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By Dr Dž. Belkić & Dr K. Belkić

The Role of Optimized Molecular Imaging 
in personalized Cancer Medicine
Molecular imaging using PET/cT or magnetic resonance spectroscopy and chemical shift 
imaging provides added value compared to modalities of anatomic imaging alone, and yields 
higher specificity in identifying cancers.  The absence of ionizing radiation means that molecu-
lar imaging by magnetic resonance is particularly appropriate for the surveillance of persons 
at increased risk of certain solid cancers and for post-therapeutic monitoring of patients, espe-
cially pediatric cases.  Molecular imaging is important for “targeted therapies” in the detec-
tion, monitoring and prediction of the widely varying responses of individual cancer patients, 
for example to the same type of drugs. In addition molecular imaging can guide the treatment 
of individual patients, thus enabling the practical implementation of the concept of  
“personalized cancer medicine”.

If recent advances in the analysis of molecular imaging data are judiciously incorporated into 
clinical practice, advances can be expected in all aspects of oncology,  including earlier cancer 
detection especially for persons at high risk. This article describes how MR-based molecular 
imaging in which signal processing methods are mathematically optimized has the potential to 
improve early cancer detection.

MoLecULAr IMAGING
Molecular imaging integrates cellular and molecular biol-

ogy with diagnostic imaging. With the rapidly growing extent 
and sophistication in our understanding of the cell biology 
of cancer, molecular imaging offers a strategic, non-invasive 
bridge to clinical oncology. Not only can the presence of the 
cancer disease process be identified but its extent and sever-
ity can also be assessed and followed over time. In addition, 
molecular imaging is invaluable for target definition in dose 
planning procedures in radiotherapy (RT) and for image-
guided biopsy and surgery. Molecular targeting can also help 
determine the extent of certain tumors such as androgen-sen-
sitive prostate cancers and neuroendocrine tumors. Overall, 
molecular imaging is becoming recognized as a key compo-
nent of personalized cancer medicine [1, 2].

One of the advantages of molecular imaging is its potential 
to improve diagnostic accuracy for cancer. Anatomic imaging 
using magnetic resonance imaging (MRI), ultrasound and 
computerized tomography (CT) can be quite sensitive but 
are often non-specific, frequently resulting in “over-diagnosis” 
[3], with potential untoward consequences including unneces-
sary workup, expense and psychological distress. Adherence to 
cancer screening guidelines and other medical indications may 
thereby be compromised. 

posItroN eMIssIoN toMoGrApHY pLUs coMpUterIzed 
toMoGrApHY

Currently the molecular imaging modality that is most often 
used in clinical oncology is positron emission tomography 
(PET). When PET is combined with computerized tomography 
(PET-CT), both anatomic and molecular imaging information 
can be obtained, which has the potential of having a major 
impact on the care of patients with cancer. The main biomarker 
currently employed in PET is the glucose analog 18F-fluoro-
2-deoxy-D-glucose (FDG), whose rationale for use is based on 
the fact that anaerobic glycolysis is enhanced in cancer cells. 
Compared to anatomical imaging alone, whole-body PET-CT 
improves cancer staging, and has been reported to have led in 
up to 40% of cases to changes in the therapeutic management 
of cancer patients [1, 4]. In this way, radiation treatment can be 
improved. In-beam PET-CT cameras can potentially monitor 
dose depositions in situ such that corrections could be made in 
subsequent dose deliveries, so long as the associated mathemati-
cal data processing problems are solved. PET-CT cameras are 
currently being used in light ion radiation therapy in which the 
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primary particle beam generates secondary 
nuclei capable of positron emission (e.g. 12C 
is transmuted to the β+-emitters 11B and 10B). 
This type of in situ monitoring of dose dis-
tributions could yield invaluable information 
about the patient’s response to irradiation. 
The response could be used to adjust the 
simulation codes and optimize dose delivery. 

FDG-PET has also been used to identify 
areas of hyper-metabolism needing a boost 
dose [1]. The relative lack of specificity of 
FDG and other radiotracers continues to be 
a problem although the emergence of new 
molecular tracers may alleviate this issue.

tHe coMbINAtIoN oF MrI ANd Mr 
spectroscopY

Combined molecular and anatomic 
imaging can also be achieved by combin-
ing magnetic resonance spectroscopy (MRS) 
with MRI to give magnetic resonance spec-
troscopic imaging (MRSI). Since there is 
no exposure to ionizing radiation, repeated 
monitoring does not have the risk of induc-
ing secondary cancers, which is especially 
important in pediatric cases and for persons 
at increased risk of cancer, in whom surveil-
lance is indicated at more frequent intervals 
and starting at a younger age. MRS and MRSI 
can potentially provide information on sev-
eral metabolites at the same time. Of these, 
choline, which resonates at ~3.2 ppm has 
been particularly useful as a reflection of the 
phospholipid metabolism in cell membranes, 
and as a marker of membrane damage, cel-
lular proliferation and changes in cell density, 
all of which typically occur in malignancy. 

