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Abstract
Background. There is a need to establish biomarkers that distinguish between pseudoprogression (PsP) and true 
tumor progression in patients with glioblastoma (GBM) treated with chemoradiation.
Methods. We analyzed magnetic resonance spectroscopic imaging (MRSI) and dynamic susceptibility con-
trast (DSC) MR perfusion data in patients with GBM with PsP or disease progression after chemoradiation. 
MRSI metabolites of interest included intratumoral choline (Cho), myo-inositol (mI), glutamate + glutamine 
(Glx), lactate (Lac), and creatine on the contralateral hemisphere (c-Cr). Student T-tests and area under the 
ROC curve analyses were used to detect group differences in metabolic ratios and their ability to predict clin-
ical status, respectively.
Results. 28 subjects (63 ± 9 years, 19 men) were evaluated. Subjects with true progression (n = 20) had decreased 
enhancing region mI/c-Cr (P = .011), a marker for more aggressive tumors, compared to those with PsP, which pre-
dicted tumor progression (AUC: 0.84 [0.76, 0.92]). Those with true progression had elevated Lac/Glx (P = .0009), 
a proxy of the Warburg effect, compared to those with PsP which predicted tumor progression (AUC: 0.84 [0.75, 
0.92]). Cho/c-Cr did not distinguish between PsP and true tumor progression. Despite rCBV (AUC: 0.70 [0.60, 0.80]) 
and rCBF (AUC: 0.75 [0.65, 0.84]) being individually predictive of tumor response, they added no additional predic-
tive value when combined with MRSI metabolic markers.
Conclusions. Incorporating enhancing lesion MRSI measures of mI/c-Cr and Lac/Glx into brain tumor imaging 
protocols can distinguish between PsP and true progression and inform patient management decisions.

Key Points

 • Patients with true progression have elevated Lac/Glx and decreased mI/c-Cr.

 • Perfusion indices marginally improved the ROC/AUC compared to the MRSI markers.

Magnetic resonance spectroscopy outperforms 
perfusion in distinguishing between pseudoprogression 
and disease progression in patients with glioblastoma
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Glioblastoma (GBM) is the most aggressive type of pri-
mary central nervous system tumor, with a median survival 
of 15  months and a 2-year survival rate of 8–12%.1,2 The 
standard of care for patients with GBM is surgical resection 
of the tumor followed by concomitant radiation and chemo-
therapy as described in the Stupp protocol.3

Despite improving survivorship rates under the Stupp 
protocol, a common issue is determining whether new 
or increasing contrast-enhancement on a T1-weighted 
brain MRI are expected treatment effects—termed 
pseudoprogression (PsP)—or tumor. The majority of PsP 
cases occur within the first 3 months after completion of 
chemoradiotherapy, although it can occur up to 6 months 
or longer after treatment, which complicates the clinical 
decision-making process.4–6 Therefore, there is an unmet 
clinical need to distinguish between PsP and true tumor 
progression during the early course of treatment to aid in 
the decision to continue surveillance or initiate other treat-
ment options such as anti-angiogenic therapy, targeted 
therapy, or immunotherapy.7

Due to limitations of standard MRI sequences in de-
termining PsP from tumor progression, there has been 
an increased interest in incorporating advanced MR mo-
dalities. Several studies have used MR spectroscopic im-
aging (MRSI) to investigate the enhancing region after 
chemoradiation. Rabinov et  al. conducted 3T MR spec-
troscopy on 14 subjects who had histopathologically-
confirmed PsP or true progression to show that Choline 
(Cho), a marker of cellular proliferation and membrane 
turnover, normalized to normal Creatine (Cr) distinguished 
between radiation effects and recurrent tumor in gliomas.8 
Another group has shown that elevated Cho, coupled with 
decreased N-acetylaspartate (NAA, a marker of neuronal 
integrity), was a marker of disease progression.9 An ele-
vated lipid peak, associated with cellular membrane dis-
ruption and necrosis, when accompanied with decreased 
Cho and NAA has been suggested to reflect an inflamma-
tory response and is predictive of PsP.10 Importantly, these 
studies did not incorporate multi-echo MR spectroscopy 
data to investigate other potential biomarkers of tumor 
progression which are detectable with short echo times 
(TE) such as myo-inositol (mI) and glutamate (Glu) + gluta-
mine (Gln), commonly referred to as Glx.

