
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Absolute quantification of perfusion by dynamic susceptibility contrast MRI using
Bookend and VASO steady-state CBV calibration: a comparison with pseudo-
continuous ASL.

Lind, Emelie; Wirestam, Ronnie; Markenroth Bloch, Karin; Ahlgren, André; van Osch,
Matthias J P; van Westen, Danielle; Surova, Yulia; Ståhlberg, Freddy; Knutsson, Linda
Published in:
Magma

DOI:
10.1007/s10334-014-0431-x

2014

Link to publication

Citation for published version (APA):
Lind, E., Wirestam, R., Markenroth Bloch, K., Ahlgren, A., van Osch, M. J. P., van Westen, D., Surova, Y.,
Ståhlberg, F., & Knutsson, L. (2014). Absolute quantification of perfusion by dynamic susceptibility contrast MRI
using Bookend and VASO steady-state CBV calibration: a comparison with pseudo-continuous ASL. Magma,
27(6), 487-499. https://doi.org/10.1007/s10334-014-0431-x

Total number of authors:
9

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

Download date: 18. May. 2025

https://doi.org/10.1007/s10334-014-0431-x
https://portal.research.lu.se/en/publications/924f79c2-77b2-4f87-9fc1-e881197e429d
https://doi.org/10.1007/s10334-014-0431-x


1 
 

Absolute quantification of perfusion by dynamic susceptibility contrast MRI using Bookend and VASO 

steady-state CBV calibration: a comparison with pseudo-continuous ASL 

 

Emelie Lindgren
1
, Ronnie Wirestam

1
, Karin Markenroth Bloch

1,2
, André Ahlgren

1
, Matthias J.P. van Osch

3
, 

Danielle van Westen
4,5

, Yulia Surova
6,7

, Freddy Ståhlberg
1,5,8

 and Linda Knutsson
1 

 

1
Department of Medical Radiation Physics, Lund University, Lund, Sweden 

2
Clinical science, Philips Healthcare, Lund, Sweden 

3
C.J.Gorter Center for high field MRI, Department of Radiology, LUMC, Leiden, Netherlands 

4
Center for Medical Imaging and Physiology, Skåne University Hospital Lund, Lund, Sweden 

5
Department of Diagnostic Radiology, Lund University, Lund, Sweden  

6
Department of Clinical Sciences, Lund University, Lund, Sweden 

7
Department of Neurology, Skåne University Hospital, Lund, Sweden 

8
Lund University Bioimaging Center, Lund University, Lund, Sweden 

 

Correspondence to:  

Emelie Lindgren 

Department of Medical Radiation Physics 

Lund University Hospital 

22185 Lund, Sweden 

 

E-Mail: Emelie.Lindgren@med.lu.se 

Telephone: +46 46 173146 

Fax: +46 46 178540 

 

 

Keywords: Cerebral blood flow, VASO, BOOKEND, DSC-MRI, perfusion 

  

mailto:Emelie.Lindgren@med.lu.se


2 
 

Abstract 
 

Objective: Dynamic susceptibility-contrast MRI (DSC-MRI) tends to return elevated estimates of cerebral blood 

flow (CBF) and cerebral blood volume (CBV). In this study, subject-specific calibration factors (CFs), based on 

steady-state CBV measurements, were applied to rescale the absolute level of DSC-MRI CBF. 

Materials and Methods: Twenty healthy volunteers were scanned in a test-retest approach. Independent CBV 

measurements, for calibration, were accomplished using a T1-based contrast agent steady-state method (referred 

to as Bookend) as well as a blood-nulling vascular space occupancy (VASO) approach. Calibrated DSC-MRI 

was compared with pseudo-continuous arterial spin labeling (pCASL).  

Results: For segmented grey matter (GM) regions of interests (ROIs), pCASL-based CBF was 63±11 

ml/(min100g) (mean±SD). Nominal CBF from non-calibrated DSC-MRI was 277±61 ml/(min100g), while 

calibrations resulted in 56±23 ml/(min100g) (Bookend) and 52±16 ml/(min100g) (VASO). Calibration tended to 

eliminate the overestimation, although the repeatability was, generally, moderate and the correlation between 

calibrated DSC-MRI and pCASL was low (r<0.25). However, using GM instead of WM ROIs for extraction of 

CFs resulted in improved repeatability.  

