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Abstract 
Background.   Glioblastoma is the most aggressive and malignant brain tumor, characterized by a high degree of 
heterogeneity, invasiveness, and resistance to treatment. Patients with glioblastoma have a very poor prognosis 
despite multimodal interventions. In this study, we investigated how 18F-fluorothymidine (18F-FLT) PET combined 
with contrast-enhanced MRI and blood metabolomics can contribute to evaluate prognosis and treatment re-
sponse for patients with glioblastoma.
Methods.   Patients, scheduled for surgery due to suspected high-grade glioma were included in this clinical study 
and underwent four 18F-FLT-PET/MRI examinations prior to surgery and during standard treatment. Blood samples 
were collected and analyzed by metabolomics. Patients were grouped according to survival as long-time survivors 
(>3 years) and short-time survivors (<500 days).
Results.   Both 2 and 6 weeks into treatment, short-time survivors displayed a significantly larger tumor volume 
than long-time survivors. When comparing MRI findings during treatment, long-time survivors displayed a sub-
stantial tumor decrease, whereas the short-time survivors showed minor or no effect. Regarding 18F-FLT-PET the 
results were not as unambiguous. Furthermore, there was a clear and significant separation in the metabolomic 
pattern in blood between the survival groups and across treatment time points.
Conclusions.   MRI measures of tumor volume and growth during treatment appear to be prognostic clinical fac-
tors that affect outcome. Metabolomic patterns in blood differ significantly between the defined survival groups 
and may serve as support for an early forecast of prognosis. We also observe a clear separation in metabolite levels 
between different time points during treatment, which likely reflects treatment effects.

Key Points

1.	 Changes in tumor volume on MRI during treatment is a prognostic factor.

2.	Blood metabolomics has the potential to forecast prognosis and detect the effect of 
treatment.

3.	 18F-FLT-PET does not show clear correlations between survival groups or during 
treatment.

Glioblastoma is the most common and most aggressive ma-
lignant primary brain tumor, affecting nearly 400 patients 
per year in Sweden. The age-adjusted incidence in 2015 was 
3.8 per 100 000 (data from the Swedish Cancer Registry). 
In the United States, the annual incidence of primary 

malignant brain tumors is approximately 7 per 100 000 in-
dividuals of which approximately 49% are glioblastomas.1 
The disease is for unknown reasons slightly more common 
in men. The incidence seems to be stable over the years and 
the cause is in most cases unknown. Many attempts have 
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been made to improve survival, but the prognosis is 
still discouraging with a median overall survival around 
12–14 months in clinical cohorts,2 and less than 10% of 
patients with high-grade gliomas survive longer than 5 
years.3 Standard treatment for patients in good perfor-
mance status and age under 70 is surgery, followed by 
radio-chemotherapy, adjuvant chemotherapy, and since 
2019 in Sweden, tumor-treating-fields (TTF), a treatment 
with low-intensity, intermediate-frequency alternating 
electric-fields (Optune®), Novocure GmbH, Munich, 
Germany.4–6

During and after treatment, patients are followed with 
contrast-enhanced MRI, every 2 to three months ac-
cording to Swedish national guidelines. In Swedish and 
European guidelines, amino-acid-PET is recommended 
in some clinical situations when MRI is difficult to inter-
pret.6 The tracer used in this study,18F-fluorothymidine 
(18F-FLT), is not an amino acid but a marker for prolifer-
ation and this makes it a good candidate for clinical use 
in this highly aggressive tumor. Since glioblastoma is an 
aggressive and many times fast-growing tumor there is 
an unmet need to measure treatment response by moni-
toring active tumor proliferation and/or changes in me-
tabolomics, rather than imaging macroscopic changes 
that tend to take longer to appear on MRI. Despite full 
treatment, the disease almost always relapses or con-
tinues to progress. To increase the chances to affect 
outcome we need methods to forecast early treatment 
response. Further, a fairly large fraction of patients who 
planned to receive full adjuvant treatment have to inter-
rupt treatment due to the progress of disease or toxicity.2 
In some cases, clinical deterioration does not correlate 
with the radiologic findings why other methods, like for 
example liquid biopsies or blood metabolomics would 
be an important contribution to better understanding the 
development of the disease.

In this prospective clinical study, we included patients 
who were planned for surgery and radio-chemotherapy 
due to suspected glioblastoma. After signing informed 
consent they underwent standard treatment with sur-
gery, radio-chemotherapy, and adjuvant chemotherapy. 
Two patients were additionally treated with TTF. In addi-
tion to standard examinations, patients provided blood 
samples for metabolomics and sequentially performed 
18F-FLT-PET/MRI before surgery, before the start of radio-
chemotherapy, after 2 weeks of radio-chemotherapy, and 
at the end of radio-chemotherapy. The aim of this study 
was to evaluate if 18F-FLT-PET/MRI and metabolomic pat-
terns in blood added value to forecast prognosis and treat-
ment response.

Materials and Methods

Patients/Study Design

This 18F-FLT-PET/MRI study included 35 patients with high-
grade glioma and was performed at Umeå University 
Hospital between 2015 and 2019. The inclusion criteria for 
the study were adult patients (age > 18) with suspected 
high-grade glioma, planned for surgery and oncological 
treatment. Patients were included in the study after signing 
informed consent according to GCP and the Helsinki 
declaration. Ethical approval was obtained from the re-
gional Ethics Committee in Umeå (Dnr: 2010-84-31 and 
2014-383-32M).

