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Age-Related Changes of Cerebral Autoregulation:
New Insights with Quantitative T2�-Mapping and
Pulsed Arterial Spin-Labeling MR Imaging
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BACKGROUND AND PURPOSE: Cerebral perfusion and O2 metabolism are affected by physiologic
age-related changes. High-resolution motion-corrected quantitative T2�-imaging and PASL were used
to evaluate differences in deoxygenated hemoglobin and CBF of the gray matter between young and
elderly healthy subjects. Further combined T2�-imaging and PASL were investigated breathing room air
and 100% O2 to evaluate age-related changes in cerebral autoregulation.

MATERIALS AND METHODS: Twenty-two healthy volunteers 60–88 years of age were studied. Two
scans of high-resolution motion-corrected T2�-imaging and PASL-MR imaging were obtained while
subjects were either breathing room air or breathing 100% O2. Manual and automated regions of
interest were placed in the cerebral GM to extract values from the corresponding maps. Results were
compared with those of a group of young healthy subjects previously scanned with the identical
protocol as that used in the present study.

RESULTS: There was a significant decrease of cortical CBF (P � .001) and cortical T2� values (P � .001)
between young and elderly healthy subjects. In both groups, T2� remained unchanged under hyperoxia
compared with normoxia. Only in the younger but not in the elderly group could a significant (P � .02)
hyperoxic-induced decrease of the CBF be shown.

CONCLUSIONS: T2�-mapping and PASL in the cerebral cortex of healthy subjects revealed a significant
decrease of deoxygenated hemoglobin and of CBF with age. The constant deoxyHb level breathing
100% O2 compared with normoxia in young and elderly GM suggests an age-appropriate cerebral
autoregulation. At the younger age, hyperoxic-induced CBF decrease may protect the brain from
hyperoxemia.

ABBREVIATIONS: BOLD � blood oxygen level–dependent; deoxyHb � deoxyhemoglobin; GM �
gray matter; GM frontoparietal � frontoparietal cortex (automatic ROI); MPRAGE � magnetization-
prepared rapid acquisition of gradient echo; OEF � oxygen extraction fraction; PASL � pulsed
arterial spin-labeling; rCBF � regional CBF

Brain tissue depends almost exclusively on oxidative phos-
phorylation; hence, its functional and structural integrity

relies on a constant oxygen supply provided by brain perfu-
sion. A close functional coupling between cerebral O2 metab-
olism and CBF by cerebral autoregulation satisfies the O2 de-
mand, even during neuronal activation, and protects the brain
from high partial pressures of oxygen.1 Pathologic change in 1
or both of these parameters or the cerebrovascular autoregu-
latory mechanism may result in cerebral dysfunction. Chronic
arterial hypertension is one of the most important factors af-
fecting cerebrovascular autoregulation.2 Furthermore, altera-
tions in CBF or in cerebrovascular autoregulation are dis-
cussed in neurodegeneration.3,4 An acute breakthrough of
autoregulation may play an important role in acute hyperten-
sive encephalopathy, eclampsia, and in acute brain injury.5,6

CBF of the cerebral gray matter decreases with increasing

age,7-15 and the decrease of CBF might be explained by im-
paired cerebral autoregulation due to changes in endothelial
function16 or, alternatively, by a decrease in cerebral O2 de-
mand. Degenerative microvascular changes associated with
normal aging17 may also reduce the level of CBF in aging
brains.

In the past, O2 metabolism and CBF were studied with
methods having disadvantages such invasiveness (eg, contrast
agents, blood samples), radiation exposure, and/or limited
spatial resolution (eg, PET).11,18-20 Noninvasive quantitative
MRI can also be used to measure O2 metabolism and CBF21-29

and to differentiate physiologic age-related changes from
pathologic changes.28-39

The BOLD effect40 describes the dependence of transverse
relaxation time of blood water on blood oxygenation. Because
the field gradients around erythrocytes increase in the pres-
ence of the paramagnetic deoxyHb and result in accelerated
spin dephasing, increasing deoxyHb will cause reduced values
of the effective transverse relaxation time T2* and thus re-
duced signal in T2*-weighted images.37,38 Because T2* is also
affected by the transverse relaxation time T2, which is known
to increase with age and in almost all cerebral pathologies, the
relaxation time T2� can be calculated from 1 / T2* � 1 / T2 �
1 / T2�. T2� provides mainly information about local concen-
trations of DeoxyHb.31,41 In a retrospective study on a 1.5 T
scanner, T2, T2�, and T2* values of the white matter, the thal-
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ami, and the basal ganglia have already been quantified31 on
the basis of this technique.

