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M olecular imaging is an emerging medical discipline that 
integrates cellular and molecular biology with diagnos-

tic imaging. It encompasses several imaging modalities that 
provide critical information for early detection and progres-
sion of disease, for predicting response to therapy and for 

evaluating treatment efficacy through its cellular and molecu-
lar pathways. Given the rapidly growing sophistication in 
our understanding of the cell biology of cancer, molecular 
imaging offers a strategic bridge to clinical oncology. It is of 
critical importance to non-invasively assess the behavior of 
tumors, for which in vivo molecular imaging is a key meth-
odology. Molecular imaging detects not only the presence 
of the disease process, but can potentially also quantify its 
extent and severity, as well as follow the course of disease over 
time. Besides its diagnostic possibilities, molecular imaging 
is vital for target definition within dose-planning systems 
for radiotherapy. Molecular imaging is also an invaluable 
tool during and after therapy for assessing dose delivery 
and the overall success of treatment, as well as for deciding 
post-radiotherapy whether the patient needs further treat-
ment and, if so, with which modalities. Recently, molecular 
imaging has proven to be pivotal, as well, for image-guided 
biopsy and surgery. This is particularly crucial since there 
may be multiple sites of cancer and image guiding can help 
detect them. Imaging is likely to become an important tool 
for cancer staging. Molecular targeting can be especially help-
ful in visualizing the extent of certain malignancies such as 
androgen-sensitive prostate cancers, neuroendocrine tumors, 
among others. 

The strategic importance of molecular imaging in provid-
ing the best possible care for patients with or at risk for cancer 
has been emphasized [1-3]. As recently stated: “Molecular 
imaging is rapidly gaining recognition as a tool that has the 
capacity to improve every facet of cancer care. The growing 
demands among physicians, patients and society for per-
sonalized care are increasing the importance of molecular 
imaging and shaping the development of biomedical imaging 
as a whole.” [3] (p. 182) 

liMitations oF PurelY anatoMic iMaging 

Anatomic imaging is vital for cancer detection, as well as for 
staging and evaluation of response to therapy. Magnetic reso-
nance imaging, ultrasound and computerized tomography 
are anatomic imaging modalities used routinely in clinical 

With our increased understanding of cancer cell biology, 
molecular imaging offers a strategic bridge to oncology. 
This complements anatomic imaging, particularly magnetic 
resonance (MR) imaging, which is sensitive but not specific. 
Among the potential harms of false positive findings is 
lowered adherence to recommended surveillance post-
therapy and by persons at increased cancer risk. Positron 
emission tomography (PET) plus computerized tomography 
(CT) is the molecular imaging modality most widely used in 
oncology. In up to 40% of cases, PET-CT leads to changes in 
therapeutic management. Newer PET tracers can detect tumor 
hypoxia, bone metastases in androgen-sensitive prostate 
cancer, and human epidermal growth factor receptor type 2 
(HER2)-expressive tumors. Magnetic resonance spectroscopy 
provides insight into several metabolites at the same 
time. Combined with MRI, this yields magnetic resonance 
spectroscopic imaging (MRSI), which does not entail ionizing 
radiation and is thus suitable for repeated monitoring. Using 
advanced signal processing, quantitative information can be 
gleaned about molecular markers of brain, breast, prostate 
and other cancers. Radiation oncology has benefited 
from molecular imaging via PET-CT and MRSI. Advanced 
mathematical approaches can improve dose planning in 
stereotactic radiosurgery, stereotactic body radiotherapy and 
high dose-rate brachytherapy. Molecular imaging will likely 
impact profoundly on clinical decision making in oncology. 
Molecular imaging via MR could facilitate early detection, 
especially in persons at high risk for specific cancers.
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practice in oncology. These modalities, particularly MRI, 
are generally quite sensitive, such that cancerous lesions are 
often identified. The most critical limitation of purely ana-
tomic imaging is poor specificity, i.e., many non-malignant 
lesions will be detected, necessitating further investigation to 
distinguish them from cancers. 