The patient handling involved a baseline preoperative 
combined 18F-FLT-PET/MRI, followed by surgery which 
was planned based on the MRI images. Tumor tissue sam-
ples were collected at the Department of Neurosurgery, 
Umeå University Hospital, as part of the U-CAN project.7 
DNA was isolated from fresh frozen tumor tissue sam-
ples using the NucleoSpin Tissue Kit (Macherey-Nagel) 
as described by the manufacturer. Glioma classification 
was performed in accordance with the 2016 WHO classi-
fication of tumors of the CNS and subsequent cIMPACT-
NOW additions. Surgery was followed by a postoperative 
MRI within 48 hours, according to standard clinical rou-
tine, to obtain a baseline image before the known post-
surgical MRI signal enhancements had appeared. The plan 
for the included patients was to perform three additional 
18F-FLT-PET/MRI acquisitions before and during treatment 
to evaluate treatment response. Patients were treated ac-
cording to clinical routine with six weeks of radiotherapy 
with 60 Gy in 30 fractions and temozolomide 75 mg/m2, 
starting 3–5 weeks after surgery. Four weeks after fulfilling 
radio-chemotherapy patients were treated with adjuvant 
temozolomide 150–200 mg/m2 (planned for 6 cycles). Two 
patients were treated with TTF (which was introduced in 
Sweden in 2019). Blood samples for metabolomics were 
acquired the same day as each FLT-PET/MRI scan. Due to 
technical issues and in some cases, deterioration of the 
patients during treatment all patients did not perform all 
planned investigations. The naming and purpose of the ra-
diological examinations are summarized in Figure 1A.

At the time of analysis, patients were divided into groups 
according to survival after diagnosis, where short-time 
survivors had an overall survival less than median, 500 
days (N = 18 patients), and long-time survivors more than 
3 years (N = 6 patients). Patients with survival between 
500 days and 3 years (N = 11 patients), were omitted from 

Importance of the Study

The interpretation of PET in glioblastoma is difficult and 
sparsely researched. In this clinical PET/MRI study, 18F-
FLT is used as a tracer and metabolomics is sequentially 
analyzed in blood samples during treatment. Significant 
changes in tumor volume on contrast-enhanced MRI but 

not SUV-activity in 18F-FLT/PET harbors prognostic in-
formation both during treatment and between groups of 
long- and short-time survivors. Changes in blood metab-
olomics during treatment and between survival groups 
are interesting and suggest new contributions to the field. D
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Figure 1.  Timeline summarizing the experimental protocol, and oncological treatment. (A) Scan 1: FLT-PET/MRI before surgery (pre-op). Scan 
2: MRI within 48 hours after surgery (post-op MRI). Scan 3: FLT-PET/MRI before radio-chemotherapy (time t = 0, post-op PET). Scan 4: FLT-PET/
MRI after 2 weeks of radio-chemotherapy (t = 2w). Scan 5: FLT-PET/MRI at the end of 6 weeks of radio-chemotherapy (t = 6w). (B) Typical PET and 
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systematic analysis, resulting in 24 patients included in 
the final analysis. The reasoning behind the division of pa-
tients into these groups was that we wanted to characterize 
features of slower-growing and faster-growing tumors; by 
omitting intermediate survivors the chance to have dis-
tinctively different tumor populations would be greatly en-
hanced. The patients with survival between 500 days and 3 
years (N = 11 patients) were analyzed for the MRI imaging 
measures to find out if these patients behaved similarly to 
either the short- or long-time survivors.

Imaging

A 45-minute simultaneous 18F-FLT-PET/MRI acquisition 
commenced 40 minutes post-injection of 2.6 MBq/kg 18F-
FLT. The PET acquisition was reconstructed to form 89 
slices of 192 × 192 pixel attenuation-corrected PET im-
ages, with voxel size 3.125 × 3.125 × 2.78 mm3. Multiple 
MRI protocols were acquired, and here we analyzed the 
intravenously injected gadolinium (Dotarem®, 279.3 mg/
ml, dosed 0.2 ml/kg) contrast-enhanced T1-weighted MRI 
image of 196 slices and 512 × 512 pixels, with voxel size 
0.49 × 0.49 × 1.0 mm3. PET images were re-sampled into 
the matrix of the T1-weighted images prior to analysis.

Image Analysis

Blinded image analysis was performed with imlook4d 
(https://sites.google.com/site/imlook4d). PET images are 
converted to standardized uptake values (SUV),8 with the 
tumor aggressiveness quantified as the most intense voxel 
(SUVmax) within a delineated PET volume (see below).

The contrast-enhanced tumor volume (Vtumor) on MRI 
and necrosis (Vnecrosis) were manually delineated slice by 
slice, giving the 2 volumes in cm3. The total tumor volume 
was calculated as Vtotal = Vtumor + Vnecrosis. The volume Vtumor 
was considered as the active tumor tissue.

