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Abstract

Purpose.—The objective of the current study was to explore the efficacy of using pH-weighted 

amine CEST-EPI as a potential non-invasive imaging biomarker for treatment response and/or 

failure in recurrent GBM patients treated with bevacizumab.

Methods.—A total of 11 patients with recurrent GBM treated with bevacizumab were included 

in this prospective study. CEST-EPI, perfusion MRI, and standardized anatomic MRI were 

obtained in patients before and after bevacizumab administration. CEST-EPI measures of 

magnetization transfer ratio asymmetry (MTRasym) at 3ppm were used for pH-weighted imaging 

contrast. Multiple measures were examined for their association with progression-free survival 

(PFS).

Results.—Tumor acidity, measured with MTRasym at 3ppm, was significantly reduced in both 

contrast enhancing and non-enhancing tumor after bevacizumab (p=0.0002 and p<0.00001, 

respectively). The reduction in tumor acidity in both contrast enhancing and non-enhancing tumor 

was linearly correlated with PFS (p=0.044 and p=0.00026, respectively). In 9 of the 11 patients, 

areas of residual acidity were localized to areas of tumor recurrence, typically around 2 months 

prior to radiographic progression. Univariate (p=0.006) and multivariate Cox regression 

controlling for age (p=0.009) both indicated that change in tumor acidity (ΔMTRasym at 3ppm) 

was a significant predictor of PFS.

Conclusions.—This pilot study suggests pH-weighted amine CEST MRI may have value as a 

non- invasive, early imaging biomarker for bevacizumab treatment response and failure. Early 

decreases MTRasym at 3.0ppm in recurrent GBM after bevacizumab may be associated with better 

PFS. Residual or emerging regions of acidity may colocalize to the site of tumor recurrence.

Keywords

pH-weighted imaging; bevacizumab; recurrent GBM; glioblastoma; CEST

INTRODUCTION

Glioblastoma (GBM) represents for 56.6% of gliomas and 14.7% of all primary central 

nervous system tumors [1]. GBM is an aggressive form of brain tumor with median overall 

survival (OS) around 15 months despite the intensive standard of care therapy, including 

gross surgical resection followed by radiation therapy (RT) and concurrent temozolomide 

(TMZ) chemotherapy [2]. With novel treatment modality such as tumor treating fields 

(TTF), OS for newly diagnosed GBM patients can be further improved to 19.6 months [3].

One of the distinguishing features of GBM over lower grade gliomas is the extent of tumor 

angiogenesis. Neovascularization is promoted through overexpression of multiple 

proangiogenic factors, including vascular endothelial growth factor (VEGF) [4]. 

Bevacizumab, a monoclonal antibody against VEGF-A, was approved by the Food and Drug 

Administration for the treatment of recurrent GBM in 2009 based on the ability to improve 

progression-free survival (PFS); however, subsequent studies have not demonstrated an 

overall survival (OS) benefit [5]. Regardless, bevacizumab remains one of the most widely 
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used therapies for recurrent GBM and almost all patients with GBM are exposed to 

bevacizumab at some time during their treatment in the United States.

Early and accurate assessment of GBM treatment response can be beneficial for 

individualized treatment planning. However, conventional MRI response criteria (the RANO 

criteria based on bidimensional measurement of contrast enhancing tumor [6]) can fail to 

provide accurate assessment of tumor burden when treated with anti-angiogenic agents due 

to the reduction in contrast enhancement resulting from decreased permeability of the blood-

brain barrier and not due to direct tumor destruction or lead to meaningful clinical benefit 

[7]. Altough some strategies have suggested contrast enhancing tumor burden can be 

accurately quantified (e.g. T1 subtraction maps [8]), alternative imaging biomarkers 

focusing on tumor metabolism may be desirable to identify early bevacizumab response and 

failure.

