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Introduction
The world’s population aged 60 years or over is predicted 
to grow by 56% from 901 million to 1.4 billion by the 
year 2030 [1]. It is well known that aging is associated 
with impaired cognitive performance and an increased 
risk for developing dementia. As a result, the social 

challenges and the burden for healthcare systems  
and on society directly related to increases in the aging 
population will become enormous. A healthy lifestyle – 
consisting of a healthy diet combined with increased 
physical activity levels – protects against cognitive 
impairment [2]. Underlying mechanisms still remain 
unclear, but it has been considered that improving brain 
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Figure 1:  
Cerebral blood flow (CBF) maps showing the amount of blood flow in a particular region of the brain in mL/100 g tissue/min  
(scale shown by color bar). The lower two rows depict gray matter CBF, while other brain tissues are masked.
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vascular health may be a key aspect [2–5]. In this 
respect, effects on cerebral blood flow (CBF), which  
is defined as a sensitive physiological marker of brain 
vascular health [6, 7], are of major interest because 
compromised vascular health in the human brain most 
likely precedes the development of an impaired cognitive 
performance [8–10]. Normal aging is associated with  
a progressive decline in global CBF by approximately 
0.45% to 0.50% per year in middle-aged and elderly 
adults [3, 11, 12], and these perfusion changes are 
strongly associated with changes in cognitive perfor-
mance and the risk to develop dementia [3, 10, 13]. 
Therefore, many trials have focused on middle-aged  
and elderly adults who are also at increased vascular  
risk, allowing for improvement through lifestyle-based 
intervention strategies. Furthermore, age-related 
changes in cognitive performance are mainly attributed 
to a decrease in gray matter CBF, which results in an 
suboptimal removal of metabolic waste products, and 
supply of oxygen and nutrients to the cerebral cortex 
[14]. In fact, the mean gray matter CBF was 15% lower  
in late middle-aged subjects suffering from metabolic 
syndrome compared to age-matched healthy controls, 
and was also associated with lower cognitive perfor-
mance [15]. In addition, CBF in specific cognitive control 
brain regions, such as the fusiform gyrus (attention), 
hippocampus (memory) and prefrontal cortex (executive 
function), are also of major interest [16]. Furthermore, 
hypoperfusion in the posterior cingulate cortex and 
precuneus (combines attention with information from 
memory and perception), which are part of the default 
mode network that is also associated with cognitive 
control, has been consistently observed in subjects with 
decreased cognitive performance [17].

Methods for measuring CBF in humans include 
Positron Emission Tomography (PET) and MRI techniques, 
such as Dynamic Susceptibility Contrast (DSC), Dynamic 
Contrast Enhanced (DCE) and Arterial Spin Labeling (ASL) 
[3]. PET measures the amount of 15O-labeled water 
radiotracer delivered to the brain tissue by blood flow 
and is considered the current gold standard approach to 
quantify CBF [18, 19]. However, the invasive nature, the 
requirement of an onsite cyclotron and large partial 
volume effects, which are caused by low spatial resolu-
tion, reduce the usefulness of this technique [19]. Also, 
DSC and DCE are invasive as they employ injections of 
gadolinium-based contrast agents. As a promising 
alternative approach, ASL enables the non-invasive 
assessment of CBF using magnetically-labeled water 
molecules in arterial blood as an endogenous tracer.  
The signal difference between label and control images 
(with and without prior labeling of the arterial blood 

water) can be scaled to yield highly repeatable quantita-
tive measures of CBF [6]. In a recent systematic review, 
PET was compared with ASL to measure CBF. The work 
concluded that ASL is an appropriate alternative method 
for accurate and reproducible quantification of gray 
matter CBF [19].

