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AbstrACt
background Myelin loss and cerebral blood flow (CBF) 
decline are central features of several neurodegenerative 
diseases. Myelin maintenance through oligodendrocyte 
metabolism is an energy- demanding process, so that 
myelin homeostasis is particularly sensitive to hypoxia, 
hypoperfusion or ischaemia. However, in spite of its central 
importance, little is known about the association between 
blood supply and myelin integrity.
Objective To assess associations between cortical and 
subcortical CBF, and subcortical myelin content, in critical 
brain white matter regions.
Materials and methods MRI was performed on a cohort 
of 67 cognitively unimpaired adults. Using advanced MRI 
methodology, we measured whole- brain longitudinal 
and transverse relaxation rates (R

1 and R2), sensitive but 
non- specific markers of myelin content, and myelin water 
fraction (MWF), a direct surrogate of myelin content, as 
well as regional CBF, from each of these participants.
results All quantitative relaxometry metrics were 
positively associated with CBF in all brain regions 
evaluated. These associations between MWF or R

1 and 
CBF, and, to a lesser extent, between R2 and CBF, were 
statistically significant in most brain regions examined, 
indicating that lower regional cortical or subcortical CBF 
corresponds to a decrease in local subcortical myelin 
content. Finally, all relaxometry metrics exhibited a 
quadratic, inverted U- shaped, association with age; this is 
attributed to the development of myelination from young 
to middle age, followed by progressive loss of myelin in 
later years.
Conclusions In this first study examining the association 
between local blood supply and myelin integrity, we found 
that myelin content declines with CBF across a wide age 
range of cognitively normal subjects.

IntrOduCtIOn
Production and maintenance of myelin integ-
rity through oligodendrocytes is critical for 
saltatory conduction and normal axonal func-
tion. Indeed, accumulating evidence is estab-
lishing a close relationship between myelin 
degeneration and several neuropathologies, 
including multiple sclerosis and dementia.1 2 
In animal studies, it has been shown that oligo-
dendrocytes are vulnerable to blood flow 

deficits, and loss of these cells may occur 
rapidly in response to reductions in blood 
flow.3 Indeed, myelin maintenance through 
oligodendrocyte metabolism is an energy- 
intensive process, so that myelin homeostasis 
is particularly sensitive to hypoxia, hypoper-
fusion or ischaemia.4 In addition to substrate 
delivery, adequate cerebral blood flow (CBF) 
is crucial for removal of metabolic by- prod-
ucts and neurotoxins. The oligodendrocyte 
cells and myelin sheets are vulnerable to 
various insults, including iron accumulation 
as well as aggregations of tau and amyloid- 
beta proteins.5 Aside from potential neuronal 
damage, these insults can lead to loss of oligo-
dendrocytes or impairment of their myelin 
synthetic capacity; this may result in deficits 
in myelin production and repair during turn-
over, or frank demyelination.

Growing evidence indicates that the 
breakdown of the myelin sheath may be an 
early phenomenon in neurodegeneration, 
including Alzheimer’s disease.1 6 7 Further-
more, there is evidence of a direct association 
between reduced brain perfusion and neuro-
degeneration.8 These findings suggest a posi-
tive association between hypoperfusion and 
white matter damage. Surprisingly, only a few 
magnetic resonance imaging (MRI)- based 
studies have examined the potential associa-
tion between white matter integrity and CBF 
status. These studies have been limited to the 
context of leucoaraiosis, white matter lesions 
and Parkinson’s disease,8–10 all indicating 
that reduced CBF may induce brain tissue 
degeneration. However, association between 
blood supply and tissue integrity in unim-
paired subjects has received very little atten-
tion. Yet evaluating the extent and patterns 
of this potential association in normal ageing 
is a critical step towards understanding the 
pathophysiological basis of the mechanisms 
and outcomes of neurological diseases.
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Two previous pioneering MRI studies of the age- 
dependent relationship between CBF and white matter 
integrity have been conducted on healthy adults.11 12 Using 
diffusion tensor imaging (DTI) to assess white matter 
integrity and arterial spin labelling (ASL) to quantify 
CBF, Chen and colleagues11 found that cortical CBF is 
associated with white matter integrity, and a greater asso-
ciation of radial diffusivity, a DTI metric generally used 
to probe demyelination, with CBF, as compared with 
other DTI metrics; this was interpreted as an indicator 
of myelin degeneration. Furthermore, Giezendanner 
and colleagues12 found that subcortical CBF is associ-
ated with the integrity of different white matter tracts. 
All these compelling findings suggest that the blood 
supply to the brain may be an important determinant 
of white matter health in normal ageing. However, DTI 
outcomes, including fractional anisotropy and radial 
diffusivity, while sensitive to white matter microstruc-
tural changes, are not specific. Indeed, multiple factors 
aside from myelination can affect the DTI- derived eigen-
values from which fractional anisotropy, radial diffusivity 
and other DTI indices are derived; these include axonal 
degeneration, hydration, temperature, flow, macromolec-
ular content and architectural features, including fibre 
fanning or crossing. The potential association of CBF 
with a more specific index of myelin content has not yet 
been undertaken.