Conclusion: Both calibration approaches provided reasonable absolute levels of GM CBF, although the 

calibration methods suffered from low signal-to-noise ratio, resulting in weak repeatability and difficulties in 

showing high degrees of correlation with pCASL measurements.  
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Introduction 
Dynamic susceptibility contrast MRI (DSC-MRI) can provide maps of cerebral blood flow (CBF), cerebral 

blood volume (CBV) and mean transit time (MTT). DSC-MRI perfusion estimates are generally regarded to be 

reliable in relative terms, but both CBF and CBV values have tended to be overestimated [1]. Although relative 

maps of perfusion and perfusion-related parameters are often sufficient, there are applications for which absolute 

values are warranted, for example for diagnostics and follow-up of patients with stroke, intracranial tumour, 

dementia and depression [2-6]. One feasible approach to obtain reliable absolute values is to measure CBV with 

a complementary method that provides absolute values, either globally or locally, and to compare these values 

with the corresponding DSC-MRI CBV estimates to determine a calibration factor (CF).  

 

In the previously proposed Bookend method [7,8], CBV is estimated using steady-state measurements of T1 

before and after contrast agent (CA) administration to determine the CF. The Bookend method has previously 

been compared to positron emission tomography (PET), which is commonly regarded as the gold standard 

method for CBF measurements, and a good correlation between the two methods was observed [9]. Another 

method for absolute CBV estimation is vascular space occupancy (VASO), where a sequence for nulling of the 

signal from pre-CA blood is used before and after administration of CA [10]. In the present study, steady-state 

CBV measurements from pre- and post-CA T1 measurements (for the Bookend approach) as well as from the 

VASO method were used to calibrate CBF from DSC-MRI in a test-retest study in 20 healthy subjects, and the 

results were compared to CBF from pseudo-continuous arterial spin labeling (pCASL). Absolute CBF values 

from pCASL have previously shown reasonable agreement with reference methods such as PET [11,12], and a 

comparison between pCASL and calibrated DSC-MRI is thus of relevance. The VASO- and Bookend-calibrated 

CBF estimates were also mutually compared and the repeatability of the measurements was investigated. 
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Material and Methods 

 

Theory 

Dynamic susceptibility contrast-MRI 

The original CBV estimates obtained by DSC-MRI are given by Eq. 1 [1]: 
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where C(t) is the CA concentration curve in tissue and AIF(t) is the CA concentration curve in a tissue-feeding 

artery. The original DSC-MRI CBF estimates are given by the relation between C(t), AIF(t) and the tissue 

impulse residue function R(t), according to [1]: 
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where ρ is the density of brain tissue, and HctLV and HctSV are the hematocrit levels in large and small vessels, 

respectively, and " " denotes convolution, i.e., CBFDSC can be obtained by deconvolution.  

 

Bookend concept 
According to the Bookend concept, CBV can be obtained from T1 measurements before and after CA 

administration using the following equations [7,13]: 
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 refers to either the white matter (WM) or the grey matter (GM) steady-state CBV, and T1post 

and T1pre are the T1 values after and before administration of CA, respectively. Eq. 3 assumes fast water 

exchange between the intra- and the extra-vascular space [14,15], and WCF(ΔR1) corrects for expected 

deviations from the fast-water-exchange limit [7]. The WCF is dependent on the concentration of CA in blood as 

well as on sequence parameters in the T1 measurements and can be obtained by fitting a curve, of the form 

a·ΔR1
2
+b·ΔR1+c to                                 

      
 data plotted as a function of the change in longitudinal 

relaxation rate, ΔR1, in blood [7,16]. 

 

VASO 
For absolute CBV estimation using VASO, a sequence with an inversion time (TI) assumed to null the pre-CA 

blood signal is employed, before and after CA administration [10]. Since the T1 of blood, but not of the 

extravascular space in tissue (in case of intact BBB), is changed by the CA, the difference between images 

acquired before and after CA administration is proportional to CBV. The relation can be expressed as follows 

[10]:  

            
 

 
 
          

    
 
 

       
 

(5) 

 

Spost and Spre are the tissue signals in images after and before CA, respectively, and A·Cb corresponds to the 

signal in blood in the post-CA images. Kslices is a factor that corrects for the fact that only one slice can 

experience exactly the desired inversion time. The Kslices factors can be calculated according to            

 
 
       
        where TIslice is the actual inversion time for each slice and T1blood is T1 in blood before CA. 

 

Calibration of DSC-MRI 
Assuming that MTT is correctly measured by DSC-MRI, the same CF can, in principle, be used to calibrate both 

CBF and CBV estimates since MTT=CBV/CBF (according to the central volume theorem). CFs were estimated 

according to Eq. 6: 
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where CBVreference refers to CBVBookend or CBVVASO. In this study, the CFs were applied to CBF data only, and 

absolute CBF maps were obtained as follows: 

              (7) 

 

Pseudo-continuous arterial spin labelling 

The magnetization difference ΔM (control – label) was modeled as follows [17,18]   

                        (   
      )           (8) 

 

where a is the total labeling efficiency (including loss of label due to background suppression inversion pulses),  

T1a  is T1 of arterial blood,  is the labeling duration and w is a slice-specific post-label delay given by   

    (          )     , where wps is the preset post-label delay, nslice is the slice number and tro is the slice 

readout time. M0a is the equilibrium magnetization, given by: 

    
   

              
 
  
   

 
        

 

            
    

(9) 

 

where SWM is the signal intensity of WM in a reference scan, used as a calibration standard, λi is the fractional 

volume water content of compartment i, TRref and TEref are the repetition time and echo time respectively of the 

reference scan and T2
*

i  is the effective transverse relaxation time of compartment  i . 

