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Abstract

Rationale and Objectives—Based on their association with malignant proliferation, using
noninvasive phosphorus MR spectroscopic imaging (31P MRSI), we measured the tumor content
of the phospholipid-related phosphomonoesters (PME), phosphoethanolamine and phosphocholine
and its correlation with treatment outcome in newly diagnosed diffuse large B-cell lymphoma
(DLBCL) patients receiving standard first-line chemotherapy.

Experimental Design—The PME value normalized to nucleoside triphosphates (PME/NTP)
was measured using 31P MRSI in tumor masses of 20 DLBCL patients prior to receive standard
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first-line chemotherapy. Response at six months was complete in 13 patients and partial in seven.
Time to treatment failure (TTF) was <11 months in eight patients, from 18 to 30 months in three,
and = 60 months in nine.

Results—On a t-test, the pretreatment tumor PME/NTP mean value (SD, n) of patients with a
complete response at six months was 1.42 (0.41, 13), which was significantly different from the
value of 2.46 (0.40, 7) in patients with partial response (o < 0.00001). A Fisher test significantly
correlated the PME/NTP values with response at six months (sensitivity and specificity at 0.85, p
< 0.004) while a Cox proportional hazards regression significantly correlated the PME/NTP values
with TTF (hazard ratio=5.21, p< 0.02). A Kaplan-Meier test set apart a group entirely composed
of patients with TTF < 11 months (hazard ratio=8.66, p<0.00001).

Conclusion—The pretreatment tumor PME/NTP values correlated with response to treatment at
six months and time to treatment failure in newly diagnosed DLBCL patients treated with first-
line chemotherapy and therefore they could be used to predict treatment outcome in these patients.
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Introduction

For many cancer patients established first-line therapies are either ineffective or initially
effective but not curative. For instance, 63% of patients with diffuse large B-cell lymphoma
(DLBCL) show a complete response to first-line therapy, but only 40% have prolonged
survival (1, 2). An a priori method to identify unresponsive patients to standard treatments
would be of extreme value to offer these patients alternate treatment options, thereby
maximizing therapeutic success, sparing toxicity, and lowering healthcare costs.

Newly diagnosed DLBCL patients receive equivalent first-line chemotherapy regardless of
the substandard treatment outcome on a large number of patients. Over the years, the most
common regimen has been CHOP, a doxorubicin-based drug cocktail with added
cyclophosphamide, vincristine, and prednisone (2). Other first-line multi-drug treatments
can be used to treat DLBCL but their mechanisms of action and response rates are similar to
CHORP, therefore they are considered comparable (CHOP-like therapy). Only recently
rituximab has been added to first-line regimens to treat DLBCL (i.e., R-CHOP) increasing
relapse-free and overall survival (3, 4). However, even though rituximab has improved
treatment outcome, still a significant proportion of patients experience early treatment
failure, partial response, or recurrence. A method that could appropriately and timely
identify high-risk newly diagnosed DLBCL patients bound to be unresponsive to the
established first-line therapies should allow early consideration of alternate treatments, like
high-dose therapy, autologous stem cell transplantation (5), and/or promising new agents
that target cellular signaling processes (6-9), with the aim to maximize therapeutic success
in high-risk patients without compromising those patients who will respond to the present
standard of care.

Metabolic profiles, especially those measured using molecular imaging could be of value to
risk-stratify cancer patients. The tumor uptake of 19F-fluorodeoxyglucose (FDG) visible by
positron emission tomography (PET)(10-13) and our recent studies following phospholipid-
related biomarkers using 3P magnetic resonance spectroscopic imaging (3P MRSI)(14-16)
are two examples of these metabolic profiles. FDG-PET is extensively used for prognosis,
early response assessment, and post-treatment response assessment in DLBCL based on the
comparisons of interim and late-treatment FDG-PET scans with pretreatment scans (17-19).
Alternatively, our preliminary results have suggested a correlation between the pretreatment
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phospholipid-related profiles measured noninvasively by 3P MRSI and response to therapy
in lymphomas (14).