Among the potential deleterious consequences of false 
positive findings are unnecessary workup and procedures, 
adverse psychological effects, and expense. Psychological 
distress can lead to lower adherence to medical recommen-
dations among patients who are monitored after treatment 
and among persons at high risk for certain cancers. A salient 
example is breast cancer screening, where false positive 
mammographic findings were found to be associated with 
decreased likelihood of attending subsequent screening [4,5]. 
Notwithstanding its superior sensitivity, the large number of 
false positive findings generated by MRI can have a negative 
impact. Indeed, in a study of women with elevated breast 
cancer risk and eligible to undergo breast MRI, only about 
58% agreed to do so. Fear and concern about additional biop-
sies or testing were major reasons cited for refusal [6]. These 
issues are particularly relevant for programs monitoring 
women at high risk, for whom surveillance starts consider-
ably earlier than for the general population [7]. 

Pet1 coMBined witH ct

Positron emission tomography is the molecular imaging 
modality most widely used in current clinical practice in oncol-
ogy. In combination with CT, anatomic and molecular imaging 
is achieved with PET-CT, which 
has had a major impact on the 
care of patients with cancer. A 
number of radiopharmaceu-
ticals have been applied, with 
18F-fluoro-2-deoxy-D-glucose, a glucose analog, being the key 
biomarker. This is based on the fact that anaerobic glycolysis (the 
Warburg effect) is enhanced in cancer cells, as an early event. 
Thus, FDG2 is preferentially taken up by cancer cells as compared 
to normal cells and is used as a marker for malignancy. 

It has been shown that whole-body PET-CT provides 
improved staging of cancer compared to anatomic imaging 
alone. In up to 40% of cases, application of PET-CT has led 
to changes in the treatment of patients with cancer [3,8,9]. 
PET-CT has also been useful in identifying the primary can-
cer site when the primary malignant lesion is unknown [3].

Within the framework of radiation treatment guidance, 
PET-CT has also been of vital importance. In-beam PET-CT 
cameras can monitor in situ dose depositions in the tumor. 
With this modality it would be possible to promptly introduce 

PET = positron emission tomography
FDG = 18F-fluoro-2-deoxy-D-glucose

necessary corrections in the dose-planning system to amend 
the fractionation therapy in the subsequent dose delivery. To 
accomplish this goal, however, the following issue needs to 
be addressed; namely, how to achieve a proper connection 
between the activity curves and the dose distributions. This 
is a mathematically difficult ill-conditioned problem within 
the realm of reconstructions, for which the correct solution 
has not yet been found. The PET-CT camera is used today in 
light ion radiotherapy with the primary particle beam which 
can generate secondary nuclei that emit positrons (e.g., 12C 
is transmuted to the β+ emitters 11B and 10B). This type of in 
situ monitoring of dose distributions could provide invaluable 
information about the patient’s response to irradiation. The 
response should be used interactively to appropriately modify 
the simulation codes and thus optimize dose delivery. FDG-
PET has also been used to identify areas of hyper-metabolism 
for which a boost dose of radiation may be indicated [3,10,11].

Besides FDG-PET, other tracers such as 18F-3’deoxy-3’-
fluorothymidine and 18F-fluoro-miso-nidazole have been used 
in certain indications. FLT3-PET appears to be advantageous in 
brain tumor diagnostics since it has less physiological uptake 
than FDG-PET [3]. For identifying tumor cell hypoxia, a rec-
ognized cause of treatment resistance, F-MISO4-PET has been 
reported to help guide combined chemotherapy and radiation 
therapy in patients with head and neck tumors [12]. 