GBM results in disruption of the blood brain barrier, 
which in turn causes changes in osmotic regulation. Lower 
levels of myo-inositol (mI) have been shown in more ag-
gressive gliomas, and it has been recently reported that 
shorter-term survivors of recurrent glioblastoma treated 
with antiangiogenic therapy had lower intratumoral mI 
normalized to Cr in the contralateral normal-appearing 
white matter tissue (c-Cr) compared to longer-term sur-
vivors.11,12 In addition to serving as a central nervous 
system osmoregulator, mI is a marker of astrocytic gliosis 
and is elevated in response to brain inflammation, insult, 
or low-grade gliomas, highlighting its potential in distin-
guishing between PsP and true progression.13,14

Growing tumors also undergo active metabolic repro-
gramming in a phenomenon called the Warburg effect.15 
The metabolic shift from oxidative phosphorylation to 
anaerobic glycolysis shunts glucose towards lactate (Lac) 
production and decreased glutamate (Glx) generation. 
Recently, deuterium MR spectroscopy imaging showed 
metabolic differences in Lac/Glx, a proxy for the Warburg 
effect, in a rat glioma model and two human subjects, al-
though to our knowledge, this marker has yet to be applied 
to investigate the tumor environment during treatment 
with chemoradiation.16

Perfusion imaging methods can relay information re-
garding tumor vascular permeability and blood volume, 
both of which tend to be elevated in disease progres-
sion, making it a potentially useful tool to distinguish be-
tween PsP and true progression.17 The most common 
method is dynamic susceptibility contrast (DSC) im-
aging, which has been utilized to study PsP. A  retrospec-
tive study by Gahramanov et  al. on 68 patients found 
that increased contrast-enhancement in conjunction with 
low relative cerebral blood volume (rCBV) was sugges-
tive of PsP whereas higher levels of rCBV accompanied 
by contrast-enhancement likely suggested true progres-
sion.18 Interestingly, a recent meta-analysis reported that 
perfusion imaging parameters such as rCBV may not be 
the ideal method for differentiating PsP from glioma recur-
rence but may serve to increase the diagnostic accuracy in 
combination with other imaging modalities.19

The purpose of this study was to elucidate mechanistic 
differences between PsP and true progression in patients 

Importance of the Study

The standard of care for patients with glioblas-
toma (GBM) is surgical resection followed by 
chemoradiation. Despite improving survivor-
ship, a common issue is determining whether 
new or increased contrast-enhancement on 
MRI post chemoradiation represents recurrent 
tumor or treatment effects (pseudoprogression). 
We report that MR spectroscopic measures of 
the Warburg effect (lactate/glutamine + gluta-
mate; Lac/Glx) and myo-inositol normalized 
to contralateral hemisphere creatine (mI/c-Cr) 
can differentiate between GBM progression 

and pseudoprogression. Despite relative cere-
bral blood volume (rCBV) and relative cerebral 
blood flow (rCBF) being individually predic-
tive of tumor response, they added no addi-
tional predictive value when combined with 
MRSI metabolic markers. To the best of our 
knowledge, this is the first use of multi-echo 
time in vivo MR spectroscopy to report that 
lower mI/c-Cr and elevated Lac/Glx within the 
enhancing volume are predictive of true dis-
ease progression, highlighting the value of this 
method in brain tumor imaging protocols.
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with pathology-confirmed GBM after chemoradiation 
using the multi-echo MRSI metabolites Cho/c-Cr, mI/c-Cr, 
and Lac/Glx. Furthermore, we assessed the prognostic 
utility of tumor perfusion to distinguish between PsP and 
true progression, and whether it can provide added value 
when combined with MRSI markers.

Materials and Methods

Patient Recruitment

This study was approved by the institutional review board. 
All patients had histologically confirmed cases of GBM, 
underwent surgical resection, were at least 18 years old, 
and had a baseline Karnofsky Performance Score (KPS) ≥ 
50. Patients were treated based on the Stupp protocol and 
received concomitant chemotherapy and involved-field 
radiation therapy (IFRT) delivery consisting of 60 Gy over 
30 fractions to the tumor region. Chemotherapy treatment 
plans included temozolomide (75 mg/m2 daily during radi-
ation therapy, followed by 150–200 mg/m2 on 5 consecu-
tive days of each 28-day cycle for up to 6 months following 
completion of radiation therapy).