In our recent review, we summarized the impact of 
specific dietary determinants and physical exercise on 
CBF, and examined the relation between these effects 
and potential changes in cognitive performance [3].  
We concluded that these lifestyle factors may increase 
CBF, thereby improving cognitive performance. However, 
well-designed intervention studies investigating the 
potential of diet and exercise on CBF are still warranted. 
Especially, longitudinal studies involving middle-aged 
and elderly adults at increased vascular risk, who are also 
known to be at increased risk of cognitive impairment 
and dementia, would be of major interest [3]. Therefore, 
our current research at the Department of Nutrition and 
Movement Sciences at Maastricht University is focused 
on the long-term impact of specific dietary components 
and physical exercise on both CBF and cognitive perfor-
mance. We primarily target overweight and slightly 
obese elderly while using ASL to quantify changes in 
(regional) CBF. For example, in one of our ongoing 
projects, we are conducting a tightly-controlled, progres-
sive, intervention study investigating the specific effects 
of aerobic-based exercise training – three times a week 
at 70% maximal power for a total duration of eight 
weeks – on brain vascular health. Besides potential 
beneficial effects on CBF, a healthy lifestyle may also 
• preserve the structural integrity of white matter,
• protect from iron accumulation and
• attenuate brain athrophy [20–23].

Therefore, fluid-attenuated inversion recovery  
(T2-FLAIR), R2* maps calculated from T2*-weighted 
gradient-echo (GRE), and T1-weighted magnetization-
prepared rapid gradient-echo (MPRAGE) images are also 
obtained to assess structural status of the brain. These 
MRI-scans are used to visualize, for example, white 
matter signal abnormalities (T2-FLAIR), iron accumula-
tion (R2*) and brain volume (MPRAGE). In fact, these 
brain changes are age-dependent, and are also associ-
ated with cognitive performance and the risk of developing 
dementia [24–29]. A detailed description of this trial has 
been provided on ClinicalTrials.gov (NCT03272061).

The purpose of this article is to demonstrate the 
utility of ASL for the non-invasive (region-specific) 
quantification of CBF in elderly, and to discuss the 
potential link between CBF and structural brain status 
(e.g. presence of white matter signal abnormalities,  
iron accumulation and brain athrophy).

63siemens.com/magnetom-world

MAGNETOM Flash (71) 2/2018 Neurology · Clinical



1 WIP, the product is currently under development and is not for sale in the US 
and in other countries. Its future availability cannot be ensured.

Material and methods
Participant
During this ongoing study, multiple study participants 
will be scanned. Below, we present example data from 
one of them. The participant was a 67-year-old male with 
a body mass index (BMI) of 28.9 kg/m2 without known 
medical complaints. He did not use medication prior to 
and during the study and was sedentary as assessed by 
the international physical activity questionnaire (IPAQ). 

Data acquisition and sequence
Measurements were performed on a 3T MAGNETOM 
Prismafit MRI-system (Siemens Healthcare, Erlangen, 
Germany) using a 64-channel head-neck coil (Siemens 
Healthcare, Erlangen, Germany) at the Scannexus 
research facilities in Maastricht. The participant was 
placed head-first-supine in the scanner. The eye centers 
were taken as a reference for the magnet isocenter 
position, which was at the level of the pons to minimize 
B

0
 offsets in the labeling region. Furthermore, the 

labeling plane was positioned perpendicular to the 
carotid and vertebral arteries.

Perfusion-weighted images were acquired using 
pseudo-continuous arterial spin labeling (PCASL)1 with a 
background-suppressed 3D GRASE readout (TR 4000 ms, 
TE 13.6 ms, GRAPPA 2, labeling duration 1750 ms, 
post-labeling delay (PLD) 2000 ms and ten label-control 
repetitions, duration: 9 min). Nineteen slices with a voxel 
resolution of 3.0 mm isotropic were acquired. PCASL  
was used because it has a higher temporal signal-to-
noise ratio (tSNR) as compared to pulsed ASL (PASL)  
and continuous ASL (CASL) [30]. In order to allow CBF 
quantification, an M

0
 image without magnetization 

preparation and with a TR of 20 s was also acquired [31].
A prototype PCASL sequence1 from Siemens Health-

care was used which includes an optimized background 
suppression containing four inversion pulses, which 
results in a tissue signal suppression > 99% [32, 33].  
This strong background suppression guarantees both  
a reduced influence of physiological noise and an 
increased CBF tSNR without compromising temporal 
resolution or efficiency. The latter is especially useful in 
frail elderly populations, who are prone to head motion.

