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CHAPTER 6

ABSTRACT
The purpose of this study was to assess whether there was agreement between quantitative 

cerebral blood flow (CBF) and arterial cerebral blood volume (CBV
A
) measurements by [15O]H

2
O 

PET and model-free QUASAR MRI. Twelve healthy subjects were scanned within a week in separate 

MRI and PET imaging sessions, after which quantitative and qualitative agreement between both 

modalities was assessed for grey matter, white matter and whole brain region of interests. 

The correlation between CBF measurements obtained with both modalities was moderate 

to high (r2: 0.28-0.60, p<0.05), although QUASAR significantly underestimated CBF by 30% 

(p<0.001). CBV
A
 was moderately correlated (r2: 0.28-0.43, p<0.05), with QUASAR yielding 

values that were only 27% of the [15O]H
2
O derived values (p<0.001). Group-wise voxel statistics 

identified minor areas with significant contrast differences between [15O]H
2
O PET and QUASAR 

MRI, indicating similar qualitative CBV
A
 and CBF information by both modalities.      

In conclusion, the results of this study demonstrate that QUASAR MRI and [15O]H
2
O PET 

provide similar CBF and CBV
A
 information, but with systematic quantitative discrepancies.

keywords 
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INTRODUCTION
Non-invasive cerebral blood flow (CBF) measurements with arterial spin labeling (ASL) MRI offer 

clinically relevant insight into regional cerebral hemodynamics (Detre et al., 2012; Golay and 

Guenther, 2012). ASL magnetically labels blood that flows to the brain by inversion of the blood-

water spins. To allow for the bolus of labeled blood to arrive in the brain capillaries, a waiting time 

is employed, also known as the post-labeling delay (PLD). After arrival in the brain capillaries, 

labeled blood causes a small signal attenuation compared to the non-labeled situation, from 

which CBF can be calculated. ASL can be implemented using a single or multiple PLDs within a 

repetition time (TR). Whilst the single PLD approach provides reproducible and accurate CBF 

images with full brain coverage, the multiple read-out method provides additional arterial 

cerebral blood volume (CBV
A
) and bolus arrival time (BAT) information, although at the cost of 

brain coverage and image resolution (Petersen et al., 2006). It has been shown that this additional 

CBV
A
 and BAT information may provide further insight into several clinical pathologies, such as 

symptomatic artery occlusion, Alzheimer’s disease and tumors (Bokkers et al., 2009b; Mak et 

al., 2012; van Westen et al., 2011). To date, the pseudo-continuous ASL (pCASL) (Dai et al., 2010) 

method is considered to be the preferred labeling module for a single PLD, while Quantitative 

STAR labeling of arterial regions (QUASAR) (Petersen et al., 2006) with model-free analysis is 

regarded as the preferred labeling module for multiple PLD acquisitions (Alsop et al., 2013).

Over the last couple of decades, [15O]H
2
O positron emission tomography (PET) with arterial 

blood sampling has been established as the most accurate and precise clinically available 

perfusion imaging method (Coles et al., 2005). To validate ASL, several studies have been 

performed comparing it with [15O]H
2
O PET (Bokkers et al., 2009a; Heijtel et al., 2014; Henriksen 

et al., 2012; Kilroy et al., 2014; van Golen et al., 2013; Xu et al., 2009; Ye et al., 2000; Zhang et 

al., 2014). However, the majority of these studies focused on the comparison of single PLD ASL 

with [15O]H
2
O PET, whereas a comparison between multiple-PLD ASL and [15O]H

2
O PET has been 

performed in only two studies with opposing results (Bokkers et al., 2009a; Henriksen et al., 2012). 