The PET-active tumor volume (VPET) was delineated using 
all voxels above a threshold level T, inside a manually de-
lineated search volume. The threshold level was set to 40% 
of the SUVmax intensity above the background, which was 
calculated as

T = 0.4 (SUVmax—SUVbkg) + SUVbkg, where the background 
activity SUVbkg is the mean activity in a contralateral region 
of interest, and SUVmax is the voxel with the highest SUV 
in the tumor search volume. The threshold formula using 
contralateral ROI value SUVbkg was necessary for scan 
1, where it allowed capturing the thin uptake around the 
necrotic area (which has low intensity caused by partial-
volume effects). An example of thresholded PET volume, 
and contrast-enhanced MRI is displayed in Figure 1B.

The parameters calculated from each scan were the me-
dian values of SUVmax, VPET, Vtumor, and Vtotal, for the two 

groups. New parameters, describing the change in a pa-
rameter value, were calculated on each individual patient. 
This change thus reflects changes where the individual is 
under their own control. These patient changes were cal-
culated by two methods: A) as a difference between scans, 
for instance Vtumor between scans 5 and 2 as Vtumor5 - Vtumor2; 
and B) as a ratio, for instance, Vtumor5/Vtumor2. These param-
eters were calculated to reflect changes relative to the 
post-op scan (scan 2 for MRI and scan 3 for PET). Since 
we did not observe any necrosis post-surgery, we only 
tabulate data for the first scan of Vtotal (because the values 
Vtotal = Vtumor for scans without necrosis).

IDH-Mutation Analyses

Multiplex ligation-dependent probe amplification (MLPA) 
assay P088-C2 (lot C2-0416) was used to detect four 
common IDH1- and IDH2-mutations: IDH1-R132H, IDH1-
R132C, IDH2-R172K, and IDH2-R172M. All MLPA analyses 
were performed as described by the manufacturer (MRC-
Holland, Amsterdam, The Netherlands), and interpreted by 
an expert geneticist.

O6-Methylguanine-DNA-Methyltransferase 
(MGMT)-Promoter-Analyses

The pyrosequencing assay was performed using the 
therascreen MGMT Pyro Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The PCR prod-
ucts were subjected to pyresequencing on a Pyromark Q24 
System (Qiaqen, Hilden, Germany). Tumor samples with 
MGMT-promoter methylation <10% were considered as 
unmethylated and >10% as methylated.

Metabolomics

Blood (30 ml) was sampled at the time points of the PET/
MRI scans and centrifugated at 3600 rpm at 4 °C for 15 
minutes. Plasma was then transferred to Cryo Tubes and 
stored at −80 °C. Plasma samples were randomly divided 
into analytical groups based on patient ID. Plasma sam-
ples taken at different PET/MR scans (pre-op, before radio-
chemotherapy, 2 weeks into radio-chemotherapy, and at 
the end of radio-chemotherapy) from the same patient 
were consequently run together and directly adjacent to 
each other in randomized order, thereby minimizing var-
iability in platform performance for individual patients. 
We incorporated quality control measures by including 
pooled quality control plasma samples approximately 
between every twentieth analytical sample. Quality con-
trol samples were used to monitor platform performance 
and to calculate technical reproducibility by means of 

MRI images, with thresholded PET volume indicated to the left, and the same region transferred to the MRI image to the right. The white contrast 
visible in the MRI is what will be measured as the MRI tumor volume. Due to PET resolution, the measured PET volume is larger than the con-
trast loading tumor edge on the MRI. (C) MRI volume (Vtumor) changes as a function of time. Absolute volume from pre-operation scan to end of 
treatment. Data points for each group and time point are calculated as the median of individual tumor volumes. (D) MRI volume change relative 
post-op MRI. Data points for each group and time point are calculated as median of individual [scan-volume]/[post-op volume] ratios.
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relative standard deviation (RSD%) for all quantified me-
tabolites. Untargeted metabolomic analysis was done 
using Metabolon Inc. global metabolomics platform based 
on four Ultrahigh Performance Liquid Chromatography-
Tandem Mass Spectroscopy methods, in both positive and 
negative electrospray ionization mode. All analytical sam-
ples were run during one analysis day to avoid day-to-day 
batch effects. The obtained metabolomics data set based 
on quantified peak areas for named and unnamed metab-
olites was curated prior to statistical analysis. For multivar-
iate statistical analysis, missing values due to biological 
reasons or under the limit of quantification were imputed 
with half of the minimum intensity detected for that metab-
olite. To avoid distorting the data due to the imputation of 
many variables, we completely excluded metabolites that 
were missing in >50% of samples at any of the four PET/
MR occasions when blood samples were collected. We also 
excluded identified drugs and exogenous metabolites, as 
well as unnamed metabolic features representing metab-
olites with unknown identity. After completing data cura-
tion, 663 identified and named metabolites remained for 
statistical analysis. The median RSD%QC for these metab-
olites was 7.1% and 97.7% of all named metabolites had an 
RSD% below 30.

Statistics

Imaging Data.—Statistical analysis between groups 
was performed using a one-sided Student’s t-test, and a 
one-sided Mann–Whitney U non-parametric test in case 
non-normality was found with Shapiro–Wilk Normality 
test (P < .05). Both the one-sided tests compared if values 
for long-time survivors were less than for short-time sur-
vivors, which is the expected result for both volume and 
SUV measures for long-time survivors compared to short-
time survivors. Statistics were performed in R, version 
4.2.2 (R Core Team (2022). R: https://www.R-project.org/).