One high-resolution anatomical MPRAGE scan was 
also performed (TR 2400 ms, TE 2.18 ms, TI 1040 ms,  
1.0 mm isotropic resolution, 8° flip angle and 160 
sagittal slices, duration 6 min). In addition, a T2-FLAIR 
image was acquired (TR 9000 ms, TE 89 ms, TI 2500 ms, 
voxel size 1.0 x 1.0 x 3.0 mm, 150° flip angle and  
50 axial slices, duration 3 min). Furthermore, a GRE  

sequence with four echo times was obtained (TR 31 ms, 
TE1 2.73 ms, TE2, 7.65 ms, TE3 13.61 ms, TE4 21.86 ms, 
voxel size 0.9 x 0.9 x 1.0 mm, 12° flip angle and  
144 axial slices, duration 5 min). The field-of-view  
across the various sequences was kept constant for 
accurate registration and anatomical localization.

Processing
A quantitative CBF map was estimated from the ASL-data 
using FSL software (http://fsl.fmrib.ox.ac.uk/fsl)2. Brain 
extraction, along with tissue segmentation was performed 
for the MPRAGE image using Volbrain [34]. First, all ASL 
images and the corresponding M

0
 image were realigned 

separately employing rigid-body co-registration to the 
middle ASL run using the FLIRT routine to correct for 
motion. Next, the mean difference between label and 
control images was calculated. Analysis was performed 
following the recommendations of the ASL White  
Paper and using the Bayesian kinetic inference method 
[31, 35, 36], the BASIL tool was used and voxel-wise 
calibration was performed with the M

0
 image. Each of 

the four background suppression pulse has an efficiency 
of 0.93, which results in a cumulative labeling efficiency 
of 0.64. Blood hemoglobin concentrations (ctHb) were 
also determined as the kinetic model inversion depends 
on the T1 of blood. The T1 of blood can be estimated 
based on the ctHb using the following equation:  
1000/T1a (ms) = 0.016 x ctHb (g/dL) + 0.317 [37].  
The used T1 of gray matter was 1330 ms, while for bolus 
arrival time 1300 ms was assumed. Spatially regularized 
partial volume correction was performed according to 
the paper of Zhao et al. [38]. As an alternative method, 
the CBF in each voxel could also be calculated for PCASL 
using the formula as proposed by Alsop et al. [31]:

Where λ is the brain/blood partition coefficient in mL/g, 
SI

control
 and SI

label
 are the time-averaged signal intensities 

in the control and label images respectively, T1 
blood 

is the 
longitudinal relaxation time of blood in seconds, α is the 
labeling efficiency, SI

PD
 is the signal intensity of a proton 

density weighted image, and τ is  
the label duration [31]. 

CBF =
6000 * λ * (SI

control
− SI

label
) * e

PLD
T1 

blood

−

2 * α * T1
 blood

 * SI
PD

 * (1 − e )

τ
T1 

blood

(mL/ 
100 g  
tissue/ 
min)

2 The information shown herein refers to products of 3rd party manufacturers  
and thus are in their regulatory responsibility. Please contact the 3rd pary  
manufacturer for further information.
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The final ASL image containing CBF values in mL/100 g 
tissue/min was co-registered using affine transformation 
to the brain extracted MPRAGE image using the FLIRT 
routine. The mean gray matter CBF was calculated by 
taking the mean CBF over the gray matter mask (with  
a threshold of 0.6). The regional gray matter CBF was 
calculated using the Oxford-Harvard atlas, which was 
co-registered using the affine transformation matrix  
from the Montreal Neurological Institute (MNI) to 
MPRAGE image. T2* maps were obtained from the 
multi-echo GRE data using a mono-exponential fit  
(f(TE) = S

0
e-TE/T2*). In a subsequent step, all T2* values 

above 500 ms were set to 0 and the R2* map (= 1/T2*) 
was obtained. T2-FLAIR and R2* images were also 
co-registered to the MPRAGE image using Rigid Body 
Transformations (FLIRT routine).