Since the vasculature of GBM is tortuous, disorganized, and highly permeable [9], 

intratumoral hypoxia and acidity can often occur [10]. Apart from these vascular 

abnormalities and hypoxia, enhanced metabolism and shifted glucose utilization toward 

glycolysis (i.e. the Warburg effect) also contributes to tumor acidosis through lactic acid 

accumulation [11]. Imaging biomarkers sensitive to extracellular pH changes may provide a 

noninvasive measure of this abnormal metabolism, potentially predicting early treatment 

response and therapeutic benefit. Chemical exchange saturation transfer (CEST) is an 

advanced MRI technique that detects metabolites with increased sensitivity, by continuous 

saturation of hydrogen proton on target metabolite and its exchange with water proton. The 

attenuation of water proton signal allows for an indirect measurement of relative 

concentration of target metabolite and the exchange rate [12]. Previous studies have 

suggested that pH sensitive amine CEST contrast can be obtained by directly targeting the 

base-catalyzed exchange process between amine and water protons [13]. Therefore, in the 

current pilot study, we hypothesized that amine CEST-EPI, a fast pH-weighted molecular 

MRI technique, can serve as a potential non-invasive imaging biomarker for treatment 

response and/or failure in recurrent GBM patients treated with bevacizumab.

METHODS

Patients

A total of 11 patients with recurrent GBM (nine males and two females) from the ages of 29 

to 75 years old undergoing bevacizumab treatment (with or without adjuvant chemotherapy 

or immunotherapy) were included in this retrospective study. All patients were provided 

informed, written consent to participate in advanced imaging and our internal review board–

approved research database. All diagnoses were determined histopathologically after 

surgical resection or biopsy, according to the 2016 WHO classification of CNS tumors [14]. 

More detailed patient information is in Table 1. Progression was defined prospectively by 

the treating neuro-oncologists, if subsequent scans showed definite increase in imaging-

evaluable tumor (≥25% increase in the sum of enhancing lesions, new enhancing lesions >1 

cm2, or an unequivocal qualitative increase in non-enhancing tumor or unequivocal new area 

of non-contrast enhancing tumor). Patients who died before evidence of imaging progression 

were defined to have progressed on the date of death. PFS was defined as the time from the 
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start of bevacizumab treatment to radiographic and/or clinical progression. OS was not 

included in the analysis since few patients expired by the time of data censoring (December, 

2018).

Anatomic MRI

In addition to amine CEST-EPI, all patients received the anatomic images according to the 

international standardized brain tumor imaging protocol [15], including T2-weighted fluid 

attenuated inversion recovery (FLAIR) images, T2-weighted turbo spin-echo images, 

diffusion-weighted images, and parameter matched, 1-mm isotropic 3D T1-weighted 

MPRAGE scans before and following injection of 0.01mg/kg Gd-DTPA and DSC-MRI. The 

DSC-MRI data was motion-corrected and post-processed with a bidirectional leakage 

correction algorithm [16] to generate the relative cerebral blood volume (rCBV) maps. All 

images were registered to post- contrast T1-weighted images for subsequent analyses.

pH-Weighted Amine CEST-EPI

All patients received pH-weighted amine CEST MRI before and after bevacizumab 

treatment. Amine CEST-EPI was collected on Siemens 3T scanner (Prisma or Skyra, 

software versions VE11A-C; Erlangen, Germany) with a previously described CEST-EPI 

[13] or CEST- SAGE-EPI sequence [17]. CEST MR acquisition parameters include: field-

of-view (FOV) = 240×217mm, matrix size = 128×116, slice thickness = 4 mm with no 

interslice gap, TE = 27ms for single-echo CEST-EPI and 14.0 ms and 34.1ms for the two 

gradient echoes using CEST- SAGE-EPI, bandwidth=1628 Hz, and GRAPPA factor = 2 for 

single-echo CEST-EPI and 3 for CEST-SAGE-EPI. Off-resonance saturation was applied 

using a pulse train of 3×100ms Gaussian pulses with peak amplitude of 6µT. A total of 29 

off-resonance frequencies were sampled at −3.5 to −2.5ppm, −0.3 to +0.3ppm, and +2.5 to 

+3.5ppm, with increments of 0.1ppm. A reference S0 scan was collected with the same 

acquisition parameters, without the saturation pulses. The total scan time for CEST EPI was 

approximately 7.5 minutes.

