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Abstract. In the past 30 years there has been a significant increase in the number of 
publications on phospholipid (PL) metabolism, both for the medical purposes of 
detection and diagnosis of cancer and for the monitoring of the treatment of human 
cancers. Most of the work has focused on the pathway that produces phosphatidyl-
choline, the major component of human cell membranes. The trigger for this research 
was the advent of applications of NMR spectroscopy in vitro and in vivo in the 1980’s 
and observations that most cancer cells and tumors had significant increases in the 
water-soluble PL precursors and breakdown products. Increased phosphocholine (PC) 
has been focused on as a marker for cancer using Magnetic Resonance Spectroscopy 
(MRS) and Positron Emission Tomography (PET). MRS is now used clinically to aid 
in the diagnosis and severity of some brain tumors; and choline PET is used for the 
diagnosis and staging of recurrent prostate cancer, paid for by medical insurance com-
panies. Another major area of research starting in the 1990’s was the development of 
specific choline kinase (CK) inhibitors aimed at the isoenzyme CK-a. This isoenzyme 
is markedly upregulated in cancer cells and unexpectedly was found to have a role in 
oncogenic transformation independent of its enzyme function. 

Keywords: phospholipid metabolism, phosphocholine, MRS, PET, choline kinase, 
cancer diagnosis.
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* List of Abbreviations used: 18FCH, 18F-fluorocholine; Ala, Alanine; BCR, Biochemical Recur-
rence; CK, choline kinase; CSI, Chemical Shift Imaging; CT, Computed tomography; DWI, Dif-
fusion Weighted Imaging; FDA, United States Food and Drug Administration; FDG, 18F-fluoro-
deoxyglucose; Ga-68, Gallium-68; GPC, Glycerophosphocholine; GPE, Glycerophosphoethan-
olamine; HC-3, Hemicholinium-3; HGG, High grade glioma; Lac, Lactate; mpMRI, multipara-
metric MRI; MRI, Magnetic resonance imaging; MRS, Magnetic resonance spectroscopy; MRSI, 
Magnetic resonance spectroscopic imaging; NAA, N-acetyl-aspartate; NMR, Nuclear Magnetic 
Resonance; PC, phosphocholine; PCr, phosphocreatine; PDE, phosphodiester; PE, phosphoe-
thanolamine; PET, Positron emission tomography; PL, phospholipid; PME, phosphomonoester; 
PSA, Prostate specific antigen; PSMA, prostate specific membrane antigen; PtdCho, phosphati-
dylcholine; PtdEth, phosphatidylethanolamine; tCho, total choline peak; tCr, total creatine peak.
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INTRODUCTION

Lecithin was one of the first organic substances 
described, isolated by the French chemist Theodore Gob-
ley from egg yolk in 1845.1 The chemical structure of 
phosphatidylcholine, one of its main components, was 
not established until 1874.2 Over the next century much 
work was done that led to our understanding of the 
metabolism of the PL components that make up the cell 
membrane of mammalian cells.3

At first PL metabolism in cells and tissues were 
studied by invasive techniques, such as cell lysis and 
extracts4 and freeze-trapping.5 However, it was eventu-
ally realized that these techniques gave unreliable results 
because of the rapid release of kinases that degraded the 
substances of interest. It was realized that noninvasive 
techniques were needed to quantitatively assess the levels 
of PL metabolites in intact cells and tissues.6 Foremost 
among these methods was the use of noninvasive NMR 
spectroscopy (MRS) to detect phosphate-containing 
metabolites such as ATP using 31P MRS as first observed 
by Mildred Cohn in 1960.7 

Metabolism of intact cells was investigated by 31P 
MRS using a perfusion technique with cells trapped in 
a gel8, 9 and tissues were investigated in vivo using spe-
cially developed surface detection coils.10 This included 
direct investigation of phosphate-containing metabolites 
in tumors grown on nude mice.11, 12 These studies result-
ed in the observation that the levels of PL metabolites 
such as PC and phosphoethanolamine (PE) are higher 
in rapidly dividing cells such as cancer cells that are 
non-contact inhibited than in normal contact-inhibited 
cells.13-15 Several authors have identified these studies as 
the trigger initiating interest in use of these findings in 
cancer diagnosis and detection.16-20 

Parallel noninvasive studies were carried out using 
proton (1H) MRS, but these were more difficult due 
to the presence of the huge H2O solvent peak, requir-
ing water-suppression methods.21 For tissues in vivo, 
because of the greater sensitivity of the method, spatial 
localization techniques were developed using gradient 
methodology.22, 23 Although these MRS methods dem-
onstrated the basic observation that increased cell mem-
brane biosynthesis could be used as a monitor of cancer 
cells, 31P MRS was too insensitive and initially 1H MRS 
was too cumbersome to be applied in vivo and in the 
clinic for human applications. A much more sensitive 
tomographic method was needed and that has become 
positron emission tomography (PET) that has allowed 
these research observations to be applied clinically to 
the detection and diagnosis of cancer.24, 25 Eventually 1H 
Magnetic Resonance Spectroscopic Imaging (MRSI) was 

developed to be more sensitive and less cumbersome and 
is now used clinically in brain tumors.26 

Also, as a result of the differences between PL 
metabolism in cancer and normal cells, it was realized 
that kinase inhibitors could be effective anti-cancer 
drugs and this has resulted in the development of poten-
tial anti-cancer therapeutics.27, 28 

PHOSPHOLIPID (PL) METABOLIC PATHWAYS

The two biochemical pathways for the two main 
components of the PL membrane in humans, PtdCho 
(phosphatidylcholine) and phosphatidylethanolamine 
(PtdEth), were worked out by Eugene Patrick Kennedy 
in 195629 and are commonly referred to as the Kennedy 
pathways (Figure 1). 

Research on these two pathways has continued at 
a steady pace since 1956, but greatly increased starting 
in the late 1980s due to observations made using NMR 
Spectroscopy which was being used in vitro in cell sus-
pensions and in vivo in animal and human tumors. 
These studies indicated these pathways were more active 
in cancer cells. The PL membrane makes up 70% of the 
dry weight of human cells and PtdCho and PtdEth make 
up to 70% of the lipid portion of the membrane. 

The Kennedy Pathways,31 are relatively simple three 
step pathways that are completely analogous. Further-
more, choline is trimethylethanolamine and the 3 extra 

Figure 1. Kennedy pathway (center bold pathway) showing biosyn-
thesis of the main PtdCho component of mammalian cell mem-
branes from PC and the break-down pathway to glycerophospho-
choline (GPC). A parallel pathway exists for PtdEth.30 The enzymes 
involved in the pathways are shown in italics. Abbreviations: CDP-
Cho, Cytidine diphosphate-choline; Cho, choline; ck, Choline 
Kinase; ct, Cytidylyltransferase; DAG, Diacylglycerol; FFA, Free 
fatty acid; G3P, Glyerol-3-phosphate; GPC, Glycerophosphocho-
line; lpl, Lysophospholipase; Lyso-PC, Lysophosphocholine; PA, 
Phosphatidic acid; pct, Phosphocholine transferase; pd, Phosphodi-
esterase; pla, Phospholipase A; plc, Phospholipase C; pld, Phospho-
lipase D. 
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CH3 groups in choline (Figure 2) allow for it to be more 
easily observed in 1H NMR spectroscopy in vivo and in 
vitro since the signal derives from the 9 equivalent H 
atoms of the trimethylated nitrogen atom. 

Most of the research since 1990 has focused on the 
choline pathways. For the sake of simplicity, we will only 
show figures of the choline pathways although the etha-
nolamine pathways are completely analogous.29

The simple three step Kennedy pathway32 for synthe-
sizing phosphatidylcholine is: 

Choline to Phosphocholine to CDP-Choline to Phosphati-
dylcholine.

This is the central synthetic pathway in Figure 1 
going from left to right. The degradative pathways occur 
via the phospholipase A (pla), phospholipase C (plc), and 
phospholipase D (pld) pathways that are shown above 
and below the central synthetic pathway in Figure 1 
going from right to left. 

The metabolites that are seen in 31P MR spectra of in 
vitro cell suspensions and in vivo are PC in the synthetic 
phosphatidylcholine pathway; and PE in the analogous 
synthetic PtdEth pathway (not shown) and GPC (Glyc-
erophosphocholine) and GPE (Glycerophosphoethan-
olamine) in the degradative pathway starting with phos-
pholipase A (pla). The degradative pathway via Phospho-
lipase C (plc) contributes a small percentage of the PC 
peak in the NMR spectra. 

The degradative pathways have also drawn inter-
est not only because they produce GPC and GPE which 
are observed in the 31P NMR spectra of tumors. But the 
degradative pathways also produce the metabolites phos-
phatidic acid (PA) via phospholipase D (pld); and dia-
cylglycerol (DAG) via phospholipase C (plc) which are 
second messengers within the cell involved in multiple 
functions including growth and the mitogenic activ-
ity of growth factors via the RAS family of proteins.33-36 
The RAS proteins have enzymatic activity and exist in 
an “on” and “off” state. When turned on they trigger a 
cascade that ultimately turns on genes involved in cell 
growth, differentiation, and survival. Overactive signal-

ing inside the cell can ultimately lead to cancer.37 
CK is the first enzyme in the Kennedy pathway and 

has been found to be overproduced in almost all can-
cers beyond their need for phosphatidylcholine synthesis 
and has been under intense study in the past 25 years 
as a key enzyme in cancer and necessary for oncogenic 
transformation. CK also interacts with the RAS protein 
family for signal transduction and high concentrations 
of CK have been noted to turn on RAS proteins for sig-
nal transduction.17, 38 Multiple CK inhibitors have been 
synthesized as potential chemotherapy agents for can-
cer.27 As the first step in the synthetic pathway CK phos-
phorylates choline to PC. The next enzyme in the path-
way is cytidylyltransferase (ct) which is rate limiting and 
PC accumulates and is easily seen in 31P MR spectra in 
vitro in cancer cells and in vivo in tumors. 