Results and discussion 
Figure 1 shows CBF maps representing the local brain 
perfusion, which has been quantified for each voxel in 
mL/100 g tissue/min. Since our main outcome is gray 
matter CBF, we masked the remaining brain tissues as 
illustrated in the lower two rows. Mean gray matter CBF 
has been reported to be significantly lower in apparently 
healthy elderly as compared to younger subjects (n = 37, 
mean age: 72.1 ± 8.7 years; 42.7 ± 8.8 mL/100 g/min vs. n = 11, 
mean age: 29.3 ± 5.3 years; 52.6 ± 9.3 mL/100 g/min) [39]. The 
case presented in this article had a mean gray matter CBF 
of 28.7 mL/100 g/min (see Figure 1), which may partly 
be explained by his high BMI (28.9 kg/m2) that falls in the 
overweight range and by his sedentary behavior. Also, 

regional CBF in, for example, the precuneus that is strongly 
dependent on age [40] was found to be significantly 
lower in the elderly compared to the young population 
(43.3 ± 11.5 mL/100 g/min vs. 51.4 ± 8.7 mL/100 g/min) 
[39]. The presented case showed a CBF in the precuneus 
region of 24.4 mL/100 g/min. Interestingly, the T2-FLAIR 
showed the presence of white matter signal abnormali-
ties (Fig. 2A) that can be classified as periventricular and 
deep white matter hyperintensities [41]. In addition, the 
high R2* showed iron accumulation in deep gray matter 
regions (Fig. 2B), while the MPRAGE image demonstrated 
ventricular enlargement and brain athrophy (Fig. 2C). 

White matter signal abnormalities and iron accumu-
lation in deep gray matter areas have been associated 
with aging, cognitive performance and dementia [26, 27]. 
Age-related patterns of brain atrophy have also been 
linked to cognitive performance and the risk of dementia 
[28]. Furthermore, ventricular enlargement has been 
suggested to be an age-dependent risk marker for 
cognitive decline [42]. A potential relationship between 
CBF and structural brain status has been suggested. 
Reduced gray matter CBF may be associated with 
subcortical brain athrophy in the presence of white 
matter signal abnormalities [43], and may also relate  
to iron accumulation [27]. In fact, gray matter CBF  
was associated with white matter signal abnormalities 
independent of age. However, the decline of CBF with 
advancing age may also possibly exacerbate deteriora-
tion of white matter integrity [44–46]. Additionally, iron 
accumulation may plausibly reflect reduced CBF [47], 
due to a reduced delivery of iron binding complexes to 

Figure 2:  
(2A) T2-FLAIR, (2B) R2* maps calculated from T2*-weighted gradient-echo (GRE) and (2C) MPRAGE images showing structural  
brain status. White matter signal abnormalities and iron accumulation appear bright (i.e. hyperintense) on the T2-FLAIR image and  
the R2*-weighted gradient-echo image, respectively. The MPRAGE shows a decrease in brain volume and ventricular enlargement.

2A 2C2B
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the brain [48]. In contrast, others have reported that 
age-associated reductions in regional CBF may be 
independent of concurrent age-dependent brain athrophy.

Therefore, CBF can remain unaltered in regions of 
brain atrophy [39]. These studies demonstrate a poten-
tial dissociation between brain atrophy and hypoperfu-
sion specific to normal aging. 

The development of the aforementioned structural 
brain changes is relatively slow and mostly without 
noticeable onset of symptoms linked to dementia. In fact, 
decreases in cognitive performance may be determined 
by the severity of these structural brain changes. 
Cognitive impairment may remain asymptomatic until 
structural brain changes have affected a significant 
proportion of the brain [29]. However, the causal rela- 
tionship between CBF and structural brain changes still 
remains unclear. Therefore, innovative research inves- 
tigating a potential causal relationship between lifestyle-
induced structural brain changes and changes in CBF – 
using different MRI modalities – is urgently needed. 

In conclusion, a healthy lifestyle may attenuate the 
age-related cognitive decline by improving CBF, which 
serves as a sensitive physiological marker of brain vascular 
health, maintaining sufficient CBF throughout the brain. 
Additionally, CBF can be quantified using ASL – an 
accurate and reproducible non-invasive MRI method – 
and may be associated with structural brain status 
assessed by T2-FLAIR, R2* maps and MPRAGE images.

Acknowledgements
We thank Drs. Josef Pfeuffer and Marta Vidorreta Diaz De 
Cerio (Siemens Healthcare) for providing the 3D ASL 
prototype sequence.

References

1 United Nations Department of Economic Social Affairs Popula-
tion Division. World population prospects: the 2015 revision. 
Available from: https://esa.un.org/unpd/wpp/Publications/Files/
WPP2015_DataBooklet.pdf

2 Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, 
Iadecola C, et al. Vascular contributions to cognitive impairment 
and dementia: a statement for healthcare professionals from the 
american heart association/american stroke association.  
Stroke. 2011;42(9):2672-713. 