Clinical post-processing of CEST-EPI consists of affine motion correction (mcflirt; FSL, 

FMRIB, Oxford, United Kingdom) and B0 correction via a z-spectra based k-means 

clustering and Lorentzian fitting algorithm [18]. An integral of width of 0.4 ppm was then 

taken around both the −3.0 and +3.0 ppm (−3.2 to −2.8 and +2.8 to +3.2, respectively) 

spectral points of the inhomogeneity-corrected data. These data points were combined with 

the S0 image to calculate the asymmetry in the magnetization transfer ratio (MTRasym) at 3.0 

ppm as defined by equation MTRasym(ω) = S(−ω)/S0 − S(ω)/S0, where ω is the offset 

frequency of interest (3.0ppm). For data from CEST-SAGE-EPI acquisition, the average 

MTRasym at 3.0 ppm calculated from the first (TE = 14.0 ms) and second (TE = 34.1 ms) 

gradient echoes were averaged to increase the SNR of the resulting MTRasym images. All 

resulting maps were registered to high-resolution post-contrast T1-weighted images for 

subsequent analyses.

Data Analysis and Statistics

All calculations and statistical analysis were performed with MATLAB software (Version 

R2017b, Mathworks, Inc., Natick, MA, USA). The T2/FLAIR hyperintense lesion (T2 
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lesion) and contrast enhancing lesion (CE lesion) regions of interest (ROIs) were semi-

automatically defined as previously described [7, 8], using the Analysis of Functional 

NeuroImages (AFNI) software (NIMH Scientific and Statistical Computing Core; Bethesda, 

MD, USA). Briefly, the general regions of tumor on T2/FLAIR and post-contrast T1-

weighted images were first defined manually. Then, FLAIR images and T1-weighted 

subtraction map images were thresholded by using an empirical threshold to best define the 

extent of abnormality. Finally, the resulting masks were edited manually to exclude obvious 

errors. In all ROIs, the median of MTRasym at 3.0ppm was calculated for further analysis. A 

paired t-test was used to evaluate the difference in MTRasym and tumor volumes before and 

after bevacizumab treatment. Spearman’s rank correlation test was performed to evaluate the 

correlation between MTRasym response and volume response, as well as between MRI 

metrics and patient outcome (PFS). Univariate Cox regression analysis was performed to 

assess the effect of MRI metrics (baseline, follow-up, and change) as risk factors on PFS. 

Additional multivariate Cox regression analysis was performed by adding age into the 

regression model. For the significant risk factors, a Kaplan-Meier log-rank test was used to 

compare the PFS rate. Difference or correlation was considered significant when p-value is 

less than 0.05.

RESULTS

Tumor Volume and pH-weighted MTRasym at Baseline and at Follow-up

Volumes of T2 lesions and CE lesions, as well as the median MTRasym within T2 lesions and 

CE lesions, were quantified for each patient before (median 2 days) and after (median 43 

days) bevacizumab treatment. Example anatomic MRI images and MTRasym images from 

three patients are demonstrated in Figure 1.

At the pre-bevacizumab baseline, the median T2 lesion and CE lesion volumes were 

121.1mL (interquartile range [IQR] 110.2–152.2mL) and 17.8mL (IQR 10.7–24.5mL), 

compared to 46.9mL (IQR 39.7–79.2mL) and 3.57mL (IQR 2.60–8.14mL) at the first 

follow-up after bevacizumab administration. The relative decrease in volume was significant 

in both T2 lesion (median 53.5%, IQR 32.8%−66.5%, p = 0.00094, Figure 2(A)) and CE 

lesion (median 71.4%, IQR 49.2%−84.0%, p = 0.0014, Figure 2(D)). The MTRasym at 

3.0ppm after administration of bevacizumab (T2 lesion median 1.30%, IQR 1.13–1.35%; CE 

lesion median 1.50%, IQR 1.29– 1.89%) was also significantly lower than in pre-treatment 

lesion measurements (T2 lesion median 1.72%, IQR 1.53–1.80%; CE lesion median 2.24%, 

IQR 2.15–2.55%), with a median reduction of 24.45% in T2 lesions (IQR 18.39–32.36%, p 
= 5.4e-6, Figure 2(B)) and 38.01% in CE lesions (IQR 13.41–43.41%, p = 0.00022, Figure 

2(E)). The percentage change in MTRasym at 3ppm was strongly correlated with the 

percentage change in tumor volume (T2 lesion: r = 0.67, p = 0.028; CE lesion: r = 0.82, p = 

0.0037; Figure 2(C, F)).