Notwithstanding these remarkable advances offered by 
molecular imaging with PET-CT, there are limitations, particu-
larly the lack of specificity of the individual radiotracers. FDG 
is taken up by non-malignant cells, especially in the presence of 
inflammation. FLT is also taken up by benign reactive processes 

[13]. Newer molecular tracers 
that can further improve the 
diagnostic accuracy of PET are 
emerging. Among these are 
68Ga-DOTATOC for imaging 

neuroendocrine tumors and 18F-fluoro-dihydrotestosterone, 
an anti-androgen receptor, which detects bone metastases in 
androgen-sensitive prostate cancer that remain unrecognized by 
FDG-PET or bone scans [3]. Progress is being made in finding 
the best tracer for PET imaging of human epidermal growth fac-
tor receptor type 2 (HER2)-expressive tumors [14]. The results 
of these studies hold promise for stratifying patients to appro-
priate therapy and for predicting prognosis. There have also 
been attempts to use multiple tracers to improve the diagnostic 
accuracy of PET-CT [3]. Further steps should be aimed at intro-
ducing the most promising of the new molecular PET tracers 
or their combinations into the clinical protocol, so that patients 
with cancer can maximally benefit from these advances. Ever 
closer linkage is needed between molecular imaging via PET-CT 
and the established and emerging “hallmarks of cancer” [15]. 

FLT = 18F-3’deoxy-3’-fluorothymidine
F-MISO = 18F-fluoro-miso-nidazole

Molecular imaging with Pet-ct and Mr-
spectroscopic imaging offers more than 

anatomic imaging alone, particularly 
improved specificity for identifying cancers
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magnetic field strength, the resolution and signal-to-noise ratio 
are substantially enhanced; these are two important consider-
ations for the clinical application of MRS and MRSI. By the same 
token, however, deterioration in the resolution of heavily over-
lapping resonances with the accompanying so-called spectral 
crowding also occurs in MR spectra at higher field strengths 
relative to 1.5T. 

Instead, we are pursuing a less traveled road by exploring the 
alternative of gaining resolution improvement in MRS with ordi-
nary 1.5T scanners by means of better equipped mathematics, 
via the fast Padé transform for optimization of signal processing. 
Our results applying the FPT7 demonstrate that in vivo MRS data 
encoded on 1.5T scanners can yield quantitative information on 
at least 25 brain metabolites [20], many of which could be diag-
nostically important for neuro-oncology. Further studies using 
the FPT suggest that a comparable diagnostic yield may also be 
possible for breast, prostate and ovarian cancers [21]. In other 
words, until recently, in vivo MRS and MRSI made great strides 

in clinical oncology by relying on a 
mere handful of metabolites, or even 
a single metabolite, e.g., total choline 

for breast cancer. By expanding this severely restricted metabo-
lite window, through translation of basic science knowledge to 
clinical MRS and MRSI, a more refined molecular imaging could 
allow a “personalized molecular fingerprint of individual tumors, 
as a basis for novel treatment algorithms” [3] (p.183). 

Such an approach could be applied, for example, to detect 
the “glycerophosphocholine to phosphocholine switch,” which 
according to human breast cell line research occurs with malig-
nant transformation and is associated with over-expression of 
the enzyme choline kinase responsible for phosphocholine 

FPT = fast Padé transform

Mri coMBined witH sPectroscoPY

Combined molecular and anatomic imaging can be achieved 
by a strategy different from that of PET-CT. Namely, magnetic 
resonance spectroscopy can be combined with MRI to yield MR 
spectroscopic imaging. Until recently, MRSI5 has mainly been 
performed on an individual organ or tissue, most notably in 
neuro-oncology, i.e., for detecting, characterizing and treating 
brain tumors [16,17]. MRS6 and MRSI have also been applied 
extensively in the initial detection of prostate cancer, distinguish-
ing high from low risk lesions, as well as staging, treatment plan-
ning, and surveillance for residual cancer and local recurrence 
after therapy [16]. MRS and MRSI have also been used in the 
diagnosis and treatment of breast cancer, sarcomas, head and 
neck cancers and other malignancies [3,18,19]. 

