonogenic cells at the beginning of the last week of therapy 
(green volume in Figure 21) are all randomly located in the 4D 
space- time internal target volume [83]. This volume will benefit 
from the lowest possible LET to secure the highest complication- 
free cure and steepest possible tumor response, avoiding tumor 
microdosimetric cold spots as well as avoiding peripheral organs 
at risk of hotspot damage with high-LET beams (Figure 18 and [3]: 
Figures 20 and 22, [7]).

Figure 21: A cubic 4D space- time internal target volume is projected on a 2D flat surface showing the need for low-LET electrons 
or photons to round up an optimally performed high LET light ion treatment. Like a 3D cube in 2D is two squares with all corners 
connected, and a 4D cube in 3D is two 3D cubes with all their cubical corners connected, in this case with the blue fourth dimension 
time arrows connecting the pink and green cube corners in this Figure. The periphery of the 4D internal target volume [81], including 
the initial setup margin (pale pink) and the few remaining gross tumor clonogenic cells (green volume), will substantially benefit from 
the last 10- 15 GyE being delivered with minimal LET and microdosimetric variance using electron or photon beams. Interestingly, 
both the few remaining clonogenic tumor cells in the gross tumor and the setup margin are best eliminated with an optimized 15 GyE 
low-LET treatment round-up, and for bulky tumors, the first 5 GyE of those may include a concomitant higher-LET initial gross tumor 
boost in case of a possible risk of an hypoxic remainder [8]. This is different from the fractional 4D problem of dynamic therapy [84].

Accounting for Tumor Hypoxia

The biological effect of low-to-medium LET radiation is dependent on the local oxygen concentration in the cells since oxygen 
radicals then mediate a substantial part of the cell death. Often, this makes well oxygenated normal tissues suffer radiation treatment 
more than generally hypoxic tumors. With low LET, an often 2- 3 times higher dose is needed to eradicate hypoxic tumor cells compared 
to well-oxygenated tumor cells. For high LET radiation, such as light ions, this so-called oxygen enhancement ratio is reduced for 
hypoxic tumors (OER≈1.5- 1.7). Furthermore, light ion Bragg peaks that are applied only in the tumor volume further improve this fact 
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since the high dose and LET are then mainly present in hypoxic tumor cells and not in normal tissues. With QMRT, the highest LET 
Bragg peaks could even be reserved for the hypoxic core of the tumor [49-52].The clinical problems of a very small hypoxic tumor cell 
fraction (10-5) affects an otherwise well-oxygenated tumor are clearly demonstrated in Figure 22. In the first approximation, it does not 
matter whether the cells are spread out or nodal. The blue curve shows the response of the well oxygenated fraction as a function of the 
dose equivalent in GyE, so the same curve holds approximately for photons and carbon ions (the real carbon curve slope should due to 
heterogeneity effects actually be more similar to the red curve). The difference comes from the few hypoxic cells that are easily cured by 
the carbon ions, dotted red curve, so the total tumor is just shifted a GyE or two. With photons, the hypoxic cells need some 15 Gy extra 
(dotted pink curve) due to their high OER, so they totally dominate the tumor response, and these few most resistant cells determine the 
low clinical response slope γC ≈3 a severe reduction from the oxic value of almost 7 for ≈ 5 cm tumor (γC ≈lnN/e, cf Figure 13).

Figure 22: A very small hypoxic compartment can totally dominate a low LET treatment, whereas with higher LET lithium and carbon 
ions, they are not such a big problem and only marginally increase the effective dose needed for cure. With increasing hypoxia, D37 (and 
D50), the low LET dose causing 37% (and 50%) tumor cure, increases rapidly, as seen in the right insert. However, the normalized slope 
(γ37)of the dose‒response relation (DRR) first decreases at low LET values as the hypoxic fraction increases due to increasing tumor 
heterogeneity and a dominating small hypoxic compartment and then increases as most of the tumor clonogens become hypoxic (cf 
Figure 26 insert). The figure shows how the loss in (γ37) and increase in D37 and D50 are substantially smaller with high LET lithium or 
carbon ions, as shown in more detail in Figures 24-26.
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Figure 23: Illustration of how a reduced density and increased randomness in the geometric distribution of blood vessels reduces 
oxygenation, particularly at large distances from the vessels, and increases the number of cells with significant hypoxia (Po2 < 5%). 
The color look up table (lower left scale) was adopted from that of hypoxic tissue markers (lower right insert, courtesy van der Kogel). 
The vascular model of oxygen diffusion as seen to the right is given here by the solid line cellular oxygenation curves and often agrees 
very well with many clinically observed Eppendorf data sets for tumors (pink panels with gray histograms in the left half) and normal 
tissues (blue panels with open histograms in the right half). It is clearly seen that most tumors have a significantly low oxygenation and 
radiation-resistant cell fraction as opposed to most normal tissues that are well oxygenated and radiation-sensitive and lack a severe 
hypoxic cell fraction that characterizes hypoxic tumors.

The change in oxygenation status in 25 cubic cm-sized pieces of tissue of varying vascular density (x-axis) and vascular 
heterogeneity (y-axis) are shown in Figure 23. The calculated oxygen tension distribution in a section of the cube is color coded the 
same way as the experimental tumor sample [85,86]. In the right half, the average oxygenation curves of each cube are shown (solid line 
curves) in rather good agreement with experimental Eppendorf histogram data (tumors: pink shading, normal tissues: blue shading [86]).
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Figure 24: Overview of how the effective DRR is influenced by the LET off the beam from 0.2 eV/nm photons via 25, 50 to 100 eV/nm 
carbon ions for each cubic tissue type taken from Figure 23. Interestingly, the medium LET in the neighborhood of 25 eV/nm is most 
efficient for most hypoxic tumors (pink background), whereas X-rays or electrons are optimal for more well-oxygenated tumor tissues 
such as nonradiation-resistant tumors (lower right corner, blue background, cf Figure 18b).