3 Joris PJ, Mensink RP, Adam TC, Liu TT.  
Cerebral Blood Flow Measurements in Adults: A Review on the 
Effects of Dietary Factors and Exercise. Nutrients. 2018;10(5). 

4 Schmidt W, Endres M, Dimeo F, Jungehulsing GJ.  
Train the vessel, gain the brain: physical activity and vessel  
function and the impact on stroke prevention and outcome  
in cerebrovascular disease. Cerebrovascular diseases  
(Basel, Switzerland). 2013;35(4):303-12. 

5 Brown BM, Peiffer JJ, Martins RN. Multiple effects of physical 
activity on molecular and cognitive signs of brain aging: can 
exercise slow neurodegeneration and delay Alzheimer’s disease? 
Molecular psychiatry. 2013;18(8):864-74. 

6 Liu TT, Brown GG. Measurement of cerebral perfusion  
with arterial spin labeling: Part 1. Methods.  
J Int Neuropsychol Soc. 2007;13(3):517-25. 

7 Brown GG, Clark C, Liu TT. Measurement of cerebral  
perfusion with arterial spin labeling: Part 2. Applications.  
J Int Neuropsychol Soc. 2007;13(3):526-38. 

8 Kelleher RJ, Soiza RL. Evidence of endothelial dysfunction 
in the development of Alzheimer’s disease: Is Alzheimer’s a 
vascular disorder? American journal of cardiovascular disease. 
2013;3(4):197-226. 

9 Grove T, Taylor S, Dalack G, Ellingrod V. Endothelial function, 
folate pharmacogenomics, and neurocognition in psychotic  
disorders. Schizophrenia research. 2015;164(1-3):115-21. 

10 Wolters FJ, Zonneveld HI, Hofman A, van der Lugt A, Koudstaal PJ, 
Vernooij MW, et al. Cerebral Perfusion and the Risk of Dementia: 
A Population-Based Study. Circulation. 2017;136(8):719-728. 

11 Zhang N, Gordon ML, Goldberg TE. Cerebral blood flow measured 
by arterial spin labeling MRI at resting state in normal aging and 
Alzheimer’s disease. Neuroscience and biobehavioral reviews. 
2017;72:168-175. 

12 Parkes LM, Rashid W, Chard DT, Tofts PS. Normal cerebral  
perfusion measurements using arterial spin labeling:  
reproducibility, stability, and age and gender effects.  
Magnetic resonance in medicine. 2004;51(4):736-43. 

13 Hshieh TT, Dai W, Cavallari M, Guttmann CR, Meier DS, Schmitt 
EM, et al. Cerebral blood flow MRI in the nondemented elderly 
is not predictive of post-operative delirium but is correlated with 
cognitive performance. Journal of cerebral blood flow and me-
tabolism: official journal of the International Society of Cerebral 
Blood Flow and Metabolism. 2017;37(4):1386-1397. 

14 De Vis JB, Hendrikse J, Bhogal A, Adams A, Kappelle LJ, Petersen 
ET. Age-related changes in brain hemodynamics; A calibrated MRI 
study. Human brain mapping. 2015;36(10):3973-87. 

15 Birdsill AC, Carlsson CM, Willette AA, Okonkwo OC, Johnson SC, 
Xu G, et al. Low cerebral blood flow is associated with lower 
memory function in metabolic syndrome. Obesity (Silver Spring). 
2013;21(7):1313-20. 

16 Kullmann S, Heni M, Hallschmid M, Fritsche A, Preissl H,  
Häring H-U. Brain Insulin Resistance at the Crossroads of 
Metabolic and Cognitive Disorders in Humans.  
Physiological reviews. 2016;96(4):1169-1209. 

17 Sierra-Marcos A. Regional Cerebral Blood Flow in Mild Cognitive 
Impairment and Alzheimer’s Disease Measured with Arterial Spin 
Labeling Magnetic Resonance Imaging. International journal of 
Alzheimer’s disease. 2017;2017:5479597. 