Perfusion mapping based on PASL is useful to quantify
rCBF.42

In this prospective study, we performed high-resolution
motion-corrected quantitative T2�-imaging and PASL-MR
imaging in elderly healthy volunteers. A preceding study in-
vestigating this methodic approach in the gray matter of
healthy young subjects suggested that it is accurate to evaluate
cerebrovascular autoregulation under hyperoxic conditions
(Wagner M, Magerkurth J, Volz S, et al; unpublished data,
2011). The present study investigated the degree to which the
CBF of cerebral gray matter decreases with age, whether there
is a similar decrease of the oxygen content of the gray matter
with age, and whether there are age-related changes of the
cerebral autoregulation tested under hyperoxia (inhalation of
100% O2).

Materials and Methods

Subjects
Twenty-two healthy elderly volunteers (60 – 88 years of age; median,

66 years) were studied. The protocol was approved by the institu-

tional review board, and informed consent was obtained from each

subject. Standardized questionnaires were used to exclude neurologic

or psychiatric diseases, diabetes, or untreated hypertension. Follow-

ing data analysis, 2 subjects had to be excluded due to pronounced

motion artifacts.

MR Imaging Examination
Studies were performed on a 3T MR imaging scanner (Magnetom

Trio; Siemens, Erlangen, Germany) by using an 8-channel phased-

array head coil for signal reception and a body coil for radio-fre-

quency transmission. MR imaging was performed using ear protec-

tion; but to avoid artificially low brain metabolism, no further sensory

deprivation was used.11,20 Two scans were obtained, either while sub-

jects were breathing room air or while subjects had been ventilated

with 100% O2 (flow rate 10 l/min) via a close-fitting mask covering

the mouth and nose. Because oxygen saturation is known to reach its

maximum after approximately 70 seconds,43 the volunteers were con-

tinuously ventilated with 100% oxygen during the entire second series

of MR imaging scans, and T2� and PASL measurements were per-

formed after running an anatomic scan (T1-weighted MPRAGE; du-

ration, 7 minutes, 23 seconds) to ensure an equilibration of the max-

imum oxygen saturation.

For quantitative T2*-mapping, a multiple gradient-echo sequence

with 8 echoes per excitation acquired exclusively under positive read-

out gradient polarity44 was used with the following imaging parame-

ters: TE ranging from 10 to 52 ms with a constant increment of 6 ms,

TR � 3000 ms, 50 axial sections with 2-mm section thickness, no

intersection gap, bandwidth � 300 Hz/pixel, matrix size � 160 � 128

(readout � phase encoding), FOV � 200 � 160 mm2, isotropic spa-

tial in-plane resolution � 1.25 � 1.25 mm2, measurement time � 6

minutes 24 seconds. To avoid erroneous T2* values due to distortions

of the static magnetic field B0,45-47 a compensation method was ap-

plied48 on the basis of obtaining B0 distortion maps directly from the

complex image data and correcting for TE-dependent image intensity

reductions induced by through-plane spin dephasing. The acquisi-

tion was repeated with 50% spatial resolution in the phase-encoding

direction (duration, 3 minutes 30 seconds), and a special combina-

tion of data in k-space was used, which was optimized for the sup-

pression of motion-induced artifacts.41

Quantitative T2 mapping was based on a series of T2-weighted

images with different values of TE (17, 86, 103, 120, 188 ms) by using

a TSE sequence. TR had a constant value of 10 seconds, and all geo-

metric parameters (spatial resolution and spatial coverage) were iden-

tical to those in the T2*-mapping experiment. Before T2 fitting, the

TSE images were coregisterd to the first T2*-weighted image by using

the linear registration algorithm implemented in FSL (http://www.

fmrib.ox.ac.uk/fsl/fsl/list.html)49 known as FLIRT.50

Data fitting was performed with custom-built programs written in

Matlab (MathWorks, Natick, Massachusetts), by using exponential

fitting for obtaining maps of T2* and T2. Maps of T2� were calculated

as 1 / T2� � 1 / T2* � 1 / T2.