Where Bokkers and colleagues (Bokkers et al., 2009a) reported a significant correlation between 

both modalities in patients with symptomatic carotid artery occlusion, such a correlation was not 

found by Henriksen and co-workers (Henriksen et al., 2012) in a group of healthy volunteers. In 

addition, despite the availability of CBV
A
 information, these studies solely focused on CBF. It is 

known that for both modalities, the additional CBV
A
 information is more susceptible to noise and 

systematic errors than the CBF measurement, resulting in a decreased precision. In this regard, 

QUASAR CBV
A
 variation has been determined previously with a 22-41 % within-subject coefficient 

of variation (CV) and a 9-40% between-subject CV (Hendrikse et al., 2008; Petersen et al., 2010; 

Sousa et al., 2013). For [15O]H
2
O PET derived CBV

A
, only the between-subject CV has been reported 

previously (20%), while the within-subject CV has not been reported to date (Ito et al., 2005). A 

quantitative comparison between [15O]H
2
O PET and QUASAR for CBF and especially CBV

A
 would 

provide definitive evidence on the performance of QUASAR. 

The aim of this study was therefore to assess the agreement between [15O]H
2
O PET and 

model-free QUASAR MRI  derived measurements of CBF and CBV
A
.
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MATERIALS AND METhODS
Subject recruitment and study protocol
This study was performed after approval of the Medical Ethics Review Committees of both 

the Amsterdam Medical Center (AMC) and the VU University Medical Center (VUMC). All MRI 

scans were performed at the AMC and all [15O]H
2
O PET scans at the VUMC. Recently, accuracy 

and precision of pCASL CBF was compared with [15O]H
2
O by means of multiple paired imaging 

sessions in a group of sixteen healthy volunteers (Heijtel et al., 2014). In a subpopulation of 

twelve volunteers (7 males, 5 females, aged 20-25 years), additional QUASAR measurements 

were performed during the first MRI session. The maximum time between MRI and [15O]H
2
O PET 

sessions was 7 days. During all scans, end-tidal CO
2 

and heart rate (HR) were monitored using 

an anesthesia workstation (Dräger, Lübeck, Germany) in order to confirm similar physiological 

status for the separate sessions.

Data acquisition
All [15O]H

2
O PET scans were acquired on a Philips Gemini TF-64 PET/CT system (Philips Medical 

Systems, Cleveland, OH, USA). Prior to [15O]H
2
O PET imaging, subjects received an indwelling 

radial artery cannula for arterial blood sampling and a venous cannula for injection of [15O]H
2
O. 

First, a low dose CT scan was performed for attenuation and scatter correction, followed by 

the perfusion scan. At the start of the perfusion scan, 800 MBq of [15O]H
2
O was administered, 

immediately followed by acquisition of a 10 minute 3D dynamic emission scan, reconstructed 

to 25 dynamic frames with progressively increasing duration, as described previously (Heijtel et 

al., 2014). For CBF quantification, the arterial input function (AIF) was obtained with an online 

blood sampler combined with 3 manually acquired blood samples (Boellaard et al., 2001). 

All MRI scans were acquired on a Philips 3T Intera system (Philips Medical Systems, Best, the 

Netherlands), equipped with body coil transmission and an eight-channel receive head-coil. 

The MRI protocol consisted of a T1 weighted scan for anatomical reference (MPRAGE, FOV: 240 

x 240 x 200 mm, resolution: 1 mm isotropic, TR/TE: 7.0/3.1 ms, acquisition time: 4 min 5 s) and 

a QUASAR scan for perfusion imaging (7 cycles with varying crushing directions and flip angles 

(for details see (Petersen et al., 2010)), FOV: 240 x 240 mm, 7 slices, pixel size: 3.75 x 3.75 mm2, 

slice thickness: 7 mm, slice gap: 2.33 mm, TR/TE: 4000/22 ms, SENSE: 2.5, 13 inversion times, 

TI1/ΔTI: 40/300 ms, 10 dynamics, acquisition time: 6 min 52 s). 

CBF and CBVA quantification
PET

After acquisition, each emission scan was reconstructed to a 128 x 128 matrix with a 2 mm 

isotropic voxel size, using a row action likelihood algorithm as provided by the vendor. 

