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ABSTRACT
Understanding the microstructural changes related to physiological aging of the cerebral cortex is pivotal to
differentiate healthy aging from neurodegenerative processes. The aim of this study was to investigate the agerelated global changes of cortical microstructure and regional patterns using multiparametric quantitative MRI
(qMRI) in healthy subjects with a wide age range. 40 healthy participants (age range: 2nd to 8th decade)
underwent high-resolution qMRI including T1, PD as well as T2, T2* and T2′ mapping at 3 Tesla. Cortical
reconstruction was performed with the FreeSurfer toolbox, followed by tests for correlations between qMRI
parameters and age. Cortical T1 values were negatively correlated with age (p=0.007) and there was a widespread
age-related decrease of cortical T1 involving the frontal and the parietotemporal cortex, while T2 was correlated
positively with age, both in frontoparietal areas and globally (p=0.004). Cortical T2′ values showed the most
widespread associations across the cortex and strongest correlation with age (r= -0.724, p=0.0001). PD and T2*
did not correlate with age. Multiparametric qMRI allows to characterize cortical aging, unveiling parameterspecific patterns. Quantitative T2′ mapping seems to be a promising imaging biomarker of cortical age-related
changes, suggesting that global cortical iron deposition is a prominent process in healthy aging.

INTRODUCTION
As a consequence of a constantly increasing life
expectancy in our societies, the investigation of human
brain aging has emerged as an important and growing
research field in neuroscience [1]. The process of
biological aging is not only dependent on chronological
ageing [2], as it is widely acknowledged that certain
lifestyle habits and comorbidities such as cardiovascular
and metabolic disorders may favor and accelerate aging
processes in the brain [2–5]. The cerebral cortex is
generally assumed to play a key role in cognitive
abilities in higher age groups. In particular, cognitive
deficits in old age predominantly involve long-term and
working memory as well as the ability to form new
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episodic memories [6] and thus functions with assumed
cortical representation. Gaining a deeper understanding
of healthy cortical ageing is fundamental for elucidating
the transition between normal aging and prodromal
stages of pathological neurodegeneration, as well as the
interactions between ageing and additional detrimental
effects of diseases on the cortical microstructure.
Previous studies assessing the cerebral cortex with
conventional magnetic resonance imaging (MRI)
techniques reported age-related reductions in cortical
thickness [7, 8], cortical volume [9] and the cortical
surface area [10]. In addition, specific regional patterns
of these cortical gray matter (GM) changes have been
demonstrated [7, 10–12], indicating locally varying
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vulnerability or resistance to age-related involutional
alterations of tissue structure. However, conventional
MRI techniques yield images with mixed contrasts and
are therefore not fully suited to provide information on
the microstructural processes that underlie and
potentially precede cortical atrophy.
In contrast, quantitative MRI (qMRI) allows for
assessing subtle changes in tissue microstructure [13],
measuring a variety of physical parameters which are
specifically related to certain tissue properties
associated with pathological or age-driven changes of
the microstructural tissue composition [14]. Since
different distinct processes on the microstructural level
such as involution of the neuropil, demyelination, iron
accumulation and changes of tissue water content are
associated with aging [15–19], qMRI may provide more
profound insights into the respective microstructural
tissue changes. Previous studies described age-related
changes of qMRI parameters, suggesting changes in
cortical tissue properties, such as the degree of
myelination and the iron and water fraction, caused by
physiological aging [20–28]. For instance, several
studies congruently reported a decrease of cortical T1
relaxation time [23–27] and an increase of cortical T2
relaxation time [24, 25, 28] during the entire adulthood
in healthy aging. However, comprehensive multiparametric analyses of age-related changes of cortical
qMRI parameters combined with an investigation of
their spatial distribution across the cortex and a
comparison of the spatial patterns between parameters
might allow for a deeper understanding of natural
cortical aging.
In this cross-sectional study, we used qMRI techniques
measuring the longitudinal relaxation time (T1), the
proton density (PD) and the irreversible, effective and
reversible transverse relaxation times (T2, T2* and T2′)
in combination with surface-based analyses to
investigate cortical patterns of the dependence between
the cortical microstructure and age in a group of adult
healthy volunteers with a wide age range. We
hypothesized to observe differences, both in the spatial
distribution and the extent of different age-associated
microstructural processes such as changes of the
myelin, water and iron proportions, and of the
corresponding changes of qMRI parameters across the
cerebral cortex. Since a previous study using positron
emission tomography (PET) has demonstrated a decline
of aerobic glycolysis with increasing age in
frontoparietal and upper temporal regions [29], we
assumed that age-related changes of tissue
microstructure might be pronounced in these cortical
areas. Furthermore, as cerebral iron deposition is
considered an important age-related process involving
various brain structures [30], we hypothesized that an
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increasing iron content might be a prominent process in
cortical aging.