Patient population.—For comparisons between the sur-
vival groups regarding age, WHO PS and MGMT-status 
SPSS, version 28.0 (IBM Corp) was used with Pearson 
Chi-Square test and results were considered significant if 
P < .05.

Metabolomics.—Statistical analyses of the curated and 
log2-transformed data set were performed using SIMCA 
(version 17.0, Sartorius Stedim Data Analytics AB) and 
MATLAB R2017a (MathWorks, Inc.). As metabolites are 
not independent variables, we used multivariate statis-
tical analysis to explore the data and establish quantitative 
relationships between metabolite concentrations, pa-
tient groups, or sampling time points. Multivariate mod-
eling was done using Orthogonal Projections to Latent 
Structures (OPLS) discriminant analysis (DA) to model the 
systematic variation in the metabolomics data related to, 
and orthogonal to predefined sample classes. OPLS-DA 
was done using the identified metabolites as input vari-
ables, centered and scaled to unit variance, giving each 
variable equal importance. Similarities between survival 
and treatment groups were analyzed by agglomerative 

hierarchical clustering analysis (HCA) using Cohen’s d ef-
fect sizes as distance metrics for OPLS models and com-
plete linkage for clustering. The concept of combining HCA 
with the OPLS framework to create a decision tree has been 
described previously.9,10 The obtained OPLS-Hierarchical 
Discriminant Analysis (OPLS-HDA) model is built upon 
a hierarchy of two-class OPLS-DA models and provides 
an intuitive visualization of inter-class relationships for 
multiclass analysis. Leave-one-out cross-validated (CV) 
goodness of prediction Q2-values were used to determine 
the predictive ability of the models.9 ANOVA based on the 
cross-validated OPLS-DA models was employed to calcu-
late P-values for the differences between the predefined 
sample classes in the respective models. To prevent model 
overfitting, the number of orthogonal components were re-
duced to the lowest CVANOVA P-value, resulting in one pre-
dictive and zero orthogonal component for all two-class 
models. Results are displayed as cross-validated predictive 
scores for pairwise OPLS-DA models between overall sur-
vival groups and sampling time points. Effect sizes were 
calculated as fold change between means for each metab-
olite. Effect sizes and significance levels for each metabo-
lite are shown in volcano plots as log ratios, i.e., log2 fold 
change versus −log10 P-value (two-sided t-test). P-value 
correction for multiple testing by Benjamini–Hochberg 
false discovery rate at alpha < 0.05 for all model compari-
sons based on 663 metabolites resulted in zero metabol-
ites below alpha. Metabolites with practical significance 
with a large effect size (>2-fold difference) and with high 
between-group variation (P < .01) were considered of sig-
nificant interest and are highlighted in figures and tables.

Results

Patients

Patient characteristics for the study cohort are displayed 
in Table 1. All patients included in the exploratory analysis 
were diagnosed with a glioma WHO grade 4. The long-time 
survivors were diagnosed at a younger (56 years) median 
age than the short-time survivors (63 years), but this dif-
ference was not statistically significant. Both groups had 
a similar distribution of males and females. Long-time 
survivors displayed a significantly better WHO perfor-
mance status at diagnosis, compared to the short-time 
survivors. All patients in the long-time survival group had 
a methylated MGMT-promoter (>10%) compared to the 
short-time survivors where all except two patients had an 
unmethylated MGMT-promoter (<10%). For one patient in 
the short-time survival group, MGMT-methylation status is 
missing. One patient in each survival group had a muta-
tion in IDH (R132H). Patients in the short-time survival and 
long-time survival groups had a median overall survival of 
9.9 months and 5.2 years respectively (Table 1).

All patients in the long-time survival group were treated 
with concomitant temozolomide and six cycles of adjuvant 
temozolomide, and all were treated with second-line treat-
ment at the first progression: One patient was treated with 
bevacizumab/lomustine in second-line and re-irradiated 
with 3,4 Gy in 10 fractions to a total of 34 Gy in third line, 
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one patient had temozolomide in second-line treatment, 
one patient had temozolomide in second-line treatment 
and bevacizumab/lomustine in third line, one patient had 
bevacizumab/lomustine in second-line and 2 patients were 
treated with temozlomide and then re-irradiated with 3,4 
Gy in 10 fractions to a total of 34 Gy. Also, for the short-
time survivors, the majority were treated with both con-
comitant and adjuvant temozolomide, but only 7 patients 
(41%) had undergone second-line systemic treatment: 
Four patients were treated with bevacizumab/lomustine, 2 
patients in this group was re-operated twice, 1 patient was 
treated with lomustine, one with bevacizumab and one 
with temozolomide/bevacizumab (Table 1). Despite radio-
logical progress at 250 and 800 days, respectively, 2 of the 
patients survived just over five years. At the time of anal-
ysis, all short-time survivors were diseased, whereas 2 pa-
tients who belonged to the long-time survivors were still 
alive.