18 Raichle ME, Martin WR, Herscovitch P, Mintun MA, Markham J. 
Brain blood flow measured with intravenous H2(15)O. II.  
Implementation and validation. Journal of nuclear medicine:  
official publication, Society of Nuclear Medicine. 
1983;24(9):790-8. 

19 Fan AP, Jahanian H, Holdsworth SJ, Zaharchuk G. Comparison 
of cerebral blood flow measurement with [15O]-water positron 
emission tomography and arterial spin labeling magnetic  
resonance imaging: A systematic review. Journal of cerebral 
blood flow and metabolism: official journal of the International 
Society of Cerebral Blood Flow and Metabolism.  
2016;36(5):842-61. 

20 Tseng BY, Gundapuneedi T, Khan MA, Diaz-Arrastia R, Levine BD, 
Lu H, et al. White matter integrity in physically fit older adults. 
NeuroImage. 2013;82:510-6. 

21 Gons RA, Tuladhar AM, de Laat KF, van Norden AG, van Dijk EJ, 
Norris DG, et al. Physical activity is related to the structural integ-
rity of cerebral white matter. Neurology. 2013;81(11):971-6. 

22 Tarumi T, Zhang R. Cerebral blood flow in normal aging adults: 
cardiovascular determinants, clinical implications, and aerobic 

66 siemens.com/magnetom-world

MAGNETOM Flash (71) 2/2018Clinical · Neurology



fitness. Journal of neurochemistry. 2017;144(5):595-608. 
23 Pirpamer L, Hofer E, Gesierich B, De Guio F, Freudenberger P, 

Seiler S, et al. Determinants of iron accumulation in the normal 
aging brain. Neurobiology of aging. 2016;43:149-55. 

24 Riphagen JM, Gronenschild EHBM, Salat DH, Freeze WM,  
Ivanov D, Clerx L, et al. Shades of white: diffusion properties of 
T1- and FLAIR-defined white matter signal abnormalities differ in 
stages from cognitively normal to dementia.  
Neurobiology of aging. 2018;68:48-58. 

25 Prins ND, Scheltens P. White matter hyperintensities, cognitive 
impairment and dementia: an update. Nature reviews Neurology. 
2015;11(3):157-65. 

26 Hagemeier J, Geurts JJG, Zivadinov R. Brain iron accumulation in 
aging and neurodegenerative disorders. Expert review of neuro-
therapeutics. 2012;12(12):1467-1480. 

27 Daugherty AM, Raz N. Appraising the Role of Iron in Brain Aging 
and Cognition: Promises and Limitations of MRI Methods. Neuro-
psychology review. 2015;25(3):272-287. 

28 Pini L, Pievani M, Bocchetta M, Altomare D, Bosco P, Cavedo E, 
et al. Brain atrophy in Alzheimer’s Disease and aging. Ageing 
Research Reviews. 2016;30:25-48. 

29 Brickman AM, Siedlecki KL, Muraskin J, Manly JJ, Luchsinger 
JA, Yeung LK, et al. White matter hyperintensities and cogni-
tion: testing the reserve hypothesis. Neurobiology of aging. 
2011;32(9):1588-98. 

30 Dolui S, Vidorreta M, Wang Z, Nasrallah IM, Alavi A, Wolk DA, 
et al. Comparison of PASL, PCASL, and background-suppressed 
3D PCASL in mild cognitive impairment. Human brain mapping. 
2017;38(10):5260-5273. 

31 Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J,  
Hernandez-Garcia L, et al. Recommended implementation of 
arterial spin-labeled perfusion MRI for clinical applications:  
A consensus of the ISMRM perfusion study group and the  
European consortium for ASL in dementia.  
Magnetic resonance in medicine. 2015;73(1):spcone. 

32 Dai W, Garcia D, de Bazelaire C, Alsop DC. Continuous flow-
driven inversion for arterial spin labeling using pulsed radio 
frequency and gradient fields. Magnetic resonance in medicine. 
2008;60(6):1488-97. 

33 Dai W, Robson PM, Shankaranarayanan A, Alsop DC.  
Reduced resolution transit delay prescan for quantitative  
continuous arterial spin labeling perfusion imaging.  
Magnetic resonance in medicine. 2012;67(5):1252-65. 