 

Subjects and measurements 

All measurements were performed using a 3T MRI unit (Philips Achieva, Philips Healthcare, Best, The 

Netherlands) with approval from the Regional Ethical Review Board in Lund, Sweden, and with written 

informed consent obtained from each volunteer.  Twenty healthy volunteers (ten females and ten males divided 

into two equally sized age groups, 25-34 years and 51-84 years, respectively) were scanned two times with 7-20 

days between investigations. To ensure that all volunteers were healthy and could be expected to show normal 

CBF, each volunteer participated in a neurological physical examination, including basic cognitive testing, and 

the volunteers were also asked not to drink any coffee during the day of the examinations. No volunteer used 
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prescription drugs potentially influencing CBF. The CA (Dotarem, Guerbet, Paris, France) was injected at a rate 

of 5 ml/s at a total dose of 0.12 mmol/kg body weight, where 0.02 mmol/kg body weight was injected as a pre-

bolus (not used in this study) and 0.1 mmol/kg body weight was injected as the main bolus used for the DSC-

MRI experiment. The injections of CA were followed by a saline flush injected at the same rate.   

 

Images for T1 measurements, VASO and DSC-MRI were acquired using the same matrix sixe of 128x128 and 

field of view of 220×220 mm
2
. For pCASL, a matrix size of 96×96 was used for the same field of view. The 

slice thickness for all images, except for the T1 measurements, was 5 mm with 1 mm slice gap between slices. 

For the T1 measurement, a three-dimensional (3D) sequence was employed, and a slice thickness of 6 mm and 

no slice gap was used in order for the images to be comparable to the other protocols. To simplify comparisons, 

Smart-Exam [19] was used for planning of slice orientation and field of view. The timing of the different 

sequences included in this study can be seen in Table 1.  

 

Dynamic susceptibility-contrast MRI: For DSC-MRI, a single-shot gradient-echo EPI sequence with echo time 

(TE) 29 ms, flip angle (FA) 60° and SENSE=2.5 was used to cover an imaging volume of 20 slices during 87 

seconds, including the first passage of CA, at a temporal resolution of 1243 ms.  

T1 measurement: T1 quantification was accomplished using a 3D Look-Locker sequence [20], providing signal 

data from 16 time points after an adiabatic inversion pulse with 200 ms time intervals, a repetition time (TR) of 

10 seconds, FA=5° and TE=3.5 ms. Twelve slices were collected using an EPI-factor (EPI echoes per excitation) 

of three and a TFE-factor (echoes per excitation in a turbo spin echo) of nine.  

Vascular space occupancy: In the VASO data acquisition, ten slices were collected (separated 13 ms in time) 

using a blood-nulling sequence with TR=6 s, TE=6 ms, TI=1088 ms for the first slice and a global inversion 

pulse [10]. A segmented EPI with EPI-factor nine was used and both magnitude and phase images were 

obtained.  

Pseudo-continuous arterial spin labelling: For pCASL, 16 slices were collected using 30 repetitions, with 

TE=14 ms, TR=4000 ms, FA=90°, EPI-factor 37 and SENSE=2.3. The label duration was 1650 ms, the post 

label delay 1600 ms and the label gap 20 mm. Background suppression was used with TIs 1710 and 2860 ms. A 

separate sequence for reference measurement of M0 was applied using the same parameters as in the pCASL 
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sequence, except for the use of TR=10000 ms, four repetitions and no background suppression. An image of the 

labelling plane from the first investigation was used as a guide for positioning of the labelling plane at the second 

investigation.  

 

Post-processing 
In this study, individual global CFs were estimated, for each investigation, to calculate quantitative CBF maps 

from DSC-MRI. Since DSC-MRI is considered to provide reliable relative values, global CFs can be used which 

ensures higher SNR than CFs extracted locally or pixel by pixel. Two approaches, using either WM or GM ROIs 

for the extraction of CFs, were applied. WM ROIs can more easily be extracted with minimal partial volume 

effects, so WM ROIs are often used to provide CFs. However, GM CBV is higher, so GM ROIs can be expected 

to show higher SNR for the CBV estimations. 

 

Dynamic susceptibility-contrast MRI 
CBFDSC and CBVDSC were calculated according to Eqs. 1-2, using ρ=1.04 g/ml, HctLV=0.45 and HctSV=0.25 [21]. 