Advanced MRI methods based on multicomponent 
relaxometry to assess myelin water fraction (MWF), a surro-
gate of myelin content, have led to much greater specificity 
in non- invasive MRI myelin mapping.2 13 14 We previously 
developed the Bayesian Monte Carlo multicomponent- 
driven equilibrium single pulse observation of T1 and T2 
analysis (BMC- mcDESPOT) as an alternative approach to 
multicomponent relaxometry.15–17 This method provides 
rapid, accurate and precise whole- brain MWF maps,15–18 
and has been used to provide quantitative evidence of 
myelin loss in mild cognitive impairment and dementia 
and to investigate myelination patterns in normative 
ageing.1 19 20

Here, we investigated the potential association 
between CBF and local myelin in a large cohort of 
well- characterised adults with no cognitive impairment 
(n=67), across the extended age range of 24–88 years. 
The inclusion of subjects across a wide age range ensures 
a large dynamic range for blood flow and myelin content 
measurements. Myelin content was measured using BMC- 
mcDESPOT- based MWF,16 17 a specific measure of myelin 
content, as well as longitudinal and transverse relax-
ation rates (R1 and R2), sensitive but non- specific myelin 
measures, to provide contact with previous studies.21–23 
Indeed, R1 and R2 values depend on water mobility as well 
as macromolecular tissue composition, including local 
lipid and iron content; these are the main constituents of 
myelin. Therefore, changes in R1 and R2 are directly asso-
ciated with microstructural changes, including changes 
in myelin content. CBF was measured using the nonlocal 
estimation of multispectral magnitudes (NESMA)- ASL 

analysis for accurate and precise CBF determination.24 
Our goal is to characterise the regional associations 
between cortical or subcortical CBF and local myelination 
variations in critical white matter regions.

MAterIAls And MethOds
Participants
Participants were drawn from the Genetic and Epigen-
etic Signatures of Translational Aging Laboratory Testing 
(GESTALT) study and the Baltimore Longitudinal Study 
of Aging (BLSA).25 26 The BLSA is a longitudinal cohort 
study conducted by the Intramural Research Program of 
the National Institute on Aging of community- dwelling 
adults with no major chronic conditions or functional 
impairments. The GESTALT study is also a study of 
healthy volunteers, also conducted by the Intramural 
Research Program of the National Institute on Aging. 
The inclusion and exclusion criteria for these two studies 
are essentially identical. Participants underwent testing 
and were excluded if they had metallic implants or neuro-
logical or medical disorders. All participants underwent 
a Mini Mental State Examination (MMSE) and achieved 
a score >25. The final cohort consisted of 67 cogni-
tively unimpaired volunteers (mean±SD MMSE=29±1.2) 
ranging in age from 24 to 88 years (53±18.3 years), of 
whom 39 were men (52.7±18.7 years) and 28 were women 
(53.3±18.1 years), after exclusion of one participant with 
cognitive impairment. Age (p>0.1) and MMSE (p>0.1) 
did not differ significantly between men and women. The 
number of participants per age decade was 9 (4 women) 
within 20–29 years, 9 (3 women) within 30–39 years, 14 
(6 women) within 40–49 years, 9 (3 women) within 50–59 
years, 9 (6 women) within 60–69 years, 12 (4 women) 
within 70–79 years, and 5 (2 women) within 80–89 years. 
Participants provided written informed consent.

data acquisition
MRI scans were performed on a 3T whole- body Philips 
MRI system (Achieva, Best, The Netherlands) using the 
internal quadrature body coil for transmission and an 
eight- channel phased- array head coil for reception. For 
each participant, the protocol for MWF and CBF imaging 
was as follows:

 ► BMC- mcDESPOT for MWF mapping15–18: three- 
dimensional (3D) spoiled gradient recalled echo 
(SPGR) images were acquired with flip angles (FAs) 
of 2°, 4°, 6°, 8°, 10°, 12°, 14°, 16°, 18° and 20°, echo 
time (TE) of 1.37 ms, repetition time (TR) of ~5 ms 
and acquisition time of 5 min, as well as 3D balanced 
steady- state free precession (bSSFP) images acquired 
with FAs of 2°,4°, 7°, 11°, 16°, 24°, 32°, 40°, 50°and 
60°, TE of 2.8 ms, TR of 5.8 ms and acquisition time 
of ~6 min. The bSSFP images were acquired with radi-
ofrequency (RF) excitation pulse phase increments of 
0° or 180° in order to account for the off- resonance 
effects.27 All SPGR and bSSFP images were acquired 
with an acquisition matrix of 150 × 130 × 94 and voxel 
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Figure 1 Examples of MWF, R1, R2 and CBF maps of participants drawn from the limited age range between 24 and 29 years. 
Results are shown for a representative slice. Visual inspection indicates that, overall, participants with the lowest regional MWF, 
R1 or R2 values exhibit the lowest regional CBF values, while participants with the highest regional MWF, R1 or R2 values exhibit 
the highest regional CBF values. CBF, cerebral blood flow; MWF, myelin water fraction; R1, longitudinal relaxation rate; R2, 
transverse relaxation rate.