Subsequently, each dynamic scan was imported in IDL (Exelis, Boulder, Co, USA) and further 

processed using homemade software. Prior to quantification, all dynamic scans were smoothed 

with an isotropic 5mm full width half maximum (FWHM) Gaussian kernel to resolve spatial 

inconsistencies between  dynamics. For quantification of the dynamic PET scans, the measured 

concentration of tracer in tissue C
T
(t) was modelled according to (Ohta et al., 1996):  
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[1]

where V
A
 represents CBV

A
, C

A
(t) the measured AIF, f

PET
 the PET derived CBF and V

T
 the volume 

of distribution of water. Subsequently, parametric CBV
A
, volume of distribution

 
and CBF images 

were calculated by means of a basis function approach (Boellaard et al., 2005), where a set of 

basis functions B
i
(t) was pre-calculated for a range (i) of physiological (f

PET
/V

T
)

i
 ratios convolved 

with the AIF (eq. 2). 

[2]

This approach converts the non-linear tracer kinetic model equation (eq. 1) into a linear one 

(eq. 3) with unknowns Θ
1
(= f

PET 
· (1-V

A
)) and Θ

2
(= V

A
). 

[3]

Next, for each basis function B
i
(t), eq. 3 was solved by weighted linear regression analysis. Finally, 

the linear fit with the lowest residual sum of squares was selected and the model parameters 

derived from the corresponding coefficients. 

MRI

All QUASAR scans were imported in IDL and processed using homemade software. Images 

were first averaged for each PLD, after which the labeled images were subtracted from the non-

labeled images. The ASL subtraction signal as function of time (ΔM(t)) was then separated into 

contributions from arterial (ΔM
A
 (t)) and tissue (ΔM

T
(t)) compartments (eq. 4) by subtraction 

of the crushed and non-crushed data. 

[4]

Subsequently, ASL magnetization in tissue was modeled according to eq. 5, where M
A,0

 is the 

equilibrium magnetization of arterial blood, f
ASL

 perfusion as measured with ASL, C
A
 the AIF as 

described by the measured arterial magnetization (eq. 6), r(t) the fractional residual function 

which describes the washout of labeled spins, and m(t) the longitudinal magnetization fraction 

describing the longitudinal magnetization effects (Buxton et al., 1998).

[5]

[6]

Before deconvolution of eq. 5, CBV
A
 was calculated by integrating the area under the AIF curve 

relative to the expected bolus area. Candidate AIF voxels were selected based on an CBV
A
 

greater than 1.2%. Subsequently, for each voxel the nearest candidate AIF voxel was selected for 
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deconvolution, based on the Euclidian distance. Deconvolution was performed by means of a 

model-free approach with single-value-decomposition and regularization (Petersen et al., 2006). 

After quantification, images were resampled to the [15O]H
2
O PET matrix size and smoothed with 

an in-plane 5 mm FWHM Gaussian kernel to match the spatial resolution of [15O]H
2
O PET images. 

To preserve the sharpness of the QUASAR AIF for optimal deconvolution, it was decided to 

smooth the QUASAR data after quantification rather than striving for an identical post-processing 

approach as for [15O]H
2
O PET, where smoothing was performed before CBF calculation. 

Post-processing and statistical analysis 
After CBF quantification, anatomical images were segmented into grey matter (GM), white 

matter (WM) and cerebrospinal fluid (CSF) probability maps using SPM8 (Wellcome Trust, 

London ,UK). Next, each CBF image was registered to its corresponding GM probability map, 

and calculated registration parameters were also applied to the corresponding CBV
A
 image. 

Based on the GM probability maps, a population based template was generated by means of a 

diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) algorithm 

(Ashburner, 2007), with CBF and CBV
A
 maps warped accordingly. Due to the limited longitudinal 

coverage of the QUASAR scan, data analysis was confined to 40 mm in the slice direction with 

the circle of Willis as inferior limit. 