Association between pH-weighted MTRasym and Progression-Free Survival

Next, the linear association between change in MRI measurements after bevacizumab and 

patient outcomes in terms of PFS were examined. A strong negative correlation between 

change in MTRasym at 3ppm and PFS was observed in both T2 lesions (r = −0.89, p = 
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0.00026, Figure 3(A)) and CE lesions (r = −0.62, p = 0.044, Figure 3(D)). Post-treatment 

MTRasym at 3ppm in T2 lesions were also negatively correlated with PFS (r = −0.79, p = 

0.0036, Figure 3(B)), although this association was not observed in CE lesions (r = −0.57, p 
= 0.060, Figure 3(E)). No significant correlations were found between pre-treatment 

MTRasym at 3ppm and PFS (Figure 3(C, F)).

Consistent with the results from the correlation analyses, univariate cox regression analysis 

also demonstrated a significant association between continuous measures of post-treatment 

MTRasym at 3ppm and PFS (Table 2; p =0.021, HR = 22.56, HR confidence interval [CI] 

1.60–318.92), along with continuous measures of change in MTRasym at 3ppm after therapy 

in T2 lesions with PFS (p = 0.0064, HR = 1.34, HR-CI 1.09–1.65). Additionally, continuous 

measures of change in T2 lesion volume (p = 0.040, HR = 1.03, HR-CI 1.00–1.06) and post-

treatment rCBV in T2 lesions (p = 0.029, HR = 24.24, HR-CI 1.40–420.33) were also 

significant using univariate analyses. Continuous measures of change in acidity within T2 

lesions, as measured by MTRasym at 3ppm, were also predictive of PFS after accounting for 

age (Table 2; Cox multivariable regression, p = 0.0092, HR = 1.37, HR-CI 1.08–1.74), 

whereas the other previously predictors are no longer significant after accounting for age 

(change in T2 lesion volume: p = 0.10, HR = 1.02, HR-CI 1.00–1.05; post-treatment 

MTRasym at 3ppm: p = 0.05, HR = 18.47, HR-CI 0.97–330.54; post-treatment rCBV: p = 

0.07, HR = 17.30, HR-CI 0.82–366.21). MRI measurements within or involving CE lesions 

were not significantly associated with PFS.

Patients with a post-bevacizumab MTRasym at 3ppm within T2 lesions greater than 1.3% had 

a significantly shorter PFS compared with patients exhibiting lower levels of acidity (Figure 

3(G); Log-rank, p = 0.00071, HR = 4.97; median PFS of 152 days compared to 93 days). 

The log-rank test with cut-off value of 25% relative decrease in T2 lesion MTRasym showed 

significantly longer PFS in patients with larger decrease in T2 lesion MTRasym (median PFS 

of 153 days compared to 100 days, HR = 3.82, p = 0.0062, Figure 3(H)).

High Post-treatment MTRasym Predicts Tumor Recurrence Site

Interestingly, in patients who rapidly failed bevacizumab we observed regions of residual or 

newly emerging high acidity localized to areas of future tumor recurrence (Figure 1, 

observed in 9 out of 11 patients) occurring around two months prior to radiographic 

progression. Together with the general association between change in tumor acidity and 

PFS, these results suggest tumor acidity may be a more clinically meaningful measure of 

active tumor burden after treatment.

DISCUSSION

In the current study we present preliminary observations using pH-sensitive amine CEST-

EPI as an imaging surrogate of early bevacizumab treatment response and early treatment 

failure. Results suggest larger decreases in tumor acidity, as measured by MTRasym at 

3.0ppm, may be associated with better treatment outcome in recurrent GBM patients as 

measured by PFS, and residual or emergence of new regions of high acidity may provide 

spatial localization for subsequent tumor progression.
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In GBM as with other malignant tumors, structurally abnormal blood vessels within the 

tumor contribute to spatial and temporal heterogeneity in tumor blood flow, which further 

leads to alterations in the tumor microenvironment, characterized by interstitial 

hypertension, hypoxia, and acidosis [19]. Successful vascular normalization after 

bevacizumab should theoretically improve the aberrant morphology of the tumor vessels, 

resulting in more efficient vasculature similar to normal vessels [20], thus alleviating excess 

interstitial hypoxia and acidity. We postulated pH-sensitive amine CEST-EPI could provide 

an indirect measurement of lactic acid accumulation as a result of abnormal vasculature and 

metabolism and therefore could serve as a clinical imaging biomarker for treatment response 

in patients treated with bevacizumab. The decrease in MTRasym at 3.0ppm may reflect 

improvement of tissue perfusion and normalization of tumor acidity, while high residual 

MTRasym may indicate the failure of bevacizumab or metabolically active tumor tissue.