APPLICATION OF MRS

In 1980 Jack Cohen joined the National Cancer 
Institute with the intention of using NMR spectroscopy 
as a tool to study the metabolism of cancer cells. A Var-
ian 400 MHz NMR spectrometer was purchased, and 
studies began in 1981. The basis of this work were the 
attempts made to devise a system whereby this noninva-
sive NMR technique could be used to study cancer cells 
in vitro. Previous attempts using suspensions of cells had 
proved unsuccessful, since the large number of cells (ca. 
109 cells) in 1 ml in a 10 mm 31P MRS tube required to 
obtain sufficient signal-to-noise, used up all the available 
nutrients and became ischemic before any useful results 
could be obtained.39

Our first attempt to overcome this problem was 
to suspend cancer cells in an agarose gel and attempt 
to perfuse it with a solution containing nutrients and 
oxygen.40 But this was not really successful. In order to 
enable the cells to metabolize, the solution had to be in 
contact with all of the cells as much as possible. We then 
devised a method to place the cell suspension in a liquid 
gel and flow it through a fine capillary (0.5 mm id) that 
was dipped in a container of ice, whereupon the mix-
ture gelled and the cells were trapped and the spaghetti-
like gel threads were then extruded into an NMR tube 
and could be perfused with the nutrient-containing and 
oxygenated solution and remain metabolically active for 
days8 (Figures 3-5).

Using this technique we were able to see a high level 
of ATP in the cells as well as other metabolite signals 
(Figure 6), and by adding other metabolites or drugs to 
the solution being pumped through the cells we could 
monitor changes in the metabolism of the cells.9, 42 

Figure 2. Chemical structures of ethanolamine and choline.
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We carried out a series of studies that resulted in 
greater understanding of the metabolic response of sev-
eral cancer cell lines grown in culture under different 
circumstances. 15,16, 43-46 In earlier studies the phospho-
monoester (PME) peaks were erroneously assigned to 
sugar phosphates (SP), but we confirmed their assign-
ment to PC and PE by the addition of choline and etha-
nolamine (separately) to the perfusion solution.13 This 
was the first observation of the enzymes of the PL path-
ways functioning in real time in intact cells by MRS. On 
addition of ethanolamine, all four peaks, PC, PE, GPC, 
and GPE reacted to ethanolamine as expected by well-
established substrate and inhibition effects. Ethanola-

mine inhibits CK and the phosphodiesterases that break 
down GPC and GPE to choline and ethanolamine, and it 
is the substrate for ethanolamine kinase producing PE. 
All four peaks can be seen reacting to the ethanolamine 
infusion as expected in Figure 7.13 

One of our initial observations was that the peak 
assigned to PC and PE in the spectrum of cancer cells 
was found to be higher than expected (Figure 6) and 
higher than the same peak in in vivo studies of normal 
tissue that were used as controls.47, 11 This important 
observation of elevated PC and PE in cancer cells was 

Figure 3. Diagram of the apparatus used to embed cells within aga-
rose gel threads. A mixture of cells in medium is extruded through 
a fine Teflon capillary in chilled ice. The gel thread is then extruded 
directly into medium in the 10-mm screw-cap NMR tube.41

Figure 4. Schematic of the perfusion system showing the arrange-
ment of the polyethylene insert.41

Figure 5. Photomicrograph of gel-threads showing cancer cells 
embedded in perfusable gel.41

Figure 6. Representative 31P NMR spectrum at 162 MHz of wild-
type MCF-7 human breast cancer cells (~108/ml) perfused with 
IMEM media (Pi-free) in agarose gel thread (0.5 mm); 200 scans 
were accumulated with a recycle time of 40 sec and a 90° pulse. The 
peak assignments are denoted: PE, PC, Pi, inorganic phosphate; 
GPE, GPC, PCr, phosphocreatine; ATP, adenosine triphosphate, 
DPDE, diphosphodiesters; NAD, nicotine adenine dinucleotide.41
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the basis for many future studies and has had signifi-
cant influence in subsequent studies of cancer diagnosis 
and detection. In fact, in several reviews,17-20 this obser-
vation has been singled out as the seminal observation 
that resulted in much greater research activity in this 
field (Figure 8). Note that a similar pattern of increase 
in research activity was found for every topic that was 
searched in this field.

This observation of increased PC in cancer cells was 
later confirmed by several authors using as controls non-
cancerous cells grown in culture.38, 48 This subject has 
been extensively reviewed by Glunde and coworkers.49 
in which they document increased PC/PE in 6 different 
cancer types, including breast,50, 51 ovarian,52 prostate,53, 

54 cervical,55, 52 brain56, 57 and endometrial58 cancers. Of 
significance was the observation of the PME to phospho-
diester (PDE) ratio, the more malignant the cell line the 
more PC and PE were present and the less GPE and GPC 
were observed. It is this ratio that is more significant, 
not the absolute concentrations. In the first observation 
of this type in 1986, comparing the perfused wild-type 
cell line to the Adriamycin-resistant cell line derived 
from it, adding up the PME and the PDE concentra-
tions, the wild-type had a PME/PDE ratio of ca. 2, but 
the resistant more malignant cell line ratio was about 
16.47 Some biochemists looking at choline metabolites 
call this the PC/GPC “switch” as the malignancy pro-
gresses.38, 30, 19 

We later improved the perfusion technique by using 
basement gel membrane as the gel substance.59 Mean-
while others had developed other methods of monitor-
ing the 31P MRS of cells using both suspensions aerated 
by oxygen60 and bioreactors.61, 62 It should also be men-
tioned that similar perfusion studies were performed 
with 13C labelled metabolites observed by 13C MRS63 or 
by 1H MRS using the 13C-1H spin-spin (J) coupling to 
gain higher sensitivity.64, 65 Direct proton MRS studies of 
choline levels have also been measured.66 

It should be pointed out that the signals of the PLs 
themselves are not observed in these 31P spectra of cells, 
because they are extensively broadened by spin-spin (T2) 
relaxation due to their macromolecular structure and 
restricted motion leading to efficient T2 relaxation. By 
contrast, the metabolites that are smaller molecules with 
extensive molecular motion, even though within the 
viscous milieu of the cell, provide narrower resonances. 
In effect the cellular metabolites provide a 31P MR spec-
trum that is in fact superimposed on the top of a very 
broad PL baseline. 

DEVELOPMENT OF CHOLINE-PET SCANNING AS A 
DIAGNOSTIC METHOD FOR PROSTATE CANCER

The observations of the 1980s and their confirma-
tion by further cell studies in the 1990s that the majority 
of cancer cells had unusually high levels of PC and GPC 
increased interest in using this fact as a way to diagnose 
and stage cancer; and to monitor and adjust cancer thera-

Figure 7. Effect of ethanolamine in the perfusate. Shown are quan-
titative 31P NMR spectra of cells grown in IMEM medium with 15 
mM choline and no ethanolamine, harvested at log phase, and then 
perfused with Buffer A, 11 mM glucose, plus 2 mM ethanolamine 
at 37oc. Each spectrum represents a l-hr accumulation. Hours 2 to 
16 are shown.13 

Figure 8. Plot of number of hits vs. year for a search of “phospho-
choline and cancer” using the Scifinder (CAS) search engine, with 
1,485 hits at maximum..
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py. Since the 1990s the main problem with using MRS for 
these purposes was the low signal to noise ratio in MRS 
requiring large “voxels” or cubes of tissue for obtaining 
a good spectrum. With phosphorus spectra this required 
voxels that were multiple centimeters in diameter and 
would sample tissue other than the tumor, including nor-
mal tissue and necrotic tissue. 1H spectra using proton 
MRS was developed and could obtain spectra from 1 cm3. 
67, 68, 23 While this was helpful with brain tumors it was 
still too large a volume for many other common cancers. 