All patients were discussed by a multidisciplinary team. 
Patients were classified as clinical PsP based on a new 
enhancing or enlarging enhancing mass on MR imaging 
that was then stable on subsequent imaging as read by 
a clinical neuro-radiologist or a biopsy of the enhancing 
region showing no evidence of malignant cells and only 
treatment changes as read by a clinical neuropathologist in 
the context of a stable clinical course. Three out of the eight 
subjects (37.5%) who were classified as PsP in our study 
had histopathological confirmation of treatment effect. On 
the other hand, patients with clinical disease progression 
had progressive radiographic changes on MR imaging or 
a biopsy confirming recurrent disease and/or progressive 
clinical decline (in KPS score or increased steroid use).

Magnetic Resonance Imaging

MR data was acquired with either 3.0T Siemens scanners 
(MAGNETOM Prisma and MAGNETOM Skyra, Siemens 
Healthineers, Erlangen, Germany) or 1.5T GE scanners 
(Signa HDx and HDxt, GE Medical Systems, Milwaukee, WI, 
USA). Standard MRI parameters for pre- and post-contrast 
T1-weighted images are described elsewhere.20

Patients underwent 3D MRSI on the Siemens scanners. 
MRSI data was obtained via localization by adiabatic se-
lective refocusing (LASER) using spiral k-space readout 
as described in Andronesi et al.21 Acquisition parameters 
included echo time (TE) = 30 and 135 ms, TR = 1700 ms, 
resolution  =  1  cm3, acquisition time  =  2  ×  7  min, ac-
quisition matrix  =  160  ×  160  ×  80  mm, field of view 
(FOV) = 160 × 160 × 80 mm and slab thickness = 40 mm. 
Water suppression was achieved through a technique 
called water suppression enhanced through T1 effects 
(WET).22

Patients underwent 2D MRSI on the GE scanners. MRSI 
data was obtained using product point-resolved spec-
troscopy (PRESS) with phase encoding. Acquisition 

parameters included TE = 30 ms and 135 ms, TR = 1500 ms, 
resolution = 1.44 cm3, acquisition time = 2 × 8 min, acqui-
sition matrix  =  180  ×  180  mm, slice thickness  =  10  mm, 
and FOV = 220 mm. Water suppression was achieved via 
Chemical Shift Selective methods (CHESS).23 Across both 
MRSI sequences, short and intermediate TE data was 
obtained since short TE is useful for detecting the Glx and 
mI peaks, whereas intermediate TE can help distinguish be-
tween the lactate and lipid signal.24,25

Notably, the MRSI data was obtained after acquisition 
of the T1-weighted post-contrast MRI scans and was over-
laid on T1-weighted post-contrast images for spectral clas-
sification. We could not estimate the absolute metabolites 
using unsuppressed water signal as reference because ac-
quiring an extra dataset of unsuppressed water would sub-
stantially increase scan time, which was not feasible within 
a clinical context. Voxels of interest (VOI) were classified as 
enhancing disease if >50% of the voxel was enhancing as 
depicted in Figure 1. Subsequently, the average metabolic 
ratios within the enhancing region were calculated as pre-
viously described.26

LCModel 6.3 Software was used to process the raw 
spectra based on available basis sets of various metab-
olites.27 Pre-processing (coil combine and frequency 
shift correction) of the GE data was performed with 
Spectroscopy Analysis by General Electric (SAGE) soft-
ware (GE Healthcare). All spectra were examined by a clin-
ical spectroscopist with over 18 years of experience. Only 
spectra with full width at half maximum (FWHM) of sing-
lets <15 Hz and signal to noise ratio (SNR), defined as the 
highest peak divided by the standard deviation of the noise 
of the residual between the spectrum and the fit, ≥2 were 
included in the analyses as previously described.20 We as-
sessed the following metabolites: Cho, mI, Lac, and Glx. All 
metabolites were quantified as ratios over the contralateral 
normal-appearing white matter to avoid bias as tumoral 
creatine has been shown to be decreased in GBMs and 
other tumors.28 Lastly, we calculated Lac/Glx as a proxy for 
the Warburg effect. We did not correct for the effect of gly-
cine (Gly) to the mI signal at short TE, as it has been pre-
viously shown that its contribution is consistent across 
enhancing and contralateral voxels.12

For the perfusion analysis, patients were admin-
istered 0.1  mmol/kg of a gadolinium-based contrast 
agent (Magnevist® or Dotarem® through an IV) as part 
of a DSC imaging protocol using the following param-
eters: TR  =  1500  ms, TE  =  40/30  ms (GE/Siemens), 
FOV  =  220  ×  220  mm2, matrix  =  128  ×  128, slice thick-
ness = 5 mm, and slice gap = 1 mm. Enhancing lesions were 
manually segmented on the T1-weighted post-contrast 
image using 3D Slicer29 and imported into nordicICE 
(NordicNeuroLab, Norway) to generate leakage-corrected 
relative cerebral blood flow (rCBF) and relative cerebral 
blood volume (rCBV) maps as described by others.29,30 Of 
note, macrovascular contribution was removed from the 
perfusion maps via thresholding of the top 5% of voxels.