size of 1.6 mm × 1.6 mm × 1.6 mm. To correct for RF 
inhomogeneity, the double- angle method (DAM) was 
used. This consisted of acquiring two fast spin echo 
images with FAs of 45° and 90°, TE of 102 ms, TR of 
3000 ms, acquisition voxel size of 2.6 mm × 2.6 mm × 
4 mm, and acquisition time of ~4 min. The total acqui-
sition time was ~21 min.

 ► Pseudo- continuous ASL (pCASL) for CBF mapping28: 
control, labelled and proton density (PD) images 
were acquired with incorporation of background 
suppression with field- of- view of 220 mm × 210 mm 
× 120 mm, spatial resolution of 2.5 mm × 2.5 mm × 
5 mm, TE of 15 ms, TR of 7.5 s, labelling duration of 
1.8 s, postlabelling delay of 2 s, and 30 signal averages. 
The total acquisition time was ~12 min.

All images were reconstructed to a voxel size of 1 mm × 
1 mm × 1 mm. We note that the MRI scans and ancillary 
measurements were conducted at the same facility by the 
same investigators, with the same MRI system as well as 
the same pulse sequences.

data processing
For each participant, a whole- brain MWF map was gener-
ated using the BMC- mcDESPOT analysis from the SPGR, 
bSSFP and DAM data sets.1 15–17 Briefly, BMC- mcDESPOT 
assumes a two- relaxation time component system 
consisting of a short component, attributed to myelin 
water, and a long component, attributed to intracellular/
extracellular water. We used the signal model explicitly 

accounting for non- zero TE.15 A whole- brain R1 map was 
generated from the SPGR and DAM data sets using the 
DESPOT1 analysis and assuming a single component.29 
A whole- brain R2 map was generated from the bSSFP and 
DAM data sets using the DESPOT2 analysis and again 
assuming a single component.29 Finally, a whole- brain 
CBF map was generated from the pCASL data set using 
the NESMA- ASL analysis to improve accuracy and preci-
sion in CBF determination.24 28

Further, using the FSL software,30 the averaged SPGR 
image over FAs was non- linearly registered to the Montreal 
Neurological Institute (MNI) standard space, and the 
computed transformation matrix was then applied to the 
corresponding MWF, R1 and R2 maps. Similarly, the PD 
image was non- linearly registered to the MNI space and 
the computed transformation matrix was then applied 
to the corresponding CBF map. FAST segmentation 
was also performed to generate white matter (WM) and 
cortical gray matter (GM) masks. Six regions of interest 
(ROIs) were defined from the MNI structural atlas corre-
sponding to the whole brain, and the frontal, parietal, 
temporal and occipital lobes, and cerebellum. Within 
each ROI, the mean MWF, R1, R2 and CBF values were 
calculated. Analysis was restricted to WM ROIs for MWF, 
R1 and R2, and to cortical GM or WM for CBF; this is due 
to the small amount of myelin in GM, which imposes a 
well- recognised challenge for accurate myelin content 
determination.2 14 17
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Figure 2 Regressions of MWF with CBF (n=67). Results are shown for six brain ROIs associated with particular structures. 
For each ROI, results are shown for CBF values derived from grey or white matter. The coefficient of determination, R2, of the 
multiple linear regression model is reported with the symbol *, indicating significance at p<0.01. All ROIs exhibited significant 
positive correlations between MWF and CBF. Note that analysis was restricted to WM ROIs for MWF and to cortical GM or 
WM for CBF; this is due to the small amount of myelin in GM, which imposes a well- recognised challenge for accurate myelin 
content determination. CBF, cerebral blood flow; MWF, myelin water fraction; ROI, region of interest.

statistical analysis
Our study and others’ have shown that myelination follows 
a significant quadratic association with age, while the 
effect of sex on myelination is non- significant.19 31 There-
fore, for each ROI, the effect of CBF on MWF, R1 and R2 
was investigated using multiple linear regression, with the 
mean MWF, R1 or R2 value as the dependent variable and 
the mean CBF value, age and age2 as the independent vari-
ables, after mean age centring. Whole- brain WM volume 
was included as an additional confounding variable. 
Correction for multiple ROI comparisons was performed 
using the false discovery rate (FDR) method, with the 
threshold for statistical significance set to p<0.05.32

results
Figure 1 shows the MWF, R1, R2 and CBF maps derived 
from the brain of all participants within the youngest 
decade of our cohort, that is, between 24 and 29 years. 
This limited age range minimises the potential effect of 
age on derived values. Visual inspection indicates that, 
overall, participants with the smallest values for regional 
MWF, R1 or R2 exhibit the smallest regional CBF values, 
while participants with the highest regional MWF, R1 or 
R2 values exhibit the highest regional CBF values. These 
qualitative results indicate a potential association between 
CBF and myelin content variations, seen in all three of 
these MRI measures, but most directly through the MWF 
results.