Global AIFs were obtained by averaging 4-8 semi-automatically identified local AIFs, and the deconvolution 

was carried out using a block-circulant singular value decomposition algorithm [22] using 10% of the maximum 

singular value as a fixed cut off level.  

 

Bookend 
Images from the 3D Look-Locker sequence were processed by MRmap [23] for calculation of T1 maps, and 

CBVBookend was subsequently calculated using Eqs. 3 and 4 by first calculating the mean value of T1pre and T1post 

in the ROIs used for estimation of calibration factors (further described below). The three pixels in the volume 

showing the highest difference in relaxation rate between pre- and post-CA administration in the sagittal sinus 

were selected to represent blood. To avoid noise effects the selected pixels were also required to show high 

signal (i.e., being among the 3% of the voxels with the highest signal) at the last time point in the post-CA 

images from the Look-Locker sequence. CBVtrue,WM = 1.91 ml/100g and CBVtrue,GM = 3.85 ml/100g was used [7] 

for the estimation of WCF, and the fitting was carried out using a non-linear least square fitting (with zero as 

lower limit and infinity as upper limit).  
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VASO 
A·Cb was determined as the mean value of three pixels in the sagittal sinus showing the largest signal in the 

post-CA images. CBVVASO was estimated using Eq. 5 where Spre and Spost were calculated as mean values in each 

slice containing at least 10 pixels of the selected WM and GM ROIs in both pre- and post CA images. (Spost-Spre) 

values were corrected by Kslices= [0.95, 0.96, 0.97, 0.98, 0.98, 0.99, 1.00, 1.01, 1.01, 1.02] (assuming 

T1blood=1624 ms [24]). A weighted mean of all slices provided ROI values of CBVVASO. Post-CA images will 

show higher signal compared with the pre-CA situation since blood will also contribute to the post-CA signal. A 

voxel including compartments with long T1 (e.g., CSF) might show negative signal, due to the inversion time 

used, and higher signal will thus be interpreted as a signal loss in the magnitude images. To take this effect into 

account, the magnitude data were sign corrected using phase images before Eq. 5 was utilized. VASO phase 

images were unwrapped and high-pass filtered, and voxels showing phase values -90° ≤φ<90° and 90° ≤ φ<270° 

were set to show positive and negative signal, respectively [25] (except in one dataset, where phase images were 

unavailable).   

 

Calibration factors 

For extraction of an individual (either WM- or GM-based) global CF for each investigation, CBVBookend, 

CBVVASO and CBVDSC were estimated in WM as well as GM ROIs. The ROIs were extracted in the following 

way: Pre- and post-CA T1 images (T1pre and T1post) were matched to each other and coregistered to the first time 

point in the DSC-MRI time series (DSCfirst). Pre- and post-CA VASO images (VASOpre and VASOpost) were 

matched to each other and coregistered to DSCfirst using the same procedure. Using new segment in SPM8 

[www.fil.ion.ucl.ac.uk/spm], segmentations of WM and GM were performed on coregistered T1pre and on 

DSCfirst images creating tissue probability maps (one for each tissue type) with values from 0 to 1 indicating the 

fraction of the voxel containing the tissue of interest. Voxels with values exceeding two times the global mean 

CBVDSC value were assumed to represent large vessels and were excluded from the DSCfirst WM and GM 

segmentation. A segmentation threshold of 0.55 was used for both WM and GM to create binary ROIs (where 

thresholds were chosen after visual inspection of some datasets to provide ROIs of reasonable size) and a 

common ROI was created, including only voxels for which both T1pre and DSCfirst showed the binary value 1. 

T1pre was chosen for segmentation purposes due to superior contrast, and the additional requirement of an 



10 
 

overlap between T1pre and DSCfirst regions was introduced to minimize effects of EPI-readout-related distortions 

in the DSC-MRI images. The resulting ROI was transferred to the space of the original T1 and VASO images by 

applying an inverse reslice operation (with parameters obtained from the co-registration). This ROI transfer 

introduced some degree of smoothing, so the ROIs were thresholded (typically at 0.5) to give the same ROI size 

as for the common ROI in the creation of binary ROIs after the inverse reslice operation. CFs were then 

estimated according to Eq. 6 and used for calculation of quantitative CBF values using Eq. 7.  

Pseudo-continuous arterial spin labeling 

SWM, (cf. Eq. 9) was estimated from a binary WM mask automatically produced for each subject by thresholding 

the segmented WM tissue probability map at 0.95 using SPM [www.fil.ion.ucl.ac.uk/spm] and perfusion values 

were calculated using Eq. 8. The parameters α, T1a, λa, λWM, T2
*

a, T2
*
WM, and ρ were taken from the literature as 

70% [26], 1.65 s [24], 87% [27], 73% [27], 43.6 ms [28], 44.7 ms [21] and 1.04 g/ml [21], respectively. 