Statistical Analysis

Receiver operating characteristic (ROC) curves, area 
under the ROC curves for metabolite ratios and perfusion 
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markers, Student T-tests, Likelihood Ratio Test, Wilcoxon 
Rank Sum Exact Test, and Spearman rank correlation coef-
ficient were calculated using JMP Pro 15 (SAS, Singapore). 
A marker was considered effective when the lower bound 
of the 95% Wald confidence interval (CI) was >0.5. All con-
tinuous demographic data (eg, age, KPS score, time to MR 
data acquisition) underwent Mood’s Median Test for group 
differences while categorical variables underwent Chi-
square test. Due to the hypothesis-generating nature of 
our analyses, no correction for multiple comparisons was 
performed. A P value < .05 was considered significant un-
less otherwise specified.

Results

Demographics

There were 28 subjects, with 8 classified as PsP and 20 
as true tumor progression at the time of scan acquisi-
tion (Table 1). There were no group differences regarding 
age (P = .10), median time in days from completion of ra-
diation therapy to MR data acquisition (P  =  .41), gender 
(P = .14), race (P = .24), IDH1 status (P = .42), and MGMT 

status (P = .58). Patients with PsP had significantly higher 
KPS score than those with true progression (Table 1). 
Representative spectra for a patient with PsP and disease 
progression are shown in Figure 1 at two different echo 
times. One subject was included in both groups (ie, true 
progression and PsP) due to longitudinal spectroscopy 
data when that subject was determined to have initial PsP 
and then subsequent true progression (Figure 2).

Inter-scanner and Magnetic Field Strength 
Variability

Firstly, we assessed whether interscanner variability was 
a significant covariate for distinguishing between PsP 
and true progression as four patients were scanned on 
GE scanners and 24 patients were scanned on Siemens 
scanners. Based on Likelihood Ratio tests, scanner type 
was an insignificant predictor of clinical status compared to 
enhancing volume Cho/c-Cr (P = .55), mI/c-Cr (P = .22), Lac/
Glx (P = .64), rCBV (P = .35), and rCBF (P = .43). Furthermore, 
based on Wilcoxon Rank Sum Tests, there were no signifi-
cant differences in average enhancing volume Cho/c-Cr 
(P = .87), mI/c-Cr (P = .38), Lac/Glx (P = .68), rCBV (P = .46), 
and rCBF (P = .56) between GE and Siemens scanners.
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Figure 1. Representative MRS voxel selection for two subjects at different echo times. Left panel represents axial T1-weighted post-contrast 
images in the radiological orientation for a subject with true progression (A) and PsP (D). The box surrounding the representative voxels and 
enhancing lesion represents the MRS volume of interest, the boxes overlaid on the enhancing lesion represent the voxels from which the average 
Cho, Lac, Glx, and mI metabolite ratios were averaged, and the boxes overlaid on the contralateral hemisphere represent the voxels which were 
used to quantify the contralateral creatine which served as denominator for average Cho/c-Cr, mI/c-Cr, Lac/c-Cr, and Glx/c-Cr. The middle panel 
illustrates short echo time (TE) spectra obtained from a single voxel within the enhancing region for a patient with disease progression (B) and PsP 
(E). The right panel illustrates intermediate TE spectra obtained from a single voxel within the enhancing region for a patient with disease progres-
sion (C) and PsP (F). Lac, lactate; NAA, N-acetylasparate; Cho, choline; Cr, creatine; mI, myo-Inositol; Glx, glutamate/glutamine.
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Figure 1. Representative MRS voxel selection for two subjects at different echo times. Left panel represents axial T1-weighted post-contrast 
images in the radiological orientation for a subject with true progression (A) and PsP (D). The box surrounding the representative voxels and 
enhancing lesion represents the MRS volume of interest, the boxes overlaid on the enhancing lesion represent the voxels from which the average 
Cho, Lac, Glx, and mI metabolite ratios were averaged, and the boxes overlaid on the contralateral hemisphere represent the voxels which were 
used to quantify the contralateral creatine which served as denominator for average Cho/c-Cr, mI/c-Cr, Lac/c-Cr, and Glx/c-Cr. The middle panel 
illustrates short echo time (TE) spectra obtained from a single voxel within the enhancing region for a patient with disease progression (B) and PsP 
(E). The right panel illustrates intermediate TE spectra obtained from a single voxel within the enhancing region for a patient with disease progres-
sion (C) and PsP (F). Lac, lactate; NAA, N-acetylasparate; Cho, choline; Cr, creatine; mI, myo-Inositol; Glx, glutamate/glutamine.
  