Anatomic imaging was based on a T1-weighted MPRAGE se-

quence51 with the following parameters: TR/TE/TI � 2250/2.6/900

ms, whole-brain coverage, isotropic spatial resolution � 1 mm3,

bandwidth � 200 Hz/pixel, duration � 7 minutes, 23 seconds. This

dataset was used for segmentation of gray and white matter and au-

tomatic definition of ROI. The fitted maps (T2, T2*, and T2�) were

linearly coregistered to the T1-weighted anatomical data set using

FLIRT.50

For quantitative measurement of brain perfusion, 100 pairs of

control and tag images were acquired with a PASL technique. The

labeling method used was quantitative imaging of perfusion by using

a single-subtraction second version with interleaved thin-section TI

periodic saturation as described by Luh et al,52 applying the proximal

inversion with a control for an off-resonance-effects labeling scheme,

in which arterial spins are labeled by a thick inversion slab proximal to

the imaging sections. The scanning parameters were the following:

FOV � 22.4 � 22.4 cm, matrix size � 64 � 64, isotropic in-plane

resolution � 3.5 � 3.5 mm2, 5 axial sections of 6 mm each, TR � 2500

ms, TE � 21 ms, TI1/TI1stop/TI2 � 700/13,750/1400 ms. The gap

between the tag inversion slab and the first of the imaging sections was

10 mm. The duration was 8 minutes, 20 seconds.

It is known that breathing 100% O2 reduces the T1 relaxation time

in the lung approximately 5%–15% compared with room air inhala-

tion.53-55 Uematsu et al56 reported an 11% T1 decrease in the cerebral

cortex when subjects were exposed to 100% O2 in a mouse model

studied at a field strength of 9.4T. Considering that hyperoxic-in-

duced T1 relaxation time change in the lung represents an upper limit

of T1 change, we used an estimated factor of 10% to correct T1 values

before computation of the PASL-based CBF maps under hyperoxic

inhalation.

ROIs were manually placed in frontoparietal paramedian cortical

structures and in the thalami (Fig 1). GM frontoparietal and whole

WM ROIs were also defined following automatic segmentation with

SPM8 (http://www.fil.ion.ucl.ac.uk/spm) of the T1-weighted dataset

by thresholding the tissue probability maps at 0.95. Due to a low

number of sections, only the manually drawn region of interest in the

frontoparietal paramedian cortex was defined for the PASL images.

Both manual and automatic ROIs were used as masks to extract

T2, T2*, and T2� values from the corresponding maps. For each re-

gion of interest, mean normoxic T2� and CBF values were extracted

by using fslstats, as part of FSL.49 The results were compared with

those of the same parameters assessed under hyperoxic ventilation

by using the Wilcoxon signed rank test. Statistical comparison

was performed by means of the software R Statistics (http://www.R-

project.org).57 Results were compared with those of the young
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healthy volunteers previously described, a study also approved by the

local ethics committee.

Results
Significant differences between elderly and younger (Table 1)
healthy volunteers were found in both cortical CBF (P � .001)
and T2� values of cortical GM (manual and automatic region-
of-interest modalities, both P � .001) and WM (P � .001)
under normoxic conditions. We found a significant CBF de-
crease (P � .001) of 30% from younger to elderly volunteers
(Fig 2). While cortical T2* values changed as a trend (manual
region of interest, P � .074) or significantly (automated region
of interest, P � .037) and T2* values of the white matter re-
mained unchanged, T2� of both the cortex and white matter
decreased highly significantly (P � .001 each) due to the in-
crease of cortical (as a trend, P � .063) and white matter
(highly significantly, P � .001) T2 values with age (1 / T2� �
1 / T2* � 1 / T2), though this effect was less pronounced than
the CBF reduction.