A major advantage of MR-based modalities is the lack of 
exposure to ionizing radiation. This is a vital consideration, 
especially when repeated monitoring is needed. It is of critical 
importance for the pediatric popula-
tion. Also, for persons at increased 
risk for cancer, MR-based surveil-
lance at more frequent intervals starting at a younger age would 
thereby become safer and thus more feasible. 

Unlike most applications of PET, diagnostics by MRS and 
MRSI can provide insight into a number of metabolites at 
the same time. Among these, choline, with a resonant fre-
quency at ~3.2 ppm (parts per million), has been especially 
informative as a reflection of phospholipid metabolism of cell 
membranes and as a marker for membrane damage, cellular 
proliferation and cell density, as typically seen in malignancy. 

Figure 1 shows how MRS can improve the specificity of MRI. 
Figure 1A shows two hyperlucent, practically indistinguishable 
lesions on T2-weighted MRI. The metabolic information pro-
vided by MRS (Figure 1B) suggests that the lesion with the arrow 
is malignant, as subsequently confirmed on histopathology as 
low grade astrocytoma. The two hyperlucent lesions on the MRI 
look very much alike anatomically, but not metabolically. Hence 
these chemical changes, which are not visible on MRI, can be 
detected and quantitatively evaluated by MRS and/or MRSI. In 
this way, MRSI complements MRI, yielding invaluable diagnos-
tic information on metabolism of the tumorous tissue, often 
before changes can be identified with fidelity on conventional 
anatomic images. Detecting a small size tumor with confidence 
by MRSI is of utmost importance since it enables the selection 
of appropriate treatment at an early stage of disease. 

A number of institutions have higher magnetic field scanners 
dedicated to clinical oncology. Thereby, MRS and MRSI, as well 
as functional techniques such as diffusion-weighted MRI, can 
be more widely incorporated into the diagnostic and therapeutic 
protocols for patients with various malignancies. At this higher 

MRSI = magnetic resonance spectroscopic imaging
MRS = magnetic resonance spectroscopy

Molecular imaging can improve all 
aspects of clinical cancer care 

Figure 1. [a] T2-weighted MRI shows two similar-appearing hyperlucent lesions.  
[B] Spectrum obtained via MRS from the lesion marked with the arrow in [A]. The 
high ratio of choline (Cho) to creatine (Cr) and of choline to N-acetyl-aspartate (NAA) 
suggested malignancy. Histopathology confirmed this with the finding of a low grade 
astrocytoma. The abscissa in the right panel is a chemical shift as a dimensionless 
frequency in parts per million (ppm); the ordinate is intensity in arbitrary units (au) 

Ba

Chemical shift (ppm)
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advanced signal processing methods such as the fast Padé 
transform are used, as illustrated in Figure 2. Thus, it is neces-
sary to analyze the relationship of these closely overlapping 
resonances, including phosphoethanolamine, which com-
pletely overlies PC. When choline, PC and GPC9 are summed 
up as “total choline,” as is conventionally done with in vivo 
MRS, relevant information for breast cancer diagnostics may 
be missed. Studies suggest that the problem of overlapping 
resonances could be resolved by the FPT applied to in vivo 
MRS time signals. This could help improve breast cancer diag-
nostics and care of patients with breast cancer [21,25]. 