34 Manjón JV, Coupé P. volBrain: An Online MRI Brain Volumetry 
System [10.3389/fninf.2016.00030]. Frontiers in Neuroinformat-
ics. 2016;10:30. 

35 Chappell MA, Groves AR, Whitcher B, Woolrich MW.  
Variational Bayesian Inference for a Nonlinear Forward Model. 
IEEE Transactions on Signal Processing. 2009;57(1):223-236. 

36 Woolrich MW, Jbabdi S, Patenaude B, Chappell M, Makni S, 
Behrens T, et al. Bayesian analysis of neuroimaging data in FSL. 
NeuroImage. 2009;45(1 Suppl):S173-86. 

37 Li W, Liu P, Lu H, Strouse JJ, van Zijl PCM, Qin Q. Fast measure-
ment of blood T1 in the human carotid artery at 3T: Accuracy, 
precision, and reproducibility. Magnetic resonance in medicine. 
2017;77(6):2296-2302. 

38 Zhao MY, Mezue M, Segerdahl AR, Okell TW, Tracey I, Xiao Y, 
et al. A systematic study of the sensitivity of partial volume 
correction methods for the quantification of perfusion from 
pseudo-continuous arterial spin labeling MRI. NeuroImage. 
2017;162:384-397. 

39 Chen JJ, Rosas HD, Salat DH. Age-associated reductions in  
cerebral blood flow are independent from regional atrophy.  
NeuroImage. 2011;55(2):468-78. 

40 Beason-Held LL, Kraut MA, Resnick SM. Stability Of Default-Mode 
Network Activity In The Aging Brain.  
Brain imaging and behavior. 2009;3(2):123-131. 

41 Griffanti L, Jenkinson M, Suri S, Zsoldos E, Mahmood A,  
Filippini N, et al. Classification and characterization of  
periventricular and deep white matter hyperintensities on MRI:  
A study in older adults. NeuroImage. 2018;170:174-181. 

42 Apostolova LG, Green AE, Babakchanian S, Hwang KS, Chou Y-Y, 
Toga AW, et al. Hippocampal atrophy and ventricular enlargement 
in normal aging, mild cognitive impairment and Alzheimer’s  
disease. Alzheimer disease and associated disorders. 
2012;26(1):17-27. 

43 Appelman APA, van der Graaf Y, Vincken KL, Tiehuis AM,  
Witkamp TD, Mali WPTM, et al. Total Cerebral Blood Flow, White 
Matter Lesions and Brain Atrophy: The SMART-MR Study. Journal 
of Cerebral Blood Flow & Metabolism. 2007;28(3):633-639. 

44 Chen JJ, Rosas HD, Salat DH. The relationship between cortical 
blood flow and sub-cortical white-matter health across the adult 
age span. PloS one. 2013;8(2):e56733. 

45 Brickman AM, Zahra A, Muraskin J, Steffener J, Holland CM,  
Habeck C, et al. Reduction in cerebral blood flow in areas ap-
pearing as white matter hyperintensities on magnetic resonance 
imaging. Psychiatry research. 2009;172(2):117-120. 

46 Promjunyakul N, Lahna D, Kaye JA, Dodge HH, Erten-Lyons D, 
Rooney WD, et al. Characterizing the white matter hyperintensity 
penumbra with cerebral blood flow measures.  
NeuroImage: Clinical. 2015;8:224-229. 

47 Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH,  
Franklin BA, et al. Diagnosis and management of the meta-
bolic syndrome: an American Heart Association/National Heart, 
Lung, and Blood Institute Scientific Statement. Circulation. 
2005;112(17):2735-52. 

48 Hare D, Ayton S, Bush A, Lei P.  
A delicate balance: Iron metabolism and diseases of the brain.  
Frontiers in aging neuroscience. 2013;5:34. 

Contact 
Peter J. Joris 
Department of Nutrition and Movement Sciences 
Maastricht University 
PO Box 616 
6200 MD Maastricht 
The Netherlands 
Tel. + 31 43 3881311 
p.joris@maastrichtuniversity.nl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From left to right: Dimo Ivanov, Jordi Kleinloog, Peter Joris

67siemens.com/magnetom-world

MAGNETOM Flash (71) 2/2018 Neurology · Clinical


	6423_MR_MAGNETOM_Flash_71_RSNA_DD_final