Figure 2 shows the results of the regressions of MWF 
with CBF, after adjusting for age and age2, for the six 
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Table 1 Significance (p value) of the regression terms incorporated in the multiple linear regression

MWF R1 R2

Age Age2 CBF Age Age2 CBF Age Age2 CBF

White matter CBF Whole brain <0.01 <0.05 >0.1 >0.1 <0.1 >0.1 <0.01 <0.05 >0.1

Frontal lobes <0.01 <0.05 <0.05 >0.1 <0.1 <0.1 <0.01 <0.05 >0.1

Occipital lobes <0.01 <0.05 <0.05 >0.1 <0.1 <0.05 <0.01 <0.05 >0.1

Parietal lobes <0.01 <0.05 <0.05 <0.05 <0.1 >0.1 <0.01 <0.1 >0.1

Temporal lobes <0.01 <0.05 <0.05 >0.1 <0.05 <0.05 <0.01 <0.05 >0.1

Cerebellum <0.01 <0.1 >0.1 >0.1 >0.1 >0.1 <0.01 <0.05 >0.1

Grey matter CBF Whole brain <0.01 <0.05 <0.05 >0.1 <0.1 <0.05 <0.01 <0.05 <0.1

Frontal lobes <0.05 <0.05 <0.05 >0.1 <0.1 >0.1 <0.01 <0.05 >0.1

Occipital lobes <0.05 <0.05 <0.05 >0.1 <0.1 <0.05 <0.01 <0.05 <0.1

Parietal lobes <0.01 <0.05 <0.05 >0.1 <0.1 <0.05 <0.01 <0.05 >0.1

Temporal lobes <0.01 <0.05 <0.05 >0.1 <0.05 <0.05 <0.01 <0.05 >0.1

Cerebellum <0.01 <0.1 <0.1 >0.1 <0.1 <0.05 <0.01 <0.05 <0.1

Bold indicates significance (p<0.05) or close to significance (p<0.1).
All p values presented are obtained after FDR correction.
CBF, cerebral blood flow; FDR, false discovery rate; MWF, myelin water fraction; R1, longitudinal relaxation rate; R2, transverse relaxation rate.

indicated WM and GM regions. As seen, decreased CBF 
corresponds to decreased MWF in all ROIs examined, 
with the best- fit curves displaying regional variation; these 
results agree with those shown in figure 1. Statistical anal-
ysis indicates that this positive correlation between MWF 
and CBF was statistically significant (pCBF<0.05) or close to 
significance (pCBF<0.1) in most WM and GM brain regions 
(table 1), with the exception of the ROIs defined by the 
whole- brain WM and the cerebellum WM. In addition, 
the greatest positive slopes in CBF with MWF were found 
in the frontal and temporal WM lobes regions, while the 
smallest slope was found in the whole- brain WM region. 
Comparison of these slopes indicated statistically signifi-
cantly different slopes between the temporal WM lobes 
and the whole- brain WM region (p<0.05; Z- test computed 
as the difference between the two slopes divided by the 
square root of the sum of the squared SE of the slopes33). 
Furthermore, as expected, the effect of age was signifi-
cant for all brain regions evaluated (table 1). Similarly, 
the quadratic effect of age, age2, was significant or close 
to significance in all brain regions (table 1).

Figure 3 shows the results of the regressions of R1 with 
CBF for the six indicated WM and GM regions. Visual 
inspection indicates that decreased CBF corresponds 
to decreased R1 in most of the ROIs examined, with the 
best- fit curves displaying regional variation, in agreement 
with the results presented in figure 1. The statistical anal-
ysis indicates that this positive correlation between R1 and 
CBF was statistically significant (pCBF<0.05) or close to 
significance (pCBF<0.1) in all WM and GM brain regions 
(table 1), except in the whole brain, parietal lobes and 
cerebellum WM and the frontal lobes GM. In addition, 
the greatest positive slopes in CBF with R1 were found 
in the frontal and temporal WM lobes regions, while 
the smallest slopes were found in the parietal lobes GM 

and cerebellum GM regions. Comparison of each of the 
greatest and smallest slopes indicated statistically signifi-
cantly different slopes between temporal lobe WM and 
the parietal lobes GM and cerebellum GM. Furthermore, 
the main age effect was significant (page<0.05) in only one 
brain structure, namely the parietal lobes WM, after FDR 
correction (table 1). In addition to this region, the effect 
of age was significant or close to significance in the whole 
brain, frontal lobes, parietal lobes, temporal lobes WM, 
and the parietal lobes and temporal lobes GM before FDR 
correction. The quadratic effect of age, age2, was signifi-
cant or close to significance in all brain regions except in 
the cerebellum WM (table 1).