To overcome the signal to noise problem 11C-choline 
for human Positron Emission Tomography (PET) scans 
was synthesized in 1997 by a Japanese Group led by 
Hara.69 Historically, the first synthesis of 11C-choline for 
PET scans was in 1983 and was used to observe normal 
brain tissue in a monkey.70 The Japanese group however 
used their own synthesis as there were no details for the 
synthesis given in the 1983 paper. Radiolabeled choline 
has been used since 1997 in PET in cancer research for 
imaging brain and other tumors.69, 71, 72 This is based 
on the first step in PL synthesis, choline being rapidly 
metabolized to PC by CK (Figure 1). In addition most 
cancers have increased membrane transport of choline 
compared to normal cells.17 

The two forms of choline most commonly used in 
PET scanning are 11C-choline and 18F-f luoromethyl-
choline,73 which is commonly called 18F-fluorocholine 
(18FCH). In 11C-choline one of the 12C carbons in the 
N-trimethyl group of choline (see Figure 2) is replaced by 
an 11C atom. In 18FCH, one the of the hydrogens in the 
N-trimethyl group of choline is replaced by 18F. 18FCH 
was first synthesized by DeGrado in 2000.74, 75 They 
found that 11C-choline and 18FCH behaved similarly in 
cell cultures and also in their ability to be metabolized 
by CK. Later studies showed that 18FCH was comparable 
in diagnostic ability to 11C-choline, but is easier to use 
because of its longer half-life.76-78 11C has a half-life of 20 
minutes and 18F of 110 minutes allowing for 18FCH PET 
images to be obtained for a longer time, from 5 min to 60 
min after injection. Other choline analogs were synthe-
sized,74 but these contained additional carbon atoms and 
were not transported as well by choline membrane trans-
port proteins or metabolized as well by CK.74 

Since CK is overexpressed in most cancers and rap-
idly metabolizes choline to PC; most cancers contain 
higher concentrations of PC compared to normal cells.79 
This generates a visible signal in the PET scanner. From 
the time 11C-choline and 18FCH were synthesized in 
1997 and 2000 it was found that multiple tumors could 
be found by choline-PET, including brain, head and 
neck, breast, lung, esophageal, liver, kidney colorectal, 
prostate, bladder, uterine, ovarian cancers, and lympho-

mas.80 For medical use though, it must be shown that it 
is better than other imaging methods, cost effective, and 
also has the ability to obtain an image in a time that is 
comfortable or tolerable for the patient. When PET is 
combined with a CT or MRI scanner it gives a more 
accurate location of tumors or metastases.73 Since 2000 
when the PET/CT was first invented most studies have 
been done with the PET/CT scanner. 

The initial studies done from 1997 into the early 
2000s showed that 11C-choline or 18FCH did produce 
clearly delineated images of tumors with a good signal 
to noise ratio. But for most tumors it was not better than 
18F-fluorodeoxyglucose (FDG) PET scans for tumors, 
which was already in widespread use. FDG works well 
because it is a glucose analog, and most cancers have 
a high rate of glucose uptake and utilization. And for 
brain tumors amino acid PET tracers were also superi-
or.73 However prostate cancer is an exception in that it 
is more slowly growing and does not absorb FDG rap-
idly. In addition, prostate cancer is one of the most com-
mon cancers in men with a high mortality rate. It was 
shown in 2003 that 18FCH PET scans were superior to 
FDG for restaging prostate cancer after recurrence and 
this resulted in a marked decrease in the use of FDG 
for imaging prostate cancer and an increase in choline-
PET,73, 81 both for the initial staging and restaging of 
prostate cancer after relapse. Unfortunately, in prostate 
cancer relapse is high so comparative imaging in initial 
stage and relapse is of utmost importance. Prior to cho-
line-PET tracers, staging was done using CT, MRI imag-
es, and ultrasound. 

Most of the research on the clinical applications 
and actual clinical use of choline-PET has occurred in 
Europe, Japan, and Australia.24 This is due to the diffi-
culty of getting approval from the FDA (United States 
Food and Drug Administration) for new PET tracers 
and financial barriers such as uncertain reimbursement 
in the USA.24, 82 11C-choline was approved by the FDA in 
2012 but 18F-choline has not been approved as of 2021, 
even though it was developed and tested in the USA at 
Duke University in 2000.74 After initial studies from 
1998 to 2003 showing the feasibility of choline-PET and 
choline-PET/CT there have been thousands of studies 
since 2003 focusing on the clinical applications of cho-
line PET. The area that it has proven the most useful is 
in the restaging of relapsed prostate cancer.

The use of choline PET/CT has become common 
since about 2010 in many parts of the world for the 
initial staging and restaging of prostate cancer.24, 73, 83 
A 2021 paper from France started by saying “F-choline 
PET/CT is considered a cornerstone in the staging and 
restaging of patients with prostate cancer.”84 Another 
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study published in 2020 focused on the “real world” 
use of choline-PET showed that it was commonly used 
for both initial staging and restaging and resulted in a 
change of therapy in 58% of the patients.85 

In addition, new PET radiotracers have been devel-
oped in the past decade that focus on prostate specific 
membrane antigen (PSMA) or amino acid tracers such 
as 18F-FACBC (Fluciclovine) for imaging prostate can-
cer; and studies are ongoing comparing the effective-
ness of each of these tracers compared to 11C-choline or 
18FCH.24 Also, when using choline-PET in patients with 
prostate cancer, tumors other than prostate cancer are 
picked up incidentally in 1 to 2 % of patients.84

STAGING OF PROSTATE CANCER WITH CHOLINE-
PET COMPARED TO MRI 

Initial (Primary) Staging; Locating the cancer in the preop-
erative prostate

Numerous studies were done from 2003 onward 
evaluating the use of choline-PET scanning for the ini-
tial staging of prostate cancer.73 One study from 2006 
focusing on the local detection of prostate cancer nod-
ules by 11C-choline within the prostate preoperatively 
compared with biopsies done preoperatively86 did show 
choline-PET could find 83% of prostate nodules that 
were 5 mm or greater in diameter, but only 4% of nod-
ules smaller than that for an overall sensitivity of 66% 
compared to the biopsies. 5 mm is generally considered 
the lower limit in size detection for PET scans in general 
-- not just for choline studies. 

Another study in 201087 looked at the preoperative 
evaluation of cancer nodules within the prostate as com-
pared to preoperative biopsies, or examination of the 
prostate by a pathologist after surgical removal. A com-
bination of standard MRI images combined with gado-
linium enhanced images of the preoperative prostate 
found 88% of the nodules, 11C-choline-PET found 73% 
of the nodules, and FDG-PET found only 31%. Multipar-
ametric MRI (mpMRI) studies in 2015 using DWI (Dif-
fusion Weighted Imaging) showed mpMRI to be supe-
rior for detecting cancer in the preoperative prostate as 
well as local extensions outside the prostate.88 For mod-
ern prostate cancer imaging mpMRI uses four sequenc-
es: T1-weighted images, T2-weighted images, DWI, and 
dynamic contrast enhanced (DCE) imaging. Most com-
monly T2-weighted images with DWI and DCE are use 
or T2 weighted images with just DWI. In the past MRS 
of the prostate was also used as a fifth option to be part 
of the mpMRI workup but MRS of the prostate is not 
commonly used currently.

Lymph node and bone metastases

The two other areas of importance in the initial 
staging are metastases to nearby lymph nodes and 
bone. Choline-PET/CT was found in many studies to 
be superior to CT and conventional MRI scans at find-
ing metastases to the lymph node. One reason may be 
that CT and conventional MRI rely mostly on the size 
and appearance of the lymph nodes whereas choline 
PET/CT that has a functional component was able to 
detect micrometastases to the lymph nodes.89 The sen-
sitivity of these studies was only about 50% however 
when compared to the lymph nodes that were removed 
at the time of surgery and examined by a pathologist.89, 

73 For this reason, The European Association or Urolo-
gy in 202190 still recommends lymph node removal for 
proper staging of prostate cancer at the time of initial 
diagnosis. Since PET/CT images the entire body, one 
important value of choline-PET/CT is that it can detect 
lymph nodes with prostate cancer outside the area of 
a standard MRI scan or outside the surgical field of a 
standard lymph node dissection.91-93 For these reasons 
choline-PET/CT for detecting metastases to lymph 
nodes has been commonly used in Europe since 2010 
(Figure 9).73

For staging of bone metastases choline PET/CT has 
consistently shown more accuracy than bone scan in its 
ability to detect both bone and bone marrow metastases 
(Figure 10).94 It also has higher image resolution.95-97 In 
patients with intermediate to high-risk prostate cancer it 
was found that choline-PET/CT was more sensitive and 
specific at detecting bone marrow metastases than bone 
scan or CT alone. For bone metastases they reported a 
100% sensitivity and a 90% specificity with choline-
PET compared to bone scan.95 One study showed an 
advantage of choline-PET/CT over MRI or MRI DWI 
for detecting bone metastases in 47 high risk patients.88 
It should be noted that many of the studies were per-
formed on intermediate to high risk patients. In the 

Figure 9. A shows a right external iliac lymph node with a large 
uptake of 11C-choline. B shows the same area after 4 months of suc-
cessful treatment.24 
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higher risk patients, the sensitivity of choline-PET/CT 
increases dramatically.

Restaging after Relapse (Treatment Failure)

Many men treated for prostate cancer relapse and 
need to be restaged. In the vast majority of cases the 
relapse is found by an increase in the Prostate Specific 
Antigen (PSA). This is also called biochemical recur-
rence (BCR) in prostate cancer. PSA is an enzyme found 
predominantly in the cytosol of prostate cells.24 For most 
men without prostate cancer the normal serum level is 
about 0.7 ng/ml and in prostate cancer it can increase 
dramatically to 100 or 1000 ng/ml but in most cases 
levels above 6 to 10 are worrisome. Most men treated 
for high-risk prostate cancer have the prostate and pel-
vic lymph nodes removed at the time of initial diagno-
sis. In these men the PSA level goes below 0.2 ng/ml. 
An increase of the PSA on two measurements taken 3 
months apart indicates recurrence. For men treated only 
with radiation therapy without removal of the prostate 
an increase of 2 ng/ml from the lowest measurement 
during treatment indicates recurrence, sometimes called 
biochemical failure.73 

As in the initial staging, mpMRI proved to be supe-
rior to choline-PET scanning for locating a recurrence 
in the prostate or in the prostate area of men who had 
undergone prostatectomy.98, 99 Where choline PET/CT 
stood out was its ability in restaging after treatment fail-
ure to detect lymph node and bone metastases.83 Cho-
line PET/CT showed an overall sensitivity for recurrence 
in the lymph nodes, bone, and other sites in 86 to 89% 

of patients and its use is recommended by the Europe-
an Association of Urology.90, 100-102 This far exceeded the 
detection rate of FDG-PET and mpMRI. For detection 
of all lymph nodes compared to the surgical dissection 
of the lymph nodes after recurrence, the sensitivity was 
about 60%.103-107 These sensitivities make it far superior 
to FDG-PET81, 105 and mpMRI99 for restaging of local 
and more distant lymph node metastases. 