Applications of MRSI have been most 
widespread in neuro-oncology, as well as for 
the initial detection and characterization of 
prostate cancer, staging, treatment planning, 
surveillance for residual cancer and local 
recurrence after therapy. Diagnosis of other 
cancers such as breast cancer, sarcoma, head 
and neck cancer has been aided by MRS/MRSI.

Magnetic resonance spectroscopic imag-
ing has also been used quite extensively in 
radiation neuro-oncology and in radio-
therapy of prostate cancer, e.g. for target 
definition, to identify high-grade areas for 
boost doses and for post-therapeutic follow-
up. MRSI helps distinguish recurrent brain 
tumors and radiation necrosis post-RT. In 
this context, advanced signal processing 
could provide more effective assessment of 
the effects of RT, and evaluation of any new 
lesions that arise post-RT. Early detection of 

post-therapeutic residual cancer by MRSI 
also has the potential of enabling more rapid 
intervention with a consequent improve-
ment in patient outcome. The use of MRS 
and MRSI can also enable the response to 
chemotherapy to be assessed, so that prompt 
adjustments to the regimen can be made.

Most examinations in MRS/MRSI are con-
cerned with the quantification of steady-state 
concentrations of metabolites of diagnostic 
significance. This can be complemented by 
dynamic MRS/MRSI studies using various  
prepolarized biomarkers to investigate the 
uptake kinetics and relaxation of time-depen-
dent metabolite concentrations to their equi-
librium stationary values. Such dynamic MRS/
MRSI examinations have the potential to opti-
mize both individual treatment strategies and 
to monitor treatment responses, as implied in 
the concept of “personalized medicine”.

Overall, the combination of MRS and  
MRSI complements MRI alone by yield-
ing invaluable diagnostic information on 
the metabolism of the tumor tissue, often 
before changes can be identified reliably on 
conventional anatomical images. Detecting 
with confidence a small tumor by MRSI is 
of utmost importance, since it opens the 
possibility of selecting an appropriate treat-
ment at an early stage in the disease. 

Higher magnetic field systems are being 
used in some oncology centers with the aim 
of enhancing resolution and signal-to-noise 
ratio in MRS and MRSI. However, overlap-
ping resonances deteriorate at higher field 
strengths compared to 1.5T. In addition, the 
cost of high field scanners is currently pro-
hibitive for routine clinical use, especially for 
regular monitoring purposes.

AN ALterNAtIVe ApproAcH
Our approach has been different, namely 

the improvement of resolution in MRS and 
MRSI in 1.5 — 3T scanners via the use of 
powerful mathematical algorithms, specifi-
cally the fast Padé transform (FPT) for opti-
mization of signal processing. The FPT can 
provide quantitative information on at least 
25 brain metabolites in in vivo MRS data from 
1.5T scanners. Several of these metabolites 
are of particular relevance in neuro-oncology. 
Studies suggest that similar added diagnostic 
value could also be forthcoming in breast, 
prostate and ovarian cancers [5, 6]. In vivo 
MRS and MRSI have made important contri-
butions to clinical oncology by relying upon 
only a few metabolites, or, in breast cancer on 

just a single metabolite, namely total choline. 
This latter has been comprehensively reviewed 
[7]. The FPT could expand this restricted 
metabolite window and thus refine molecular 
imaging, potentially allowing “personalized 
molecular fingerprint of individual tumors, 
as a basis for novel treatment algorithms”  
[1: p 183]. 

poteNtIAL breAktHroUGH IN breAst 
cANcer dIAGNostIcs

Recent results in breast cancer dem-
onstrate the potential of the approach. In 
malignant transformation in the breast, a 
“glycerophosphocholine to phosphocholine 
switch” occurs with over-expression of the 
enzyme choline kinase responsible for phos-
phocholine (PC) synthesis [8,9]. Within the 
cytosine diphosphate-choline pathway, cho-
line, PC and glycerophosphocholine can be 
detected in the proton magnetic resonance 
spectrum, using the fast Padé transform [5]. 
However, this cannot be achieved in the 
conventional way by which MRS signals are 
processed, that is by fitting envelope spectra 
from the fast Fourier transform. 

wHY Is optIMIzAtIoN oF sIGNAL pro-
cessING so crItIcAL IN Mrs?