In the thalami, only T2 increased significantly (P � .001)
with age, while T2* and T2� remained unchanged.

In both the younger and older subjects, T2� (Fig 3) and T2*
remained unchanged under hyperoxia compared with room-
air breathing, while only in the older group did T2 increase
significantly in the cortex (P � .033 and P � .005) and white

matter (P � .04) under hyperoxia (Tables 1 and 2). While in
the younger group the CBF had decreased significantly (P �
.02) under hyperoxia, in the older group, the CBF showed only
a nonsignificant decrease compared with room-air breathing
(Fig 4).

Discussion
We have used PASL for measuring CBF and T2� imaging for
determining the deoxyHb content of the cerebral cortex in
2 groups of healthy subjects with different ages. Compared
with the mean cortical CBF values of young healthy (20 –34
years) individuals, we found a CBF decrease of approximately
30% (from 61 to 43 mL/100 g/min) in the elderly (61– 89
years). The CBF decrease in the elderly is most likely the re-
sult of physiologic age-related changes leading to neuronal
shrinkage and/or degenerative change of the microvascula-
ture.7-9,11-15 The CBI decrease is accompanied by a significant
decrease of the cortical T2� values (124.5 versus 142.5 ms
for the younger group), which indicates increasing cortical
deoxyHb content with age. The deoxyHb content depends
on the CBV and the deoxyHb fraction in the blood. Increase
in deoxyHb content can be attributed to reduced flow at con-
stant oxygen consumption, leading to an increased oxygen
extraction fraction. While Pantano et al14 found an increasing
trend of the OEF of 7% in elderly healthy men compared with

Fig 1. Manually placed ROIs on the first T2*-weighted image (TE � 10 ms) in the frontoparietal paramedian and thalamus. Automatically defined GM frontoparietal and WM ROIs from
automatic segmentation. Due to a low number of sections, only the manually drawn region of interest in the frontoparietal paramedian cortex was defined for the PASL images.

Table 1: Parameter values (millisecond, mean � SD) for room air-breathing (normoxia) and O2 ventilation (hyperoxia) for both the young and
the elderly groupsa

Raw Parameter Values

Normoxia Hyperoxia

Young Elderly
P Value,

Young�Old Young Elderly
P Value,

Young�Old
T2� Cortex 142.5 � 9.2 124.5 � 11.6 P � .001b 138.7 � 12.2 121.7 � 9.8 P � .001b

T2� GM frontoparietal 126.9 � 8.4 101 � 11.3 P � .001b 124.9 � 11.4 103.2 � 8.6 P � .001b

T2� Thal 116 � 13.4 111.6 � 12.4 P � .423 116.5 � 9.7 111.4 � 13.1 P � .477
T2� WM 116.3 � 5.7 103.8 � 9.4 P � .001b 117.7 � 5.8 104.9 � 5.9 P � .001b

T2* Cortex 63.2 � 2.5 60.8 � 3.7 P � .074 62 � 2.4 60.1 � 2.8 P � .07
T2* GM frontoparietal 59.1 � 1.7 57.1 � 2.8 P � .037b 58.7 � 2.2 57.4 � 2.4 P � .158
T2* Thal 50.2 � 2.5 51.4 � 3.9 P � .403 50.3 � 2.1 51.6 � 4.6 P � .255
T2* WM 51.5 � 1.2 51.1 � 2.5 P � .683 51.8 � 0.9 51.2 � 2.1 P � .182
T2 Cortex 121.5 � 7.8 130.6 � 13.5 P � .063 120.7 � 6.9 134.7 � 14.1 P � .002b

T2 GM frontoparietal 106.6 � 6.8 113.9 � 13.4 P � .063 105.9 � 8.4 123.5 � 15.5 P � .001b