The similarity of physiological status between measurement sessions was tested by means 

of a paired t-test (p<0.05). Next, agreement between the various CBF and CBV
A
 data was 

analyzed based on the average signal within GM, WM and whole brain (WB) regions of interests 

(ROIs) and on a voxel-wise basis. For each ROI, voxels for inclusion were determined based on 

the segmented probability maps, solely including voxels with a tissue probability larger than 

50%.  ROI agreement between [15O]H
2
O and QUASAR scans was assessed by means of a paired 

t-test (p<0.05), Pearson correlation and linear regression analysis. Voxel-wise agreement was 

assessed by scatter plot and Pearson correlation analysis combined with statistical testing of 

the spatial maps in SPM (paired t-test, p<0.001, uncorrected for family wise errors). To avoid 

bias in spatial statistics resulting from scaling differences between modalities, QUASAR 

results were scaled to the [15O]H
2
O values based on the calculated whole brain ROI regression 

coefficient. Furthermore, additional smoothing with a 8 mm isotropic FWHM Gaussian kernel 

was performed to resolve spatial inconsistencies.

RESULTS
Figure 1 shows an example of CBF and CBV

A
 images in a single volunteer derived from [15O]

H
2
O PET (including smoothing prior to quantification) and QUASAR MRI (with and without 

resampling and smoothing after quantification) data. QUASAR and [15O]H
2
O PET derived CBF 

and CBV
A
 images appear to show similar hyper- and hypo-intensity patterns, though the initial 

resolution and scaling differences are clearly visible. 

An overview of the acquired physiological and hemodynamic parameters is provided in Table 1. 

No statistical significant differences in end tidal CO
2
 or HR were observed between corresponding 

MRI and PET sessions. However, significant differences between [15O]H
2
O and QUASAR derived CBF 
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and CBV
A
 values were observed. In case of CBF, a statistically significant (p<0.001) underestimation 

of the QUASAR derived values was observed, ranging from 68% in GM to 77% in WM. For CBV
A
, 

QUASAR values were significantly lower (p<0.001) than [15O]H
2
O values in all ROIs. QUASAR derived 

CBV
A
 values ranged from 26% (GM) to 29% (WM) of [15O]H

2
O derived values.

Figures 2A and 2C show scatter plots of corresponding GM and WM ROI values for CBF 

and CBV
A
, respectively. Both the CBF and CBV

A
 measurements correlated well between the 

modalities, ranging from moderate to high (r2: 0.28-0.66).  With exception of GM CBF, all 

correlations were statistically significant. The corresponding WB ROI regression coefficients 

Figure 1: Example of [15O]H
2
O PET (with smoothing before deconvolution) and QUASAR MRI (without and with 

resampling and smoothing) derived CBF and CBV
A
 images in a single volunteer.

Table 1: Measured (mean ± standard deviation) physiology and hemodynamic parameters for [15O]H
2
O PET and 

QUASAR.**(p<0.001, paired student-t test)

PET QUASAR

HR 60.7±11.8 62.4±13.2

etCO
2
 (mmHg) 37.9±3.7 39.1±3.5

CBF (mL/min/100g) GM** 46.3±7.0 31.5±4.9

WM** 30.2±3.9 23.4±4.0

WB** 39.3±5.6 28.0±4.4

CBV
A
 (% mL/mL) GM** 3.21±0.45 0.84±0.35

WM** 1.87±0.31 0.54±0.26

WB** 2.60±0.38 0.70±0.31
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were 0.70 and 0.27 for the CBF and CBV
A
, respectively. Corresponding scatter plots GM 

and WM voxel values are depicted in figures 2B and 2D. For the voxel-wise CBF scatter plot 

(figure 2B), a minor discrepancy can be seen in the transition area from GM to WM combined 

with a truncation of the [15O]H
2
O derived CBF at around 15mL/100g/min. For the voxel-wise 

CBV
A
 scatter plot (Figure 2D), a linear relation can be observed before reaching a plateau at 

approximately 0.15% mL/mL QUASAR derived CBV
A
. 