Imaging

The measures of SUV and MRI tumor volumes for scans 
1 to 5 are summarized in Table 2. The time course of MRI 
volumes is visualized in Figure 1C. The MRI measures dis-
play a significant difference between long-time and short-
time survivors of Vtumor after 6 weeks of treatment (Table 2). 
Also, for the 2-week measure of Vtumor, the t-test showed 
a significant difference between long- and short-time sur-
vivors respectively, but non-normality for the short-time 
survivors gave a Mann–Witney U test near significance 
(P = .05). Even though the distributions of values overlap, 
all the individual Vtumor measures from the long-time 

survivors were less than the respective median Vtumor from 
the short-time survivors; both for the 2- and 6-week time 
points.

Even though short-time survivors showed smaller Vtumor 
than long-time survivors preoperatively (20 vs 37 cm3) and 
postoperatively (1.74 vs 3.23 cm3), the short-time survivor’s 
tumor volumes (7.2 cm3) had surpassed that of the long-
time survivors (3.4 cm3) at start of treatment. Expressed 
differently, the short-time survivors’ median tumor volume 
doubled in the timespan from operation to start of treat-
ment, whereas the long-time survivors’ median tumor 
volume changed very little (Table 2).

Measuring the change in tumor volume compared to 
the postoperative MRI there was a significant difference 
between long- and short-time survivors; this was evident 
both 2 and 6 weeks into treatment (Figure 1D). The median 
tumor volume increase was more than 3 cm3 from opera-
tion to end of treatment for the short-time survivors group 
(Table 3), (“Diff scans 5-2,” short-time survivors), whereas a 
decrease was found for the long-time survivors. The short-
time survivors did not display shrinkage in median tumor 
difference during treatment, whereas long-time survivors 
did (Table 3). The same trend is shown when comparing 
the median ratio of tumor volume relative to the postop-
erative volume, where substantial shrinkage is seen 2 and 
6 weeks into treatment for long-time survivors, but a more 
than 3-fold median tumor volume increase is seen for the 
short-time survivors (Table 3).

The delineated PET-active tumor volumes do not dis-
play any significant difference between groups but sup-
port the same trend as for measured MRI volumes (Tables 
2 and 3). The SUVmax measures gave no significant differ-
ence between groups, but there is a trend (P = .15) towards 

Table 1.  Patient Characteristics for Long-Time Survivors (>3 years) and Short-Time Survivors (<500 Days)

> 3 years <500 days P-value

Patients (N) 6 18

Females (N, %) 3 (50%) 10 (56%)

Males (N, %) 3 (50%) 8 (44%) .813

Age diagnosis (years) § 56 ± 15 63 ± 12 .159

Overall Survival from diagnosis (days) § 1892 ± 252 297 ± 75

WHO PS 0 (N, %) 5 (83%) 4 (22%)

WHO PS 1–3 (N, %) 1 (17%) 14 (78%) .007*

MGMT-methylated promoter (N, %)# 6 (100%) 2 (12%)

MGMT non-methylated promoter (N, %) 0 (0%) 15 (88%) <.001*

IDH-mutation r132h (N, %) 1 (17%) 1 (6%)

IDH-wild type (N, %) 5 (83%) 17 (94%) .394

Concomitant TMZ (N, %) 6 (100%) 17 (94%) .555

Adjuvant TMZ (N, %) 6 (100%) 14 (78%) .206

Number of cycles of adjuvant TMZ (mean) 6 3

TTF (tumor treating fields) (N, %) 1 (17%) 1 (6%) .394

2:nd line treatment (N, %)# 6 (100%) 7 (41%) .012*

§Median ± standard deviation.
*Indicate significant P-value <.05.
#Information is missing for one patient.
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long-time survivors having a median reduction in SUVmax 
following operation (Table 3, “Scan 3/1”).

Blood Sample Metabolomics

Blood samples for metabolite analysis were collected 
on the same day as for each PET/MRI scan. The blood 

metabolome was quantified by Metabolon Inc. global 
metabolomic analysis platform. After stringent data cura-
tion, 663 quantified and named metabolites were obtained 
for multivariate statistical analysis. We used the same pa-
tient grouping according to survival time for the blood me-
tabolite analysis, as used for image analysis. Multivariate 
modeling of the two survival groups; <500 days and >3 

Table 2.  Median Value of SUVmax and Tumor Volumes, for Long-Time Survivors (>3 Years) and Short-Time Survivors (<500 Days)

Measure Scan >3 years < 500 days P-value §

PET SUVmax [g/ml] Scan 1, pre-op 3.07 2.93 .56

Scan 3, t = 0 weeks 1.40 1.93 .26

Scan 4, t = 2 weeks 0.85 1.07 .34

Scan 5, t = 6 weeks 0.79 1.03 .08

PET VPET [cm3] Scan 1, pre-op 50.61 34.97 .88

Scan 3, t = 0 weeks 7.80 11.77 .40

Scan 4, t = 2 weeks 7.37 10.18 .64

Scan 5, t = 6 weeks 3.74 9.43 .25

MRI Vtumor [cm3] Scan 1, pre-op 37.76 19.91 .95

Scan 2, post-op 3.23 1.74 .79

Scan 3, t = 0 weeks 3.40 7.23 .22

Scan 4, t = 2 weeks 0.70 5.29 .05*

Scan 5, t = 6 weeks 0.17 4.95 .005*

MRI Vtotal [cm3]
(contrast + necrosis)

Scan 1, pre-op 49.90 31.15 .97

§P-value comparing groups, for measures and scans described on same line.
*Indicate significant P-value < .05.