A wider application of proton MRS and MRSI is entirely 
feasible since they can be performed with the same equipment 
(radiofrequency coils, amplifiers, etc.) that is used for standard 
MRI. The practical clinical aspect, including economics, should 
also be emphasized, namely that 1.5T scanners are abundant 
in hospitals worldwide due to their purchase price, which is 
considerably lower than higher field scanners. Moreover, better-
equipped mathematics via the FPT provide not only exact quan-
tification of MRS data but can also fundamentally change the way 
MRS time signals are encoded. Overall, the FPT has a significant 
advantage in signal-to-noise ratio compared to conventional 
fast Fourier transform. This is because the FPT needs only short 
time signals compared to conventional acquisitions using the 
fast Fourier transform [21]. For short time signals, the FFT gives 
uninterpretable spectra [21]. As such, the new encoding of short 
time signals will presuppose the use of the FPT. Thus, the FPT 
directly influences how MR time signals should be encoded to 
enhance the overall performance of MRS. Further investigations 
comparing the resolution provided by the FPT using MRS/MRSI 
data encoded at 1.5T with that of higher field MR scanners are 
therefore needed. This is a key step for widespread and cost-effec-
tive implementation of mathematically optimized MRS/MRSI for 
diagnostics and various aspects of patient care in oncology. 

Mrsi in radiation oncologY

Magnetic resonance spectroscopic imaging has also been 
widely used in radiation neuro-oncology and for radiation 
therapy of prostate cancer: for target definition, for identify-
ing high grade regions that may benefit from boost doses, and 
for post-therapy follow-up [3,26]. MRSI has been particularly 
helpful in distinguishing between recurrent brain tumors and 
radiation necrosis post-radiotherapy [27]. Assessment of the 
response to chemotherapy may also be facilitated by MRS and 
MRSI so that prompt adjustments can be made [28,29]. Early 
detection of post-therapy residual cancer via MRSI, hence early 
intervention, will improve patient outcome. Empiric evidence is 
strongest to date for primary brain tumors and prostate cancers 
[3]. As illustrated in Figure 3, with advances in signal processing 

GPC = glycerophosphocholine
FFT = fast Fourier transform

synthesis [22-24]. This reflects changes in membrane choline 
phospholipid metabolism. The main steps in choline metabo-
lism occur via the cytosine diphosphate-choline pathway 
[22-24]. Within that pathway, choline (3.21 ppm), PC8 (3.22 
ppm) and glycerophosphocholine (3.23 ppm) can be detected 
in the proton magnetic resonance spectrum, insofar as more 

PC = phosphocholine

Figure 2. Absorption component shape spectra reconstructed by the fast Padé transform 
(FPT) [21] for fibroadenoma [a] and breast cancer [B] based on in vitro data from Ref. 
[39]. The arrow points to phosphocholine (PC), a marker of malignant transformation in 
the breast, which completely underlies phosphoethanolamine (PE). On the absorption 
total shape spectrum for breast cancer [c], phosphocholine (peak #4) cannot be 
detected at all underneath PE (peak #5). Instead, a taller composite peak appears 
without any suggestion that this is actually the sum of peaks (##4+5). The components 
of total choline: glycerophosphocholine (GPC), choline (Cho) and phosphocholine, all 
lie closely within the interval of 3.21 ppm and 3.23 ppm. Other metabolites within the 
interval of 3.2 ppm and 3.3. ppm, as reconstructed by the FPT, include β-glucose (β-Glc), 
taurine (Tau) and myoinositol (m-Ins). The abscissa is in arbitrary units (au) 

c
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relatively limited until recently, due in part to their susceptibil-
ity to motion from respir- 
ation and peristalsis [3]. 
However, recent results 
indicate that whole-body 
MRI and MRSI may become 

feasible and could be applied to various aspects of cancer diagnos-
tics and treatment [31]. 

advances in Molecular iMaging For dose 
Planning in radiotHeraPY 

Combined modalities of PET and MRI may also be a promis-
ing avenue, particularly in light of the superior resolution, soft 
tissue contrast and multi-planar capabilities of MRI, together 
with its lack of ionizing radiation exposure, as mentioned. Such 
integrated PET-MR units are currently in development and initial 

through the FPT, a substantial number of informative peaks, 
including several multiplet 
resonances, can be delin-
eated. These help distin-
guish prostate cancer from 
normal stromal prostate 
tissue, as seen in Figure 3A and B. This distinction is far more 
difficult, if not impossible, to make on the basis of the total shape 
spectrum, as illustrated in Figure 3C.