T2 Thal 91.8 � 2.3 100.3 � 9.5 P � .001b 92 � 2.5 98.4 � 7.2 P � .005b

T2 WM 93.4 � 1.7 101 � 5.1 P � .001b 93.7 � 2 102.6 � 4.9 P � .001b

PASL 61.5 � 9.9 43.4 � 12.1 P � .001b 56.2 � 8.5 41.9 � 12.6 P � .001b

Note:—Thal indicates thalamus; Cortex, frontoparietal paramedian.
a “Cortex” is defined as the manual ROI, “GM frontoparietal” as the automated ROI, “WM” as the automated whole supratentorial white matter, and “Thal” as the manual thalamic ROI
(Fig 1).
b Significant.
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younger subjects, Leenders et al11 did not find any changes of
the OEF with age by using PET. The difference in our results
might be due to reduced partial volume effects of white matter
and CSF for the quantitative MRI method.

Under hyperoxia, the CBF in young subjects decreased sig-
nificantly (P � .02). In contrast to the young adults, the elderly
group revealed only a trend toward decreased CBF on hyper-
oxia. However, cerebral autoregulation was still sufficient be-
cause the deoxyHb content remained constant. The relation-
ship between a decreased CBF and an increased OEF of the
aging brain11,12,14,18,58 might hint at a latent CBF/O2 under-
supply. In this case, the oxygen surplus after inhalation of
100% O2 can be compensated by increased oxygen consump-
tion. The rather luxurious perfusion of younger brains might
explain the significant cortical CBF decrease under hyperoxia.
Additional O2 supply, which cannot be compensated by in-

creased consumption, leads to reactive vasoconstriction to
prevent pathologic O2 concentrations in the brain.

A recent review16 showed a significant decrease of the va-
soreactivity in healthy elderly volunteers. It can be speculated
that the age-dependent decrease in CBF shifts the autoregula-
tion under hyperoxia from vasoconstriction to increasing ox-
ygen consumption.

The mean rCBF values of 43 � 12 mL/100 g/min measured
by PASL in the paramedian frontoparietal cortex of elderly
healthy subjects are in line with the results of previous studies
by using the same method.59 Our results are also consistent
with those of several other previous studies showing an age-
dependent CBF decrease between 0.5% and 0.7% per year,7-15

with a high range of interindividual variation.11,12,14,58,59 Due
to cortical atrophy in the elderly, the limited spatial resolution
of PASL (3.5 � 3.5 � 6 mm3) might lead to increased partial

Fig 2. Quantitative PASL-based CBF map (A and C) and T2� map (B and D) under room-air breathing (left) and under hyperoxic ventilation (right) for a single section and 1 representative
elderly subject (top, A and B) and a representative young subject (bottom, C and D), respectively.

Fig 3. Percentage change of T2� relaxation times on O2 administration in the 2 subject groups (young and elderly) in all the investigated regions. For each group, mean � SD are given
under each boxplot, and P values of the difference from zero are provided above the boxplot.
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volume effects regarding white matter and CSF and cause a
higher SD of CBF values compared with those in the younger
group (Fig 2).11,12,28,34,58-62 Furthermore, spin-labeling meth-
ods presume an orthogonal caudocranial blood flow. In older
patients, however, the increasing transit time of the perforat-
ing and end arterioles may occur on the basis of arterioscle-
rotic changes resulting in an overestimation of hypoperfu-
sion.12,59 Furthermore, cerebrovascular sequelae of age-
related increase in blood pressure or of asymptomatic ICA
stenoses may decrease CBF in elderly subjects, but patients
with known and symptomatic neurologic and cardiovascular
diseases were excluded from the study. A potential influence of
unknown vascular changes on age-related CBF decrease
should not be overestimated because asymptomatic severe
ICA stenosis is very rare in the healthy population63 and
elderly individuals frequently undergo checkups of blood
pressure.