Of note, Choline-PET/CT findings at restaging have 
allowed for site directed radiation therapy to target the 
area and to calculate the radiation dose. This direct-
ed “salvage radiation therapy” by choline-PET/CT has 
led to improved disease free survival.108-110 One study 
showed that a combination of salvage lymph node dis-
section and radiation therapy in patients led to a 70% 
five year disease free survival in patients staged with 
choline-PET/CT.111

In addition to its usefulness in detecting relapse 
into the lymph nodes choline-PET/CT was able to detect 
prostate cancer in 15% of patients with negative bone 
scans and is equivalent to mpMRI for detecting bone 
metastases.101, 99 Another advantage of choline-PET/CT is 
its ability to detect the more aggressive osteolytic metas-
tases.112 This allows corrective treatment to be started to 
prevent fractures of those bones. For these reasons, cho-
line-PET/CT is often the preferred imaging technique in 
relapsed prostate cancer treatment failures24, 73, 83 and is 
commonly recommended in treatment guidelines.113, 90

Historical Guidelines for use of Choline-PET for Prostate 
Cancer

The European Association of Urology (EAU) Guide-
lines on Prostate Cancer90 first mentions the use of cho-
line-PET/CT in the 2010 guidelines for locating metas-
tases to bone during initial staging, but states that the 
use in relapse is unclear. By 2015, the guidelines did not 
recommend choline-PET/CT for initial staging. But for 
staging in relapse, choline-PET/CT was useful for detect-
ing lymph node and bone metastases if the serum PSA 
level was greater than 1 to 2 ng/ml and was more sensi-
tive than bone scan. By 2018, the EAU guidelines gave 
a strong recommendation for the use of choline-PET/CT 
or PSMA-PET/CT following BCR after radiotherapy to 
stage local lymph node metastases or distant metastases 
to bone or other tissue. The 2021 guidelines discuss that 
choline-PET/CT can be used for detecting bone (but not 
lymph node) metastases at initial staging and will simul-
taneously detect bone and other more distant metas-
tases, but it is not a strong recommendation. For cases 
involving relapse after radiotherapy the 2021 EAU does 
give a strong recommendation for choline-PET/CT or 

Figure 10. a to c clearly shows the progression of bone metastases 
during multiple cycles of treatment. The large bright spot in the 
lowest part of the figure is the normal liver which concentrates the 
11C-choline that is injected. Th is thoracic vertebrae, C is cervical 
vertebrae.94 
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PSMA-PET/CT for patients being considered for curative 
lymph node salvage treatment and can change manage-
ment in up to 48% of patients.

It is noticeable that the formal recommendations are 
more conservative than what is reported above as actual 
common use of choline-PET/CT in initial staging and 
restaging. However, the recommendations are consistent 
with publications highlighting that it is more sensitive 
in cases of relapse than at the initial staging. One rea-
son for this may be that the biochemical studies on can-
cer cells show that the levels of PC increase as the cells 
become more malignant. With relapse it is the more 
malignant and aggressive cells that predominate. 

PSMA PET scan for prostate cancer

PSMA is a folate hydrolase glycoprotein24 that, 
despite its name, is found in more tissue than just pros-
tate. Despite the similarity of the name this is a differ-
ent protein enzyme than Prostate Specific Antigen (PSA) 
which is mostly in the cytosol of prostate cells. In pros-
tate cancer PSMA is overexpressed by 100 to 1000-fold. 
A newer PSMA PET agent Gallium-68 PSMA-11 was 
recently approved by the FDA in Dec 2020114, 115 and has 
been used and studied in Europe and Australia since 
2015.116, 117 Many recent papers claim it is more sensi-
tive and specific than choline-PET at lower levels of PSA 
and future head to head comparisons are being planned. 
There have been other PSMA-PET tracers developed. 
Since PSMA is an enzyme, they have in common that 
they target the substrate recognition site on PSMA. To 
date it is Gallium-68 PSMA that has been the most stud-
ied. It should be noted that “PSMA PET tracer” refers to 
the whole family of PSMA tracers and not to any one in 
particular. 

Correlation with Prostate Surface Antigen (PSA) level for 
Choline and Gallium 68 (Ga-68)

It has been noticed that there is a strong correla-
tion between the sensitivity of a PET imaging agent to 
detect prostate cancer in patients, and the serum level of 
PSA. This is because the higher the serum PSA the more 
advanced the cancer. It has become the norm to divide 
the sensitivity of PET imaging agents into 3 categories. 
The sensitivities below a PSA of 1 ng/ml, those sensi-
tivities for PSA levels between 1.0 to 2.0 ng/ml and the 
sensitivities for a PSA level above 2.0 ng/ml.24 A recent 
review24 in patients with a relapse showed Ga-68 PSMA 
to be more sensitive at all levels. The authors cautioned 
that this was pooled data from multiple studies, and 

they were not standardized. However prospective head-
to-head studies of choline vs Ga-68 PET/CT scanning is 
underway. 

Multiple studies published in 2020 and 2021116, 118, 

117 also show that Ga-68-PET/CT is more sensitive than 
choline PET/CT and is replacing choline PET/CT in 
many centers. However, the experience gained with cho-
line PET/CT over the past 20 years cleared the way and 
is influencing and guiding the applications of Ga-68 
PET/CT. Basically, they are the same applications such as 
staging and guiding of therapy but with a more sensitive 
agent. It remains to be seen if choline-PET/CT will still 
have applications that Ga-68 cannot be used for in pros-
tate cancer and other cancers. 

CHOLINE KINASE AS A TARGET OF 
CHEMOTHERAPY

The earliest PL enzyme target for chemotherapy and 
the one most studied has been CK.119 However other 
enzymes in the pathway have also been proposed as tar-
gets.120 The development of CK inhibitors for possible 
cancer treatment has been closely connected to the bio-
chemical studies on this enzyme and its importance in 
two different functions: 1) cancer transformation and 
2) the catalyzing of choline and ATP to produce PC. By 
1998, it had become clear that there were two forms of 
CK – an alpha and a beta form and their amino acid 
sequence had been determined.121 Subsequent studies 
showed CK alpha to be the more important isoform in 
cancer.122 To date the most potent CK alpha inhibitors 
developed have been MN58b and RSM-932A which is 
also called TCD-717.27, 119 

The first paper published on interfering with the PL 
pathways by CK inhibition was in 1974.123 The compound 
used was purinyl-6-histamine and had been observed to 
be cytotoxic to tumor cells in vitro with little to no effect 
on normal cells in vitro or to have any effect on DNA 
or proteins. The study made “preliminary observations” 
about purinyl-6-histamine’s effects as a CK inhibitor and 
the morphological changes observed in the membrane of 
cancer cells being more pronounced than those of nor-
mal cells, but there were no follow-up publications. 

There were two more papers published in 1983124 
and 1985125 studying the effects of Hemicholinium-3 
(HC-3) on Krebs II ascites carcinoma cells. They found 
that HC-3 inhibited both the choline transport mecha-
nism across the cell membrane and also inhibited CK 
intracellularly. They also found that the synthesis of Ptd-
Cho was diminished in Krebs II ascites carcinoma cells 
by HC-3 but not in normal liver cells. 
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In 1987 the 31P NMR spectra of MDA-MB-231 can-
cer cells were monitored while being observed in intact 
cells being perfused in the NMR spectrometer by a 
buffer solution without any choline. The introduction 
of HC-3 into the perfusate caused a reduction of the PC 
peak by over 50% in 8 hours (Figure 11).13 This would 
indicate that the reduction in the PC peak observed in 
this experiment was due to inhibition of CK and not 
only to inhibition of choline transporters. HC-3 would 
become the template that most future CK inhibitors 
would be based on.27, 119

As discussed in the section on “Applications of 
MRS,” subsequent studies done in the 1990’s con-
firmed that most cancer cells studied had high levels 
of CK and PC. A review article by Podo referred to 
1983 to 1993 as the “pioneering decade”19. MRS stud-
ies on cells grown in vitro led to the hypotheses that 
the increased PE and PC levels in cancer cells were 
involved in cell membrane synthesis, and cell growth 
in cancer cells,13, 126, 127, 15 and that “specific oncogenes 
resulted in the increased production of choline and 
ethanolamine kinase.”16 These observations triggered 
further studies and confirmation of the hypotheses 
involving the PL pathways and the enzymes and onco-
genes involved. 