Cho/c-Cr as a Predictor of PsP versus True 
Progression

Previous studies have shown that Cho/c-Cr in the 
enhancing volume can distinguish between recurrence 
and PsP.8,31 We also assessed the ability of Cho/c-Cr to pre-
dict PsP versus true progression. There were no differences 
in Cho/c-Cr between those with true progression and PsP. 
The former had a mean Cho/c-Cr of 0.51 whereas the latter 
had a mean value of 0.35, which was not statistically signif-
icant (P = .24). Furthermore, Cho/c-Cr was unable to distin-
guish between PsP and true recurrence as illustrated by an 
AUC of 0.56 (CI: 0.45, 0.73). A statistical summary can be in 
Supplementary Table 1.

mI/c-Cr as a Predictor of PsP Versus True 
Progression

Based on previously published findings that enhancing 
mI/c-Cr ratios are decreased in shorter-term survivors 
of recurrent GBM immediately prior to and during 
bevacizumab-based therapy, we tested whether patients 
with true progression would display lower mI/c-Cr.12 In 

the enhancing region, patients with PsP had significantly 
higher mI/c-Cr ratios compared to patients with true pro-
gression (P  =  .011) (Figure 3A). Elevated mI/c-Cr within 
the enhancing VOI was predictive of PsP with an AUC 
of 0.84 (CI: 0.76, 0.92) (Table 2) and the associated ROC 
curve is shown in Figure 3B. Contingency analyses in the 
enhancing VOI revealed that 92% of patients with mI/c-Cr 
lower than 0.73 had true progression.

Lac/Glx as a Predictor of PsP versus True 
Progression

We investigated whether a marker of the Warburg effect, 
Lac/Glx, could help distinguish between those with PsP 
versus true recurrence levels.16 Within the enhancing VOI, 
subjects with true progression had significantly higher Lac/
Glx ratios compared to those with PsP (P = .0009) (Figure 
3A), which was predictive of clinical status as illustrated by 
an AUC of 0.84 (CI: 0.75, 0.92) (Table 2). The associated ROC 
curve is shown in Figure 3C, and subsequent contingency 
analyses revealed that ninety-one percent of patients with 
Lac/Glx greater than 0.30 within the enhancing VOI had 
true progression.

  
Table 1. Patient demographics

Demographics PsP Progression Total P-value 

Age in years, median ± SD (range) 58 ± 12.11 (27–66) 64 ± 6.0 (53–81) 63 ± 8.83 (27–81) .10

Male gender (%) 7 (88%) 12 (60%) 19 (68%) .14

Race (Black/White) 0/8 2/18 2/28 .24

Baseline KPS, median ± SD (range) 90 ± 8.35 (70–90) 80 ± 11 (70–90) 80 ± 6.39 (70–90) .006

Median time (in days) of data acquisition ± SD 160 ± 1785 227 ± 331 222 ± 996 .41

IDH1 mutant/wildtype/unknown 0/7/1 2/18/0 2/25/1 .42

MGMT methylated/unmethylated/unknown 3/4/1 5/15/0 8/19/1 .58

There are no differences in age, gender, race, median time of MR data acquisition, IDH, and MGMT status across groups. However, there is a signifi-
cant group difference for baseline median KPS between patients with disease progression and pseudoprogression (PsP). 