T2� values are influenced not only by the deoxyHb content

but also by paramagnetic iron deposits in the tissue. The iron
content of the cortex and of the thalamus is continuously in-
creasing in young adolescents. Beyond the age of approxi-
mately 35 years, there is no more increase of cortical and tha-
lamic iron deposits, but in contrast, they may even decrease.
Consequently, the differences of the age-dependent T2� values
are not attributed to a difference of iron content but to the
higher deoxyHb content in elderly subjects.21,29,62,64

This study stresses the requirement to calculate T2-cor-
rected T2* values (T2�). We found an age-dependent increase
of the T2 relaxation times in both gray and white matter struc-
tures, with a significant increase in the thalami and white mat-
ter. The age-dependent changes of the T2 time of the cerebral
white matter are widely investigated.9,15,17,26,32,34,61,64,65-70 Be-
yond adolescence, there is a re-increase of the T2 time in the
cerebral white matter with age due to white matter degenera-
tion and an increased water content.9,15,17,26,34,61,66-70 How-
ever, there are only a few data concerning age-dependent T2
changes of the gray matter. Similar to our results, Siemonsen
et al31 could also quantify an age-dependent increase of T2 in
the thalamus, and Autti et al71,72 qualitatively revealed at least
a plateau of the T2 signal in the thalamus visually after a con-
tinuous signal decrease until middle adolescence.

The T2 increase of the paramedian frontoparietal cortex
may also result from the age-dependent increase of the cortical
water content as a consequence of the neuronal shrinkage.25

An increase of the water content and a decreasing attenuation
of macromolecules with age were also determined from diffu-
sion-weighted techniques and magnetization-transfer con-
trast imaging.28,34,73 While we could reveal a T2 effect of oxy-
gen in the cerebral cortex and white matter of elderly subjects,
this could not be shown in young subjects.

Conclusions
Quantitative MR imaging with high-resolution T2� mapping
and PASL-based CBF mapping demonstrated an age-depen-
dent increase of deoxyHb in the cerebral cortex, while the
cortical CBF decreased with age. In both young and elderly
healthy subjects, the content of deoxyHb remained constant
under hyperoxic inhalation compared with normoxia, but
only the younger group showed a significant CBF decrease
under hyperoxia. These results suggest an age-appropriate ce-

Fig 4. Values of the cerebral blood flow measured with PASL under normoxia and hyperoxia
in both the young and the elderly groups. Mean � SD are given under each boxplot, and
P values of the difference between the groups are provided above the boxplots.

Table 2: Percentage parameter change (mean � SD) on administration of O2 for the young and elderly groups

� � (O2 /no O2 � 1) � 100 Young
P Value,

� Young � 0 Elderly
P Value,

� Elderly � 0
T2� Cortex O2 1.1 � 8.8 P � .34 �2.5 � 6.6 P � .245
T2� GM frontoparietal O2 0.0 � 4.4 P � .73 1.1 � 5.8 P � .522
T2� Thal O2 �1.8 � 4.0 P � .52 1.5 � 16.4 P � .674
T2� WM O2 0.3 � 3.5 P � .68 �0.1 � 4.2 P � .784
T2* Cortex O2 0.4 � 2.4 P � .3 �0.8 � 4.1 P � .498
T2* GM frontoparietal O2 0.7 � 1.4 P � .09 0.3 � 3.6 P � .452
T2* Thal O2 0.3 � 3.3 P � .91 1.4 � 9.6 P � .756
T2* WM O2 �0.7 � 4.3 P � .68 �0.2 � 2.5 P � .596
T2 Cortex O2 0.4 � 1.5 P � .38 4.1 � 7.6 P � .033a

T2 GM frontoparietal O2 �8.1 � 8.2 P � .01a 8.9 � 13.8 P � .005a

T2 Thal O2 0.3 � 10.4 P � .57 �0.8 � 6.4 P � .812
T2 WM O2 �1.9 � 3.4 P � .11 1.8 � 3.3 P � .04a

PASL_O2 �2.4 � 3.0 P � .02a �2.5 � 16.5 P � .539

Note:—Thal indicates thalamus; Cortex, frontoparietal paramedian.
a Significant.
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rebral autoregulation in young and elderly brains, whereas at a
younger age, hyperoxic-induced vasoconstriction protects the
brain against hyperoxemia.
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