 

Table 3.  Median Measurements of Changes in SUVmax and Tumor Volume (PET and MRI), for Long-Time Survivors (>3 Years) and Short-Time 
Survivors (<500 Days)

Measure Scans >3 years < 500 days P-value §

PET change SUVmax [g/ml] Scan 3/1 0.48 0.92 .15

Scan 4/3 0.60 0.51 .81

Scan 5/3 0.71 0.48 .95

PET change VPET [cm3] Scan 3/1 0.13 0.31 .17

Scan 4/3 0.73 0.98 .24

Scan 5/3 0.38 0.91 .16

Diff scans 4–3 −4.04 0.12 .09

Diff scans 5–3 −2.66 −0.54 .20

MRI change Vtumor [cm3] Scan 2/1 0.08 0.08 .32

Scan 3/2 1.86 2.82 .22

Scan 4/2 0.38 3.92 .04*

Scan 5/2 0.21 3.46 .01*

Diff scans 3–2 1.57 3.87 .10

Diff scans 4–2 −1.13 3.53 .02*

Diff scans 5–2 −3.09 3.60 .004*

MRI change Vtotal
(contrast + necrosis) [cm3]

Scan 2/1 0.05 0.04 .46

§P-value comparing groups, for measures and scans described on same line.
*Indicate significant P-value < .05.
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Figure 2.  Blood metabolomic analysis based on patient survival groups and sampling time points. (A) Four class Orthogonal Projections to 
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years, before surgery (pre-op) and at the end of radio-
chemotherapy (6 weeks) showed a clear separation of the 
survival groups (Figure 2A). The short- and long-time sur-
vivors did not overlap, and samples from the long-time sur-
vivors separated clearly from each other before and after 
the completed treatment (Figure 2A). To further illustrate 
phenotypic similarities or differences between each of the 
survival and sampling timepoint, we also used agglomera-
tive hierarchical clustering for each class of patient groups 
based on the OPLS-Hierarchical Discriminant Analysis 
(OPLS-HDA) method.9,10 The dendrogram generated for 
the OPLS-HDA model shows the relationships between all 
four classes (Figure 2B). Using this approach, the >3 years 
OS groups were clearly separated from the <500 days OS 
groups. Large differences between classes were seen for 
the >3 years OS groups, pre-op and after 6 weeks of treat-
ment, indicating a strong treatment response. In contrast, 
the <500 days OS group showed high similarity between 
pre-op and 6 weeks of treatment, indicating a weak treat-
ment response (Figure 2B). A pairwise investigation of the 
defined survival groups and sampling time points was 
conducted to better understand their metabolic differences 
(Figure 2B). The strongest multivariate model was obtained 
for the >3 years group before surgery and after completed 
treatment (Q2 = 0.51, P = .057), while a non-satisfactory 
model with negative Q2-value was obtained for the short-
time survivors before and after completed treatment.

We made use of volcano plots to highlight individual 
metabolites responsible for the observed separation of 
survival groups in our pairwise comparison (Figure 2C-F). 
Metabolites with practical significance for metabolic 
phenotyping of brain tumors9 with large effect size (>2-fold 
difference) and with high between-group variation (P < .01) 
were considered of significant interest and were high-
lighted in the volcano plots and listed in Table 4. Analysis 
of individual blood metabolites revealed a very weak treat-
ment response for the short-time survivor group. However, 
a strong treatment response was observed for the >3 years 
survival group. Here, the separation before and after com-
pleted treatment was predominantly an effect of higher 
levels of metabolites related to fatty acid and sphingolipid 
metabolism (Figure 2D and Table 4). Especially including 
specific acylcarnitines, sphingomyelins, and cis-3,4-
methylylated metabolites involved in fatty acid transport 
and their metabolism. When comparing the short- to long-
time survival groups, higher levels of blood metabolites re-
lated to hydroxy-, and methyl-branched fatty acids, were 
detected in the <500 days group compared to >3 years 
group before treatment (Figure 2E and Table 4). Levels of 
hexosylceramides in the form of glycosylated metabol-
ites were also elevated in the short-time survivors. After 
6 weeks completed treatment, dehydroepiandrosterone 
(DHEA) related metabolites were significantly higher in the 
>3 years survival group compared to short-time survivors 
(Figure 2F and Table 4).

Discussion

The aim of this clinical study on patients with high-grade 
glioma was to evaluate if 18F-FLT-PET/MRI and metabolomic 

patterns in blood added value to forecast prognosis and 
treatment response. From the analysis of the patient char-
acteristics, expected clinical positive prognostic factors 
such as better WHO performance status and a trend to 
younger age were found. More patients in the long-time 
survival group compared to the short-time survival group 
had a methylated (silenced) MGMT-promoter which is a 
well-known predictive (and prognostic) factor.11