It is quite clear that a low vascular density and high heterogeneity are characteristics of most hypoxic tumors in the upper left 
corner of the diagram. The oxygenation curves in Figure 23 are converted to dose response relations of varying steepness as the hypoxic 
fraction and mean LET increase, generally requiring higher doses as the hypoxic fraction increases, as seen in Figure 24. Furthermore, 
it is seen how a small hypoxic fraction in a tumor significantly reduces the slope of the DRR with low LET photons (cf Figure 22). 
Interestingly, the most advantageous dose‒response relationship with the lowest equivalent dose to the patient is generally at a quite low 
mean LET near 25 eV/nm (Unfortunately, the effect of microdosimetric heterogeneity is not considered in Figures 22-24). However, 
since the microdosimetric heterogeneity mainly affects the higher LET curves, the conclusions are still largely valid. To show the 
detailed effect of the microdosimetric heterogeneity, Figure 25 shows a close-up of Figure 22, where some of the key light ions (Li, B, C) 
are compared with photons (and electrons). Here, the effective RBE of the ions is also considered, as seen by the fine red lines for carbon 
ions, and the hypoxic fraction was doubled to make it slightly closer to common clinical situations requiring 64-68 Gy with photons. An 
RBE of ≈ 1.5 is sufficient to make the hypoxic fraction have a marginal influence on the hypoxic dose response relation for carbon ions, 
and boron is rather similar, with a few percent higher PB. Lithium ions can bring the γc value up to 5 and may reach an increase in PB 
of ≈ 10% compared to carbon. However, the principal gain with these lighter ions is actually in the lower LET in normal tissues, largely 
recovering the fractionation window of photons and electrons (cf Figures 6 and 7, [2]).
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Figure 25: A more detailed study of the dose response relation of hypoxic tumors taking the microdosimetric heterogeneity of the ions 
into account (cf Figures 15, 18 and 22, [2]). An RBE of ≈ 1.5 is almost sufficient to make the hypoxic carbon response equal to that of 
well-oxygenated cells (thin and thick red curves, γ37 ≈4.2). However, boron and lithium ions with γ37 values of ≈4.7 and 5.3, respectively, 
may reach this RBE and thus have a 10% higher cure probability than carbon ions. Of course, this is only a mildly hypoxic tumor but 
a rather common kind requiring ≈ 66 Gy photons for 90% cure probability. The new approach switching to electrons, photons or even 
protons in the last 10 GyE may still be even better, especially for severely hypoxic tumors. Many clinical tumors are close to the lowest 
γ37 value (≈2-3.1 as in this case) due to hypoxia, and lithium to boron ions can bring this low point back up to γ37 ≈ 4-5 region with a 
steeper and more effective dose response not least with a well-designed low LET round up!
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Figure 26: Comparison of Clinical results using photons with carbon 12 ions showing an advantageous steep DRR for lung tumors. 
There is significant improvement in efficiency, and cure compared to conventional radiation therapy. The increased steepness improves 
the therapeutic window and is due to a more efficient killing of hypoxic tumor cells. The change in the normalized dose- response slope 
as a function of the hypoxic fraction and ion species is shown in the lower right insert. The normalized slope of the Dose Response 
Relation (γ37) in the first approximation decreases in low LET beams as the hypoxic fraction increases due to the increasing tumor 
heterogeneity with a dominating small hypoxic compartment, as seen in Figure 22. After ½ % hypoxia, it starts to increase again as most 
of the tumor clonogens become hypoxic (decreasing tumor heterogeneity). However, as the microdosimetric heterogeneity comes into 
play in beams of increasing LET, the intrinsic loss in γ to γMax (cf. Figures 15- 18) limits the regain in slope, as shown by the inserted blue 
curve. This effect will be less pronounced in the low D37 values shown in Figure 22 but may influence the D50 and D90 values. Most 
of the loss in the dose- response slope for photons is due to hypoxia. The variation in sensitivity over the cell cycle [3] and with tumor 
stage can also affect the response slope, not least for photons.

The clinical data on hypoxic lung tumors treated by carbon ions and photons are summarized in Figure 26, clearly showing the 
value of higher doses and less normal tissue limitations by carbon ions even though the γC value is fairly low, as expected from their 
microdosimetric heterogeneity. It is still significantly better than that for photon treatments, partly due to a larger influence of hypoxia 
but also due to a wider range of tumor sizes and other photon-related tumor heterogeneities. It is most likely that this group of small lung 
tumors (T1-T2) could advantageously be treated with lithium ions resulting in fewer normal tissue reactions.

Radiation Quality

From the interesting cell survival curves in Figures 5-7 and dose response relations for photons and light ions in Figures 15, 16, 
22, 24-26, one can naturally ask which beams are most suitable for radiation treatments to minimize adverse reactions in normal tissues 
and maximize the complication-free cure.
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Figure 27: Depth dose and LET distributions for the 5 lightest ions after protons: helium, lithium, beryllium, boron, carbon and neon 
that were carefully tested at Berkeley. The dose fraction delivered at an ionization density below 10 eV/nm is unshaded because when 
an ion passes, a 2 nm DNA string less than 20 eV is on average deposited, so no local ionization is generally obtained on average, as 
seen inserted in the upper middle panel. It is clearly seen that lithium has a high ionization density only in the Bragg peak, whereas 
carbon has it 5 cm in front and 10 cm behind the Bragg peak. Lithium is therefore the most conformal radiation modality, only providing 
significant apoptosis and senescence in the few mm Bragg peak, which is perfect for inducing programmed cell death only by its peak 
ionization (cf [6]). The high LET component increases rapidly from only a few percent for protons and 50% for helium and 80% for 
lithium. For carbon, the high LET region extends ≈5 centimeters in front of the Bragg peak and ≈10cm behind it. Beryllium and boron 
ions are located between lithium and carbon and are of interest for medium size tumors.