  

  
A B C D

Figure 2. Longitudinal T1-post-contrast MRI demonstrating transition from PsP to true progression for a single subject. (A) Is the post-operative 
MRI after surgical resection of a left temporo-occipital GBM. The patient was subsequently initiated on a chemoradiation protocol, and the three-
month follow-up scan demonstrated new enhancement as shown in (B). This mass was stable on the next follow-up MRI obtained a month later 
generating a diagnosis of PsP (C). However, there was increased enhancement three months later, accompanied by clinical decline, indicating 
disease progression (D).
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We performed exploratory analyses to determine 
whether the aforementioned results were driven by Lac 
or Glx. Therefore, we individually assessed Lac/c-Cr and 
Glx/c-Cr and found that both were predictive of clinical 
status. Specifically, patients with PsP had lower mean 
ratios of enhancing Lac/c-Cr compared to those with true 
progression (0.61 vs. 1.09; P  =  .032) which was predic-
tive of clinical status with an AUC of 0.75 (CI: 0.65, 0.84). 
On the other hand, those with PsP had elevated mean 
Glx/c-Cr compared those with true recurrence (2.08 vs. 
1.05; P = .031) which was predictive of clinical status with 
an AUC of 0.74 (CI: 0.65, 0.84). A  statistical summary of 
these two additional metabolic predictors is highlighted in 
Supplementary Table 1.

Longitudinal Changes in mI/c-Cr and Lac/Glx in 
Transitioning from PsP to True Progression

Since there was one subject in our study who had longitu-
dinal MRSI data starting from when they were determined 
to have PsP and eventually exhibited true progression, 
we investigated whether this patient would exhibit sim-
ilar metabolic changes in mI/c-Cr and Lac/Glx. At the time 
of PsP, the average enhancing volume mI/c-Cr and Lac/

Glx ratios were 1.13 and 0.29, respectively. However, after 
transitioning to true progression, the enhancing volume 
mI/c-Cr decreased by 56% and the Lac/Glx increased by 
114% (Figure 3A).

DSC Imaging as a Predictor of PsP Versus True 
Progression

Sample rCBV and rCBF maps are shown for a subject 
with PsP and true progression (Supplementary Figure 
1). Patients with true progression had a trend towards in-
creased rCBV compared to patients with PsP (P  =  .08) 
but had significantly elevated rCBF (P  =  .04) (Figure 4A). 
Elevated rCBV (AUC: 0.70; CI: 0.60, 0.80) and rCBF (AUC: 
0.75; CI: 0.65, 0.84) were both predictive of true progres-
sion (Table 2), and the associated ROC curves are illus-
trated in Figure 4B and C.

Multimodal DSC and Spectroscopic Analyses

We investigated whether a combination of the enhancing 
VOI metabolic markers and DSC-derived perfusion meas-
ures would result in increased predictive value as meas-
ured by AUC. Combining intratumoral MRSI measures of 
mI/c-Cr, Lac/Glx with rCBV generated an AUC of 0.81, which 
did not outperform mI/c-Cr or Lac/Glx. The combination of 
mI/c-Cr, Lac/Glx, and rCBF only lead to a marginal increase 
in the AUC to 0.85.

Finally, we explored whether there was a correlation 
between the perfusion markers and the metabolic ratios 
using Spearman rank correlation coefficient. There was a 
strong negative correlation between enhancing VOI mI/c-Cr 
and rCBF (ρ  =  -0.50; P  =  .05). Although there was also a 
negative correlation between enhancing volume mI/c-Cr 
and rCBV, this did not reach the threshold for significance 
(ρ = -0.21; P = .44). The metabolic measure for the Warburg 
effect, Lac/Glx, did not statistically correlate with perfusion 
metrics.

  
Table 2. Statistical summary of metabolic biomarkers

Marker Enhancing VOI AUC (CI) 

mI/c-Cr 0.84 (0.76, 0.92)

Lac/Glx 0.84 (0.75, 0.92)

rCBV 0.70 (0.60, 0.80)

rCBF 0.75 (0.65, 0.84)

AUC and 95% confidence intervals (CI) for tumor status prediction are 
included for the enhancing volume of interest (VOI). Significant AUCs 
(lower bound of the 95% CI greater than 0.50) are bolded.
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Figure 3. Metabolic levels of mI/c-Cr and Lac/Glx within the enhancing volume stratified by clinical status. (A) Box and whisker plots depict that 
subjects with PsP had higher mean mI/c-Cr and lower Lac/Glx in the enhancing VOI compared to those with true progression. Longitudinal changes 
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Discussion

Conventional imaging methods have difficulty discerning 
increased contrast-enhancement during treatment as dis-
ease progression or PsP. In this study, we used multi-echo 
MRSI using short and intermediate TE and found that two 
emerging biomarkers, mI/c-Cr and Lac/Glx, can distinguish 
between PsP and disease progression. The DSC data pro-
vided mixed results about distinguishing between PsP 
versus true progression; while rCBF was significantly dif-
ferent between the groups, rCBV was not able to distin-
guish between pseudoprogression and true progression. 
Furthermore, it did not enhance the ability of the MRSI 
markers to predict tumor status, as measured by AUC.