We aimed to demonstrate if 1P MRSI can obtain reproducible intra-tumor information in
realtime (before treatment is instituted) to predict chemotherapeutic response. This aim was
based on 1) the relatively large quantities of the phospholipid-related phosphomonoesters
(PME) phosphoethanolamine and phosphocholine reported in tumors of diverse origin
using 31P MRSI (20, 21); 2) the reported increase of the tumor content of PME during rapid
tumor proliferation and invasive growth and decrease during remission and responsiveness
to chemotherapy (20, 22); and 3) our preliminary results linking the intracellular PME value
with treatment outcome in lymphoma patients (14).

To fulfill this aim we analyzed newly diagnosed DLBCL patients that underwent standard
first-line therapy in the form of CHOP or equivalent chemotherapy (CHOP-like therapy)
following the REMARK guidelines (23). In these patients we assessed if the PME tumor
value measured prior to initiating treatment could predict two objective parameters of
outcome of therapy, response at six months and time to treatment failure (TTF). Our data
confirmed that the pretreatment PME tumor value, when normalized to the tumor content of
nucleoside triphosphates (PME/NTP) correlated with both parameters of outcome and
discriminated a group of DLBCL patients who had an early failure to CHOP-like therapy (<
11 months). The significance of this work is the potential use of the noninvasive molecular
imaging measurement of the pretreatment tumor PME/NTP value as a prediction biomarker
of therapy outcome in DLBCL patients, and probably in other aggressive forms of cancer.

Patients and Methods

Patients

The protocol to study lymphoma patients noninvasively using 31P MRSI by our cooperative
consortium was approved at each institution by the corresponding Institutional Review
Board (US) or Ethical Committee (EU). Signed consent for the study from each subject was
obtained after the nature of the procedure was fully explained, and the coordinating
institution maintained a cooperative Institutional Review Board approval to enforce all
regulations set by the sponsor (the National Cancer Institute of the National Institutes of
Health, US). Patients for the present study were selected from a large database of diverse
lymphoma patients (more than 250 patients) who received treatment and follow-up at our
institutions and which were accrued aided by the treating physicians. These patients were
studied prospectively aiming to assess if tumor information acquired using 3P MRSI
noninvasively could derive in parameters that could predict or prognosticate response to
treatment. Eligibility criteria for the present analysis were patients with histologically
confirmed, previously untreated DLBCL tumors that received first-line doxorubicin-based
multidrug chemotherapy or equivalent (CHOP-like therapy), who had a 3P MRS exam
from a target tumor region within the 15 days before treatment, and had at least the
minimum quality requirements for the 31P tumor spectrum described below. Patients treated
with added rituximab were excluded from the present analysis.

Study design

The content of the phospholipid-related phosphomonoesters (PME), phosphoethanolamine
and phosphocholine was determined within the 15 days prior to the start of CHOP-like
chemotherapy in the /7 vivo 3P MR spectrum of tumor masses of newly diagnosed DLBCL
patients. The content of nucleoside triphosphates (NTP) measured in the same in vivo 31p
MR tumor spectra was used to normalize the PME value (PME/NTP) to allow adequate
inter-patient and inter-institutional comparisons (15). Quality criteria for the study were a
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signal to noise ratio for the PP resonance of NTP of at least 2.0 and minimal contamination
from adjacent tissues.

The pretreatment tumor PME/NTP value was tested for its correlation with response to
chemotherapy at six months and time-to-treatment failure (TTF). Response to treatment was
assessed by volumetric changes of enlarged lymph nodes using standard categorization (24).
TTF was defined as the time in months from the start of the first-line treatment to the onset
of the subsequent treatment (25). The clinical features to determine IPI were assessed at the
time of diagnosis as originally reported (26).

Assay method

We have developed a highly standardized noninvasive 3P MRSI determination to study
tumor masses in readily available clinical MR systems (14, 21). With this methodology we
can obtain comparative results when the tumor content of nucleosides triphosphates (NTP),
a surrogate measure of cellular viability (15), is used to normalize the PME value (PME/
NTP) (14).