This question was recently discussed in some detail [2, 3, 6, 7, 23], and many of the new biological ideas discussed here may need 
renewed consideration. The classical quantities discussed in the photon era are the penumbra width (P80-20≈3-5 mm), skin dose (D0.5≈30-
40%) and HVD (R50) dose max depth (R100), and with electrons, the therapeutic and projected range (R85, RP) and bremsstrahlung 
background (DX≈1-5%) need to be added. With light ions, many of these are still highly relevant, such as penumbra width, skin dose and 
fragmentation tail (DFr), which can become quite substantial from carbon and beyond, as seen in Figure 27. To look close up on what is 
probably the most interesting ion for radiation therapy of bulky tumors: boron 8, and to compare it with the presently dominating carbon 
12 ion, their dose and LET distributions are assembled together in Figure 28. Most interesting is that we can see a significant reduction 
in the plateau region ionization density with boron 8 ions (and 11 cf Figure 27). Not only is all the medium LET region of carbon 
replaced by low LET boron ions, but the ≈5 cm wide high LET region in front of the carbon ion Bragg peak is only 2 cm with boron 
ions, and the fragmentation tail is practically all low LET. Interestingly, this will increase boron apoptosis and senescence in the tumor 
and simultaneously reduce it in normal tissues, as recently demonstrated experimentally ([1]: Figs. 7, 9, 10, [2]: Figs. 3, 6,[3]: Fig. 22, 
[7]: Figs. 4, 16). The only drawback is that Boron 8 is unfortunately difficult to produce since it is our lightest β+ emitter with a half-life 
of just under a second. Interestingly, this makes it possible to visualize the dose delivery in real time during treatment by whole-body 
PET- CT imaging. This is possible since the acceleration is fast (msec) and as the ion comes to rest in the tumor, it will emit its positron 
within a second or two so it has to be imaged during treatment unless the treatment is done in a fraction of a second and the patient can 
instantly be moved to the PET-CT camera (20% is left after ≈1.8 s). It is possible to produce boron 8 in flight in a boron 10 beam on a 
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liquid deuterium target, but the yield is quite low (less than 0.001 [87] as two neutrons need to be removed). It will probably be more 
efficient to use a beryllium 9 beam on a liquid hydrogen target to knock out a single proton and use the filtration techniques developed 
at Karolinska for [88-90, cf also 91, 92], or the interesting method developed at CERN may even be the most optimal approach [93].

The SOBP method generates strong variations in ionization density and absorbed dose. The variation is a factor of approximately two 
over the whole target volume for carbon ions, with a too low LET at the anterior end and too low dose and too high LET at the distal 
part of target volume, as seen in Figure 29. This significantly increases the risk of microscopic cold spots at the distal part of the target 
volume ([3]: Fig 22, [7]: Fig 16). A more scientific approach would be to use mixed-modality treatments that can make the absorbed dose 
and biological effect almost constant, as seen in Figure 30 [3, 7, 39, 47, 95], or even locally elevated, e.g., in regions of strong hypoxia 
[2, 47, 66, 86, 95]. The very flexible method of mixing two ions with largely different ionization densities ([7, 39, 53, 86, 95,96], such as 
He or Li and B or C, is more flexible than using the Spread-Out Bragg Peak method, which in fact, works well only for protons, as seen 
in Figure 29. The very high distal LET and very low dose, as seen in this figure in a region that is largely consisting of a set up margin, 
is a suboptimal treatment considering heterogeneity and side effects.

What truly requires new thinking is the 4-dimensional aspects discussed in Figures 20 and 21, such as the time dose fractionation, the 
internal target volume and the quantum biology effects the last weeks of the treatment, and they are very important to consider (cf. 
Figure 21; counting dose, energy and lineal energy is actually already 7 dimensions). The new idea to more seriously consider the 
microdosimetric heterogeneity of the beams (cf. Figures 13-18) and to take it into account, especially the last week and a half of the 
treatment [2], is an interesting opportunity to at the same time recover the steep dose response relations, e.g., of well oxygenated head 
and neck cancers for photons (γC ≈5-6 [69]). Interestingly, this can be achieved by switching the last week of an ion treatment to a low 
LET

Figure 28: Carbon ion with superimposed boron ion beam depth dose and energy deposition density distributions (LET) for biological 
effect comparison. The adverse biological effects of carbon ions in the entrance and fragmentation tail regions are significantly reduced 
by boron ions (blue shading). With sensitive organs at risk in front of and behind the tumor volume, the high LET reduction will also be 
a further important advantage of boron ions, as they will generate more apoptosis in the tumor than carbon ions, as recently demonstrated 
[1-3, 7]. Interestingly, this is also likely to partly reestablish the important low LET fractionation window of photons in normal tissues 
with boron ions (cf Figure 7, and [2]: Figure 5)! Unfortunately, the carbon ions also get far too dense DDSB clusters toward the Bragg 
peak, as shown recently ([23]: Figures 13 and 14), also indicating the need for lighter ions.
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Figure 29: The relative biological effectiveness varies over the SOBP. This will make the dose at the distal target volume low and LET 
very high, making the risk for microscopic cold spots high and increasing the risk for a recurrent tumor [2]. Two perpendicular high-
energy electrons and photons, beams make a sharper and better high-dose dose distribution than a proton SOBP even if the dose behind 
the tumor is lower with p (but accompanied with neutrons [7, 8]), making He, Li, B, and C ions most interesting from a therapeutic point 
of view. With B or C ions and He or Li ions, the method with two different intensity modulated beams will eliminate the single beam 
SOBP problem above, as shown in more detail in Figure 30. round up with minimal microscopic dose delivery heterogeneity, and thus 
at a time when the most severe hypoxia is gone. Thus, replacing the last one or two ion treatment fractions by 10-15 Gy preferably using 
electrons or photons but also protons will do, e.g., at an ion center, as discussed in further detail in Figure 21 above.