RESULTS
The mean age ± standard deviation (SD) of the included
subjects was 38.8 ± 14.97 years (range: 19-71 years, 2nd
to 8th decade), with 19 male (47.5 %) and 21 female
(52.5 %) participants.
The relationship between age and mean qMRI
parameters/cortical thickness across the cerebral
cortex
Global quantitative T1 values were significantly
negatively correlated with age (r= -0.421, p=0.007,
Figure 1A), while for PD values a significant
relationship with age could not be detected (r=0.287,
p=0.073, Figure 1B). Quantitative T2 values across the
entire cortex showed a strong positive correlation with
age (r=0.445, p=0.004, Figure 1C). For T2* values, no
significant correlation with age was found on a global
level (r= -0.012, p=0.940, Figure 1D). There was a
strong negative correlation between whole-cortex
quantitative T2′ values and age (r= -0.724, p=0.0001,
Figure 1E). Similarly, the global cortical thickness was
strongly negatively correlated with age (r= -0.444,
p=0.004, Figure 1F). For each parameter, global mean
values and standard deviations (SD) across the cortex
(serving as a measure of the cortical distribution) are
provided in Table 1. For graphical illustration,
Supplementary Figure 1 shows the statistical spread
across the group for each SD.
After controlling for the total intracranial volume (TIV)
and sex as confounding variables by partial correlations,
similar associations between qMRI parameters across
the entire cortex and age were detected: quantitative T1
values showed a significant negative correlation with
age (r= -0.421, p=0.009), while irreversible (T2) and
reversible (T2′) quantitative transverse relaxation times
showed significant correlations in diverging directions
(T2: r=0.440, p=0.006 and T2′: r= -0.722, p=0.0001).
There was globally no significant correlation between
quantitative T2* (r= -0.030, p=0.856) or PD (r=0.306,
p=0.062) values and age. Analysis of the association
between global cortical qMRI parameters and global
cortical thickness (controlling for the effect of the TIV)
revealed a significant negative correlation between
global cortical T2 and cortical thickness (r= -0.424,
p=0.007), while global cortical T2′ values correlated
positively with cortical thickness (r=0.647, p=0.0001).
Global cortical T2* and PD values were not
significantly correlated with cortical thickness (r= 0.029, p=0.861 and r=0.116, p=0.481). Among all
qMRI parameters that were globally correlated with
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age, only cortical T1 values did not show a relationship
with cortical thickness (r= -0.021, p=0.898).
Patterns and regional distributions of age-related
changes in cortical qMRI parameters and cortical
thickness
Vertex-wise surface-based analysis of cortical qMRI
parameters, conducted for the parameters which
globally showed significant associations with age,
revealed distinct patterns and regional distributions of
clusters of surface-points/vertices, showing a significant
association with age (Figures 2 and 3, warm/cold colors
representing a positive/negative correlation of the
respective parameter with age). Cortical regions with a
significant negative association of quantitative T1
values and age were mainly located in dorsofrontal as

well as in the upper temporal regions (Figure 2) for both
hemispheres. In the right hemisphere, regions with a
significant relationship of T1 and age were also located
in the medial parietal, temporal and occipital cortex
(Figure 2). Age-related increases of cortical quantitative
T2 values showed a similar pattern as compared to
decreases of cortical T1, however, with smaller clusters
located in the upper frontal cortex, the upper temporal
cortex and the right medial parieto-occipital cortex
(Figures 2, 3A). The reversible transverse relaxation
time T2′ showed widespread significant negative
associations with age in clusters involving large parts of
the cortex with similar patterns of quantitative T2′
changes for both hemispheres (Figure 3B). Significant
correlations between cortical thickness and age were
mainly found in the upper and medial frontal cortex in
both
hemispheres
as
well
as
in

Figure 1. Scatterplots illustrating the relationship between global cortical qMRI parameters/cortical thickness and age.
(A) relationship between T1 and age; (B) relationship between PD and age; (C–E) relationships of T2, T2* and T2' with age; (F) relationship
between cortical thickness and age. ms: milliseconds; p.u.: percentage units; mm: millimeters.
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Table 1. Distribution of the parameter values: mean values and standard deviations across the cortex.
Parameter
T1 [ms]
PD [p.u.]
T2 [ms]
T2* [ms]
T2′ [ms]
Cortical thickness [mm]

Mean across cortex
1528.75 ± 40.58
79.48 ± 1.85
86.99 ± 4.17
61.60 ± 2.48
201.50 ± 22.47
2.45 ± 0.08

SD across cortex
146.73 ± 9.55
5.45 ± 0.46
27.69 ± 8.66
43.37 ± 9.00
90.83 ± 7.39
0.62 ± 0.03