Evaluation of prognosis has also been greatly aided by 
MRS and MRSI, particularly for patients with primary brain 
tumors [30]. With the advances in signal processing, MRS and 
MRSI could also provide a quicker assessment of the success of 
radiotherapy and more expedient evaluation of any new lesions 
that arise post-radiotherapy [27]. Clearly, this information will 
translate into more timely and effective treatment steps. 

Whole-body imaging through MRI and MRSI has been 

entailing no ionizing radiation exposure, molecular 
imaging with Mr is suitable for surveillance of 

persons at increased cancer risk and post-therapy 
at frequent intervals, particularly children

Figure 3. Absorption component spectra reconstructed 
by the fast Padé transform (FPT) [21] for normal stromal 
prostate [a] and malignant prostate [B] within the 
region 2.4–3.7 ppm based on in vitro data from Ref. 
[40]. Note the presence of several multiplet resonances 
whose component peaks are clearly delineated. The 
absorption total shape spectrum for malignant prostate 
is shown in [c]. There, by comparison, several of the 
multiplets, notably the doublets of citrate (peaks 
##3+4, ##5+6) and of polyamines (##8+9) would be 
exceedingly difficult to identify and quantify. Moreover, 
phosphocholine and glycerophosphocholine (##11+12) 
can only be distinguished on the component shape 
spectrum. As discussed in the text, phosphocholine is 
a marker of malignant transformation (see also Figure 
2). The abscissae are in dimensionless units of parts 
per million and the ordinates are in arbitrary units 
(au). Acronyms for metabolites: m-Ins = myoinositol, 
Tau = taurine, GPC = glycerophosphocholine, PC = 
phosphocholine, Cho = choline, PA = polyamines, Cr = 
creatine, Cit = citrate

c

B
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assess changes in MRS-quantified metabolite concentrations 
after radiotherapy [35]. This can help delineate the target vol-
ume for patients who require further radiation therapy after 
initial treatment. Experimental data exist on integral intensi-
ties of spectral line shapes with the underlying concentrations 
of a number of diagnostically relevant metabolites such as 
choline, N-acetyl aspartate, creatine, etc., as a function of 
the absorbed dose. To apply this information, an appropriate 
radiobiological model is needed for quantification of dose-
effect relationships for doses ranging from low through inter-
mediate to high. However, current dose-planning systems 
have been based on the Linear Quadratic model, which is 
limited to low doses and systematically underestimates the 
experimentally observed terminal exponential tail of the cell-
surviving curves at high doses. This difficulty is especially 
relevant to hypofractionation (e.g., stereotactic radiosurgery) 
where high doses per fraction are usually delivered. It has 
been widely recognized that the success of radiotherapy ulti-
mately depends on the proper assessment of cell repair. A new 
radiobiological formalism called the Padé Linear Quadratic 
model for cell survival using the Michaelis-Menten enzyme 
catalysis mechanism for cell repair was recently introduced. 
The PLQ10 model circumvents this difficulty and can be suc-
cessfully applied to the entire dose range of interest [35], as 
illustrated in Figure 4. This advanced model enables more 
accurate dose planning for stereotactic radiosurgery, stereo-
tactic body radiotherapy and high dose-rate brachytherapy. 
Figure 4 tests the PLQ by comparing its predictions with the 
experimental data for Chinese hamster cell lines irradiated 
by 250 kVp X-rays [36]. For our earlier applications of the 
PLQ model to different cell lines, see Ref. [35,37,38]. Both 
cell-surviving fractions SF(D), as dose-effect curves in Figure 
4A, and the corresponding relative radiosensitivities of the 
cell, as the Fe-plots (full effect) in Figure 4B, are used in these 
comparisons between the measured and predicted quantities. 
The results are shown using the linear axis for dose D on 
the abscissa, whereas the ordinates are either logarithmic or 
linear for the SF(D) curve or the Fe plot, respectively. It can 
be seen from these two panels that throughout the entire dose 
range (0–18 Gy) the cell-surviving fractions and the Fe-plot 
in the PLQ model are in excellent agreement with the cor-
responding experimental data [38].