A question which often comes to clini-
cians’ minds is: “what is so important about 
signal processing in diagnostics?” 

This is addressed in Figure 1. Let’s look 
at the top, upper panel (1). This is an MRS 
time signal of total length N = 2048 sampled 
points, constituting the input data consis-
tent with the encoding from breast cancer, 
as reported in Ref [10]. Within this time sig-
nal lies the desired information, namely the 
molecular content of the tissue. However, 
in its present form, it is completely unin-
terpretable. Transformation into the com-
plementary frequency domain is needed 
to visualize the spectrum. This mapping, 
achieved through mathematical transforms, 
is possible because time and frequency are 
“conjugate variables”. Currently, in clinical 
practice, this mapping is carried out by the 
FFT which  is built into every MR scanner. 
Because this feature is built-in, the clinician 
never sees the original time signal. Instead, 
the spectrum is displayed directly leading 
to the common misconception that it is the 
MRS spectrum which is actually recorded. 
Another common assumption is that the 
way to improve the spectrum is through 
stronger magnetic fields.



 30 D I  E U R O P E  APRIL/MAY 2014

MOLeCuLAR IMAGING
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HIGH-resoLUtIoN wItHIN tHe Fpt
Proceeding to the next two panels (2) and 

(3) in Figure 1, it can be immediately seen that 
the quality of these two spectra is very different. 
Panel (2) shows the Fourier spectrum generated 
from the MRS time signal on panel (1) associ-
ated with breast cancer. All 2048 signal points 
are used, but not much can be determined from 
the few rough peaks and bumpy baseline. In 
contrast, the envelope spectrum generated by 
the FPT shown in panel (3) requires only 1700 
signal points to converge and thereby clearly 
shows six peaks along the abscissa (chemi-
cal shift in parts per million, ppm). From the 
heights of these peaks, the relative concentra-
tions of several metabolites of interest can be 
assessed, including some of the components 
of total choline. This is clinically useful infor-
mation, which the FPT algorithm provides at 
a short signal length, whereas the FFT needs 
signals more than 32 times longer (32 x 2048 
= 65536) to generate a spectrum such as that 
shown on panel (3). The high-resolution of the 
FPT is due to its non-linearity and its interpola-
tion and extrapolation capabilities, stemming 
from its form as a ratio of two polynomials P/Q, 
thereby facilitating noise cancellation [5, 6]. 

Given the superior resolution performance 
of the FPT compared to the FFT, we suggested 
how this resolution advantage could be applied 
to MRS data acquisition, by encoding fewer and 
relatively short MRS time signals [6]. A direct 
advantage of this high-resolution would be 
shorter examination time, with consequently 
lowered costs of the MRS procedure, not to 
mention increased comfort for the patient. 
Since volumetric coverage is often needed in 
breast diagnostics, the higher resolution of the 
FPT for MRS becomes even more vital for 
MRSI as spectroscopic imaging measurements 
together with 3-dimensional spatial resolution 
must be performed within a reasonable total 
acquisition time to be clinically practical.

AssessMeNt oF breAst cANcer 
MArker, pHospHocHoLINe VIA pAdé-
optIMIzAtIoN

The converged envelope spectrum shown 
in panel (3) in Figure 1, would be the maxi-
mum that the FFT could provide under ideal 
conditions. This is because the FFT is non-
parametric and cannot give any information 
on what underlies the envelope. In panel (4) of 
Figure 1, it can be seen that phosphocholine 
(PC), the breast cancer marker, lies completely 
underneath phosphoethanolamine (PE). 
From panel (3) we would not even guess that 
the PC peak exists and its actual concentra-
tion, which in breast cancer diagnostics is the 
key clinical question, would remain unknown 
if reliance was made only on the FFT. 