The mean ± the standard deviation across the group are presented for each parameter. ms: milliseconds; p.u.: percentage
units; mm: millimeters; SD: standard deviation. For a detailed illustration of the distribution of the standard deviations across
the cortex, please see the Supplementary Figure 1.

frontobasal and temporoparietal regions of the right
hemisphere (Figure 4). Since the numerous small
clusters indicating a significant association between
cortical thickness and age observed for the left lateral
hemisphere before correction for multiple comparisons
were susceptible to the correction, resulting in a
substantial change of the original pattern, an additional
figure (Supplementary Figure 2) shows the respective
uncorrected map for the left lateral hemisphere,
demonstrating more widespread associations with age.
Regional analysis of qMRI values in the cortical lobes
revealed a consistent negative association between
cortical T1 values and age, which, however, missed

statistical significance in the occipital cortex (Figure
5A). PD values showed weak to moderate correlations
with age, reaching statistical significance in the
temporal and the occipital cortex (Figure 5B). While
cortical T2 values showed positive correlations with
age, which were statistically significant in the frontal
and partial lobes (Figure 5C), a strong negative
correlation with age was observed for T2′, which was
statistically significant throughout all cortical
subregions (Figure 5E). In contrast, cortical T2* values
exhibited a regionally heterogeneous relationship with
age (Figure 5D), attaining statistical significance only in
the temporal cortex. The negative correlation between
cortical thickness and age was most pronounced in the
frontal and parietal cortex (Figure 5F).

DISCUSSION
This study investigated the relationship between cortical
qMRI parameters and age via a surface-based analysis
approach, detecting the spatial distributions of changes
in cortical microstructure related to increasing age with
focus on the 2nd to the 8th decade.

Figure 2. Cortical clusters indicating a significant
association between age and cortical quantitative T1
values. The scale bar displays the level of significance. Cold
colors demonstrate a negative association with age in the
respective regions. L: left; R: right; Lat.: lateral; Med.: medial.
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Quantitative T2′ values showed a strong negative
correlation with age and the most widespread agerelated changes among all investigated qMRI
parameters (Figure 3B). This result suggests high
sensitivity of T2′ mapping to microstructural changes
underlying normal cortical aging. The observed T2′
shortening with increasing age is in line with the results
of a previous study describing age-related changes of
cortical T2′ [31]. However, the presented study allows
for a comparison of the relationship between T2′ and
age with the age-dependence of other parameters and of
the respective spatial distributions. Quantitative T2′
values resulting from a correction of the effective
transverse relaxation time T2* for spin-spin effects have
been proposed as a sensitive measure for the estimation
of relative parenchymal iron content [32, 33]. In
concordance with results from histopathological and
qMRI studies indicating age-related cortical iron
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deposition [19, 34–38], the observed decrease of
cortical T2′ values in the presented analysis (Figures
1E, 3B, 5E) suggests a considerable increase of cortical
tissue iron levels across the adult life span caused by
physiological aging.
The obtained mean cortical T2 values were positively
correlated with age and clusters indicating a significant

association with age were mainly located in the
frontoparietal and upper temporal cortex (Figures 1C,
3A, 5C). The increase of cortical T2 values with higher
age is in agreement with previous studies [24, 25, 28].
Conceivable changes of cortical microstructure with an
effect on T2 that are known to occur in healthy ageing
primarily include demyelination (causing an increase of
T2) [39, 40] and increase of tissue iron content (leading

Figure 3. Cortical clusters exhibiting a significant relationship between age and cortical quantitative T2 (A) and T2′ values (B). The scale bar
displays the level of significance. Hot colors demonstrate a positive and cold colors a negative association with age in the respective regions.
L: left; R: right; Lat.: lateral; Med.: medial.

Figure 4. Cortical clusters indicating a significant relationship between age and cortical thickness. The scale bar indicates the
level of significance. Cold colors demonstrate a negative association with age in the respective regions. L: left; R: right; Lat.: lateral; Med.:
medial.
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to a decrease of T2) [30, 35, 41]. Furthermore, a
prolongation of the T2 relaxation time can be caused by
increased tissue water content [21, 42, 43] and gliotic
tissue conversion [43]. As revealed by the analysis of
cortical T2′, iron deposition most likely plays an
important role in cortical aging. Yet, processes leading
to T2 increases, especially myelin loss [16], seem to
have a stronger impact on cortical T2 in normal aging.
A shrinking of the neuronal volume fraction and relative
increase of the glial volume fraction, as described in
histopathological studies [44–47], could also potentially
contribute to the prolongation of cortical T2. For
cortical T2′ values, which showed widespread negative
associations with age across the cortex (Figures 3B, 5E)
and for cortical T2 values (Figures 3A, 5C) the results