Apoptosis is nature’s own way to eliminate unwanted cells during the development of practically all organs and is therefore not 
generally associated with an inflammatory response accompanying the more common necrotic type of cell kill. Furthermore, the light 
ions also have an increased induction of senescence, that is, permanent cell cycle arrest, as seen in Figure 4. Senescence is therefore 
probably the most desirable endpoint of all cancer therapies, as the tumor cells can then lose their reproductive ability and slowly 
disappear depending on the remaining cellular half-life of ≈2.5 y. As seen in Figure 31, the chordoma treated was reduced to half its size 
or 10% to 15% of the initial volume six years after the treatment [49, 95, 97-99]. Because more ions per unit dose and cell kill are needed 
at medium to low ionization densities, more effective apoptotic and senescent responses are obtained at ionization densities of 20 eV/
nm to 40 eV/nm, as shown theoretically and experimentally [1, 2, 7, 39]. Interestingly, helium, lithium and beryllium combine a high 
local apoptotic and senescent tumor cell inactivation only a few mm around their Bragg peaks and can thus be regarded as the ultimate 
stereotactic, conformal and even molecular radiation therapy modalities [6, 49, 55, 87].
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Figure 30: A quality modulated or quasiuniform absorbed dose and cell kill distribution can be generated by combining lithium and 
boron or carbon ions in suitable ratios. The small local fluctuations in absorbed dose are due to a somewhat large longitudinal range 
modulation (∼3 mm) used to clearly illustrate the applied mechanism combining lithium and boron or carbon ion Bragg peaks at each 
depth interval. The different panels show the total absorbed dose and the boron or carbon doses and the lithium dose in the upper row and 
lower left, whereas the cell survival and mean LET distribution are shown on the lower right. Interestingly, by combining lithium and 
boron or carbon, a uniform biological effect, survival, and absorbed dose can be obtained both for uniform tumors and with an optimal 
biological effect modulation for heterogeneous tumors [36, 48, 60, 76-78].

Optimal cancer cell inactivation would benefit substantially by a treatment modality that preferentially induces senescence, 
probably the most cost-efficient treatment to stop further cell cycling and block tumor growth. Actually, this is probably also the mildest 
but still efficient end point to cure a cancer [2, 6, 41-44, 100, 101], as it can make the clonogenic tumor cells lose their uncontrolled 
cell cycling ability, as seen in Figure 4. The induction of autophagy (self-digestion) and apoptosis (programmed cell death Figure 4) 
may follow more severe DNA damage to minimize cancer induction with more complex DNA damage and increased risk for severe 
mutations, e.g., with turned-on oncogenes or lost suppressor genes. Lithium ions are probably the optimal ion, at least for smaller 
tumors (see Figures 4 and 29, [2]: Figure 3, [1, 3, 6, 95]) and pediatric patients. The major advantage of molecular radiation therapy 
with lithium ions is the low-ionization density in all normal tissues, largely inducing fast DNA repair while often inducing apoptosis and 
senescence only in the tumor volume. For the same reasons, medium- sized tumors are probably best treated using boron ions, but this 
may sometimes require an extra beam portal compared to carbon ions, especially for larger hypoxic tumors.
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Figure 31: The dose delivery for a large pelvic chordoma as shown in the upper and lower left treatment plans. The lower right plain 
MR images show the gradual disappearance of the chordoma six years after the treatment, probably due to a massive senescent response 
without traces of tumor growth. This treatment was made with carbon ions but could most likely with advantage be done with boron ions 
as seen by the B and C ion LET data and apoptosis in Figures 5, 29, 33! (Courtesy: Hirohiko Tsujii, NIRS, Chiba, Japan).

Secondary Cancer Risks

The new power of being able to approximately quantify apoptosis makes it possible to better estimate the probability of inducing 
a secondary cancer especially with experimental cell survival and apoptosis data as shown in Figure 32 (cf [2]: Figures 7 and 9). It is 
unlikely that the apoptotic fraction will contribute to secondary cancer induction (except possibly in TP53 mutant cell lines that may 
integrate fragments from apoptotic bodies into their genomes!), so it is useful that this fraction can be estimated using the new RHR 
formula and removed from other forms of misrepair to more accurately describe the cells that are potentially capable of generating 
a secondary cancer. This cell fraction, as shown in Figure 32, has its secondary cancer induction peak in the 3 GyE/Fr region, so in 
radiation therapy optimization, it is truly desirable to minimize this volume in normal tissues as much as possible. Figure 32 also shows 
that the maximal risk is the smallest for low-LET ions (blue-shaded), largely due to their high apoptotic fraction induction. The real 
secondary cancer risk may be on the order of 5% of the maximal values in Figure 32 or less. Obviously, these experimental data are not 
truly relevant for all surrounding normal tissues that may receive a fair dose and are at risk for secondary cancer. However, the present 
tumor cell line is at least wt TP53 so probably not the most extremely mutated one and may, in a first approximation, be assumed to be 
representative both for normal and tumor tissue risks. Furthermore, the dose axis is clearly the dose per fraction, so it means that the 
total dose is increased by the number of fractions used. Interestingly, the plot is drawn as a function of dose equivalent (dose x RBE; 
the 50% survival RBEs used are given in the figure), so all the maximal doses align very well, indicating that the ion with the lowest 
LET and highest apoptosis will always minimize the secondary cancer risk for a given delivered dose equivalent. In fact, just as nature 
arranged it with the LDA to avoid cancer before full repair is induced (cf Figure 4) but this time HAD is mainly involved [1]. Notably, this 
secondary cancer risk is a contraindication for large, low-dose volumes with many beam portals in intensity-modulated photon therapy 
using methods such as “rapid arc”, “volumetric arc”, and “tomotherapy” on nonseniors, which may have time to develop secondary 
cancer after 15-20 years [8, 56, 102, 103]. Interestingly, the new fractionation procedure proposed above (sec 5.3) and the new treatment 
approach suggested in Figure 6 will allow fewer beam portals and higher tumor doses with fewer adverse reactions in normal tissues 
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using ordinary fixed beam delivery.

Figure 32: The lower shaded bel-shaped regions show the maximal secondary cancer induction probability as a function of the LET 
and dose equivalent per fraction delivered to tissue. At low doses, the risk of inducing a mutation is small, whereas at high doses, the 
probability of generating a mutation is higher, but so is the probability of also eliminating it via the treatment. The risk is highest around 
≈3 GyE/Fr, so this volume in the patients´ normal tissues should truly be minimized. The LDA and LDHS of this TP53 intact cell line are 
clear from the curve shape for the two lowest LET beams (60Co and 40 eV/nm) as they are practically coinciding at low dose equivalents 
(black and violet curves). Interestingly, the risk is the smallest for the lowest-LET boron ions due to their high LDA and HDA. The 
upper shaded area is due to nonapoptotic misrepair for 40 eV/nm 10B ions as also shown by the red nonapoptotic misrepair curves. All 
data points are experimental and the RHR formula is used with the CDN1: one-dimensional closest distance norm, for the fit to data (not 
least square; for details: [1]).