Figure 4 shows the results of the regressions of R2 with 
CBF for the indicated six WM and GM regions. As seen, 
decreased CBF corresponds to decreased R2 in most ROIs 
examined, with the best- fit curves displaying regional vari-
ation; these results are in overall agreement with figure 1. 
Statistical analysis indicates that this positive correlation 
between R2 and CBF was statistically close to significance 
(pCBF<0.1) in only three WM brain regions (table 1), 
namely the whole brain, the occipital lobes and the cere-
bellum GM. In addition, the greatest positive slope of 
CBF versus R2 was found in the temporal lobes WM, while 
the smallest slope was found in the parietal lobes WM. 
Comparison of the greatest and smallest slopes indicated 
non- significant differences. Furthermore, the main age 
effect was significant in all brain structures (table 1). Simi-
larly, the effect of age2 was significant in all brain regions 
(table 1).

dIsCussIOn
Using advanced MRI methodology for myelin content 
quantification and CBF mapping, we have provided 
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Figure 3 Regressions of R1 with CBF (n=67). Results are shown for six brain ROIs associated with particular structures. For 
each ROI, results are shown for CBF values derived from grey or white matter. The coefficient of determination, R2, of the 
multiple linear regression model is reported with the symbol *, indicating significance at p<0.01. Except the whole brain and 
cerebellum WM, all ROIs exhibited significant positive correlations between R1 and CBF. Note that analysis was restricted to 
WM ROIs for R1 and to cortical GM or WM for CBF. CBF, cerebral blood flow; R1, longitudinal relaxation rate; ROI, region of 
interest.

what we believe is the first demonstration of associations 
between cortical and subcortical variations in blood 
supply and a direct measure of myelin content. These 
associations were observed in a cohort of healthy subjects 
and were significant in critical brain regions. Notwith-
standing the fact that these results do not prove causality, 
they provide evidence that limitations in CBF may lead to 
lower myelin content, thus linking neurovascular physi-
ology and myelin integrity throughout normative ageing.

Although not specific to myelin content, R1 and R2 are 
very sensitive to myelin.1 21 We found significant regional 
decreases in R1 with CBF (figure 3, table 1). This further 
supports our hypothesis of potential associations between 
CBF and myelin content as measured using a direct 
and specific myelin content measure, MWF (figure 2, 
table 1). Indeed, while not specific to myelin content, 

R1 is sensitive to lipid content,21 the main constituent of 
myelin. Of note, this association was less pronounced 
between CBF and R2 (figure 4, table 1); this is expected 
since R2 is sensitive to other tissue properties including 
hydration, macromolecular content, temperature and 
flow, while being less sensitive to lipids.21 Studies have 
indicated that the R2 to R1 ratio could serve as a sensitive 
metric of myelin content. Our analysis, detailed in the 
online supplementary material, indicates non- significant 
correlation between R2/R1 and CBF in all ROIs (online 
supplementary table 1). Interestingly, unlike MWF, R1 and 
R2, there was no significant correlation between R2/R1 
and age2 (online supplementary table 1). These results 
indicate that the R2 to R1 ratio may be less sensitive than 
MWF as a marker of myelin. In fact, we observed only 
low- to- modest regional correlations between R2/ R1 and 
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Figure 4 Regressions of R2 with CBF (n=67). Results are shown for six brain ROIs associated with particular structures. For 
each ROI, results are shown for CBF values derived from grey or white matter. The coefficient of determination, R2, of the 
multiple linear regression model is reported with the symbol *, indicating significance at p<0.01. All ROIs exhibited significant 
positive correlations between R2 and CBF. Note that analysis was restricted to WM ROIs for R2 and to cortical GM or WM for 
CBF. CBF, cerebral blood flow; R2, transverse relaxation rate; ROI, region of interest.

MWF (online supplementary figure 1); this agrees with 
the recent observation of Uddin and colleagues.34

Our results also indicate an inverted U- shaped associ-
ation of MWF with age in all cerebral ROIs investigated 
(table 1), consistent with our previous study of a larger 
cohort of participants with no cognitive impairment, and 
with other previous work.19 31 We attribute this association 
to myelination from youth through middle age, followed 
by demyelination in later years,23 31 in agreement with 
postmortem observations35 and with different investiga-
tions based on myelin- sensitive, but non- specific, quanti-
tative MRI methods such as DTI or relaxometry.22 23 36

We found that the brain regions investigated exhib-
ited different trends of CBF versus myelination. Indeed, 
autopsy studies of human brain microvasculature have 
revealed a complex brain vascular system exhibiting 

regional differences in blood supply.37 This complex 
vascular network offers some protection to certain cere-
bral structures, while leaving other areas vulnerable to 
chronic hypoperfusion, especially the deep white matter 
regions.37 Moreover, studies have shown that, overall, 
the occipital lobes exhibit delayed demyelination as 
compared with the other lobes.19 31 This pattern is consis-
tent with the retrogenesis paradigm (last- in- first- out 
hypothesis) which suggests that, compared with ante-
rior regions, the posterior brain regions are spared from 
neurodegeneration. Interestingly, the greatest slopes of 
CBF versus myelination were in the anterior lobes, indi-
cating a more rapid MWF decrease with CBF decline 
compared with the more posterior regions investigated. 
However, larger cohorts and longitudinal follow- up are 
needed to draw definitive conclusions regarding regional 
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differences in the association of CBF with myelination. 
Finally, given the emerging concept of a possibly causative 
association of demyelination with cognitive impairment,7 
our work, although carried out in a normatively ageing 
cohort, further indicates the potential significance of 
decreased CBF in the development of cognitive impair-
ment, including dementia.