For a qualitative voxel-wise comparison, average CBF and CBV
A
 maps per modality are 

illustrated in figure 3, where the QUASAR color scale was adjusted according to the calculated 

regression coefficients (0.7 for CBF and 0.27 for CBV
A
). In addition, statistical difference 

maps between modalities (where QUASAR data were linearly scaled according to regression 

coefficients) are shown. In general, the voxel-wise contrast between modalities agreed for 

Figure 2: Correlation between [15O]H
2
O PET and QUASAR MRI measurements for CBF (A,B) and CBV

A
 (C,D) 

on both ROI (A,C) and voxel-wise (B,D) levels for grey matter (GM), white matter (WM) and whole brain (WB; 
individual data points not shown). Significant correlations are denoted by *(p<0.05), **(p<0.001)
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most of the brain, although QUASAR systematically underestimated CBF contrast in the 

prefrontal cortex and to a smaller extent also in the occipital cortex. Furthermore, minor 

QUASAR overestimations were noted in the posterior cingulate cortex and parts of the caudate 

nucleus. In case of CBV
A
, QUASAR CBV

A
 was only significantly larger in the posterior cingulate 

cortex, being similar to [15O]H
2
O CBV

A
 in most of the remaining brain. 

Figure 3: Population based CBF and CBV
A
 templates for each modality, together with a voxel-wise assessment of 

significant differences (p<0.001, uncorrected for family wise errors; QUASAR images were adjusted for observed 
regression coefficients prior to testing). 
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DISCUSSION
In this study, agreement between [15O]H

2
O PET and QUASAR MRI derived CBF and CBV

A
 values 

was assessed in a population of young healthy subjects. A moderate to high correlation 

between both modalities was observed, although QUASAR systematically underestimated CBF 

by 30% and CBV
A
 by 73% compared with [15O]H

2
O PET results. The major hyper- and hypo CBF 

and CBV
A
 patterns could be identified by both modalities, both at individual and group levels. 

After correction for global scaling factors, spatial statistical testing identified the prefrontal 

cortex and the caudate nucleus as the main areas with a significant mismatch in CBF contrast, 

whilst only minor areas with significant differences in image contrast were identified for CBV
A
. 

QUASAR MRI measurements systematically underestimated CBF compared with [15O]H
2
O 

PET. The major source of this discrepancy most likely is the single value decomposition with 

regularization analysis of the QUASAR images. Although this method is preferred for its robustness, 

previous simulations indicated a systematic 17% underestimation in CBF when using this approach 

(Petersen et al., 2006). Less strict regularization could resolve this underestimation, but at the 

cost of stability. Nevertheless, QUASAR CBF values obtained here were relatively low compared 

with previous QUASAR reports, whereas corresponding [15O]H
2
O PET CBF values were in line with 

previous studies (Leenders et al., 1990; Petersen et al., 2010). In addition, an average brain partition 

coefficient was used in the QUASAR analysis, whereas the volume of distribution was calculated for 

each voxel separately in case of [15O]H
2
O, possibly explaining the observed GM-WM discrepancy 

between modalities as seen in figure 2B. It is very likely that a tissue specific partition coefficient 

may decrease this discrepancy, although at the expense of additional complexity in the QUASAR 

calculations. The main source for truncation in [15O]H
2
O WM CBF could be sought in the use of 

parametric basis functions used for [15O]H
2
O PET. Due to regularization of the predefined basis 

functions, the algorithm is designed to avoid extreme values, effectively truncating CBF in low CBF 

WM areas. Adjusting the regularization of the basis functions could resolve this truncation but would 

result in decreased reliability of [15O]H
2
O derived hemodynamic parameters.

Calculated quantitative QUASAR CBV
A
 and accompanying CBV

A
 variation across all 

volunteers were in good agreement with data from previous reports (Petersen et al., 2010, 

2006). [15O]-H
2
O PET derived CBV

A
 values were higher than previously reported by Ito and 

colleagues (3.21% mL/mL in this study, versus 1.5 % mL/mL by Ito et al.) (Ito et al., 2005). The 

main difference between the present study and that of Ito et al. is that the present analysis was 

performed parametrically to generate CBV
A
 images, whereas Ito and colleagues first averaged 

the signal in four neocortical ROIs and subsequently calculated the hemodynamic parameters. 