 In fact, if minimal risk for secondary cancer is also a goal of the treatment, multiportal molecular radiation therapy with lithium 
ions (cf Figure 4) with half a GyE plateau dose/portal would be ideal, as seen in Figure 32. With the lightest ions, this is generally a 
smaller problem, as fewer beam portals are needed, and it should thus be the treatment of choice for nonseniors that hopefully will 
recover from a well optimized local treatment with minimal risk of late morbidity!

Adjuvant Treatments

As seen in Figures 4 - 7 above, most tumors are linked to a low-dose radiation-resistant phenotype (LDRR) due to a mutant TP53 
gene and thus a reduced probability of inducing LDA, HDA and LDHS.
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Figure 33: Experimental demonstration of the increased LDA and HDA by mutant TP53 reactivation by using the new RHR cell 
survival formulation. The change in U1690 SCLC cell survival (with a mutant TP53 gene), S(D), and major DNA repair processes 
induced with PRIMA-1 (solid lines) and without (dotted lines), irradiated using 60Co γ-rays. Arrows indicate the change after adding 5 
&M PRIMA-1 for 14 h (10 h before to 4 h postirradiation). Even if the absolute apoptotic survival change is small, ≈ 7% at low doses 
(LDA) and up to 15% at high doses (HDA), there are larger estimated changes in the reparability of radiation damage with PRIMA-1 
added, as seen in the HR-only repair (fh ≈+50 %) and the HR repair of NHEJ misrepair (l≈+100 %) and sum of all repair terms that 
even compensate somewhat for the increased apoptosis via reactivation of mutant p53. Interestingly, the low dose relative increase in 
apoptosis was more than 10 fold below 0.15 Gy (LDA, see the text and [1]). The shaded low-dose area between the calculated apoptotic 
cell survival and measured clonogenic survival is due to apoptotic loss before the full activation of p53 at serine 15 and 20 via the 
checkpoint kinases ATM and CHK2 (cf. Figure 4 and [1-3]). The high-dose loss in cell survival is most likely due to PRIMA- 1-induced 
augmented toxicity through the increasing associated ROS production (PRIMA-1 inhibits the enzyme thioredoxin reductase 1/Trx1 and 
thioredoxin and decreases cellular glutathione/GSH levels) and increasing HDA and senescence [36, 48, 60, 76-78]. The mean error! 
and standard deviation σ of the data points from the fit are also shown: all below ≈1%, but are obviously much higher in some of the 
individual subcomponents (≈10%). The volume of data that can be estimated using the new, more flexible, and probably more accurate 
cell survival and DNA repair formulation is striking. Updated from ([2]: Fig 6) with LDA and HDA and the effects of ROS. CDN1: 
one-dimensional closest distance norm (not least square, see [1]). The new RHR formulation significantly helped the interpretation of 
the wide range of effects of PRIMA-1 (f, g, k, l are repair fractions in which HR fixes various NHEJ misrepair and damage, as indirectly 
explained in this figure, fh plain HR, and fn plain NHEJ; see [1, 104, 105] for further details).

 Interestingly, the cell survival effects of the mutant p53-reactivating active component MQ of the compounds PRIMA-1 and 
APR246 on the TP53 mutant SCLC cell line U1690 after exposure to 60Co γ-rays is shown in detail in Figure 33. The curves with PRIMA-1 
are shown here as solid lines, and the plain SCLC cell line U1690 without PRIMA-1 is shown as doted lines, with arrows indicating the 
change in survival by the presence of PRIMA-1 during irradiation. At higher doses, the relative survival loss is quite large (almost 27% 
at 4 Gy, see Figure 33). From this point of view there would be a clinical advantage of using high doses per fraction with PRIMA-1. 
There is an increased HR repair alone (f by almost 50%) but also indications of an increased HR repair fixing NHEJ misrepair (l is more 
than doubled), indicating that the HR pathway is largely improved through p53 reactivation, partly increasing the very low- and high-
dose apoptosis [1, 2]. The recovery of the HR pathway with PRIMA- 1 related apoptosis is increased more than tenfold below 0.15 Gy, 
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sixfold at ½ Gy (LDA), fourfold at 1 Gy, and more than doubled 
at high doses (HDA). Due to the wide therapeutic effect spectrum 
of the active component MQ of APR 246 and PRIMA-1 [1, 2, 4, 
104-109], both on reactive oxygen species (ROS), inhibiting the 
enzyme thioredoxin reductase 1 and thioredoxin and decreasing 
cellular glutathione levels and increasing apoptosis. It is difficult to 
say exactly what caused the increase in HDA apoptosis by ≈15% in 
the current study. Even if PRIMA-1 increased the HR only, and its 
repair of NHEJ misrepair, this probably occurred due to improved 
HR initiation via TP53, but there are also indications that apoptosis 
could be caused by direct mitochondrial effects via caspase-3, 
and the cell cycle block via p21 is not generally restored either 
[104, 105]. This latter fact may even be a therapeutic advantage 
for cancer treatments as the tumor cells will continue cycling and 
incorporate damaged DNA in their genomes without repair, and 
they may finally end up in a mitotic catastrophe situation, as in 
classical radiation therapy. The first very interesting cell culture 
study using APR 246 on colorectal cancer combined with radiation 
was recently published, and mut TP53 cell line showed almost wt 
TP53 response with 5 &M APR 246, whereas TP53 Null cells were 
only half as responsive [109], generally consistent with Figure 33. 
At 7.5 μM, the mut cell line was even more responsive than the wt, 
which should be a valuable treatment property. In a tumor growth 
assay, 20 μM APR 246 and 6 Gy both halved the mut xenograft 
size, whereas the combination brought it down to ≈1/5, but wt cells 
showed only a 30% APR 246 reduction, and null and mut cells were 
similar [37]. Interestingly, Venn diagrams of significantly enriched 
pathways and genes for combined and radiation-alone treatments 
were also included for wt, mut, and TP53 null cells [110]. APR 246 
and PRIMA-1 are therefore very interesting compounds to improve 
the treatment possibilities of the multitude of LDRR tumors (cf 
the U1690 SCLC cell survival in Figure 33) that have a mutant 
TP53 pathway (>50% of all tumors) and therefore otherwise may 
need ion therapy to counteract their LDRR phenotype property as 
the treatment response is then generally more independent of the 
p53 status. Interestingly, the recovered LDA, LDHS and loss of 
LDRR opens up the possibility for improved radiation therapy at 
low doses, and the regained HDA, senescence and ROS effects 
make high doses per fraction treatments even more beneficial, as 
seen in the figure, especially if the compound is injected directly 
into the tumor (cf [1]: Figure 17 for potential treatment effects)! 
A recent experimental study also showed synergistic effects of 
APR 246 with higher LET radiation (Radium-224 alpha particles) 
not surprisingly making it an interesting adjuvant also for modern 
light ion radiation therapy even if the ROS effect may be reduced 
somewhat compared to that of low LET radiation [111].