Our calculated MWF mean values were overall in good 
agreement with those previously reported.19 31 However, 
we note that mcDESPOT, including BMC- mcDESPOT, 
provides somewhat higher MWF values as compared 
with multiple spin echo (MSE)- based methods.38 Indeed, 
various experimental and physiological factors, which are 
not considered in the MSE or mcDESPOT signal models, 
could be involved in this discrepancy. This includes, but 
is not limited to, the effects of magnetisation transfer 
between macromolecules and free water protons, longi-
tudinal relaxation time resulting from use of short repe-
tition times in MSE, exchange between water pools, 
J- coupling, off- resonance, spin locking, water diffusion 
within different compartments, and internal gradients. 
These represent major challenges in MRI studies of 
myelin content, and further technical developments are 
required to improve accuracy of myelin imaging. Indeed, 
comprehensive comparison analyses between BMC- 
mcDESPOT and MSE- decay curve MWF measurements 
are needed.18 38

Although our investigation examines a relatively large 
cohort and uses advanced MRI methodology, our work 
has limitations. Our data set is cross- sectional, with addi-
tional longitudinal studies being required to further 
establish the potential causality of the CBF and MWF 
associations observed here. Such work, motivated by the 
present results, is under way. Furthermore, we used iden-
tical ASL experimental parameters for all subjects, and 
acquired CBF images at a single postlabelling delay; this 
assumes negligible effects of spatial variation in arterial 
transit time (ATT), the time of the arterial bolus to transit 
from the labelling plane to the imaging volume. Although 
this is a reasonable assumption,28 ATT may vary spatially 
and may differ between subjects due to arterial blood 
velocity differences39; this could introduce a small bias in 
derived CBF values. A multiple postlabelling delay ASL 
technique may provide more accurate CBF determina-
tion.39 Moreover, certain physiological and experimental 
parameters could bias MWF determination as discussed 
above. Finally, a number of physiological parameters 
such as body mass, blood pressure, blood lipids, insulin 
resistance and inflammatory markers could affect myelin 
content as well, although a meaningful study of these vari-
ables would require a much larger cohort size than in the 
present study.

Contributors MB, LF, SMR, RGS: research design, analysis, paper writing. JSRA, 
NK, RWK, ACR, LEC, WQ: analysis, paper writing. MB, JSRA and NK contributed 
equally to this paper.

Funding The Intramural Research Program of the NIA of the NIH supported this 
work.

Competing interests None declared.

Patient consent for publication Not required.

ethics approval The MRI protocol was approved by the MedStar Research 
Institute and the National Institutes of Health Intramural Ethics Committees, and all 
examinations were performed in compliance with the standards established by the 
National Institutes of Health Institutional Review Board.

Provenance and peer review Not commissioned; externally peer reviewed.

data availability statement Data are available upon reasonable request.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

reFerenCes
 1 Bouhrara M, Reiter DA, Bergeron CM, et al. Evidence of 

demyelination in mild cognitive impairment and dementia using a 
direct and specific magnetic resonance imaging measure of myelin 
content. Alzheimers Dement 2018;14:998–1004.

 2 MacKay AL, Laule C. Magnetic Resonance of Myelin Water: An in 
vivo Marker for Myelin. Brain Plast 2016;2:71–91.

 3 Choi B- R, Kim D- H, Back DB, et al. Characterization of white matter 
injury in a rat model of chronic cerebral hypoperfusion. Stroke 
2016;47:542–7.

 4 Venkat P, Chopp M, Chen J. New insights into coupling and 
uncoupling of cerebral blood flow and metabolism in the brain. Croat 
Med J 2016;57:223–8.

 5 Nasrabady SE, Rizvi B, Goldman JE, et al. White matter changes in 
Alzheimer’s disease: a focus on myelin and oligodendrocytes. Acta 
Neuropathol Commun 2018;6:22.

 6 Bartzokis G. Age- related myelin breakdown: a developmental model 
of cognitive decline and Alzheimer’s disease. Neurobiol Aging 
2004;25:5–18.

 7 Bartzokis G. Alzheimer's disease as homeostatic responses to age- 
related myelin breakdown. Neurobiol Aging 2011;32:1341–71.

 8 Kimura N, Nakama H, Nakamura K, et al. Effect of white matter 
lesions on brain perfusion in Alzheimer’s disease. Dement Geriatr 
Cogn Disord 2012;34:256–61.