Each patient had a noninvasive 31P MRSI exam from a target tumor mass selected based on
superficiality and size (=30 millimeters in each dimension). The exam was acquired within
the 15 days before treatment (17 patients within the four-day period prior, one patient 10
days before, and two 15 days before treatment started). The 31P MRSI exam was acquired
using 1.5 Tesla clinical MR systems as described elsewhere (14). In brief, MR images were
acquired followed by optimization of the homogeneity of the local magnetic field and the
acquisition of 3D-localized 1H-decoupled chemical shift imaging of 31P signals with the
following conditions: eight phase-encoding steps and 240 millimeters of field of view in
each dimension, a 45° flip angle at the location of the tumor, 512 data points, spectral width
of + 1000 Hertz, repetition time of one second, constant amplitude phase-modulated 1H
decoupling during the acquisition time, low-level 1H excitation during the rest of the time
for nuclear Overhauser effect, and four averages per encoding step.

The acquired 31P spectral data sets were Fourier transformed in the spatial domain and in the
time domain were zero-filled to 1024 points, filtered with a Lorentzian function of 5-7Hz,
Fourier transformed, and phase corrected. Using the MR images, the data sets were voxel-
shifted to locate at least one voxel entirely inside the tumor mass and minimizing spectral
contamination from surrounding tissues. If more than one clean tumor-containing voxel was
obtained, the spectra were averaged to produce a single tumor spectrum per patient, where
the signals of phosphomonoesters (PME), and the P signal of nucleoside triphosphates
(NTP) were integrated and the pretreatment tumor PME/NTP ratio calculated (Figure 1).

Statistical Analyses

The ability of the pretreatment PME/NTP and IPI values to correlate and thus predict
response to therapy at six months was assessed using two-tailed, two-sample Student’s t-
tests, receiver operator characteristic (ROC) curves, and Fisher probability tests. Two-tailed
F tests showed that the parameters in all the test groups had equal variances, thus t-tests
were performed accordingly. For comparisons, Fisher probability tests were performed
creating contingency tables using as cutoff the maximum of the Youden index in the ROC
tests (J= max [sensitivity; + specificityj —1]). The statistical significance of the pretreatment
PME/NTP and IPI values to predict time to treatment failure (TTF) was assessed using the
Cox proportional hazards survival regression and Kaplan-Meier survival curves. Post-hoc,
two-tailed power analyses were performed to determine statistical effect size and statistical
power considering both adequate at = 0.8 (27). All the statistical analyses except the power
calculations were performed using the IBM SPSS Statistics software package (SPSS, Inc.,
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IBM Company Headquarters, Chicago IL, USA). The G*Power analysis package release 3
was used for the power calculations (28).

Patient population

Table 1 summarizes the characteristics of the study population. The median age of the
population was 59 years (range 19-85) and 45% (n=9) of the patients were female. The 20
patients included in the study received CHOP-like therapy. Fourteen received doxorubicin-
based therapy in the form of CHOP alone (12 patients, acronyms for the drug cocktails are
defined in the footnotes of Table 1), CHOP with ICE (one patient), and ProMACE-
CytaBOM (one patient). Two patients received mitoxantrone-based therapy in the form of
CNOP and PMIitCEBO, respectively. The medical charts of the remaining four patients did
not clearly specify the treatment received. However, the charts stated that the patients
received CHOP-like treatment, allowing their inclusion in this study. Treatments were at the
discretion of the treating clinician reflecting the established standard of care at each
international institution. This apparent treatment variability could be misinterpreted as being
against the REMARK guidelines for proper testing of biomarkers of response (23), but it has
been extensively demonstrated that treatments listed in table I are equivalent (29, 30)
because they exert a similar mechanism of action at the cellular level (i.e., type 11 DNA
topoisomerase inhibition and DNA intercalation) and have similar risk for survival.