of the analysis based on cortical subregions was in line
with the results of the vertex-wise analysis.
Global cortical T2* values did not show a significant
relationship with age (Figure 1D) and the regional
analysis only revealed significant negative correlation
with age in the temporal lobe (Figure 5D). T2* depends
on the myelin [48, 49] and iron content [22, 30, 39, 48].
However, T2′, as compared to T2*, is thought to be less
influenced by changes of the myelin fraction [48, 49],
thus representing the more sensitive parameter for
assessing the iron content. A previous study by
Siemonsen et al. [50], investigating age-related changes
of the parameters T2, T2* and T2′ in the cerebral white
matter (WM) and deep GM in healthy volunteers, found

Figure 5. Scatterplots illustrating the relationship between regional cortical qMRI parameters/cortical thickness and age in
the cortical subregions (lobes). (A) relationship between T1 and age; (B) relationship between PD and age; (C–E) relationships of T2, T2*
and T2' with age; (F) relationship between cortical thickness and age. In each plot, the four different colors denote the respective cortical
subregions. ms: milliseconds; p.u.: percentage units; mm: millimeters.
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a significant negative association between T2′ and age
in the basal ganglia [50]. T2 values correlated positively
with age, both in WM and in the deep grey nuclei [50].
T2* values were found to correlate negatively with age
in deep GM structures, whereas in WM a positive
correlation between T2* and age was detected. In
contrast to this previous study, our study investigated
associations between qMRI parameters in cortical GM
and age, applying surface-based analysis techniques.
The age-associated T2′ decrease in GM and T2 increase
in WM and GM that were found in the previous study
[50] are in line with our results, reflecting iron
deposition and demyelination with increasing age.
Furthermore, both studies indicate that cerebral T2*
values seem to be influenced in a bidirectional manner
during aging (Figure 5D). A potential explanation for
this finding might be the presence of different
microstructural processes taking place with a spatially
heterogeneous pattern (Figure 5D), including both
processes which increase T2* via inherent spin-spin
effects (for example T2 increase attributable to
demyelination) and processes which decrease T2* (such
as iron deposition) (Figure 5D).

typically leading to a decrease of T1 [22, 60, 61]. Since a
decrease of overall myelination has been demonstrated
with increasing age [16], changes of myelination may
not be assumed to be responsible for the observed
negative relationship between cortical T1 and age. Since
T1 also depends on the water and iron content in tissue
[20, 53–57], both a decreasing water fraction (induced
by a regression of dendrites and a relative enhancement
of the neuronal density [17, 20], and an increasing iron
deposition (which takes place with progressing age [18,
19, 27]) may yield T1 shortening [20, 27, 30, 54]. The
lack of a significant correlation between global cortical
T1 values and cortical thickness may suggest that among
the mechanisms driving age-related decreases of cortical
T1 values, an increasing iron deposition is more relevant
than a reducing tissue water fraction, since the latter is
believed to be associated with a regression of dentrites
[17, 20] and, accordingly, potentially with atrophy. By
comparison with the T2 results (Figure 3A) it becomes
evident that demyelination is likewise a prominent
process associated with aging, which, however, might
affect cortical T1 values less than microstructural
changes of the iron or water proportions.

Global cortical PD values did not show a significant
correlation with age (Figure 1B). Only in the temporal
and occipital lobes a significant positive association with
age could be detected (Figure 5B). However, partial
volume effects might contribute to these results. PD
quantifies free water in tissue [22, 51, 52] and therefore
might be sensitive to age-related changes of the watercontent. Since T1 is affected by the water and iron
content [20, 53–57], T1 might be better suited to assess
age-related tissue remodeling than PD. In summary,
given the lack of a significant relationship of global T2*
and global PD values with age, these parameters seem to
be less sensitive to age-related changes of cortical
microstructure than other qMRI parameters.

Areas with significant cortical thinning associated with
higher age mainly involved the frontal cortex as well as
some parts of the temporoparietal cortex (Figures 4, 5F,
Supplementary Figure 2). This pattern matches well with
the distribution of age-related cortical atrophy as
described in the literature [62–64]. In general, agerelated changes of qMRI parameters in the present study
showed a larger extension across the cortex than the
clusters observed for the cortical thickness with only
partial overlap (Figures 2–4). Consequently, age-related
qMRI parameter changes cannot primarily be attributed
to cortical atrophy. While partial volume effects with
CSF resulting from cortical atrophy could in theory
partly contribute to increases of cortical PD, as well as
increases of T2 and T2*, such contribution would not
explain the observed decreases of T1, T2* and T2′
values, as partial volume effects from CSF would rather
increase these parameters. It should be noted that the
applied surface-based techniques are advantageous for
the analysis of the thin cortical layer [65]. Since these
methods are based on an exact definition of the white
matter/cortex and cortex/CSF boundaries, respecting the
folded cortical topology, surface-based analysis
techniques can be assumed to potentially reduce partial
volume effects as compared to other methods (such as
the usage of cortical masks). Furthermore, the boundarybased co-registration approach used for this study allows
for a robust alignment of the pial and white matter
surfaces of different datasets [66], thus being relatively
resistant to co-registration inaccuracies and resulting
partial volume effects at tissue boundaries. Still, partial
volume effects can only be reduced but not wholly