 9 Pelizzari L, Laganà MM, Di Tella S, et al. Combined Assessment of 
Diffusion Parameters and Cerebral Blood Flow Within Basal Ganglia 
in Early Parkinson’s Disease. Front Aging Neurosci 2019;11.

 10 Zhong G, Zhang R, Jiaerken Y, et al. Better correlation of cognitive 
function to white matter integrity than to blood supply in subjects 
with leukoaraiosis. Front Aging Neurosci 2017;9:185.

 11 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:e56733.

 12 Giezendanner S, Fisler MS, Soravia LM, et al. Microstructure and 
cerebral blood flow within white matter of the human brain: a TBSS 
analysis. PLoS One 2016;11:e0150657.

 13 MacKay A, Whittall K, Adler J, et al. In vivo visualization of 
myelin water in brain by magnetic resonance. Magn Reson Med 
1994;31:673–7.

 14 Alonso- Ortiz E, Levesque IR, Pike GB. Mri- Based myelin water 
imaging: a technical review. Magn Reson Med 2015;73:70–81.

 15 Bouhrara M, Spencer RG. Incorporation of nonzero echo times in the 
SPGR and bSSFP signal models used in mcDESPOT. Magn Reson 
Med 2015;74:1227–35.

 16 Bouhrara M, Spencer RG. Improved determination of the 
myelin water fraction in human brain using magnetic resonance 
imaging through Bayesian analysis of mcDESPOT. Neuroimage 
2016;127:456–71.

 17 Bouhrara M, Spencer RG. Rapid simultaneous high- resolution 
mapping of myelin water fraction and relaxation times in human brain 
using BMC- mcDESPOT. Neuroimage 2017;147:800–11.

 18 Bouhrara M, Reiter DA, Celik H, et al. Analysis of mcDESPOT- 
and CPMG- derived parameter estimates for two- component 
nonexchanging systems. Magn Reson Med 2016;75:2406–20.

 19 Bouhrara M, Rejimon AC, Cortina LE, et al. Adult brain aging 
investigated using BMC- mcDESPOT- based myelin water fraction 
imaging. Neurobiol Aging 2020;85:131–9.

 20 Bouhrara M, Cortina LE, Rejimon AC, et al. Quantitative age- 
dependent differences in human brainstem myelination assessed 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://neurologyopen.bm

j.com
/

B
M

J N
eurol O

pen: first published as 10.1136/bm
jno-2020-000053 on 1 July 2020. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1016/j.jalz.2018.03.007
http://dx.doi.org/10.3233/BPL-160033
http://dx.doi.org/10.1161/STROKEAHA.115.011679
http://dx.doi.org/10.3325/cmj.2016.57.223
http://dx.doi.org/10.3325/cmj.2016.57.223
http://dx.doi.org/10.1186/s40478-018-0515-3
http://dx.doi.org/10.1186/s40478-018-0515-3
http://dx.doi.org/10.1016/j.neurobiolaging.2003.03.001
http://dx.doi.org/10.1016/j.neurobiolaging.2009.08.007
http://dx.doi.org/10.1159/000345184
http://dx.doi.org/10.1159/000345184
http://dx.doi.org/10.3389/fnagi.2019.00134
http://dx.doi.org/10.3389/fnagi.2017.00185
http://dx.doi.org/10.1371/journal.pone.0056733
http://dx.doi.org/10.1371/journal.pone.0150657
http://dx.doi.org/10.1002/mrm.1910310614
http://dx.doi.org/10.1002/mrm.25198
http://dx.doi.org/10.1002/mrm.25984
http://dx.doi.org/10.1002/mrm.25984
http://dx.doi.org/10.1016/j.neuroimage.2015.10.034
http://dx.doi.org/10.1016/j.neuroimage.2016.09.064
http://dx.doi.org/10.1002/mrm.25801
http://dx.doi.org/10.1016/j.neurobiolaging.2019.10.003
http://neurologyopen.bmj.com/


9Bouhrara M, et al. BMJ Neurol Open 2020;2:e000053. doi:10.1136/bmjno-2020-000053

Open access

using high- resolution magnetic resonance mapping. Neuroimage 
2020;206:116307.

 21 Deoni SCL. Quantitative relaxometry of the brain. Top Magn Reson 
Imaging 2010;21:101–13.

 22 Okubo G, Okada T, Yamamoto A, et al. Relationship between aging 
and T1 relaxation time in deep gray matter: A voxel- based analysis. J 
Magn Reson Imaging 2017;46:724–31.

 23 Bartzokis G, Lu PH, Tingus K, et al. Lifespan trajectory of 
myelin integrity and maximum motor speed. Neurobiol Aging 
2010;31:1554–62.

 24 Bouhrara M, Lee DY, Rejimon AC, et al. Spatially adaptive 
unsupervised multispectral nonlocal filtering for improved cerebral 
blood flow mapping using arterial spin labeling magnetic resonance 
imaging. J Neurosci Methods 2018;309:121–31.