 

Comparison of CBF estimates from calibrated DSC-MRI and pCASL 

For comparison of calibrated DSC-MRI results with the corresponding pCASL data, values of CBF were 

extracted in a new set of GM ROIs (not identical to the ones used for calibration). DSCfirst and calculated pCASL 

CBF maps were coregistered to the M0 images from the pCASL experiment, and segmentation of GM was 

performed in new segment in SPM8 [www.fil.ion.ucl.ac.uk/spm] based on the M0 images for pCASL and the 

coregistered DSCfirst for DSC-MRI, creating probability maps of GM. A threshold of 0.55 was used to create 

binary ROIs and a common ROI was created, including only voxels for which both data sets showed the binary 

value 1. An inverse reslice operation of the ROI was performed for the DSCfirst and pCASL images to obtain the 

common ROI in the DSCfirst and pCASL space. To get binary ROIs, a threshold was applied to create ROIs of 

approximately the same size as before the inverse reslice operation. Voxels with values exceeding two times the 

global mean CBFDSC value were excluded from the GM ROIs in DSC-MRI in order to avoid contribution from 

large vessels.  

 

Four investigations in three different volunteers were excluded due to pCASL scans with non-optimal labeling, 

leading to unrealistically low CBF values and inhomogeneous CBF maps. For volunteers where one of the 
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investigations was excluded, the single value of the successful investigation was used instead of the mean value 

of visit 1 and visit 2 for comparison with DSC-MRI.  

 

Statistical analysis 

For CBF test-retest analysis and for comparison of CBF estimates, Bland-Altman analyses [29] were carried out. 

For the comparison between DSC-MRI (calibrated and non-calibrated) and pCASL, and for the mutual 

comparison between Bookend- and VASO-calibrated DSC-MRI, the mean value of visit 1 and visit 2 was used 

and the standard deviations (SDs) in the Bland-Altman analyses were thus corrected according to     

√   
           

           
  [29], where SDm is the SD of the differences between method 1 and 

method 2 (using the mean value of visit 1 and visit 2 for each method), while SDm1 and SDm2 are the SDs of the 

differences between visit 1 and visit 2 for  method 1 (m1) and method 2 (m2), respectively. For completeness, 

linear correlation analyses were included for comparisons of datasets which were expected to show linear 

relationships. 

 

Results 

The fitting of CBVtrue /          
       versus the change in ΔR1 in blood gave the WCF expression    (   )  

            
                for WM and    (   )          

                   for 

GM. Estimated           
       (without correction for water-exchange-effects) and CBVtrue /WCF (where WCF is 

given by the fitted function) can be seen in Figure 1.   

 

Figure 2 shows the repeatability of the CBVreference measurements used for determining the CFs for Bookend and 

VASO. The correlation coefficients from the linear regressions were generally low, for both Bookend and 

VASO, indicating uncertainties in the CBV estimation.  
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A summary of the mean values of GM CBF is given in Table 2, showing a clear overestimation of CBF from 

non-calibrated DSC-MRI when compared with pCASL as well as both Bookend- and VASO-calibrated DSC-

MRI. Figure 3 and Figure 4 show the repeatability of Bookend- and VASO-calibrated GM CBF, illustrated using 

scatter plots as well as Bland-Altman diagrams, and the corresponding repeatability of GM CBF obtained by 

pCASL is also shown. When using WM ROIs (Figure 3) for calibration, the repeatability study for both Bookend 

and VASO calibration resulted in low correlation coefficients in the scatter plots and large SDs in the Bland-

Altman plots. The test-retest data for calibration based on GM ROIs (Figure 4) showed improved repeatability, 

most clearly seen as reduced SDs in the Bland-Altman plots for both Bookend and VASO.  

 

Figure 5 and Figure 6 show the comparison of non-calibrated and calibrated DSC-MRI with pCASL. Neither the 

scatter plots nor the Bland-Altman plots indicated good correspondence between DSC-MRI and pCASL. The use 

of GM ROIs (Figure 6) instead of WM ROIs (Figure 5) for calibration did not seem to substantially improve the 

correspondence between the methods. All correlation coefficients were low (r<0.25) and the Bland-Altman plots 

showed large SDs (shown as dotted lines) indicating large differences between the two methods compared. 

However, the mean values of the differences between DSC-MRI and pCASL (shown as solid lines in the Bland-

Altman plots) were close to zero for all calibrated DSC-MRI estimates.  