By contrast, as evidenced in Figure 4A, the LQ11 model for 
the SF curve is valid only at low-to-intermediate doses (below 
10 Gy). However, at higher doses shown in Figure 4A, the lead-
ing Gaussian shape of the dose-effect curve in the LQ model 
severely underestimates experimental data which exhibit a 
purely exponential behavior.

This breakdown of the LQ model is most prominently evi-
denced in the Fe-plot depicted in Figure 4B. Here, the LQ model 

PLQ = Padé Linear Quadratic
LQ = Linear Quadratic

clinical applications have been reported [32]. An ongoing clinical 
trial is using 18F-FMISO dynamic PET-CT and functional MRI 
for imaging tumor hypoxia in locally advanced unresectable non-
small cell lung cancer. Inverse planning of radiation therapy is 
thereby carried out [33]. CT-MRI can verify whether irradiation 
to the clinical target volume in prostate cancer has been delivered 
as planned, with lowered chance of complication to the bladder 
and rectum which are the key organs at risk [34].

Further connections between MR diagnostics and dose-
planning systems in radiotherapy are being developed within 
this framework. Cell survival fractions are being used to 

Figure 4. Cell survival as a function of dose D for Chinese hamster V79 cells irradiated 
by 250 kVp X-rays. [a] Cell-surviving fractions SF(D) versus D (Gy). Experiment (filled 
circles): Ref. [36]: Theories; full line: PLQ (Padé Linear Quadratic) model and dashed 
line: LQ (Linear Quadratic) model. [B] Full-effect (Fe) plot given by the product of the 
reciprocal dose 1/D and the negative natural logarithm of SF(D) as the ordinate  
Fe(D)=-(1/D)ln(SF) versus D as the abscissa: Experiment (filled circles): Ref. [36]. 
Theories; full line: PLQ model and dashed line: LQ model (the straight line α+βD) 
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any meaningful inter-comparisons of different fractionation 
regimens (e.g., small versus large doses per fraction) and in fact 
undermines the value of the true concept as well as usefulness 
of the biologically effective dose. 

 The concept of the BED could be restored by having a 
single set of parameters that are dose-range independent, as 
is indeed the case in the PLQ model via BEDPLQ=(1 + βD/α)/
(1 + γD). In this latter expression, parameters α, β and γ are 
the same for the whole dose range (0–18) Gy. This is possible 
because these parameters are obtained by the PLQ model in 
a single reconstruction at all doses without subdividing the 
whole dose interval (0–18) Gy into two segments (0–10) Gy 
and (10–18) Gy. Hence, rather than exclusively relying on the 
BEDLQ, as is currently the case, the biologically effective dose 
BEDPLQ in the PLQ model should be used in dose-planning 
systems as well as in inter-comparisons among different 
fractionation schedules in clinical practice. This suggested 
replacement of BEDLQ = 1 + βD/α by BEDPLQ = (1 + βD/α)/
(1 + γD) entails only one additional parameter (γ). However, 
this is only a minor inconvenience, since this extra parameter 
γ is given by β D0, where the mean lethal dose D0 can readily 
be extracted from the slope k0 = 1/D0 of the straight line for the 
terminal part of the analyzed experimental cell survival curve 
SF(D) in a semi-logarithmic plot. 