Optimal Dose Delivery Techniques

During the last 125 years of curative radiation therapy, the 
treatment and diagnostic equipment and associated irradiation 
techniques have changed considerably, as seen in Figure 34, 
summarizing some of the last 50 years of development. Intensity 
modulation started quite early with absorbers and wedge filters 
in the beams, but it was not until much more flexible techniques, 
such as computer-controlled high-resolution multileaf collimation 
and scanning beams really, took off, thanks to the new equipment 
and treatment planning systems capable of inverse physical dose- 
and even radiation biologically optimized treatments. This was all 
important to achieve significant improvements in complication-
free cure of ≈ 25% and more. Today, a large number of treatments 
are performed using intensity-modulated beams, making 
optimized beam portal selection quite different to maintain the 
highest possible flexibility in intensity modulation. Thus, parallel 
opposed beams are not ideal, as the modulation flexibility of the 
second beam is practically lost, as shown in Figures 34 and 35. 
The same is true twice for the classical four-field box technique, 
even though it gives an elevated uniform dose to the tumor with 
low-energy severely attenuated beams such as 60Co! Three field-
symmetric or orthogonal beams are almost as good or even better, 
and the four-field tetrahedral configuration is truly the best, mainly 
as it separates the entrance and exit portals as far as possible from 
each other. However, we should avoid going to higher numbers 
as the overlapping beams and the almost complete irradiation 
of the whole patient cross-section to low doses will increase the 
secondary cancer induction probability (cf Figure 32), especially 
for patients with long life expectancy [2, 102, 103]!

Interestingly, the new understanding that most normal 
tissues with an intact TP53 gene are LDHS as discussed above 
(cf Figures 4-7, [2]). This means that the tumor dose per fraction 
should no longer be 2 Gy, since this is in the region where tumor 
and normal tissues are almost equally sensitive (cf Figure 6). It is 
then better to truly use the fractionation window advantage and 
use the induced radiation resistance induced by the first ½ Gy and 
continue to 1.8-2.3 Gy where after HDA sets in. This means that 
the tumor dose per fraction will be ≈2.3-3+ Gy, which is good, 
especially for the slowly responding tumors, as shown in Figure 
6. Assuming that the tumor is mutant on TP53, as most tumors 
are, we can then use the classical LQ model (otherwise we need 
the 3rd or 4th formulation in Figure 7 such as for the melanoma 
in Figure 32).

To ensure that we do not overtreat the lung tumor in Figure 12 
planned for the equivalent total dose in 2 Gy per fraction of ≈ 86 
Gy, we obtain from the LQ model [112]:
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D2 = n* d 											                    (2)

where d is the tumor dose per fraction, n is the number of fractions at a total tumor dose D= n * d and Dt

≈ 86 Gy is the total tumor dose at 2 Gy/Fr.

This is a quadratic equation in the tumor dose per fraction with the simple solution:

D = .						       	          (3)

Figure 34: Eight steps in the development of external beam radiation therapy. The right column shows a number of new imaging 
techniques, some of which, such as PET-CT imaging, may significantly improve the outcome of radiation therapy, particularly when 
used in biologically optimized approaches. The approximate change in complication-free cure (DP+) in each step compared to the first 
panel of standard radiation therapy planning.

 Let us apply it on the lower treatment plan of Figure 12 above, where Dt is ≈ 86 Gy and the risk organ dose is ≈ 60 Gy; with 
n=20 or 4 weeks of 5 fractions, and α/β ≈ 3 for lung cancer, the risk organ dose per fraction Dr=D60/86=2.35 Gy; Slightly high for the 
therapeutic fractionation window 1.8-2.3 Gy, so with 21 or 22 fractions, we obtain 2.28 or 2.21 Gy/Fr. The corresponding risk organ 
doses are 47.1, 47.9 and 48.6 Gy, which is a substantial reduction from 60 Gy in the conventional plan, and the tumor dose is reduced to 
≈68 Gy. In fact, we should preferably select a fraction number to end the treatment after a last weekend (cf. Figure 20).



Citation: Brahme A (2024) New Radiation Oncology Optimization Principles Based On In-Vivo Predictive Assay and Recent Develop-
ments in Molecular Radiation Biology. Ann Case Report 09: 1625. DOI: 10.29011/2574-7754.101625

42 Volume 09; Issue 01

Ann Case Rep, an open access journal
ISSN: 2574-7754

Thus, most people still using the old usual 2 Gy/Fr to the tumor with IMRT dose delivery hurts patients more than necessary by too high 
total doses! Interestingly, this is in line with recent discussions on “hypofractionation” in the head and neck region [113-115] but also 
for more general tumor locations [116-119]. In fact, the classical 2 Gy/Fr fractionation window was established in the era of parallel 
opposed beam therapy when the tumor and normal tissues had almost the same doses (cf Figures 34, 35), and it was largely the normal 
tissue reactions at 2 Gy/Fr that limited the dose delivery. Thus, the presently defined daily and weekly fractionation windows (cf Figures 
7, 19, 20, [2]) are still the same, but in the era of IMRT, when we can substantially increase the dose delivery to the tumor, we should 
still keep the 2 Gy/Fr limit in the normal tissues at risk because this is where since some 70 years know, the optimal tolerance window 
is located.