The application of CEST MRI in brain tumors has drawn increasing research attention due 

to the fact that it provides unique information about in vivo tumor microenvironment, 

complimentary to standard MRI protocols. However, few studies have investigated the use of 

CEST MRI in GBM treatment response, and none focused specifically on anti-angiogenetic 

therapies or use of CEST contrast based primarily on fast exchanging amine protons. 

Sagiyama et al. showed that amide proton transfer (APT) imaging, a subset of CEST MRI 

resulring long irradiation times, was able to detect molecular signals in glioma induced by 

chemotherapy, preceding the morphologic changes, in orthotopic tumor mouse model of 

GBM. The APT signal was also able to differentiate tumors that were resistant to 

chemotherapy [21]. A more recent study using 7T CEST MRI in newly diagnosed GBM 

patients also demonstrated the prognostic ability of CEST to differentiate early-progressive 

and stable disease after first-line treatment [22]. However, none of these studies examined 

the treatment response in human recurrent glioblastoma patients at clinical field strengths 

(e.g. 3T).

While our findings may be unique, a significant number of potential imaging biomarkers for 

evaluation of anti-angiogenic therapies have emerged over the past decade. For example, 

studies have shown that the volumetric changes in tumor burden quantified using T1 

subtraction may be useful for predicting PFS and OS in patients treated with bevacizumab 

[8]. Additionally, changes in dynamic susceptibility-weighted contrast-enhanced MRI 

(DSC-MRI) derived relative cerebral blood volume (rCBV) [16, 23] and DSC derived 

vascular components [24]; 18F- fluorothymidine (FLT) [25] and FDOPA positron emission 

tomography (PET) [26]; functional diffusion maps [27]; changes in tissue T2 [28]; and 

changes in MR spectroscopic imaging [29] (among many others) have also demonstrated 

additional value in predicting outcome in patients treated with bevacizumab. Thus, future 

work focused on determining which imaging techniques are the most sensitive or provide the 

best measure of potential therapeutic response to bevacizumab are warranted.

The current pilot study has several important limitations. First, the current results are 

strongly limited by the small patient number. However, despite the small number of patients, 

many of the results had adequate statistical power to support our conclusions. For example, 

the change in MTRasym within T2 hyperintense and CE lesions as a result of bevacizumab 

was large enough to have more than 99% statistical power (1-β ≈ 0.9985) despite the small 
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sample size (Fig. 2B, E). Similarly, the linear correlation between MTRasym at 3ppm within 

the T2 hyperintense lesion and PFS was strong enough to result in more than 98% 

stastistical power (1- β ≈ 0.9818). Other associations that were found to be statistically 

significant, including the correlation between MTRasym at 3ppm within CE hyperintense 

lesions and PFS, lacked adequate statistical power (1-β ≈ 0.5333) due to the small sample 

size. Second, the retrospective nature of this study resulted in variability with regards to the 

timing between MRI exams and the start of treatment for each patient. While most patients 

(8/11) were treaded within 1 week of their pre-treatment MRI scan (and 6/11 treated within 

2 days of their pre-treatment MRI scan), some patients (2/11) did not receive treatment for 

more than 2 weeks following their pre-treatment MRI exam. In a more ideal setting, it would 

be preferred to have a baseline scan and follow-up scans at rigidly prescribed time points for 

better consistency. In addition, the current study focused only on short-term patient benefit 

as measured by PFS, but did not focus on long-term survival, since many patients did not 

expire by the time of this study. It is important to note that while bevacizumab has been 

shown to prolong PFS in patients with recurrent glioblastoma, no difference in overall 

survival have been observed from that of more traditional chemotherapies [5]. However, a 

large number of studies using advanced imaging techniques have managed to predict long-

term outcome in patients treated with bevacizumab [8, 16, 23, 25–29]. Thus, future studies 

focused on additional, clinically relevant long-term survival endpoints and additional 

patients are critical to confirm our initial findings.