GBMs are characterized by a highly hypoxic environ-
ment, which facilitates tumor invasion as well as resistance 
to radiotherapy and chemotherapy.32 The association be-
tween anaerobic metabolism, hypoxia, and lactate, as de-
tected by MRSI, was highlighted in a recent animal model.16 
Aggressive tumors shift towards anaerobic metabolism, 
resulting in elevated levels of Lac and decreased levels of 
Glx. In line with these mechanisms, patients with true dis-
ease progression in our dataset displayed significantly ele-
vated Lac/Glx ratios within the enhancing VOI compared to 
those with PsP, suggesting a mechanistic switch that occurs 
in the critical months after chemoradiation. This is further 
illustrated in the longitudinal case study, where the sub-
ject had a 114% increase in Lac/Glx between PsP and true 
progression, suggesting a transformation of the enhancing 
region with time to a more aggressive phenotype. This 
highlights the potential sensitivity of MRSI to capture these 
metabolic changes for a single subject, and to that end, a 
need to track longitudinal changes in metabolic markers in 
patients with GBM.

Our finding that mI/c-Cr can distinguish between PsP 
and true progression, highlights the utility of this short 
echo time metabolite. Lower mI levels have been reported 
in more aggressive gliomas and in patients failing anti-
angiogenic therapy.11,12 One possible mechanism is that mI 
contributes to phosphatidylinositol (PI), which when phos-
phorylated leads to downstream signaling mechanisms 

that ultimately activate metalloprotease-2 (MP-2), which, 
as suggested Castillo et al., can lead to tumor spread.11 As 
MP-2 is generated, less mI is available, resulting in lower 
levels in more aggressive tumors. Another possible ex-
planation is that this finding can be driven by blood brain 
barrier (BBB) and micro-vasculature breakdown in patients 
with recurring disease. The presence of actively prolifera-
tive and infiltrative tumors results in substantive damage 
to blood vessels which subsequently results in less osmo-
regulation and subsequently less mI.

While MRSI has been used in other studies to distinguish 
PsP from true progression,33,34 these studies were limited 
in metabolite assessments acquired during a single echo 
time. For example, in one of the first studies published on 
this topic using MRSI, Rabinov et al. showed that choline 
normalized by contralateral creatine can distinguish be-
tween radiation effects and recurrent tumor.8 However, 
there are notable differences between that study and the 
present one. First, of the 14 patients in the study, only 4 
had GBM which is a limited sample size to consolidate the 
robustness of their proposed marker in distinguishing be-
tween PsP and true progression in this population. Second, 
Cho is a marker that is known to be elevated not only in 
tumor proliferation, but also cellular destruction from ra-
diation effects and inflammatory signals.35,36 This can fur-
ther complicate the clinical assessment of PsP versus 
true progression as the metabolic ratio will be elevated in 
both cases, regardless of enhancement status. This may 
partly explain our finding that Cho/c-Cr was a poor met-
abolic marker in distinguishing between those with PsP 
and true tumor progression. On the other hand, we show 
that myo-inositol, glutamate + glutamine, and lactate are 
different between patients with PsP and true progres-
sion after chemoradiation which may reflect the under-
lying tumor physiology, and not just membrane turnover. 
Finally, Rabinov and colleagues only used intermediate 
echo time spectroscopy to detect Cr, NAA, lipids, and Lac, 
limiting their ability to resolve short echo time metabolites 
that were critical in our dataset for distinguishing PsP from 
true progression.8 As our study suggests, there is substan-
tial clinical utility in acquiring short echo time metabolites 
such as Glx and mI.
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Although our finding that DSC imaging in isolation is 
also predictive of outcome, the combination of rCBV and 
rCBF with the metabolic markers resulted in negligible 
increases to the AUC. This finding suggests that the met-
abolic markers alone are sufficient to predict PsP versus 
true progression and supports the recent meta-analysis 
that perfusion imaging alone may not be sufficient in 
differentiating PsP from glioma recurrence.19 Furthermore, 
the differential group finding between rCBV and rCBF 
could be due to the small sample size or tumor uncoup-
ling of perfusion values. This study is valuable within a clin-
ical setting as clinicians can potentially incorporate MRSI 
into clinical scans to distinguishing between PsP and true 
progression without adding sequences of low diagnostic 
utility.