 

Finally, the CBF estimates from Bookend calibration and VASO calibration were mutually compared. Results 

using WM ROIs (Figure 7a-b) as well as GM ROIs (Figure 7c-d) for extraction of CFs are shown, and mean 

values from visit 1 and visit 2 are displayed. Using GM ROIs for calibration, the methods showed fairly good 

agreement, i.e., small SDs in the Bland-Altman plot and reasonable correlation coefficients (0.88 for GM 

calibration ROIs).  
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Discussion 

Non-calibrated DSC-MRI has previously tended to show high CBV and CBF estimates compared with PET 

values [1] and the Bookend technique as well as a VASO sequence can potentially be used for calibration of 

DSC-MRI with the aim to establish more reliable absolute levels of CBF. In the present study, the comparison 

between non-calibrated DSC-MRI and pCASL (Figure 5) showed no convincing correspondence, and both the 

scatter plots and the Bland-Altman analysis showed a large bias with severely overestimated  values from DSC-

MRI (approximately 4-5 times higher than pCASL). Both calibration techniques returned CBF values that were, 

on a group level, closer to the pCASL results as well as to literature values typically obtained by other methods 

such as ASL and PET [30-34]. However, both Bookend and VASO suffered from uncertainties that contributed 

to variations between visit 1 and visit 2 in the repeatability studies (Figures 3 and 4). Most of the variations 

seemed to originate from the CBVreference (Figure 2) estimates used for calibration, and various plausible sources 

of uncertainty will be discussed below.  

 

Estimation of CBVreference 

One important issue in determining absolute CBV values is that the effect of the CA in pure blood (ΔR1 for 

Bookend and Spost for VASO) has to be known, since these measures act as a direct scaling of all the CBV 

values. If a selected voxel suffered from partial volume effects, but was assumed to be pure blood, an 

overestimation of CBV would occur. To reduce random noise effects, which could result in large uncertainties of 

the estimated CBVreference values, the average of three voxels was used in this study, but measurement noise may 

still be an issue.  

 

One important reason for the poor CBVreference repeatability in WM is, most likely, the small CA effect in tissue 

due to a low CBV. In this study, the effect of the CA might have been even smaller than in previous studies since 

the estimated ΔR1 in blood in this study was 2.2 s
-1

 (at a CA dose of 0.12 mmol/kg), while earlier studies 

showed values about 2-4 times higher after injection of 0.1 mmol/kg of CA [7,16]. The reason for this is not 

fully understood, but one possible explanation is that, in our study, a longer time delay between the bolus 

passage and the post-CA images, acquired at steady-state, were used. A longer time delay might influence the 

concentration of CA in blood [35] and lead to correspondingly smaller CA effects in tissue. Blood ΔR1 (for 

Bookend) and Spost (for VASO) are used to scale CBV, so lower CA concentrations in blood (and thus in tissue) 
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are not expected to influence the absolute levels, but will lead to increased uncertainties in the CBVreference 

estimations. Accordingly, the use of GM ROIs for CBVBookend estimation gave improved test-retest results 

compared with WM ROIs.  For Bookend, the higher CBV in GM would imply approximately twice as large a 

ΔR1 change in GM compared with WM (and ΔR1 thus becomes more comparable with previous studies 

showing higher CA concentration in blood).   

 

Another highly relevant aspect of the uncertainties in CBVreference is subject movement between the pre- and post-

CA examinations. Since pre- and post-CA images are to be directly compared, it is important to identify the 

same tissue volume in the two data sets. One obvious solution would be to perform motion correction during the 

post-processing of the data. However, smoothing due to interpolation of the corrected images can modify the 

quantitative pixel values, and this was a substantial concern in the present study where only small differences 

between pre- and post-CA images were to be expected. Hence, to avoid changing the actual values in the images 

used for calculations, the approach of correcting the ROIs for motion was used in this study, instead of applying 

motion correction to the pre- and post-CA images. It should, however, be noted that the employed method is also 

associated with some problems, for example, interpolation issues within the ROIs which might introduce 

differences between the ROIs compared. Motion between pre-CA and post-CA images can also affect the 

estimation of ΔR1 in blood for Bookend, which is difficult to correct for.  

 

For Bookend, the absolute levels of CBVreference are dependent on the assumed value for CBVtrue used in the 

curve fitting for estimation of WCF (i.e., higher CBVtrue would provide higher CBVBookend and vice versa). The 

shape of the fitted curve is not critically dependent on the value of CBVtrue [7], but the absolute CBVreference value, 

and thereby the calibrated CBF level, is dependent on CBVtrue. Another potential WCF issue is suboptimal fitting 

of the curve that provides the WCFs. In this study, ΔR1 in blood did not differ much between subjects. Hence, 

the fitting of the curve subsequently used to obtain the WCF was rather challenging and, especially for WM 

ROIs, the fitted curve did not seem to describe the data very well (probably due to larger uncertainties in 

                 
       estimates compared to GM ROIs). However, a quadratic form was used for the fitting 

procedure in order to comply with the originally proposed methodology [7]. A general weakness of this approach 

is that the data to be corrected are also used for estimation of WCF, and there is a risk of a circular argument 
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since, for example, underestimation of ΔR1 in blood would result in a higher                  
       according to Eq. 