Global cortical T1 values were negatively correlated
with age (Figure 1A). Similarly, the vertex-wise
analysis, in consistence with the analysis based on
cortical subregions, revealed negative relationships with
age, mainly in frontal, parietal and (upper) temporal
regions (Figures 2, 5A). These results are in line with the
findings of previous studies investigating age-related
changes of cortical T1 relaxation time, which described
a decrease of T1 values between the 3rd and the 8th life
decade [23–26]. Furthermore, a recent study
investigating longitudinal changes of cortical T1
relaxation time in elderly subjects over seven years
found a similar regional pattern of cortical T1 decrease,
in particular for the frontal and the temporal cortex [20].
T1 is commonly considered a marker for the degree of
myelination and for the proportion of macromolecules
[21, 22, 53, 58–60], with an increasing myelin fraction
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excluded. Especially in cases where the individual
standard deviation across the cortex for a given
parameter deviates considerably from the mean standard
deviation across the group (Supplementary Figure 1), an
influence of partial volume effects might play a role.
However, for the reasons discussed in detail above, it
can be assumed that partial volume effects are not the
underlying cause of the main findings of this study.
In summary, the results of the study presented here
suggest that global iron deposition is the most relevant
age-related microstructural cortical change, since
quantitative T2′ shows the strongest correlation with
age and the most widespread age-related changes across
the cerebral cortex in comparison to other qMRI
parameters (Figure 3B). Demyelination in higher age,
as reflected by a positive correlation between T2 and
age, might be most prominent in frontoparietal and
upper temporal regions. Furthermore, the negative
correlation between T1 and age in the same regions
indicates microstructural changes affecting T1 beyond
the more widespread iron deposition such as a
decreasing water fraction caused by a regression of the
dendrites, resulting in a relative increase of the neuronal
density [17, 20]. PET research has revealed a strong
age-related decrease in aerobic glycolysis and glucose
consumption in frontal, parietal and temporal regions
during adulthood [29]. This reduction of oxidative
metabolism might affect energy-demanding repair
processes and increase oxidative stress. The presented
results indicate that these metabolic changes might be
associated with demyelination and a regression of the
dendrites, resulting in changes in water content, while
global iron deposition might be caused by independent
global metabolic processes.
Limitations
This study has several limitations. First, the investigated
sample size is relatively small. Second, since this is a
cross-sectional study, longitudinal assessment of agerelated changes of cortical qMRI parameters in
individual subjects, or on a group level was beyond the
scope of the study. Such analysis would allow for
investigating the temporal dynamics of each parameter
change (e.g. via determining an annual rate of change),
thus providing a deeper understanding of how different
microstructural changes underlying cortical aging
evolve over time.

CONCLUSIONS
Multiparametric qMRI allows for the characterization of
cortical aging, demonstrating parameter-specific
patterns and indicating that distinct biochemical
processes on the microstructural level might dominate

www.aging-us.com

16202

in certain cortical areas. In particular, demyelination and
a shrinkage of the water fraction might predominantly
affect frontal and some parietotemporal regions and
might be linked to metabolic changes in these areas that
had been observed in previous studies. In contrast,
cortical iron deposition during aging appears to be a
more prominent and global process. Therefore,
especially quantitative T2′ values can be expected to be
a promising imaging biomarker of cortical age-related
remodeling and appear to be more sensitive to global
cortical iron deposition than quantitative T2* values,
which are not corrected for spin-spin effects: the effect
of iron deposition on T2* may be masked by cortical
microstructural processes leading to a prolongation of
the cortical T2 relaxation time such as demyelination. A
confirmation of our results in larger subject samples
using a longitudinal design would be of interest.