Since patients with glioblastoma suffer from poor prog-
nosis and few treatment alternatives it is important to find 
new tools to assess treatment response and to help differ-
entiate patients in need of change of treatment earlier than 
what is possible today. When changes in tumor volume are 
to be seen in MRI it is often too late to accomplish mean-
ingful changes in treatment decisions that affect outcome. 
The use of amino-acid PET in patients with glioma is re-
commended both in Swedish national guidelines6 in spe-
cial situations and in European guidelines.12 However, PET 
imaging in brain tumors is somewhat challenging. The 
tumor may be protected by the blood-brain barrier making 
the choice of tracer important. Tumor vessels are often 
leaky and immature and whether the blood-brain barrier 
is a clinical issue or not is debated.13 18F-fluorodeoxyglukos 
(18F-FDG) is the most common tracer for other malignan-
cies but since the normal brain consumes a high amount of 
glucose it may be difficult to differentiate the brain tumor 
from normal brain tissue. In this study, we examined a dif-
ferent tracer, 18F-FLT which is a marker for tumor cell prolif-
eration in glioblastoma.14 Therefore, we hypothesized that 
it would make a good candidate for forecasting prognosis 
and perhaps a response to treatment in this highly aggres-
sive tumor.

To summarize the statistical treatment of MRI and PET 
measures: (i) the group median values are first presented 
(Table 2), with the shortcoming that the median values will 
most likely arise from different patients in different scans; 
(ii) the median of individual-patient changes are then pre-
sented (Table 3), with the benefit that the median of a 
ratio or a difference measure is calculated from the same 
patient.

The 18F-FLT-PET results were not as we had hypothesized. 
We believe that one important factor to this is that the lim-
ited PET scanner resolution, together with the varying size 
and shape of the relatively small postoperative remaining 
tumor, causes individual variations in the partial-volume 
effect. This means that there is an individual scale factor 
(often referred to as recovery coefficient) that would intro-
duce a large variance between individual patients, which 
may very well be larger than the variance in tumor growth 
rate (which is what we probe with 18F-FLT). So, even though 
we saw trends in SUVmax decreasing after operation for 
the long-time survivors (Table 3,” Scan 3/1”), such change 
could very well have been significant on the cell level, 
without being possible to measure accurately with PET.

The nonsignificant trend towards lowering SUVmax for 
long-time survivors, but not for short-time survivors, may 
reflect something real. This result may indicate that a fast-
growing tumor cell population remained after operation in 
short-time survivors indicated by a SUVmax ratio post-op/
pre-op being around one (0.9) for short-time survivors, 
but much lower (0.5) for long-time survivors. This is sup-
ported by the trend of Vtumor tumor growth from operation 
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to the start of treatment (Table 3,” Scan 3/2”). None of the 
results in this section gave statistical significance, neither 
by measuring group-level changes (Table 2) or changes in 
the median tumor (Table 3).

In this analysis, we omitted the intermediate-time sur-
vivors (500 days < overall survival < 3 years) since we 
wanted clearly separated survival groups. It is still inter-
esting to get an understanding of the general behavior of 
this intermediate group, which we briefly tested using the 
MRI imaging measures (data not shown). Comparing the 
intermediate-time survivors to short-time survivors, none 
of the MRI measures were significantly different. Similarly, 
long- and intermediate-survivor groups showed significant 
differences in some of the MRI measures that also were 
present in the long-time vs short-time survival compar-
ison. This suggests that short- and intermediate-time sur-
vivor groups are similar.

There is nothing in this study that contradicts that 18F-FLT-
PET would be useful to give complementary information to 
MRI-based radiation therapy target delineation. We have in 
a few cases noted that incorporating PET information into 
the MRI delineations would have added small regions that 
were unique to PET. This aspect could not be quantified by 
a gross tumor value, as used in this study, but is some-
thing that we believe is worth a future study. It is not un-
thinkable that the outcome of treatment could benefit from 
removing or targeting these extra volumes during surgery 
and/or radiotherapy. Using PET for target volume defini-
tion in glioblastoma in radiotherapy is endorsed by the 
2023 ESTRO-EANO guidelines.15

We conclude that 18F-FLT-PET is not robust enough to 
predict outcomes for glioblastoma patients, whereas MRI 
data does show potential to predict treatment response. 
There is some evidence in the literature that glioblastoma 
with MGMT-methylated promoters exhibits more often 
pseudo-progression during follow up and this is often 
evident during adjuvant therapy.16,17 In this study the last  
follow-up is at the end of radio-chemotherapy and at 
this time point we do not observe any increase in tumor 
volume indicating early pseudo-progression. We do not 
have information on tumor volume at a later stage. The 
results from this clinical study show that patients whose 
tumors shrink during primary radio-chemotherapy live 
longer. We did not find significant changes in SUV between 
groups. Several factors could explain this negative finding, 
such as differences in blood-brain-barrier leakage, or treat-
ment affecting proliferation differently between patients.