Most of the studies have focused on CK.17, 120 Fur-
ther studies showed that the CK alpha gene also func-
tions as an oncogene involved in tumor initiation and 
progression.120, 128, 129 Of the alpha and beta forms only 
CK alpha has been found linked to tumor transforma-
tion. Increased expression of CK alpha 1 is oncogenic 
to cells, but overexpression of CK beta is not. Increased 
production of CK alpha 1 mRNA is found in breast and 
lung cancer cell lines, but there is no change in CK beta 
mRNA levels.122

From 1987 to 1995 multiple papers were published 
showing that the ras oncogene causes an activation of 
the CK enzyme130, 34, 131-136 causing an increase in PC. 
Data from one of the papers34 indicated that PC may 
function as a second messenger in cells involved in cell 
growth. At that time HC-3, which was first reported in 
1974137 was the most potent inhibitor of CK and served 
as the template for the development of numerous CK 
inhibitors that fall into two categories: 1) bis-pyridin-
iums and 2) bis-quinoliniums.27, 119 HC-3 itself had a 
paralyzing respiratory effect at therapeutic levels for 
treating cancer,138 so CK inhibitors were developed that 
were both more effective with no or reduced side effects 
in vivo.27, 119 

In 1997, numerous bis-pyridiniums were produced 
in the lab of Juan Carlos Lacal131 and the compound 
named MN58b proved to be the most effective. NIH3T3 
cell lines that had been transformed by ras, src, and mos 
oncogenes were profoundly inhibited in their growth 
by the new bis-pyridiniums CK inhibitors by a factor 
of 600 to 1000 and were effective in the low micromolar 
range.139 The ras, src, and mos transformed cells had ele-
vated levels of CK activity and the degree of inhibition 
correlated with reduced production of PC. MN58b was 
later shown to significantly inhibit the growth of xeno-
graft tumors.140, 139, 141 Later studies showed that MN58b 
was 20 fold more effective at inhibiting the CK alpha 
enzyme compared to the beta form of the enzyme.27, 122 

The next set of new CK inhibitors studied were in 
the bis-quinolinium class. In 2005 Lacal’s laboratory 
studied forty more compounds and compound 40 was 
the most potent in the bis-quinolinium class.142 It was 
subsequently labeled as RSM-932A and is also called 
TCD-717. TCD-717 completed a Phase 1 study in solid 
tumors in 28 patients between Jan 2011 and February 
2014.143 TCD-717 was selected for the Phase 1 trial as it 
has no detectable toxicity in mice at levels that cause 77 
percent tumor growth inhibition in vivo. In addition, it 
caused reversible cell cycle arrest in nontumor cells but 
cell death via apoptosis in cancer cells.144 The study was 
sponsored by Translational Cancer Drugs Pharma which 
is located in Spain, but the studies were conducted at 
Johns Hopkins University and the Barbara Ann Kar-
manos Cancer Institute in Detroit, Michigan. To date 
results of the Phase 1 trial have not been published, but 
in 2021119 Lacal referring to the Phase 1 trial stated that 
“the toxicology studies have already been addressed” 
and indicated that RSM932A/TCD717 has “paved the 
way for future development”.

RSM932A/TCD717 has a unique mechanism of 
action and was found to not bind to the pockets on CK 
alpha where choline and phosphate are catalyzed like 

Figure 11. Effect of HC-3 in the perfusate. Quantitative 31P NMR 
spectra are depicted of cells grown in IMEM with 15 mM choline 
and 10 mM ethanolamine, harvested at log phase, and then per-
fused with Buffer A, 11 mM glucose, plus 100 mM HC-3. Each 
spectrum represents a 1-h accumulation.13 
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other CK alpha inhibitors bind, but to bind to the sur-
face of the enzyme.145 This caused both a severe reduc-
tion in both PC and in the levels of CK alpha. One 
hypothesis is that RSM932A/TCD717 causes a drastic 
reduction of the level of CK alpha protein by causing a 
conformational change that makes it susceptible to pro-
teases.119 In some tumors inhibition of CK alpha with 
no reduction in CK alpha levels within the cell is insuf-
ficient to cause cell death.146, 147 However, in glioblasto-
ma cells inhibition of CK alpha by pure enzyme func-
tion inhibitors such as V11-0711 that has no effect on 
the level of the enzyme is sufficient to lead to tumor cell 
death.119 The mechanism of cell death in tumors by CK 
inhibitors may vary depending on the cell type. 

A 2021 review article titled “Recent Advances in 
the design of small molecule CK alpha inhibitors and 
the molecular basis of their inhibition” shows that this 
remains an active area of research.28 In addition to small 
molecule inhibitors, siRNAs (silencing RNAs) have also 
been developed against CK alpha and phospholipase D 
and are under active study and produce reduced cell 
proliferation in xenographic tumors but have not yet 
reached Phase 1 patient studies.120 

DEVELOPMENT OF CLINICAL APPLICATIONS OF 
MRS/MRSI/MRI 

Introduction: Magnetic Resonance Spectroscopy 
(MRS) of tissue metabolites in a freshly amputated frog 
leg was first reported in 1974 by D.I Hoult et. al. in 
George Radda’s research group at Oxford where they 
observed phosphate metabolites by 31P MRS.148 In that 
first report they labeled the observed peaks as sugar 
phosphates, PL, Pi, creatine phosphate, and the gamma, 
alpha, and beta peaks of ATP. This was one year after 
the first paper on the feasibility of Magnetic Resonance 
Imaging (MRI) was published by Paul Lauterbur.149 
Since the late 1980s MRI and MRS have been closely 
linked, with localized MRS being recorded after an MRI 
is obtained. 

In 1980 the earliest in vivo human MRS was report-
ed by J.D. Cresshull et. al. in Radda’s lab observing the 
31P spectra from a human arm and the effects on PCr 
(phosphocreatine) and Pi before, during, and after the 
removal of a tourniquet.150 The first in vivo spectrum of 
a human tumor was done by 31P MRS in 1983 by Grif-
fiths et al.151 of a rhabdomyosarcoma and showed promi-
nent peaks in the PME region and the PDE region not 
seen in normal muscle. The PME area is now known to 
be PE and PC but was assumed to be sugar phosphates 
at that time. 

In 1985 in vivo 31P MR spectra of neuroblastomas in 
two children with metastases to liver and muscle showed 
a high concentration of PMEs in the tumor compared 
to the 31P NMR spectra of the normal liver and muscle 
tissue in vivo in the same children, which showed much 
smaller PME peaks. The large PME peak returned to 
normal size if the neuroblastoma was successfully treat-
ed or if it spontaneously regressed (a common feature 
for neuroblastoma in infancy). This initial observation of 
1) a high PME peak that 2) diminishes with resolution 
of the tumor has been one of the main uses of MRS in 
cancer ever since. The PME peak in neuroblastoma was 
assigned to PE at 10 mM concentration, with a smaller 
contribution from PC and 2,3-DPG (2,3- Disphospho-
glycerate).152 They also reported a small PDE peak which 
in high resolution 31P MRS of biopsy material was iden-
tified as GPE and GPC. 

As was discussed earlier in the section on Applica-
tion of MRS, extracts and cell studies were also done 
concurrently with the early in vivo 31P MR studies. At 
that time there were conflicting reports of the origins of 
the PME peak in cells and in vivo from tumors. Many 
early 31P MR studies assigned the PME peak to sugar 
phosphates. Others assigned the PME peaks to PC and 
PE using acid extracts of cancer cells,19 but the enzymes 
creating these peaks were not determined. In 1987 the 
first 31P MRS studies of cancer cells in real time in vitro 
studied with enzyme substrates and inhibitors (Figure 7) 
confirmed the PME peaks were predominantly PE and 
PC; and they were produced by CK and ethanolamine 
kinase in the Kennedy pathways, and the PDE peaks 
were mostly GPC and GPE.13 

By 1989 in vivo 1H spectra of human brain and 
brain tumors were being published which showed mul-
tiple metabolites in the 1H spectra, including a large 
peak that was a combined peak of choline, PC, and 
GPC called the total choline peak or tCho peak.153, 23 
Biochemical studies established that the dominant peak 
in the tCho peak is PC with a contribution from GPC 
and a smaller contribution from free choline.17 Since 
that time most in vivo spectra of cancer in humans have 
been 1H spectra since it has greater sensitivity and can 
be obtained from smaller volumes than 31P spectra.18 
Because MRS can measure some metabolites localized in 
vivo it has always held out the promise that it could be 
useful for diagnosis and monitoring of treatment. 

It is the unique radiofrequency of the two hydro-
gen atoms in water that provide the images obtained by 
clinical MRI machines. The hydrogens in fat also con-
tribute somewhat to the images. Water is 55.5 Molar 
which means the two hydrogen atoms in water are at 
111 Molar. Due to this high concentration the 1H radi-
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ofrequency of water observed from the human body 
produces a very strong peak with an extremely high 
signal to noise ratio. Because water does not make up 
100% of the volume of human tissue the signal is cor-
respondingly decreased. By contrast, the concentration 
of other metabolites seen by 31P or 1H MRS such as PC, 
PE, GPC, GPE are in the range of 1 to 10 millimolar or 
.001 Molar to .01 Molar. This is a concentration differ-
ence of approximately 10,000 to 100,000 fold and makes 
obtaining spectra from patients reliably, quickly, repro-
ducibly, easily, and with a high signal to noise very dif-
ficult and has been the major barrier to the widespread 
use of MRS in medicine, despite major attempts over the 
past 30 years.154, 155 As of today, common use of single 
voxel MRS or multivoxel MRSI occurs in major research 
hospitals, but not in community hospitals where the vast 
majority of MRI machines are located. 