Based on IPI, the cohort was stratified in eight patients with low-risk (two patients with IPI
0 and six with IPI 1), six with low-intermediate risk (IPI 2), four with high-intermediate risk
(IP1 3), and two with high risk (both with IP1 4; no patients with IPI 5). The response to
treatment at six months divided the patients in 13 with complete response, seven with partial
response, and none with stable or progressive disease. During the observation period, 11
patients failed treatment, five reached the end of the observation period without failing, and
four were lost to the study (two were lost to follow up and two died of unrelated causes).
The last nine patients were assigned as censored cases. The follow up time was <11 months
in eight patients (two censored), from 18 to 30 months in three (two censored), and =60
months in nine (five censored).

Descriptive statistics

The correlation of the pretreatment PME/NTP and IPI values are summarized in Tables 2
and 3. In t-tests (Table 2), the pretreatment tumor PME/NTP mean value of the patients that
exhibited complete response was statistically lower in comparison to those patients that
exhibit incomplete response (p < 0.00001). In comparison, the IPI mean value distinguished
two groups with poor significance (p < 0.06) for the same response groups. Using the
maximum of the Youden index of the ROC curves as cutoff for comparable Fisher tests
(Table 2), the pretreatment PME/NTP values showed significance to correlate with response
at six months (cutoff at 1.92, sensitivity=0.85, specificity=0.86, p < 0.01) while the IPI
values did not show significance. In addition, because it is clinically important to maximize
the correct assignment of patients that will respond to therapy, instead of using the
maximum of the Youden index, the PME/NTP cutoff was moved to maximize sensitivity in
a Fisher test. The sensitivity and specificity using this cutoff (2.2) was 1.0 and 0.71,
respectively.

Survival tests

The PME/NTP values significantly correlated with TTF with a hazard ratio of 5.21 (p<0.02)
in Cox proportional hazards survival regression. The Kaplan-Meier survival test showed that
the PME/NTP values set apart two patient groups with significantly different TTF curves
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when the cutoff was set at 2.2 (p<0.00001). The hazard ratio between the two curves in the
Kaplan-Meier survival test was 8.66. In comparison, the IPI correlation with TTF was not
significant in both the Cox proportional hazards survival regression (hazard ratio of 1.73,
<0.06) and the Kaplan-Meier test (p<0.14).

Power Calculations

The strong significance of the correlation between the tumor PME/NTP values and these
measures of treatment outcome despite our modest sample size attests of a large statistical
effect size for our biomarker. This was corroborated by post hoc power calculations (27, 28),
where the calculated statistical effect size for the t-, Fisher, and Kaplan-Meier tests was
always large (>1.2) and the statistical power was always highest (1.00). However, the
analysis of this cohort failed to show correlation between IPI and treatment outcome. This
lack of correlation is mostly due to the reported small statistical effect size of the IPI as
predictor of outcome (31).

Discussion

Our results confirmed in a standardized patient cohort (i.e., newly diagnosed previously
untreated DLBCL patients under CHOP-like chemotherapy) that the pretreatment tumor
PME/NTP values correlate with response to treatment at six months and time to treatment
failure (TTF) (23). Importantly, our results show that the low survival risk group generated
by the Kaplan-Meier survival analysis (Figure 2), was composed of five of the eight patients
with TTF <11 months plus none of these patients were censored. From the remaining three
patients with TTF <11 months, two were censored due to reasons unrelated to the disease.
Thus, five of the six patients (83%) that in fact reached TTF at <11 months (not censored)
were classified in the low survival risk group whereas no patients with TTF >11 months
were included in this group.