CONCLUSION

In summary, pH-weighted amine CEST MRI appears to have potential to serve as a non-

invasive, early imaging biomarker for bevacizumab treatment response and failure. Early 

decreases MTRasym at 3.0ppm in recurrent GBM after bevacizumab, suggesting reduction in 

tumor acidity, may be associated with better patient outcome (PFS). In addition, residual or 

emerging regions of high tumor acidity may provide valuable information regarding the site 

of tumor recurrence.
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Figure 1. 
Three patient examples (A: patient #4, B: patient #8, C: patient #11) are demonstrated, with 

anatomic images (FLAIR and post-contrast T1-weighted images, T1+C) and pH-weighted 

CEST-EPI images of MTRasym at 3.0ppm at three time points: pre-bevacizumab (baseline), 

post- bevacizumab (follow-up), and the time of tumor recurrence. Baseline T2 lesion ROIs 

used for volume and median MTRasym calculation are outlined in red (on FLAIR and post-

contrast T1-weighted images) and black (on MTRasym images). The red arrows demonstrate 

co-localization of residual or new emerging areas of high acidity (MTRasym at 3ppm) at the 

post-treatment time point and corresponding location of tumor recurrence approximately 2 

months later.
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Figure 2. 
Paired comparisons of pre- and post-bevacizumab volume response (A, D) and MTRasym at 

3.0ppm response (B, E) are plotted. (C) and (F) illustrates the correlation between 

percentage change in MTRasym at 3ppm and change in volume. Each data point represents 

one patient, color coded with the order of progression free survival (PFS) length, with light 

gray representing the shortest PFS and black representing the longest PFS. The correlation 

test was performed with Spearman’s rank correlation.
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Figure 3. 
Correlations between PFS and MTRasym features are shown, including change in MTRasym 

at 3ppm (A, D), post-bevacizumab MTRasym at 3ppm (B, E), and pre-bevacizumab 

MTRasym at 3ppm (C, F). Each data point represents one patient, color coded with the order 

of progression free survival (PFS) length, with light gray representing the shortest PFS and 

black representing the longest PFS. (G) and (H) illustrate Kaplan-Meier survival curves of 
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post-bevacizumab MTRasym at 3ppm and percentage change in MTRasym at 3ppm, both 

within the area of T2 hyperintensity.
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Table 1.

Patient Information

Patient # Age Sex Diagnosis Treatment

1 64 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy*

2 45 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy*

3 55 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy*

4 61 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy*

5 75 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy* and chemotherapy†

6 55 F GBM 1st recurrence Bevacizumab + adjuvant chemotherapy†

7 40 M GBM 1st recurrence Bevacizumab

8 29 F GBM 5th recurrence Bevacizumab + other treatment‡

9 32 M GBM 4th recurrence Bevacizumab + adjuvant chemotherapy†

10 52 M GBM 1st recurrence Bevacizumab

11 62 M GBM 1st recurrence Bevacizumab + adjuvant immunotherapy*

*
Immunotherapy includes Durvalumab, Pembrolizumab, Osimertinib.

†
Chemotherapy includes Lomustine, Carboplatin.

‡
Other treatment includes TOCA 511 + 5-FC.
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Table 2.

Cox Proportional-Hazards Model Analysis

PFS (Univariate) PFS (Multivariate)

Characteristic p-value z-score HR p-value z-score HR

Volume

 Baseline 0.89 −0.14 1.00 (0.98–1.02)* 0.43 −0.79 0.99 (0.96–1.02)*

 Follow-up 0.06 1.91 1.02 (1.00–1.04)* 0.16 1.40 1.02 (0.99–1.04)*

 Change *0.04 2.06 1.03 (1.00–1.06)† 0.10 1.64 1.02 (1.00–1.05)†

MTRasym

 Baseline 0.20 1.29
4.83 (0.44–52.95)

† 0.29 1.05 3.60 (0.33–39.25)†

 Follow-up *0.02 2.31
22.56 (1.60–318.92)

† 0.05 1.94 18.47 (0.97–330.54)†

 Change **0.006 2.73 1.34 (1.09–1.65)† **0.009 2.61 1.37 (1.08–1.74)†

rCBV

 Baseline 0.06 1.91 6.69 (0.96–46.77)‡ 0.09 1.67 5.51(0.75–40.68)‡

 Follow-up *0.03 2.19 24.24 (1.40–420.33)‡ 0.07 1.83 17.30 (0.82–366.21)‡

 Change 0.92 −0.09 1.00 (0.97–1.02)† 0.71 −0.37 0.99 (0.96–1.02)†

*
HRs corresponding to 1mL increase.

†
HRs corresponding to 1% increase.

‡
HRs corresponding to 1-unit increase.

**
Significance of p-value < 0.05, < 0.01, respectively
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