conclusions

Molecular imaging will profoundly impact on all aspects of 
clinical decision making for patients with cancer. Among the 
most critical of these aspects are staging, assessment of prog-
nosis, choice of initial therapy, target definition, determination 
of the need for boost doses in radiation therapy, follow-up, 
and eventual salvage therapy. The key step will be to develop 
new algorithms informed by the results of molecular imaging, 
which could then become the norm for personalized cancer 
medicine. Improved early detection, especially among persons 
at high risk for specific cancers, is anticipated via molecular 
imaging through magnetic resonance, especially with the 
application of optimized signal-processing methods.
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predicts a straight line α + βD. Geometrically interpreted, the 
parameter α is the intercept of the straight line Fe = α + βD with 
the ordinate, whereas β is the slope of this line. This straight line 
behavior indicates that the full effect will continuously increase 
without limit by augmentation of dose D. Any departure of 
experimental data from this pattern would imply inadequacy 
of the LQ model. This is precisely what is observed in Figure 
4B, where the measured findings for the Fe-plot strongly deviate 
from the LQ-based straight line both at lower and higher doses. 
Simultaneously, it is clear from Figure 4B that the pertinent pre-
diction of the PLQ model for the Fe-plot is in excellent accord 
with the associated experimental data at all doses.

In contrast to the straight line Fe = α + βD in the LQ model, 
the Fe-plot in the PLQ model is given by the rectangular 
hyperbola Fe = (α + βD)/(1 + γD), which fully describes the 
experimental data in Figure 4B. While the LQ-based Fe-plot for 
the relative radiosensitivity is an ever-increasing function with 
augmented dose according to Fe = α + βD, the PLQ-designed 
counterpart via Fe = (α + βD)/(1 + γD) is seen to saturate at 
asymptotically large D by attaining a constant value β/γ, which 
can be identified with the reciprocal of the mean lethal dose D0. 

The current practice in a dose-planning system is to use the 
LQ model in evaluating the biologically effective dose, BEDLQ 

= 1 + (β /α) D. The BED12 is most useful in fractionation radio-
therapy. In particular, the concept of the BED is considered 
of critical importance for determining the dose per fraction 
for non-conventional fractionations (larger doses per fraction 
in stereotactic radiosurgery, for example) by extrapolating the 
abundant experience from conventional fractionation (smaller 
doses per fraction). In order to attain this goal, the BED must 
be consistently evaluated from one set of parameters that are 
material constants throughout the investigated dose range. 
This is not the case with the LQ model, as can be inferred from 
Figure 4A. Namely, as seen on Figure 4A, beyond 10 Gy, from 
the lack of agreement between cell-surviving fractions from 
the LQ model and measurement, it follows that BEDLQ based 
on only one fixed value of the ratio β /α is inapplicable to the 
entire dose range of interest, D = 0−18 Gy. In other words, to 
obtain the BED, which closely conforms to the experimental 
data at all doses from 0 to 18 Gy, the interval (0–18) Gy should 
be split into two sub-ranges: (0–10) Gy and (10–18) Gy. This 
should be subsequently followed by two separate computations 
of the variance from SF(D) in the LQ model and the experi-
mental data. The ensuing results might eventually give a rea-
sonable agreement between the surviving fractions in the LQ 
model and the corresponding measurements, with the price 
of having two sets of the quotients β /α, one for (0–10) Gy and 
the other for (10–18) Gy. Such a dose-range dependence of the 
ratio β/α automatically yields the associated dose-range depen-
dence of BEDLQ. This latter dose-range dependence precludes 

BED = biologically effective dose
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“ultimately, the only power to which man should aspire is that which he exercises over himself”
Elie Wiesel (b. 1928), Romanian-born Jewish-American political activist, writer and Nobel laureate. He wrote 57 books, including 

Night, a work based on his experiences as a prisoner in the Auschwitz, Buna, and Buchenwald concentration camps

“the voice of conscience is so delicate that it is easy to stifle it; but it is also so clear that it is 
impossible to mistake it”

Madame De Stael (1766-1817), French woman of letters of Swiss origin whose lifetime overlapped with the events of the French  
Revolution and the Napoleonic era. She was one of Napoleon’s principal opponents 