MATERIALS AND METHODS
Study participants
The investigation was approved by the institutional
ethics committee and performed according to the
principles formulated in the declaration of Helsinki. 40
subjects (age range 19-71 years) who reported good
health during anamnesis were recruited. Exclusion
criteria were: pre-existing psychiatric or neurological
disorders, uncontrolled arterial hypertension or diabetes
mellitus and MRI contraindications. Medical history
was carefully assessed, in order to exclude these
medical conditions. The MP-RAGE datasets and the
T2-weighted datasets (TE=86 ms) that had been derived
as described in the sections below were inspected by an
experienced neurologist to exclude the presence of
cerebral pathologies. While leukoaraiosis was regarded
as a normal process that occurs during aging [50], other
pathological changes (such as for example a tumor or
inflammatory lesions) were not observed. All
participants gave written informed consent. The
participants and the obtained data partly overlap with
the healthy control cohorts of previous studies assessing
structural changes in clinically isolated syndrome /
RRMS [67, 68] while the present study investigates
age-related cortical remodeling.
MRI acquisition
Data were obtained using a 3 Tesla whole body
Magnetom TRIO MR scanner (Siemens Healthineers,
Erlangen), using a body coil for radio frequency (RF)
transmission and a phased-array head coil with eight
channels for signal reception.
Voxel-wise measurement of the T2 relaxation-time was
based on the acquisition of four fast spin echo (FSE)
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datasets with different TE. In detail, the acquisition
parameters were: field of view (FOV) = 240x180 mm2, 40
axial slices, slice thickness = 2 mm, inter-slice gap = 1
mm, resolution = 1.25x1.25 mm², TE= [17,86,103,120]
ms, TR = 8 s, band width (BW) = 100 Hz/Pixel,
refocusing angle = 180°, turbo factor = 11, echo spacing =
17.1 ms, total duration = 8:08 min for all four data sets.
Mapping of both T2* and B0 (for correcting T1 data)
were based on the acquisition of eight multiple-echo
gradient echo (GE) datasets with export of phase and
modulus data: FOV = 240x180 mm2, 40 axial slices, slice
thickness = 2 mm, inter-slice gap = 1 mm, resolution =
1.25 x 1.25 mm², TE = [10,16,22,28,34,40,46,52] ms, TR
= 2400 ms, excitation angle (α) = 30°, BW = 299Hz/Pixel,
duration = 5:46 min.
For motion correction, the acquisition was repeated
twice with reduced spatial resolution (and therefore
reduced k-space coverage) in phase encoding direction,
covering only the central 50% (duration = 3:07 min)
and 25% (duration = 1:41 min) of k-space.
To map the profile of the transmitted RF field B1, two
GE datasets were acquired, one with a preceding RF
pulse followed by a gradient spoiler pulse. This causes a
reduction of the longitudinal magnetization. B1 is
calculated by comparing the signal levels in both
datasets as described in the literature [69]. The
parameters were: FOV = 256x224x160 mm³, isotropic
resolution = 4 mm, TE = 5 ms, TR = 11 ms, α = 11°,
BW = 260 Hz/Pixel, duration = 0:53 min.
For mapping of T1 and PD, two different excitation
angles were applied to acquire a PD- and a T1-weighted
spoiled GE dataset. A fast low angle shot (FLASH)
echo-planar imaging (EPI) hybrid readout was used to
increase the signal-to-noise ratio. The acquisition
parameters were: FOV = 256x224x160 mm³, isotropic
resolution = 1 mm, TE = 6.7 ms, TR = 16.4 ms, α1 = 4°,
α2 =24°, BW = 222 Hz/Pixel, duration: 9:48 min for
both data sets. For correcting the PD-weighted data set
for T2*-effects which is required to obtain unbiased PD
values, the acquisition of two GE-datasets with a TEdifference of 6.7 ms was performed, as described
previously [51, 70]. The FoV was the same as for B1
mapping and the isotropic resolution was 2 mm.
The total acquisition time for all datasets was 34:23
min.
Analysis
Analyses were conducted using MatLab (MathWorks)
and the toolboxes FSL [71] (FMRIB) and FreeSurfer [72]
(Athinoula A. Martinos Center for Biomedical Imaging).
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The variable flip angle method was used for voxelwise mapping of the T1-relaxation time [73]. Given
that α1/2 are the applied flip angles and S 1/2 the signal
intensities in the datasets with PD/T1 weighting, T1 is
measured by plotting Si/sin(αi) versus Si/tan(αi). This
plot exhibits a linear dependence with the slope exp(TR/T1) and allows for the determination of T1. To
correct T1 data for B1 effects, B1-inhomogeneities
were assessed as described above and in the literature
[69], using only B1-corrected excitation angles in the
plot described above. Furthermore, the T1 mapping
algorithm comprised compensation for B0-distortions
[74]. These were measured using the phase data