Metabolomic analysis of blood samples collected be-
fore and after 6 weeks of completed treatment was able 
to distinguish prognostic metabolites related to poor sur-
vival, and metabolites related to a positive treatment re-
sponse (Table 4). When comparing the short- to long-time 
survival groups before treatment, we observe higher levels 
of hydroxy-, and methyl-branched fatty acids, which may 
signal an increased level of ketoacidosis and/or incomplete 
fatty acid oxidation, in the short-time survival group.18,19 
Hydroxy- and methyl-branched fatty acids are known to be 
involved in various metabolic pathways, including the syn-
thesis of complex lipids and energy production. However, 
accurately mapping altered blood metabolites to specific 
intracellular pathways remains challenging, often rend-
ering conclusions somewhat speculative. Elevated levels 

of these fatty acids may indicate metabolic stress and im-
paired mitochondrial function, which are often associated 
with poor prognosis in cancer patients.20,21 Blood plasma 
levels of glycosyl sphingolipids were also elevated in the 
short-time survivors (Figure 2E and Table 4). Glycosyl 
ceramides and glycosyl sphingosines are involved in 
maintaining cell membrane stability and are crucial for 
the membrane’s structural and functional properties.22 
These metabolites may also play an important role in cell 
signaling and the immune response.23 Glycosyl sphingo-
lipids are essential for cell–cell interactions, signal trans-
duction, and immune modulation.24 Their elevated levels 
could reflect an adaptive response to cellular stress or an 
attempt to maintain cellular integrity under adverse con-
ditions. Ceramide is widely known for activating signals 
of cell death leading to deterioration of cell survival.25 
Ceramides can induce apoptosis through various mechan-
isms, including the activation of caspases and the disrup-
tion of mitochondrial function.26,27

The positive treatment response seen in blood samples 
from the >3 years survival group after completed treat-
ment (Figure 2D), was predominantly related to higher 
levels of metabolites associated with fatty acid and sphin-
golipid metabolism. This was observed as higher levels of 
metabolites related to medium-chain fatty acid transport 
for oxidation, acylcarnitines linked to beta-oxidation, and 
higher blood levels of sphingomyelins. These observa-
tions may highlight the benefits of high energy production. 
Medium-chain fatty acids are more readily oxidized than 
long-chain fatty acids, providing a quick source of energy 
for cells. Additionally, acylcarnitines facilitate the trans-
port of long-chain fatty acids into mitochondria for beta-
oxidation, which is also crucial for maintaining high energy 
production and cellular metabolism.28 On the other hand, 
sphingomyelins are found in cell membranes, especially 
in myelin sheaths, and play a role in signal transduction 
such as proliferation/survival, migration, and inflamma-
tion.29 Sphingomyelin synthase 1 is the primary enzyme 
that generates sphingomyelin. Interestingly and relevant 
to our findings, a study showed that median, 2- and 5-year 
survival were significantly better for glioma patients with 
high sphingomyelin synthase 1 expression, whereas pa-
tients with low sphingomyelin synthase 1 expression had 
worse prognosis.30 Sphingomyelins are involved in the 
formation of lipid rafts, which are specialized membrane 
microdomains that facilitate signal transduction, protein 
sorting and play functional roles in immunity.31,32 While 
speculative, elevated sphingomyelin levels in long-term 
survivors may enhance cellular communication and sup-
port a more robust immune response. Combined with 
improved energy turnover, these factors could have con-
tributed to more favorable treatment outcomes.

There was a clear separation in the metabolomic pat-
tern in blood between the time-points before surgery 
and after treatment for the long-time survivors (Figure 
2A and D) but not for the short-time survivors (Figure 
2A and C). The non-satisfactory model with negative Q2-
value obtained for the short-time survivors before and 
after completed treatment indicates a weak metabolic 
response to treatment in the short-time survival group 
(Figure 2B and C). We show that blood-based metab-
olomics offers the potential to analyze cellular events 
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downstream, enabling the detection of changes in blood 
that reflect earlier processes within the tumor. This ap-
proach may serve as a valuable component of liquid 
biopsy, providing insights into the tumor’s biological 
characteristics that could aid in predicting prognosis 
and tailoring treatment strategies. Others have also 
found relations between blood levels of metabolites as-
sociated with tumor hypoxia and treatment outcome of 
bevacizumab which further reflects the use of metabol-
omics as predictive markers for treatment.33

This study is limited by the relatively low number of 
participants and uneven group sizes. We do, however, 
not believe that larger groups would change the re-
sults in any major way since the groups were made ho-
mogenous by omitting the intermediate-time survivors 
from the analysis. Furthermore, the separation be-
tween groups were clear for the MRI and metabolomic 
parameters presented, exemplified by all MRI volume 
measures for long-time survivors in scans 4 and 5 had 
smaller volumes than the median of the short-time sur-
vivor group.

From this study, it is unclear to what extent PET with 
the use of 18F-FLT-tracer contributed to increased knowl-
edge and further studies with different tracers are needed. 
We believe that the reported differences in blood metab-
olomics and tumor volume in contrast-enhanced MRI be-
tween long- and short-time survivors and changes during 
treatment are promising and that these parameters may 
be valuable candidates for future clinical decision aids. We 
also hope that the metabolic differences between groups 
have a biological significance and may be utilized to better 
understand the biology of glioblastoma, and possibly be 
developed into a diagnostic tool.

To the best of our knowledge, this is the first study 
where blood and imaging with 18F-FLT-PET/MRI are sam-
pled sequentially from the timepoint before surgery, after 
surgery, and during concomitant radio-chemotherapy 
from patients with glioblastoma. We find the results in-
teresting and although the most crucial would be to find 
better treatment and more treatment options for this 
group of patients, the strive to find better diagnostic 
methods, earlier detection of treatment outcomes, and 
more accurate prognostication hopefully will encourage 
more research in this field.
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