The two main MR nuclei used in vivo have been 31P 
and 1H spectra. Of the two, 1H has been used more often 
since 1H has 16 times intrinsically more signal inten-
sity than 31P.148 Also PC and GPC have 9 hydrogens in 
the trimethyl part of choline that give off the identical 
radiofrequency signal (see Figure 2) that also increases 
the signal to noise ratio. The main disadvantage of 1H 
spectra is that choline, PC, and GPC have their radiofre-
quency signal so close together that in vivo it is just one 
peak called the tCho peak. 

Although in vivo spectra have been used in areas 
other than cancer, these studies mostly involve peaks 
in the spectra not related to PL metabolism.156 Whereas 
its use in aiding in the diagnosis of cancer and monitor-
ing of therapy has relied predominantly on the PC and 
GPC peaks; and to a lesser extent, the PE and GPE peaks 
when 31P NMR is used. The three areas of cancer where 
it has been used the most is in brain, breast, and prostate 
cancer. As of 2021, 354 clinical trials were found under 
the search “cancer and magnetic resonance spectrosco-
py” at clinicaltrials.gov. About 80% of NIH clinical trials 
have been in brain, prostate, and breast cancer, in that 
order.157

MAGNETIC RESONANCE SPECTROSCOPY AND 
SPECTROSCOPIC IMAGING IN BRAIN TUMORS 

Localized 1H MRS of the human brain was first 
reported in 1985158 and multiple papers on high resolu-
tion 1H MRS of the human brain soon followed.159, 160 
As of today multiple resonances can be observed by 1H 
MRS of the brain and brain tumors which include tCho, 
NAA (N-acetyl aspartate), total Creatine (tCr), Gluta-
mate/glutamine (often abbreviated Glx), Lactate (Lac), 

Alanine (Ala), Lipids, Myo-inositol, and a broad macro-
molecule peak.161, 26 Usually the tCho peak is just called 
“the choline peak” and the tCr peak is just referred to as 
“creatine”. 2-Hydroxyglutarate was first seen in 2012.162 
By 1989 Frahm et. al reported on 8 primary brain 
tumors and one metastatic breast cancer tumor to the 
brain.153, 160 They found the spectra were remarkably dif-
ferent from normal brain tissue by having a high tCho 
peak and a low NAA peak. But histologically similar 
tumors gave similar spectra to each other. Similar results 
were reported on spectra obtained at 4 Tesla in 1989.163 
The tCho peak has been found to be predominantly 
PC164, 26 and NAA is a marker of normal neuronal tis-
sue.165, 26 These papers looked at gliomas, meningiomas, 
one neurilemmoma, one arachnoid cyst, and one metas-
tasis due to breast cancer. They concluded 1H MRS may 
become an important tool for differentiation of tumors 
as well as for planning and following therapy. They also 
concluded that the 1H MRS method was better than 31P 
MRS since spectra could be obtained on smaller voxels 
which avoided sampling both the tumor and the sur-
rounding normal tissue.163 

These early studies were single voxel studies. How-
ever, in 1982 Truman Brown published on NMR chemi-
cal shift imaging (CSI)166, 167 where spectra are obtained 
from multiple voxels adjacent to each other in a square 
grid of n by n voxels; and then a gray or color scaled 
image of the intensity of a metabolite such as choline 
can be made from the individual spectra in each voxel. 
This can be extended to a cube that is n by n by n vox-
els. If it’s a flat grid it’s 2 dimensional CSI and a cube is 
3 dimensional CSI. CSI is now frequently referred to as 
MRSI (See Figure 13 from 2021). Because the metabolites 
are in such low concentration compared to water these 
images do not give the same high resolution as standard 
MRI but methods for increasing their resolution have 
improved markedly since the late 1980s.168 

In 1990 Luyten et al. produced MRSI of brain 
tumors on voxel sizes of 1.225 ml (7 by 7 by 25 mm) 
and produced low resolution images showing elevated 
tCho and decreased NAA in tumors with noticeable het-
erogeneity within the same tumor.161 By 1992 1H NMR 
spectra on over 200 brain tumors had been reported. 
Some of these reports used CSI but most used single 
voxel spectra.169 As of 1992 the most common observa-
tions on primary brain tumors were an elevated tCho, 
decreased tCr and decreased NAA (See Figure 12 from 
2003).170 tCho, tCr, and NAA are the three most promi-
nent peaks in the 1H spectra of brain and brain tumors. 
Metastatic cancers to the brain and gliomas frequently 
contained Lac whereas meningiomas, neurinomas, and 
lymphomas did not. Meningiomas often contained Ala. 
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Increased PME and decreased PCr were not as com-
monly observed with 31P MRS of brain tumors due to 
the large voxel sizes that would also include normal and/
or necrotic tissue and would dilute the tumor signal.169 
By the mid to late 1990s most brain MRS was 1H MRS. 
Increased tCho and decreased NAA and decreased tCr 
are still the most reliable change in the spectra from 
normal to malignant brain tissue seen in 1H MRS or 
MRSI of brain tumors.26

In 1996 a pilot study using 1H MRS was done to 
see if it could distinguish between recurrent or residual 
brain tumor vs delayed cerebral necrosis in children fol-
lowing radiation therapy since this could not be done 
by standard imaging techniques.171 12 children were 
studied by 1H MRS and the results were confirmed by 
biopsy. Markedly decreased tCho, tCr, and NAA were 
expected to indicate necrosis and easily visible tCho 
and tCr was expected to identify residual or recurrent 
tumor tissue. Biopsies were done after the spectra and 
MRS identified 5 out of 7 patients with tumor and 4 out 
of 5 patients with necrosis. The conclusion was 1H MRS 
showed promise for differentiating necrosis from tumor. 

As of 2021 this is one of the common clinical uses of 1H 
MRS.26

In 1996 and 1998 Preul et al used pattern recogni-
tion analysis of the six most common peaks observed 
in 1H NMR spectra in the 1990s.172, 173 For each profile, 
the metabolites were plotted by connecting peak heights 
with a straight line in the order with which the metab-
olites appear in a 1H-MR spectrum from left to right: 
tCho, tCr, NAA, Ala, Lac, and Lipids. The most com-
mon brain tumors are gliomas, so called because they 
derive from glial cells. Glial cells are not neurons but 
non-nerve cells that support the neurons of the brain. 
There are 4 types of glial cells: astroctyes, oligodendroc-
tyes, ependymal cells, and microglia. The gliomas are 
graded I to IV in increasing grade of malignancy. Some-
times a tumor will be referred to as a Grade II glioma or 
sometimes more specifically as a Grade II Astrocytoma, 
or Grade II Ependymoma etc; if the glial cell of origin 
is identified by histology. An Anaplastic Astroctyoma 
is a grade III Astroctyoma. Glioblastoma multiforme is 
a Grade IV Astrocytoma. Grade I to II are low grade. 
Grade III to IV are high grade.

Figure 12. Spectra of normal brain tissue (parietal white matter) compared to tumors. The increased choline and decreased or absent NAA 
in the tumors is well demonstrated. Cr is tCr, mIG is myo-Inositol, Cho is tCho, Glx is glutamate plus glutamine, NAA is N-acetyl aspartate, 
L1 and L2 are lipids, Lac is lactate, MM is macromolecules, Ala is alanine which is characteristic of meningiomas.170 
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Preul et al. reported they could correctly classify 
104 out of 105 spectra which included normal brain tis-
sue and the five most common adult brain tumors that 
are shown in Figure 12. Biopsies of the tumors were 
done after the spectra were obtained. They concluded 1H 
MRS can “enable accurate, noninvasive diagnosis of the 
most prevalent types of supratentorial brain tumors”.173 
However, this paper did not include the spectra of other 
brain disorders such as abscesses, necrosis, lymphomas, 
and tumefactive demyelinating lesions. It was later found 
that brain tumor spectra can overlap with these patholo-
gies and this overlap reduces the accuracy of 1H MRS 
of brain tumors to 60 to 80% and has been the primary 
reason MRS is not used more frequently in the diagnosis 
of brain tumors.26

By the end of the 1990s into the early 2000s pat-
tern recognition techniques were being used by several 
groups to diagnose different types of tumors by 1H MRS 
or MRSI.174-176 In Europe a multicenter project called 
“INTERPRET” was set up to give computer-based deci-
sion support to radiologists in diagnosing and grading 
brain tumors. Spectra were collected from 334 patients 
from 2000 to 2002 and used automated pattern recog-
nition.177, 178 Another project called eTUMOUR from 
2004 to 2009 expanded the INTERPRET approach.177 
But these techniques have not been easy to transfer to 
general radiology clinical practice due to difficulty of 
obtaining spectra, the overlap in appearance of spectra 
of different tumors, and heterogeneity within the same 
tumor.179 

CURRENT ESTABLISHED CLINICAL AREAS:

The studies done from 1989 to 2010 established the 
areas that are most useful now for 1H MRS/MRSI in 
brain tumors. Further studies from 2010 to 2021 solidi-
fied these areas. Those areas are: 1) Diagnosis, particu-
larly of masses on the MRI that can mimic primary 
brain tumors in appearance, 2) Grading of tumors 
which also relates to prognosis, 3) Post treatment evalu-
ation, especially for differentiating growth of the tumor 
from radiation effects, and 4) Treatment planning for 
biopsy, surgical resection, and radiation therapy.26, 180 