Several other groups have used different modal-
ities to distinguish PsP from tumor progression such as 
PET imaging and machine learning algorithms. Several 
groups in Europe have used amino acid tracers such as 
11C-methionine (MET), 18F-fluoroethyl-l-tyrosine (FET), and 
l-3,4-dihydroxy-6-18F-fluorophenylalanine (F-DOPA), for 
the metabolic imaging of brain tumors.37–39 Despite being 
predictive of survivorship, PET imaging may not be able 
to distinguish between PsP and true progression, even at 
10 weeks follow-up.40 Even though there is increasing em-
phasis on using machine learning algorithms to distinguish 
between PsP and true progression based on lesion shape, 
margin, texture, and eccentricity, its use within the clinical 
setting is limited due to its extensive post-processing and 
inability to account for confounding artifacts.41,42

The novelty of our research lies in the incorporation 
of multi-echo MRSI data to elucidate a mechanism that 
may explain the metabolic differences observed in the 
enhancing volume of those with PsP and true disease 
progression. Notably, mI is an understudied marker, that 
has been previously implicated as a prognosticator of 
survivorship in those with recurrent GBM treated with 
antiangiogenic agents,12,14 but never as a marker to distin-
guish between PsP and disease progression. Although we 
were limited by a small sample size, the results of this ret-
rospective study suggest that decreased levels of mI/c-Cr 
are a robust marker of disease progression as opposed to 
treatment effects, and therefore, a prognosticator of poor 
outcome. Furthermore, using multi-echo MR spectroscopy, 
we were able to show that Lac/Glx, a proxy for the Warburg 
effect, resulted in an excellent classifier to predict true pro-
gression vs. treatment induced changes.

We acknowledge that there are some limitations in 
our study. First, our sample size was small but serves as 
a foundational study for which other groups can build 
upon with larger data sets. Second, histopathological as-
sessment has been regarded as the gold standard for dis-
tinguishing between tumor progression and treatment 
effect.5 However, the majority (62.5%) of the patients with 
PsP in our cohort were made by a radiological assessment 
and clinical follow-up assessment with consideration of 
steroid use by the interdisciplinary team as per the re-
sponse assessment in neuro-oncology (RANO) criteria.43 
This is a clinically accepted method of distinguishing 
between treatment effects and true progression after 
chemoradiation, especially since performing biopsies car-
ries a non-negligible risk, is an invasive examination, and 
requires suitable conditions.44 Given that the decisions 

regarding disease progression or pseudoprogression in 
our cohort were made taking many different clinical and ra-
diographic factors into account, the possibility of a system-
atic error remains low. It is worth highlighting that biopsies 
are also susceptible to sampling bias and suffer from a lack 
of standardized methodology which can limit clinician’s 
ability to make an accurate diagnosis of PsP versus true 
progression in cases of histologically “mixed” patterns.45 
Third, the MRSI data from our cohort was derived from 
different vendors and magnetic field strengths. However, 
we showed that scanner effect was not a confounder, 
and previous reports have showed that greater magnetic 
field strength simply improves SNR without substantially 
impacting metabolite ratios.46,47 Our incorporation of 1.5T 
and 3T scanners may enhance the generalizability of our 
study as our results show that regardless of field strength, 
mI/c-Cr and Lac/Glx can be quantified to reveal robust dif-
ferences between those with PsP and true progression. 
Finally, it should be noted that obtaining MRSI data does 
require technical expertise both in data acquisition and 
processing, which limits its widespread integration.20

Conclusion

In conclusion, our results suggest that mI/c-Cr, a surrogate 
for tumor aggressiveness, and Lac/Glx, a proxy marker 
for the Warburg effect, can distinguish between PsP and 
true progression. DSC imaging adds little to no additional 
predictive value when compared with MRSI metabolic 
markers alone. There may be utility in incorporating MRSI 
with clinical scans to help distinguish between PsP and 
true progression.
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Supplementary material is available at Neuro-Oncology 
Advances online.

Supplementary Figure 1. Sample rCBV and rCBF maps. 
rCBV and rCBF maps are shown for a subject with PsP (A) 
and true progression (B).
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