3 which could be interpreted as a water exchange effect and then be corrected for by the WCF.  

 

For VASO, another issue for correct CBVreference estimations in this study is that no subject-specific TI was used 

for nulling of the blood. Since T1 in blood is known to differ between subjects, for example, due to hematocrit 

differences, the effectiveness of the blood nulling might be different across volunteers [24]. Since T1 is not 

expected to vary noticeably between visit 1 and visit 2, this effect is expected to be the same at both visits and is 

not likely to have impacted the repeatability. However, when comparing VASO-calibrated CBF values with 

Bookend-calibrated CBF values and with pCASL, this effect might have played a role.  

 

Repeatability of GM CBF  
For both Bookend and VASO, the test-retest investigations of calibrated GM CBF values using WM ROIs 

showed quite large uncertainties in the measurements, probably arising from uncertainties in CBVreference (Figure 

2). Bookend Bland-Altman plots showed larger SDs than in a previous test-retest study by Shin et al. [36], who 

observed an average difference±SD of 1.4±6.9 ml/(min 100g). On the other hand, Crane et al. [37] also had 

difficulties in showing good repeatability for Bookend-calibrated DSC-MRI. Repeatability was generally 

improved by the use of GM ROIs for CBVreference estimation, as reflected by the scatter plots (values closer to the 

identity lines and improved correlation coefficients) and by smaller SDs in the Bland-Altman plots (Figure 4). 

For the Bookend method, the use of GM ROIs resulted in a repeatability that was fairly similar to the previous 

observations by Shin et al. [36]. 

 

Comparison with pCASL 
In the Bland-Altman comparison of the VASO and Bookend methods with pCASL, both calibration approaches 

showed absolute values which were comparable to pCASL, with a mean difference close to zero using WM 

ROIs for calibration (Figure 5) and somewhat lower values when using GM ROIs for calibration (Figure 6). 

However, the SDs were quite large and the correlation coefficients from the linear fits of DSC-MRI CBF versus 

pCASL CBF were low (Figures 5 and 6). One obvious problem is that the calibration methods suffered from 

uncertainties (shown in the repeatability studies), leading to difficulties in establishing a clear correspondence 
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with another method, and a small range of values to be compared also hampers visualization of the degree of 

correspondence in a scatter plot. Another issue when comparing pCASL and DSC-MRI is potential geometric 

distortions in DSC-MRI, related to the use of EPI readout and not present in pCASL. This problem was, 

however, minimized by only using voxels that were independently defined as GM by the segmentations for both 

pCASL and DSC-MRI. Due to different in-plane resolutions, the partial volume effects in DSC-MRI and pCASL 

might have differed. However, the same segmentation threshold was used for both pCASL and DSC-MRI in the 

ROI selection, i.e., the same maximal fraction of partial volume effects was applied to all included voxels.  

 

As pCASL showed both good repeatability (cf. Figure 3) and reasonable absolute values [31-34], a comparison 

between calibrated DSC-MRI and pCASL is indeed of interest. Nevertheless, it should be remembered that the 

value of M0a scales all the CBF values in a pCASL volume, so the method used to determine M0a will directly 

influence the absolute level of CBF. Unfortunately, poor labeling in some of the feeding arteries for some of the 

scans, led to unrealistically low perfusion estimates in some territories. This is a general disadvantage of the 

pCASL method, resulting in exclusion of some of the collected data in this study. It is also possible that pCASL 

measurements inherently reflect a somewhat different aspect of the microcirculation than intravascular CA-based 

methods.  

 

Bookend versus VASO 
Using GM ROIs for calibration, a quite reasonable agreement between Bookend and VASO estimates was 

observed, both in the scatter plots and the Bland-Altman plots (Figures 7c-d). Despite the poor test-retest CBF 

results for Bookend and VASO, when calibrated using WM ROIs, the linear fit showed a tendency to a linear 

relationship between the two methods, although the SDs in the Bland-Altman plot were rather large (Figures 7a-

b). However, since the mean values of visit 1 and 2 are used in the comparison, some of the measurement 

uncertainties are reduced. It is also possible that both calibration methods suffered from the same source of 

uncertainty, for example, motion between pre- and post-CA scans, which may have influenced the estimated 

CBVreference values in a similar direction. 
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Conclusion 
Despite the limitations of DSC-MRI, it has the inherent advantages of being readily available in clinical 

environments and providing not only CBF but also other hemodynamic parameters such as CBV and MTT, 

therefore a DSC-MRI protocol providing accurate absolute values with acceptable repeatability would thus be of 

considerable clinical value. In this study, CBV estimates from Bookend and VASO were used to obtain absolute 

values of CBF in GM. On a group level, absolute CBF values after calibration were reduced to levels 

comparable to other CBF methods such as PET and pCASL. However, no evident linear relationship between 