Figure 35: Comparison of classical coplanar and more general noncoplanar treatment techniques. The symmetric planar configurations 
allow, in most cases, a fairly uniform dose to the tumor but also to normal tissues. Noncoplanar techniques are more advantageous with 
regard to the dose to normal tissues, especially when combined with intensity modulated radiation treatments (IMRT). Thus, for the few 
field techniques (≤3) to be effective, it is essential to use nonuniform dose delivery. The optimal angle between two neighboring fields 
is often then optimal near 120° to maximize the effect on the tumor and minimize beam interactions in normal tissues with parallel 
opposed beams. The approximate resultant complication-free cure (P+) is indicated in each case for a uniform spherical target volume 
in a larger spherical patient.

It is thus a question of tumor dose escalation rather than hypofractionation, which happens to be one of its consequences, largely 
since the clinical meaning of the fractionation window may not have been fully understood [38, 49]. Additionally, today we also know 
why it is at 2 Gy: Most normal tissue are LDHS and LDA and after the low dose initiation (≈½ Gy) of full DNA repair we should use 
this acquired repair advantage to its full extent in normal tissues up to about two ≈2.3 Gy where the HDA sets in as described in Figures 
4-7 [1, 2, 37]. It is a bit sad that the powerful tool of biologically optimized IMRT has been somewhat misused clinically for some 20 
years and the classical 2 Gy/Fr has been over conservatively kept unchanged for the tumor as in the “good old days”! Some of the first 
discussions of the optimal dose per fraction in view of LDHS were at the end of last millennium, as seen in Figure 19 ([56]: Figure 4, 
[120]: Figure 4). Of course, we still have had some benefit of an improved dose delivery and saved patients. However, for the extra ≈12 
Gy unnecessarily delivered to the patients, as seen above, may have induced some secondary cancers, the number of which can easily be 
estimated. For the future, it is important to know that the presently proposed 1.8-2.3 Gy fractionation window [1, 2, 34, 38, 56] is derived 
for Lung epithelial cells and other normal tissues may have somewhat different values but the underlying molecular mechanism should 
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essentially be the same as given by the mechanisms in Figure 4! It is fascinating that first, after 125 years of curative radiation therapy, 
we start to understand how the molecular mechanism behind an intact TP53 gene makes 2 Gy/Fr so useful in the clinic, and when it is 
commonly mutated in the tumor, we may need biologically optimized IMRT, light ions and TP53 reactivation.

Thus, independent of which treatment technique in Figure 35 you might be using, the new radiation biology considerations 
of Figures 4 and 6 will substantially improve the complication-free cure in the clinic, and the beam configurations in Figure 35 are 
often most efficient [2]. This discussion was focused on traditional photon therapy where there is a substantial fractionation window, 
as described in Figures 4-7 and [2]. As discussed above, this window is also fully open with helium and lithium ions but then slowly 
closes toward carbon ions and neutrons, and there is still a weak but useful effect with boron ions, as seen in Figure 32. Furthermore, 
these lightest ions simultaneously have the advantage of a lower microdosimetric heterogeneity, making the dose response steeper, the 
complication-free cure higher and the switch to a low LET round up less important.

For larger bulkier hypoxic tumors, lithium may not be sufficiently effective, and boron might be more optimal with a small 
fractionation window, making the low LET round-up more important. In fact, even neon, oxygen and carbon ions and neutrons can have 
increased usefulness with extended (≈20 GyE) low LET round-ups, possibly with concomitant high LET boosts off the gross tumor 
for the largest hypoxic tumors. The continued development of complex hybrid equipment, for example, combining CT and MR with 
radiation therapy units, may be useful for a small subgroup of patients, but the compromises in performance quality and cost make them 
suboptimal in the long run. It is probably more therapeutically and cost efficient to improve the molecular tumor imaging capability, 
as discussed above, and use more efficient automatic docking systems (cf Figure 36a and [6]: Figure 8, [15]). This would allow almost 
perfect synchronization of all data sets whether using CT, MR or PET for dose delivery and biological responsiveness imaging (Figures 
10, and 36 a, b). With advanced imaging equipment, it would generally be much less cost efficient if two or more very expensive units 
were totally integrated.

Figure 36a: To improve cost effectiveness it is better to combine multiple diagnostic and therapeutic units, all with accurate optical 
Auto Set Up units, than to build together suboptimal units so that they block each other’s imaging ability. With robotic Auto Set Up, all 
imaging and therapeutic units can be combined in any desired order with optimal performance of each unit, making no compromises 
using MR-CT-PET-RT or Ion Therapy, for example [6, 17].



Citation: Brahme A (2024) New Radiation Oncology Optimization Principles Based On In-Vivo Predictive Assay and Recent Develop-
ments in Molecular Radiation Biology. Ann Case Report 09: 1625. DOI: 10.29011/2574-7754.101625

44 Volume 09; Issue 01

Ann Case Rep, an open access journal
ISSN: 2574-7754

Figure 36b: With a robotic auto set-up, all imaging and therapeutic units can be combined in any desired order with optimal performance, 
and the projection camera can potentially be used as an augmented reality feature, as shown here. The back back-projection of the tumor 
and its internal target volume [83] on the patient skin surface (pale white) in real time on the breathing patient could be used to control 
that the tumor stays inside the conventional light filed projection (pale yellow) of the therapeutic beam aperture over several breathing 
cycles. Interestingly, both the PET-CT, MRSI or Treatment plan Internal Target Volume could be projected sequentially if all data sets 
where 4D and so could the multileaf collimator setting were checked against the light field of the treatment unit during the normal 
breathing motions of the patient!