The first 3 are used clinically and the fourth area is cur-
rently an active area of research.26 The clinically useful 
areas are covered by some insurers.180, 181 By 2020 it was 
established that elevated tCho and reduced tCr and 
NAA in primary brain tumors are the most important 
observations and the most useful ratios are tCho/NAA 
and tCho/tCr. The metabolites most used by 2021 are 
tCho, NAA, tCr, Lac, Lipids, and Myo-inositol.26 

1) Diagnosis

The diagnosis of brain tumors up to 2010 has been 
previously discussed. From 2010 onwards more stud-
ies contributed. In the past the standard approach was 
first a needle biopsy of the tumor followed by surgical 
removal. On the MRI it may be difficult to tell a brain 
tumor from metastatic disease, tumefactive demyeli-
nation, lymphoma, edema, abscess, or necrosis. And 
spectra of high-grade gliomas (HGG) can overlap with 
other primary brain tumors and non-neoplastic disease, 
so MRS is not used alone but in combination with MRI 
and other imaging techniques This combined imaging 
can form a “virtual biopsy” on some, but not all, brain 
tumors before surgery to differentiate primary brain 
tumors from these other masses and the needle biopsy 
may not be needed.26, 182 

One study on 69 adults from 2008 attempted to dif-
ferentiate between tumors and their mimics by MRSI 
combined with perfusion imaging.183 36 of the 69 adults 
had brain tumors and the other 33 adults had a differ-
ent diagnosis. The MRSI correctly classified 84% of the 
69 lesions by using the ratios of NAA/tCho, NAA/tCr, 
and tCho and NAA normalized to signals from a nor-
mal area of the brain. However, when the MRSI find-
ings were combined with perfusion imaging the speci-
ficity increased to 92% for the correct categorization. In 
another study from 2006 of 32 children the specificity 
was 78% for correct categorization, 13 of the children 
had tumors and 19 had a benign lesion.164 

Both metastases and gliomas have elevated tCho 
and decreased NAA compared with adjacent normal 
tissue. But lipids and macromolecules can appear in the 
1H spectra and tend to be higher in metastases com-
pared to gliomas.184, 185 A study done in 2013 showed 
an 80% specificity using this method26. This illustrates 
that the additional peaks in the 1H spectra of brain 
tumors add to the diagnosis rather than just relying on 
the increased tCho and decreased NAA levels. Gliomas 
often have microscopic extension into the surround-
ing brain tumor not seen on the MRI whereas metas-
tases usually do not. Metastases tend to have a sharper 
border on the MRI. Studies published from 2004 to 
2018 showed that spectra from the edematous area 
surrounding gliomas tend to have a high tCho/NAA 
and tCho/tCr.184, 186, 187, 188 One study found this could 
discriminate a primary glioma from a metastasis with 
100% sensitivity and 89% specificity.189 

Primary central nervous system lymphomas tend 
to have a lower tCho/NAA ratio than primary brain 
tumors and lower myo-inositol.190, 191, 192 Tumefac-
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tive demyelinating lesions (TDL) overlap in appear-
ance with primary brain tumors on MRI.193 One report 
in 2018 found that a tCho/NAA ratio of greater than 
1.72 was more consistent with HGGs than TDL.194 Also 
TDL frequently has a high Lac peak usually not found in 
untreated brain tumors.26 Spectra from brain abscesses 
were found to be fairly distinct. In 1995 and 2004 it was 
published that they tend to have decreased tCho, tCr, and 
NAA and often have signals from amino acids not seen 
in tumors.195, 196 Similar results were found for abscesses 
in 2010 and 2014.193, 197 Other observations made during 
1989 to 2010 were that necrotic areas have low levels of 
most metabolites but an increased lipid signal.179 

2) Grading of Tumors and Prognosis

Another area of importance is whether it is a high 
or low grade tumor. Low grade is grade I to II, high 
grade is III to IV. Where high grade are the more malig-
nant tumors. Multiple studies found that the tCho 
level in astrocytomas correlated with the grade of the 
tumor. The higher the tCho level the more malignant 
the tumor.164, 180, 168, 198 However, in 1993 and 2003 some 
high grade astrocytomas were found to have low levels 
of tCho perhaps due to the higher grade tumors having 
necrotic centers179, 199 It was found in 2000 the spec-
trum could vary greatly depending on which part of the 
tumor was sampled.200 By 2009 this led to MRSI being 
preferable since it accounts for the heterogeneity of 
tumors and necrotic areas and the voxel with the high-
est tCho signal can be chosen for spectral analysis and 
biopsy.201 One study in 2007 using perfusion imaging 
to correlate with the spectra found there was no differ-
ence in the spectra of high grade vs low grade gliomas 
in areas of low blood perfusion. But in the regions with 
high blood perfusion, the tCho, plus the glutamate plus 
glutamine peak; and Lac plus lipid peak, were higher in 
high grade vs low grade gliomas.202 Low grade gliomas 
tend to have a modest choline elevation and a modest 
NAA reduction and usually do not have Lac peaks or 
lipid peaks. HGGs have more noticeable change from 
normal brain tissue including markedly increased tCho 
and decreased tCr, NAA, and myo-inositol.203 Since 
decreased tCr is seen the tCho/tCr is usually higher in 
HGGs than in low grade gliomas. The presence of Lac 
and lipid peaks is more typical of Grade IV gliomas and 
not common in Grade III gliomas.185 But there is still 
overlap in the appearance of the spectra of high vs low 
grade gliomas, so the use of ratios is helpful. A meta-
analysis of 1228 cases in 2016 found that the tCho/tCr, 
tCho/NAA, and NAA/tCr ratios were the most helpful 
and had specificities in the 60 to 70% range.204 

Numerous papers have been published up to this 
time on using MRS for prognosis (prediction of survival) 
independent of histologic grade.205, 206, 207, 208 Most papers 
noted a high tCho/NAA ratio, and the presence of Lac 
and lipids were associated with a shorter survival rate 
in adults. A related finding was also made in pediatric 
brain tumors. In one paper on 76 children low tCho and 
low (Lac +lipid) levels compared to tCr were found to be 
a strong predictor of survival.209 2-HG (2-Hydroxyglu-
tarate) has been used more frequently since it was first 
seen in 2012 and it’s detection strongly indicates gliomas 
with isocitrate dehydrogenase mutations which tend to 
be low grade.162, 26

3) Post Treatment Evaluation

MRS has been found to be useful in differentiat-
ing between tumor progression or persistence versus 
radiation necrosis on the MRI following radiation treat-
ment.210, 211 In up to 24% of glioma patients receiving 
radiation therapy, radiation necrosis can develop.179 Mul-
tiple publications from 1996 to 2017 showed increased 
tCho compared to normal brain tissue, or increased 
tCho/tCr ratios, or tCho/NAA ratios suggested recur-
rent tumor; whereas reduced tCho, NAA, and tCr levels 
implied radiation necrosis.171, 211, 212, 213, 214, 215 In addi-
tion, radiation necrosis areas frequently showed increase 
lipid and Lac signals compared to tumors.216, 217, 218 In a 
meta-analysis of 447 cases published in 2014 MRS has a 
specificity of differentiating tumor from radiation necro-
sis of 83% by using the tCho/tCr ratio.219 Another meta-
analysis of 203 patients published in 2017 showed MRS 
has performed better than other radiology techniques at 
differentiating radiation necrosis from tumor with a sen-
sitivity of 91% and a specificity of 95%.220 

4) Biopsy and Treatment Planning

1H MRS or MRSI was suggested as early as 2006 and 
2008 to be useful in guiding the biopsies of tumors and 
planning the therapy based on tumor extent and aggres-
siveness including targeting radiotherapy.221, 222 This is 
currently an active area of research using whole brain 
MRSI.26, 168, 223

Zhong et al recently used tCho and tCho/NAA maps 
to guide surgical biopsies by targeting areas of high tCho 
or high tCho to NAA.26, 168 (see Figure 13). Zhong et al 
also proposed MRSI maps such as these could be used 
in the future to plan radiation therapy, as have other 
studies.224, 225 A future strategy would be to treat areas of 
highest tCho/NAA with higher dose radiation therapy. A 
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multisite trial was just completed and a phase II study is 
being planned.226, 227

CURRENT ESTABLISHED TECHNICAL ADVANCES IN 
MRS/MRSI

A major technical advance from 2010 to 2021 was a 
10-fold improvement in spatial resolution. It was recog-
nized in 2010 that one of the major limitations of MRS 
and MRSI was the large spatial resolution of 1 cm3 for 

MRSI and 4 to 8 cm3 for single voxel MRS was a limiting 
factor.179 This greatly improved by 2021. The resolution 
in MRSI in Figure 13 is 0.1 ml but new developments 
may soon produce 2 mm by 2 mm by 3 mm resolution 
or 0.018 ml voxels.168

Currently it is mostly university research centers and 
a few clinical centers that are using MRS and MRSI for 
the clinical purposes discussed.154, 228 The overwhelm-
ing need for transferring already existing technology at 
research centers for MRSI to current non-research clini-
cal MRI machines for neuroimaging was addressed in a 

Figure 13. Upper Left Image: FLAIR image of a Grade II Astrocytoma with segmented volume of hyperintensity (pink outline) compared to 
Upper Right Image: T1 image overlaid with an MRSI colormap of tCho/NAA ratio. Lower Right Image: Outlined volumes show boundary 
for tCho/NAA of 2x (yellow) and 5x (red). The areas of highest tCho/NAA were targeted for biopsy. The upper and lower images are the 
same images, only the outlines are different. The tCho/NAA from normal contralateral white matter was set as equal to 1.0. Reprinted by 
permission from Springer Nature, Reference 168, Copyright 2021.