acquired for T2*-mapping and applying FSL
PRELUDE and FUGUE. Additionally, corrections for
the effect of insufficient spoiling of transverse
magnetization were carried out as described
previously [75].
Voxel-wise mapping of PD was performed by
eliminating different effects from PD-weighted data. In
particular, we compensated for 1) residual T1- and T2*weighting, 2) non-uniformities of B1 and 3) any bias
imposed by the sensitivity profile of the receive coil.
The complete procedure has been described in the
literature [76].
T2- and T2*-mapping was performed via monoexponential fitting of the signal in the series of FSE
(T2) or GE (T2*) datasets obtained with multiple TE.
The algorithms included correction of T2*-weighted
data for motion [77], replacing motion-affected lines in
k-space by the respective lines that had been acquired in
the additional data sets with reduced k-space sampling.
The effects of B0 distortions were eliminated from the
T2*-data [78] and the effects of stimulated and
secondary echoes from the T2-maps, as reported
previously [79]. T2* maps were co-registered to the T2
maps (six degrees of freedom). T2′ maps were derived
from T2* and T2 maps according to [80]:
1/T2′=1/T2*−1/T2.
Synthetic MP-RAGE anatomies with mixed T1/PDweighting were derived from the T1 maps as reported
previously in the literature [74, 81]. Virtual acquisition
parameters for these synthetic MP-RAGE data were:
FOV = 256x224x160 mm³, isotropic resolution = 1 mm,
TR = 1.9 s, TI = 900 ms, α = 9°.
The “recon-all” stream implemented in the FreeSurfer
toolbox [72] was applied to the synthetic MP-RAGE
data for cortical segmentation, for detection of the pial
and WM/cortex surfaces and for vertex-wise
measurement of the cortical thickness. The total
intracranial volume (TIV) was determined with
FreeSurfer from the synthetic MP-RAGE data.
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While the T1- and PD-maps were already in alignment
with the synthetic datasets (which had been derived
from the T1 maps), co-registration matrices were
created between T2-maps and the anatomies using
BBREGISTER for boundary-based registration.
Cortical T1-, PD-, T2-, T2*- and T2′-values were
sampled with mri_vol2surf and stored in surface
datasets. To this aim, the matrices describing the
registration of the T2-maps to the MP-RAGE datasets
were used to read T2, T2* and T2′ values, since these
parameter maps had the same orientation. The qMRI
values were sampled without changing the resolution of
the respective maps.
The relationship of cortical MRI parameters and age
was analyzed with three different approaches: 1) for
average values across the cortex, 2) assessing
correlations vertex-wise and 3) for different cortical
regions of interest (lobes). The respective analyses were
performed as follows:
1) To determine and further analyze global cortical T1,
PD, T2, T2*, T2′ and cortical thickness values,
average values (and SDs) across all cortical vertices
were obtained for each subject as described
previously [68]. We tested for (partial) Pearson
correlations between average cortical MRI
parameters and age with and without correcting for
TIV and sex as nuisance variables.
2) After normalizing (“FSAVERAGE” space) and
smoothing the surface-datasets (Gaussian kernel, full
width at half maximum = 1 cm), surface-based tests
were performed to identify local areas of significant
correlations between age and those MRI parameters,
for which a significant correlation with age had been
observed on a global level. Monte Carlo simulations
were calculated to identify clusters indicating
significant correlations and to correct for multiple
comparisons. Since it was intended to visualize the
spatial cortical distributions for parameters correlating
globally with age, all vertices with significant pvalues (< 0.05) were included in this simulation.
3) For the analysis of MRI parameters in the different
cortical lobes a similar approach was followed as
described in a previous study [67]. In summary, the
cortical atlas “PALS_B12_Lobes” was co-registered
to the participants’ surfaces with the tool
“mri_surf2surf. Subsequently, average qMRI and
thickness values were extracted for all participants
from the frontal, temporal, parietal and occipital
cortical regions of interest. Since surface-based
analysis
demonstrated
mostly
symmetric
distributions across both hemispheres, parameter
values averaged across both hemispheres were used
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to test for Pearson correlations with age for the
cortical regions. Furthermore, for each cortical area,
tests for Pearson correlations of the qMRI
parameters and the cortical thickness in the
respective region were performed, using the TIV as
a covariate. P values below 0.05 were considered
significant for all statistical tests.