The fast Padé transform is a parametric 
processor whose mathematical capabilities 
are well-suited to handling MRS data [5]. 
The component shape spectrum shown 
in panel (4) was generated from the signal 
parameters reconstructed by the FPT. From 
these parameters, the metabolite concentra-
tions, including that of phosphocholine, are 
precisely computed as per panel (5).

sIGNAL-NoIse sepArAtIoN: crUcIAL 
For beNcHMArkING 

A major barrier to more widespread appli-
cation of MRS and MRSI in the diagnosis of 
breast and other cancers has been the pres-
ence of noise within clinically-encoded MRS 
time signals. The FPT algorithm handles 
this via the concept known as “Signal-Noise 
Separation”. Especially with very closely-
overlapping peaks, the number of genuine 
metabolites can be a very small percentage 
of the total number of resonances generated. 
In the case of breast cancer, there is a large 
number of spurious resonances with only 
seven true peaks within the windowed inter-
val of 3.16 ppm to 3.34 ppm. These seven 

true metabolites are clearly identified. Stable 
against noise, their full width at half maxi-
mum (FWHMax) differ from full width at 
half minimum (FWHMin) and their ampli-
tudes are non-zero. These are completely dis-
tinguished from the spurious peaks which 
are unstable when noise level varies; whose 
FWHMax and FWHMin coincide [panels 
6 & 7, Figure 1] and whose peak heights are 
zero [bottom right panel 8, Figure 1].

Overall, the use of more powerful math-
ematics based on the fast Padé transform 
enables much more widespread applica-
tion of MRS and MRSI techniques. The 
approach is particularly easy to apply since 
the basic techniques can be carried out 
using the same equipment (radiofrequency 
coils, amplifiers, etc.) as in standard MRI. 

coNcLUsIoN
Molecular imaging will inevitably have 

an increasing effect in all areas of clini-
cal decision-making in oncology. Recent 
advances in powerful and robust algorithms 
of proven validity show that the results of 
molecular imaging can become the basis of 
future personalized cancer medicine. Molec-
ular imaging using magnetic resonance, in 
which signal processing methods are math-
ematically optimized, has the potential to 
improve early cancer detection, which is par-
ticularly useful in high risk patients.
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Figure 1: Clinically relevant data in Magnetic Resonance Spectroscopy (MRS) typical of breast cancer [10].  
Input data: time signal: panel (1). Output data: spectra: panels (2), (3), (4); concentrations: panel (5); signal-noise 
separation in panels (6), (7) at FWHMax (full width at half maximum) equals FWHMin (full width at half  
minimum) for false data; true & false peak heights in panel (8). Symbols: input data (+), output data (O ,).  
To avoid clutter, FWHM doubled at 3.220 ppm (PC*) in panels (6), (7). Identification of false data by a 3-fold 
signature : (a) FWHMax = FWHMin in panels (6), (7) as (confluence of O & ), (b) zero peak heights in panel 
(8): abscissa crosses the centers of empty circles & (c) marked instability: panels (6), (7) for 2 noise levels differing by 
10. Detection of true data by: (a’) FWHMax ≠ FWHMin, coincidence of O & + via ⊕, (b’) non-zero peak heights & 
(c’) stability against noise: panels (6), (7). Chemical shifts in parts per million (ppm), concentrations in µM/g, peak 
widths in 103 ppm & peak heights in arbitrary units (au). Noise level σ proportional to the root-mean-square (RMS) 
of the original time signal. Time signal, panel (1): Larmor frequency of 600 MHz, bandwidth (BW) of 6 MHz, its 
reciprocal: sampling rate τ. Absorption total shape spectra (envelopes) in FFT: panel (2), in FPT: panel (3). Absorp-
tion component shape spectra retrieving PC underneath PE, in FPT: panel (4); impossible in FFT, post-processed by 
fitting. Concentrations, in FPT: panel (5). Signal length: total (N = 2048) in FFT & partial (N

P
 = 1700) in FPT. Key 

clinical significance of parameters in MRS by FPT: peak heights in panel (8) multiplied by FWHM in panel (6) or 
panel (7) give metabolite concentrations in panel (5). With N = 2048, FFT in panel (2) yields only an envelope, lacks 
convergence, misses 3 metabolites, gives 4 broadened & severely shortened peaks of no clinical use. At N

P
 = 1700, FPT 

converges providing the diagnostically critical information: concentrations in panel (5). To match FPT in panel (3) 
sampled at N = 2048 (2K), FFT needs N = 65536 (64K) signal points in a single encoding, causing a 32-fold lengthen-
ing of each transient. In FPT, further improvement in signal-to-noise ratio (SNR) & total acquisition time is achieved 
using barely a quarter of the 128 transients needed for acceptable SNR in FFT. This is a twofold bonus for MRS via 
FPT: (i) higher accuracy: better clinical reliability, (ii) higher efficiency: shorter examination time of the patient.