 25 Ferrucci L. The Baltimore longitudinal study of aging (BLSA): a 
50- year- long journey and plans for the future. J Gerontol A Biol Sci 
Med Sci 2008;63:1416–9.

 26 Shock N. Normal human aging: the Baltimore longitudinal study of 
aging. Journal of Gerontology 1985;40:767.

 27 Deoni SCL. Correction of main and transmit magnetic field (B0 and 
B1) inhomogeneity effects in multicomponent- driven equilibrium 
single- pulse observation of T1 and T2. Magn Reson Med 
2011;65:1021–35.

 28 Alsop DC, Detre JA, Golay X, 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. Magn Reson Med 
2015;73:102–16.

 29 Deoni SCL, Rutt BK, Peters TM. Rapid combined T1 and T2 mapping 
using gradient recalled acquisition in the steady state. Magn Reson 
Med 2003;49:515–26.

 30 Jenkinson M, Beckmann CF, Behrens TEJ, et al. Fsl. Neuroimage 
2012;62:782–90.

 31 Arshad M, Stanley JA, Raz N. Adult age differences in subcortical 
myelin content are consistent with protracted myelination and 
unrelated to diffusion tensor imaging indices. Neuroimage 
2016;143:26–39.

 32 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a 
practical and powerful approach to multiple testing. J R Stat Soc 
Series B 1995;57:289–300.

 33 Paternoster R, Brame R, Mazerolle P, et al. Using the correct 
statistical test for the equality of regression coefficients. Criminology 
1998;36:859–66.

 34 Uddin MN, Figley TD, Marrie RA, et al. Can T
1 w/T2 w ratio be used 

as a myelin- specific measure in subcortical structures? Comparisons 
between FSE- based T1 w/T2 w ratios, GRASE- based T1 w/T2 w ratios 
and multi- echo GRASE- based myelin water fractions. NMR Biomed 
2018;31. doi:10.1002/nbm.3868

 35 Tang Y, Nyengaard JR, Pakkenberg B, et al. Age- Induced white 
matter changes in the human brain: a stereological investigation. 
Neurobiol Aging 1997;18:609–15.

 36 Westlye LT, Walhovd KB, Dale AM, et al. Life- Span changes of 
the human brain white matter: diffusion tensor imaging (DTI) and 
volumetry. Cereb Cortex 2010;20:2055–68.

 37 Moody DM, Bell MA, Challa VR. Features of the cerebral vascular 
pattern that predict vulnerability to perfusion or oxygenation 
deficiency: an anatomic study. AJNR Am J Neuroradiol 
1990;11:431–9.

 38 Zhang J, Kolind SH, Laule C, et al. Comparison of myelin water 
fraction from multiecho T2 decay curve and steady- state methods. 
Magn Reson Med 2015;73:223–32.

 39 Qin Q, Huang AJ, Hua J, et al. Three- Dimensional whole- brain 
perfusion quantification using pseudo- continuous arterial spin 
labeling MRI at multiple post- labeling delays: accounting for both 
arterial transit time and impulse response function. NMR Biomed 
2014;27:116–28.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://neurologyopen.bm

j.com
/

B
M

J N
eurol O

pen: first published as 10.1136/bm
jno-2020-000053 on 1 July 2020. D

ow
nloaded from

 

http://dx.doi.org/10.1016/j.neuroimage.2019.116307
http://dx.doi.org/10.1097/RMR.0b013e31821e56d8
http://dx.doi.org/10.1097/RMR.0b013e31821e56d8
http://dx.doi.org/10.1002/jmri.25590
http://dx.doi.org/10.1002/jmri.25590
http://dx.doi.org/10.1016/j.neurobiolaging.2008.08.015
http://dx.doi.org/10.1016/j.jneumeth.2018.08.018
http://dx.doi.org/10.1093/gerona/63.12.1416
http://dx.doi.org/10.1093/gerona/63.12.1416
http://dx.doi.org/10.1002/mrm.22685
http://dx.doi.org/10.1002/mrm.25197
http://dx.doi.org/10.1002/mrm.10407
http://dx.doi.org/10.1002/mrm.10407
http://dx.doi.org/10.1016/j.neuroimage.2011.09.015
http://dx.doi.org/10.1016/j.neuroimage.2016.08.047
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1111/j.1745-9125.1998.tb01268.x
http://dx.doi.org/10.1002/nbm.3868
http://dx.doi.org/10.1016/S0197-4580(97)00155-3
http://dx.doi.org/10.1093/cercor/bhp280
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/2112304
http://dx.doi.org/10.1002/mrm.25125
http://dx.doi.org/10.1002/nbm.3040
http://neurologyopen.bmj.com/

	Association of cerebral blood flow with myelin content in cognitively unimpaired adults
	Abstract
	Introduction
	Materials and methods
	Participants
	Data acquisition
	Data processing
	Statistical analysis

	Results
	Discussion
	References