65History of Research on Phospholipid Metabolism and Applications to the Detection, Diagnosis, and Treatment of Cancer

2021 consensus statement written by multiple experts at 
leading research centers worldwide.154 The authors point-
ed out that MRSI methods on clinical MRI machines 
have remained little changed in the past 20 years despite 
technical improvements over the past two decades that 
have greatly improved the quality of MRSI at research 
facilities producing the quality seen in Figure 13. These 
improvements, primarily software updates, should bring 
brain MRS to the point of being an imaging modality 
(MRSI) and the review of the actual spectra (MRS) would 
be secondary. The authors pointed out they were recom-
mending methods and uses that have already been dem-
onstrated for neuroimaging that could be transferred to 
clinical practice at their current stage of development.

MRSI uses smaller voxels and can sample areas 
of the brain that single voxel spectroscopy cannot. 
The consensus group also reviewed the use of 7T MRI 
machines for spectroscopy although these machines 
are currently at research centers only and not at stand-
ard clinical radiology departments. The MRSI shown 
above (Figure 13) is from a 3T MRI.168 While most clini-
cal MRI scanners are 1.5T, commercial 3T scanners are 
becoming more common at both research and clini-
cal MRI centers229. These higher field magnets greatly 
improve the speed of acquisition and resolution of MRS 
and MRSI. There are already many 7T MRI scanners 
at research centers and in 2017 clinical 7T MRI scan-
ners were cleared for clinical use in both Europe and 
the USA.230 These improvements should lead to further 
expansion of the reimbursement from more insurers for 
brain MRS and MRSI than currently exists.180, 181

PROSTATE AND BREAST CANCER MRS/MRSI

In addition to brain tumors, prostate and breast 
cancer are the other cancers that have received the most 
interest. But brain masses have had the most clinical 
success. This is due both to the nature of brain masses 
and technical facility. Multiple tumors can metasta-
size to the brain and on MRI there are multiple tumor 
mimics and MRSI combined with MRI is often the best 
method for diagnosis short of biopsy. Multiple metabo-
lites can be seen, making MRS more useful; and both 
the skull and the highly sensitive nature of brain tissue 
make biopsy and surgery a much higher risk. Also, it is 
technically easier to do MRS/MRSI on the brain as it is a 
large organ compared to the prostate, the ability to keep 
the head still in a comfortable position with an MRS 
head coil and avoid motion artifacts due to breathing is 
a major advantage; and brain tumors tend to be fairly 
large at the time they are found.

The first 1H spectra of prostate cancer using a tran-
srectal probe was published in 1990 and showed a high 
citrate peak in normal prostate, and a low citrate peak 
in prostate cancer.231 The first in vivo 31P MRS of pros-
tate cancer was published in 1991 and showed a high 
PME peak and PCr peak.232 By 1996 three dimensional 
MRSI of the prostate with 0.24 to 0.7 ml voxels was done 
and multiple papers had been published showing a high 
tCho level and low citrate level in prostate cancer com-
pared to normal prostate tissue.233 The high tCho/Citrate 
ratio in prostate cancer is analogous to the high tCho/
NAA ratio in brain tumors where tCho is a marker of 
malignancy and low citrate is a marker of lack of nor-
mal prostate cells. By 2012 the European Society of Uro-
genital Radiology (ESUR) was endorsing MRSI of pros-
tate cancer as part of mpMRI studies of the prostate for 
diagnosis after relapse and for judging tumor aggres-
siveness and monitoring treatment response. However, 
they also pointed out that DWI did the same thing.234 By 
2020 mpMRI involving T1, T2, DWI, and DCE (dynam-
ic contrast enhanced) imaging was in common use but 
MRSI was not.235 Much of this had to do with technical 
difficulties including the use of an endorectal coil and 
the fact that DWI had turned out to be quicker, easier, 
more reproducible, and could give the same information 
for diagnosis, judging aggressiveness, and monitoring of 
therapy due to the highly cellular and unusually dense 
nature of prostate cancers that severely inhibits diffusion 
of water.236, 155 However, further technical developments 
in MRS and MRSI such as avoiding an endorectal coil 
will likely make MRSI of the prostate useful and are still 
being studied.234, 155 

By 1988 1H and 31P MRS of human breast cancer in 
vivo were published. The 31P spectra showed high levels 
of PMEs, PDEs, ATP, and Pi compared to normal tis-
sue and these peaks reduced with successful treatment. 
The 1H spectra showed a high water to fat ratio for the 
tumors of 2.2 but only 0.3 on average for normal breast 
tissue.237 And by 1989 more publications appeared 
describing the use of 31P NMR spectroscopy for moni-
toring breast cancer treatment in vivo.238, 239 These 
papers noted both the increased PMEs in tumors and 
their decrease with treatment. By 1991 extracts of sur-
gically removed tumors showed the broad PME region 
was predominantly PC and PE and the PDE region was 
mostly GPE and GPC as had been found in tumors in 
nude mice and cell studies.16 Although many studies 
were done in the 1990s of breast tumors by 31P MRS240, 

241 by the early 2000s most spectra were 1H MRS, since 
it could be performed on a tumor one tenth the size and 
analysis of multiple 1H MRS studies showed a sensitiv-
ity of 83% and a specificity of 85% at detecting breast 



66 Peter F. Daly, Jack S. Cohen

cancer based on the tCho peak. The specificity rose to 
92% if 1H MRS was combined with MRI.242 Unlike brain 
and prostate there is not an additional metabolite in the 
breast 1H MRS spectra as a marker for normal tissue 
similar to citrate or NAA so the determination is based 
almost solely on tCho. Also, there are technical prob-
lems caused by very large fat peaks in breast tissue not 
found in prostate and brain spectra.156 A 2014 review 
pointed out that the development of MRS for breast can-
cer lagged behind the developments of MRS for brain 
and prostate but still felt it should be useful for diagnosis 
and monitoring of therapy.243 But by 2019 the conclusion 
was still that MRS of breast tumors was “promising” 
and “proven to have a role in clinical care” but further 
work was needed in improving the technique.244 To date 
MRS is not reimbursed by insurers for either prostate or 
breast cancer and is still considered experimental.180

FUTURE TRENDS IN PHOSPHOLIPID RESEARCH AND 
CANCER

One obvious area for future exploration is the role of 
the ethanolamine Kennedy pathway in cancer metabo-
lism. Most tumors have large amounts of PE in them, 
often more than of PC, but this area has not been well 
studied biochemically or in MRS, and ethanolamine 
kinase-1 is found to be elevated in breast and prostate 
cancer cells.245 In addition, the degradative pathways for 
both PtdCho and PtdEth have not been as well studied 
although these pathways are involved in some of the 
production of PC and presumably PE as well as pro-
ducing second messengers involved in cell growth. And 
these enzymes may also be a target for therapy in addi-
tion to CK or in combination with CK inhibitors.18, 49 
And as discussed earlier, work continues on the devel-
opment of CK inhibitors119 and using MRSI of brain 
tumors for guiding biopsy and treatment and for prog-
nosis.26

Another area that is developing is the use of 1H 
MRS ex vivo on biopsy tissue or tumor tissue removed at 
surgery by High Resolution Magic Angle Spinning (HR-
MAS). As the name implies HR-MAS involves placing 
tissue in a tube that is then spun at a specific angle cal-
culated from NMR physics that results in improved sig-
nal to noise and higher resolution allowing many more 
metabolites to be seen than in vivo MRS.246, 247 In addi-
tion, Chemical Exchange Saturation Transfer (CEST) 
and hyperpolarized 13C are being studied.49 Certainly, 
any future as yet undiscovered physical technique for in 
vivo MRS/MRSI that can greatly increase the signal to 
noise level will have a profound impact.

Choline PET is being explored for use in hepatocellu-
lar carcinomas248 and in hyperparathyroidism.249 Hepa-
tocellular carcinoma is slow growing and, like prostate 
cancer, does not avidly take up FDG for PET scanning. 
Hyperparathyroidism often involves nodules of parathy-
roid tissue which can be difficult to localize but show 
up well on Choline PET scanning and the technique has 
been shown to be useful in a recent meta-analsis.249 

While this is not intended to be a definitive list of 
all the future areas of research involving choline metab-
olism and choline MRS/MRSI, even a cursory review of 
the literature shows this to still be a very rich area for 
research.

CONCLUSION

The sine qua non of medical research is the ability 
to go from “bench to clinic,” from basic research in the 
laboratory to the application to human healthcare. The 
subject that we have described the history of here, name-
ly the study of PL metabolism, is an excellent example 
of that process. We have shown that from the earliest 
studies of PL metabolites in intact living cancer cells in 
vitro, it was found that the precursors and catabolites 
of PL can be indicators of the presence of cancer. These 
observations, primarily obtained by using 31P MRS, were 
then extended and applied in vivo by both MRS and the 
vastly more sensitive methodologies of PET scanning 
and MRSI, to detect, diagnose and monitor treatment of 
patients in the clinic. This is a subject of growing clini-
cal importance that has received the imprimatur of the 
medical profession and is now covered by healthcare 
organizations worldwide.
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