While their approach may be more robust to noise effects and errors caused by delay and 

dispersion, it misses out on voxel-wise CBV
A
 information. Furthermore, the four neocortical 

ROIs did not cover high CBV
A
 areas such as the insular lobe, whereas these were included 

in our GM ROI analysis, resulting in higher GM CBV
A 

values. The quantitative discrepancy in 

CBV
A
 at a ROI level between both modalities appears to originate from both methods. The 

QUASAR approach calculates CBV
A
 as the integral over the difference between the crushed 

and non-crushed cycles. This results in quantitative CBV
A
 values that are highly dependent on 

the crusher velocities used, resulting in a velocity dependent CBV
A
 offset. Decreasing crushing 

velocities would increase the accuracy of QUASAR derived CBV
A
, but at the cost of a decrease 
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in signal-to-noise ratio (SNR) in the tissue (crushed) compartment and thus in the resulting CBF 

estimation. The [15O]H
2
O contribution to the quantitative CBV

A
 mismatch can be attributed to 

potential inaccuracies in the dispersion estimation and the relatively low temporal resolution 

of the dynamic frames (Lammertsma and Jones, 1983). With both modalities affected by CBV
A
 

offsets, it is difficult to indicate which modality provides the more accurate estimate of CBV
A
. 

Previously reported CBV
A
 estimates were between 0.75 and 1.5% mL/mL, indicating that the 

QUASAR CBV
A
 values in this study render a more accurate estimation than [15O]H

2
O PET (An 

and Lin, 2002; Ito et al., 2005). However, it should also be noted that the between-subject 

CV in this study was 14% for [15O]H
2
O PET and 44% for QUASAR, suggesting that [15O]H

2
O PET 

measurements provides more reproducible CBV
A
 estimates, when taking into account the 

population averaged CBV
A
 offset. Furthermore, since this study was part of a larger study on 

the precision of pCASL and [15O]H
2
O PET derived CBF values, information on the within-subject 

CV was available for [15O]H
2
O PET and found to be 28% (n=16). This is comparable with QUASAR 

derived CBV
A
 measurements, which have been reported to be between 22 and 41% (Petersen 

et al., 2010; Sousa et al., 2013). Together, these findings emphasize the precision with which the 

voxel-wise CBV
A
 can be measured with both modalities.

The observed plateauing of QUASAR CBV
A
 in figure 2D can be attributed to minor diffusion 

weighting by the crusher gradients. The non-crushed ASL signal is predominantly larger than 

the crushed signal and integrating over the difference will yield generally positive CBV
A
 values 

and an CBV
A
 plateau in low SNR areas with small CBV

A
 values. 

For the qualitative spatial statistical analysis, two areas with an CBV
A
 contrast discrepancy 

were identified, whereas based on the averaged CBV
A
 maps in figure 3, a significant contrast 

difference in the posterior area would be expected as well. It is very likely that the combination 

of a low number of volunteers (twelve), relatively high between-subject variation and low SNR, 

does not provide sufficient statistical power for a solid voxel-wise CBV
A
 comparison. Although 

it has been demonstrated that CBV
A
 might be a useful clinical parameter, at present QUASAR 

derived CBV
A
 information is rarely used in a clinical setting. To date, only a single report has 

investigated the clinical applicability of QUASAR derived CBV
A
 in brain tumors. (van Westen 

et al., 2011). It is possible that CBV
A
 has been overlooked, partly because of its  high variability, 

but also because of more focus on other QUASAR derived parameters, such as CBF and bolus 

arrival time. With new emerging techniques such as the recently introduced TURBO-QUASAR 

(Petersen et al., 2013), precision of CBV
A
 is likely to improve and might serve as a valuable clinical 

parameter additionally derived from QUASAR MRI measurements.

To conclude, both QUASAR derived CBF and CBV
A
 values were correlated with corresponding 

[15O]H
2
O PET derived values, although significant quantitative discrepancies were found. After 

correction for these quantitative discrepancies, both modalities showed similar qualitative CBF 

and CBV
A
 distribution in the brain, indicating voxel-wise agreement. 
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