Often, they may not work simultaneously, and one unit may be prohibited from use when the other is working. Furthermore, we 
may need more than two data sets for many situations. What one may save is the setup of the patient at two different units, but with, e.g., 
projection camera Auto Set Up (Figure 36a, [6]: Figure 8, [15]), this is a minor problem, and there are still motion artifacts between the 
two diagnostic modalities even if the initial positioning is correct. This also makes it possible to combine any diagnostic and therapeutic 
units with mm accuracy allowing all possible combinations, as shown in Figure 36a, and for the BIOART approach discussed in Figure 
10. This makes sense not only for the largest equipment types such as Ion therapy [6] high Tesla MRSI units, Figure 3a and whole body 
PET-CT-PC (Figure 3b [6]).
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Figure 37: Improvement in biochemical relapse-free control of prostate cancer by switching from conformal and IMRT photon therapy 
to protons and carbon ions is shown. For the largest, more complex tumors (PSA >20), more than a doubling is seen with photon 
IMRT (and protons) and more than a fourfold increase with carbon ions compared to 3D conformal treatments used in the early 1990s 
(21−>89%). Interestingly, by using biologically optimized radiation therapy and the BIOART procedure, almost as good a result may 
be reached, especially if the hypoxia is gone or can be handled ([121] cf. Figures 10-12). An OER of ≈2 would reduce the effective dose 
for low LET in the tumor ≈50% for each beam, as seen in the lower left.

To give an example of the development in clinical performance, the improvement in biochemical relapse-free control of prostate cancer 
going from 3D conformal to IMRT, proton and carbon ions is shown in Figure 37.

It is quite impressive that we now reached ≈ 90% probability of no evidence of disease at 5 years after treatment with carbon ions, 
not surprisingly indicating a fair amount of hypoxia in these higher PSA tumors when compared with low LET treatments. Early IMRT 
also like protons more than doubled the cure of 3D conformal treatments as both suffer of a low LET whereas carbon ions is introducing 
a second doubling compared to protons! This is a tumor site where lithium molecular radiation therapy would do as well as carbon and 
with reduced adverse normal tissue reactions even if they are few today, as seen in Figure 38, where a larger data set of tumor cure 
and absence of normal tissue complications are given for 11 tumor sites. It is interesting to see in this two dimensional diagram how 
conformal photons and electrons form a light blue area, to low LET IMRT a beige shaded area next to the green upper right corner of 
high complication free cure with carbon ions.
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Figure 38: A more detailed view of how the complications are reduced and the recurrences are diminishing as we switch from 
conventional conformal photon therapy to IMRT photons and protons and carbon ions is shown. Interestingly, IMRT photons (blue) 
and protons (brown) again do almost equally well, with carbon ion therapy (green) stickling out as the almost perfect modality having 
only a few percent complications and recurrences in most cases. Clearly, even if the data are mainly nonrandomized, they give a similar 
indication of the merits of light ions as in Figure 37, where the low PSA data are also included in more detail. In theory, with statistically 
independent tumor and normal tissue responses, the complication-free cure is given by: P+ = PB ∗ (1 − PI). However, with commonly 
clinically correlated responses, one would expect P+ ≈ PB − PI as given by the iso-lines (cf. Eq (1), [59]). Both expressions are focused 
on the upper right green corner of the diagram maximizing the complication-free cure (modified from the Mayo Clinic).

Conclusions

The present paper discusses a large number of new ways to optimize radiation therapy. Perhaps most important is that we need to 
reconsider the classical 2 Gy/Fr mean tumor dose range for low-LET radiation based on recent clinical observations and the molecular 
indications that most normal tissues really are low-dose hypersensitive. To minimize damage to normal tissues at risk, a maximum 
dose of 2.3 Gy/Fr or less implies optimal tolerance of normal tissues and allows a significant tumor boost and approximately a 10 Gy 
total dose reduction [2]. Full NHEJ and HR repair activity is induced after 0.5 Gy, and thus with ≈ 1.5 Gy delivered with fully effective 
NHEJ and HR repair and almost full NHEJ recovery before the next day’s treatment fraction (cf inset in Figure 20). Furthermore, it 
means avoidance of the more severe high-dose apoptosis that sets in after 2- 3 GyE (Figure 4). To truly introduce a major paradigm 
shift in curative radiation therapy thinking, the time dose fractionation should be optimized for substantial weekend HR repair recovery 
(and simultaneously complete NHEJ recovery) in normal tissues by higher doses Friday evening and Monday morning and midday 
Wednesday. Interestingly, the valuable daily and weekly fractionation window at 1.8-2.3 Gy/Fr also works for our lightest ions 
≈helium-boron largely with low LET in normal tissues and can deliver a further therapeutic boost to hypoxic tumors. Unfortunately, 
the fractionation window is practically closed from carbon and heavier ions since the increased biological effect in the tumor spills over 
to normal tissues, as almost proven with neon ions and neutrons, as seen in Figures 18 and 27. In addition, people are still working on 
introducing oxygen ions just because they are unhappy about the way carbon ions work, even if they have not understood their optimal 
usefulness is with a low LET treatment round up, because they are already on the too high LET side using carbon. The lightest ions are 
also the way to minimize the risk for secondary cancers and reduce ion attenuation and fragmentation and neutron tails, e.g., for pediatric 
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patients, at the same time, their low microscopic heterogeneity is 
low with a steep dose response and higher complication-free cure 
and keeping the fractionation window fully open. The potential 
improvements in molecular tumor diagnostics may significantly 
improve the early accurate diagnostics of tumors as well as their 
effective elimination by the mildest and most curative treatment 
modalities using nature’s own preferred pathways for programmed 
cell death and senescence induction in the tumor (cf Figures 4 and 
31). Taking the many approaches discussed above into account, 
the resultant increase in complication-free cure is likely to achieve 
improvements by as much as 30% and more for many tumor 
sites, e.g., using APR-246 for problematic TP53-mutant tumors 
(Figure 33). Almost half this improvement alone was estimated 
to result from the improved fractionation schedule, as shown in 
Figures 19 and 20. Thus, we urgently need to open the door for 
these new possibilities and switch from carbon to boron and from 
protons to lithium ions allowing apoptotic- senescent Bragg peak 
molecular radiation therapy (cf Figure 4)! Potential total dose 
reductions of 5-15 Gy are possible with the most recent advanced 
low LET- IMRT approaches using the daily and weekly optimal 
dose fractionation window (Figure 20). Analogously 5- 15 GyE 
ion therapy total dose equivalent tumor boosts are possible with 
a low-LET treatment round- up with carbon ions and higher LET 
ions (Figure 15) or even preferably simply using lithium - boron 
ions with mainly a low LET in normal tissues at risk (Figures 27, 
28) keeping the effective normal tissue fractionation window open.
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