DSC-MRI and pCASL was seen after the calibration procedures. Furthermore, when using WM ROIs to obtain 

calibration factors, the test-retest results for GM CBF from calibrated DSC-MRI were not convincing, but the 

use of GM ROIs for calibration improved the repeatability of both methods, indicating that some of the 

uncertainties might be due to a lower CA concentration in blood compared with previous studies.  
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Fig. 1 Curve fitting used to extract the water correction factor (WCF). Circular markers indicate 

          
      (scale indicated by the y-axis to the left) in (a) WM ROIs and (b) GM ROIs, plotted as a function of 

ΔR1 in blood. The solid lines are CBVtrue/WCF (scale indicated by the y-axis to the right), where WCF was 

established from fitting a second-order polynomial to CBVtrue/           
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Fig. 2 Test-retest results for (a) CBVBookend,WM (b) CBVVASO,WM (c) CBVBookend,GM and (d) CBVVASO,GM used as 

CBVreference for extracting the DSC-MRI calibration factors. The solid lines show the identity line and the dotted 

lines show the results from linear regression  
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Fig. 3 Test-retest results for GM CBF from DSC-MRI, calibrated using Bookend and VASO, and for GM CBF 

from pCASL. Calibration is based on CBVreference from WM ROIs. The solid lines in the scatter plots show the 

identity line and the dotted lines show results from the linear regression. In the Bland-Altman plots, the solid 

lines shows the mean difference between the first and second visit and the dotted lines show mean±1.96·SD  
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Fig. 4 Test-retest results for GM CBF from Bookend- and VASO-calibrated DSC-MRI. The ROIs for extracting 

GM CBF values are the same as in Figure 3, but the ROIs for extracting calibration factors are based on 

CBVreference from GM ROIs. Solid lines in the scatter plots indicate the identity line and dotted lines indicate the 

results from the linear regression. In the Bland-Altman plots, the solid lines represents the mean value of the 

differences between visit 1 and visit 2 and the dotted lines show mean±1.96·SD  
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Fig. 5 GM CBF from non-calibrated DSC-MRI and from DSC-MRI calibrated using Bookend and VASO, all 

compared with pCASL. The calibrated values are based on CBVreference from WM ROIs. Data represent mean 

values of visit 1 and visit 2 for each volunteer. Solid lines in the scatter plots show the identity line and dotted 

lines indicate the results from the linear regression. The solid lines in the Bland-Altman plots show the mean 

difference between pCASL and DSC-MRI and the dotted lines show mean±1.96·SDc 
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Fig. 6 Comparison between DSC-MRI (calibrated using Bookend and VASO) and pCASL. GM ROIs for 

extracting GM CBF values are the same as in Figure 5, but calibration factors are based on CBVreference from GM 

ROIs. The mean value of visit 1 and 2 are used. The identity line is shown as solid lines in the scatter plots and 

the results from the linear fit are shown as dotted lines. Bland-Altman plots show the mean values of the 

differences between the methods in the solid lines and mean±1.96·SDc in the dotted lines  
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Fig. 7 Comparison of VASO and Bookend with regard to GM CBF. The calibration factors for VASO and 

Bookend are based on CBVreference from (a-b) WM ROIs and (c-d) GM ROIs. The identity line is shown as solid 

lines and the linear fit as dotted lines in the scatter plots. In the Bland-Altman plots, the solid lines show the 

mean difference between VASO and Bookend and the dotted lines show mean±1.96·SDc 
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Table 1. Timing for the imaging protocol. Indicated delays between sequences are due to other sequences in the 

protocol, not used in this particular project, and additional time delays are not included 

Starting time 

(min:sec) 

Duration Sequence 

0:0 0:50 M0 for pCASL 

0:50 4:04 pCASL 

15:08 2:36 Pre-CA VASO 

17:44 4:00 Pre-CA T1 

24:52 1:31 DSC-MRI with CA injection 

28:17 4:00 Post-CA T1 

33:47 2:36 Post-CA VASO 
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Table 2. Grey matter CBF values obtained using non-calibrated DSC-MRI, VASO- and Bookend-calibrated 

DSC-MRI and pCASL. Calibration factors are based on WM ROIs 

 Grey matter CBF 

(mean±SD)  

[ml/(min 100g)]  

Non-calibrated DSC-MRI 277±61 (n=40) 

DSC-MRI calibrated using Bookend 56±23 (n=40) 

DSC-MRI calibrated using VASO 52±16 (n=40) 

pCASL 63±11 (n=36) 

 