We consider that the strong effect size of the correlation between the pretreatment tumor
PME/NTP value and the two parameters of therapy outcome (response at six months and
TTF) is because the PME/NTP value directly assesses the extent of disruption of the
phospholipid metabolism, important metabolic process associated with a variety of cellular
control mechanisms in proliferating tissues, (14, 15, 20-22). An important growth control
mechanism in phospholipid metabolism is when phospholipids are hydrolyzed by
phospholipase C into the corresponding PME and diacylglycerol, the latter implicated in cell
cycle signaling and apoptosis (32, 33). Demonstration of the effects of the genetic
dysregulation of phospholipase C in tumor progression has been reported (34). A growing
body of evidence also points to the role of phospholipase C in processes crucial to cell
signaling, activation of cells of the immune system, and programmed cell death (35, 36).
The increase of the phosphomonoesters (PME) phosphoethanolamine and phosphocholine
during rapid tumor proliferation and invasive growth and their marked reduction during
remission and responsiveness to cancer therapy (14, 20) could be related to modifications on
the activity of this hydrolytic enzyme. This evidence strongly suggests a correlation between
the PME tumor concentration with tumor growth, invasive potential, and/or reduction of
apoptotic capability (14, 20, 35-38), which in turn are processes clearly associated with
poorer clinical outcomes (32-34).

Since the determination of the tumor PME/NTP value by 3P MRSI is noninvasive, obtained
prior to the start of therapy, and has high statistical power, it makes it potentially useful to
risk-stratify patients prior to receive treatment. However, the low sensitivity of 31P MRSI
and concomitant need for long acquisition times and low spatial resolution need to be
addressed before it can be used as a standard tool on the clinic. Nevertheless, the real-time
predictive information of the pretreatment tumor value of PME/NTP could complement
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other methodologies that also determine predictive or prognostic biomarkers of response like
FDG-PET (17-19), gene expression profiling (39, 40), and immunohistochemistry (41-43).
For example, the fact that PME/NTP and FDG-PET evaluate different tumor metabolic
pathways (phospholipid turnover and anaerobic glycolysis, respectively) could make the
determination of PME/NTP by 31P MRSI and FDG by PET complementary for the
assessment of treatment response in DLBCL.

In summary, we have successfully demonstrated that the pretreatment tumor PME/NTP
value determined noninvasively by 31P MRS provides important information towards
predicting response to treatment for newly diagnosed DLBCL patients receiving CHOP-like
therapy. Though in their infancy, it is clear that this and other metabolic imaging approaches
can offer new methods for risk stratification and determination of early response to cancer
treatments, complementing and extending established models and facilitating the design of
personalized therapy.
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Figure 1. Example of the noninvasive 3D-localized 31p MRS exam from a target tumor mass of a
DLBCL patient

Top, T1-weighted Spin-Echo MR images acquired in the three orthogonal orientations from
the right inguinal area of a newly diagnosed DLBCL patient are shown. In the images a
tumor mass of approximately 32—35 millimeters in each diameter is shown (white arrows).
Each image is overlaid with a grid representing the projection of the 3-dimensional
acquisition matrix of voxels where 31P spectral signals were localized. Shaded in grey are
the 2D projections of a voxel that was included in the tumor mass. Bottom, The 31p
spectrum of the voxel highlighted in the images is shown with corresponding peak
assignments (PE, phosphoethanolamine; PC, phosphocreatine; Pi, inorganic phosphate;
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PDE, the phosphodiester region; PCr, location of the phosphocreatine signal [not present in
the tumor spectrum but prominent in the spectra of surrounding muscle; and NTP, the a, j3,
and y phosphates of nucleoside triphosphates). The sum of the phosphomonoester (PME)
signals phosphoethanolamine (PE) and phosphocholine (PC) and the triplet of the PP of NTP
(highlighted in red in the spectrum) were integrated to obtain the tumor PME/NTP value.
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FIGURE 2. Kaplan-Meier curves modeling the Time to Treatment Failure (TTF) of DLBCL
patients segregated by the pretreatment PME/NTP tumor value obtained noninvasively by 3lp
MR spectroscopy

Survival curves of the DLBCL patients set apart by the PME/NTP cutoff that maximized the
comparative relative risk to fail treatment (cutoff at 2.2). The blue survival curve belongs to
the group below the cutoff while the green survival curve belongs to the group above it with
circles corresponding to censor points in both curves. The statistical difference of the
survival function curves determined by the Tarone-Ware was highly significant (p <
0.00001) with a comparative relative risk to fail treatment of 8.66.
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