CONFLICTS OF INTEREST
The authors report no conflicts of interest relevant to
this study. Dr H Steinmetz has received speaker’s
honoraria from Bayer, Sanofi and Boehringer
Ingelheim. Dr Elke Hattingen has received speaker’s
honoraria from BRACCO.

FUNDING
This work was supported by the Else Kröner-FreseniusStiftung, the Clinician Scientists program at Goethe
university and by the State of Hesse with a LOEWEGrant to the CePTER-Consortium (http://www.unifrankfurt.de/67689811). Dr Klein is supported by the
NIHR Oxford Health BRC. The sponsors did not
influence the study design or the collection, analysis or
interpretation of data.

REFERENCES
1.

Grady C. The cognitive neuroscience of ageing. Nat Rev
Neurosci. 2012; 13:491–505.
https://doi.org/10.1038/nrn3256
PMID:22714020

2.

Peters R. Ageing and the brain. Postgrad Med J. 2006;
82:84–88.
https://doi.org/10.1136/pgmj.2005.036665
PMID:16461469

3.

Alhusaini S, Karama S, Nguyen TV, Thiel A, Bernhardt
BC, Cox SR, Corley J, Taylor A, Evans AC, Star JM, Bastin
ME, Wardlaw JM, Deary IJ, Ducharme S. Association
between carotid atheroma and cerebral cortex
structure at age 73 years. Ann Neurol. 2018; 84:576–87.
https://doi.org/10.1002/ana.25324
PMID:30179274

4.

Launer LJ. Diabetes and brain aging: epidemiologic
evidence. Curr Diab Rep. 2005; 5:59–63.
https://doi.org/10.1007/s11892-005-0069-1
PMID:15663919

5.

Lee JS, Kang D, Jang YK, Kim HJ, Na DL, Shin HY, Kang
M, Yang JJ, Lee JM, Lee J, Kim YJ, Park KC, Guallar E, et
al. Coronary artery calcium is associated with cortical
thinning in cognitively normal individuals. Sci Rep.
2016; 6:34722.
https://doi.org/10.1038/srep34722 PMID:27694965

AGING

6.

Hedden T, Gabrieli JD. Insights into the ageing mind: a
view from cognitive neuroscience. Nat Rev Neurosci.
2004; 5:87–96.
https://doi.org/10.1038/nrn1323
PMID:14735112

7.

Thambisetty M, Wan J, Carass A, An Y, Prince JL,
Resnick SM. Longitudinal changes in cortical thickness
associated with normal aging. Neuroimage. 2010;
52:1215–23.
https://doi.org/10.1016/j.neuroimage.2010.04.258
PMID:20441796

8.

9.

Fjell AM, Grydeland H, Krogsrud SK, Amlien I, Rohani
DA, Ferschmann L, Storsve AB, Tamnes CK, Sala-Llonch
R, Due-Tønnessen P, Bjørnerud A, Sølsnes AE, Håberg
AK, et al. Development and aging of cortical thickness
correspond to genetic organization patterns. Proc Natl
Acad Sci USA. 2015; 112:15462–67.
https://doi.org/10.1073/pnas.1508831112
PMID:26575625
Long X, Liao W, Jiang C, Liang D, Qiu B, Zhang L. Healthy
aging: an automatic analysis of global and regional
morphological alterations of human brain. Acad Radiol.
2012; 19:785–93.
https://doi.org/10.1016/j.acra.2012.03.006
PMID:22503890

10. Lemaitre H, Goldman AL, Sambataro F, Verchinski BA,
Meyer-Lindenberg A, Weinberger DR, Mattay VS.
Normal age-related brain morphometric changes:
nonuniformity across cortical thickness, surface area
and gray matter volume? Neurobiol Aging. 2012;
33:617.e1–9.
https://doi.org/10.1016/j.neurobiolaging.2010.07.013
PMID:20739099

14. Deoni SC. Quantitative relaxometry of the brain. Top
Magn Reson Imaging. 2010; 21:101–13.
https://doi.org/10.1097/RMR.0b013e31821e56d8
PMID:21613875
15. Pakkenberg B, Pelvig D, Marner L, Bundgaard MJ,
Gundersen HJ, Nyengaard JR, Regeur L. Aging and the
human neocortex. Exp Gerontol. 2003; 38:95–99.
https://doi.org/10.1016/s0531-5565(02)00151-1
PMID:12543266
16. Marner L, Nyengaard JR, Tang Y, Pakkenberg B.
Marked loss of myelinated nerve fibers in the human
brain with age. J Comp Neurol. 2003; 462:144–52.
https://doi.org/10.1002/cne.10714
PMID:12794739
17. Freeman SH, Kandel R, Cruz L, Rozkalne A, Newell K,
Frosch MP, Hedley-Whyte ET, Locascio JJ, Lipsitz LA,
Hyman BT. Preservation of neuronal number despite
age-related cortical brain atrophy in elderly subjects
without Alzheimer disease. J Neuropathol Exp Neurol.
2008; 67:1205–12.
https://doi.org/10.1097/NEN.0b013e31818fc72f
PMID:19018241
18. Neeb H, Zilles K, Shah NJ. Fully-automated detection of
cerebral water content changes: study of age- and
gender-related H2O patterns with quantitative MRI.
Neuroimage. 2006; 29:910–22.
https://doi.org/10.1016/j.neuroimage.2005.08.062
PMID:16303316
19. Hallgren B, Sourander P. The effect of age on the nonhaemin iron in the human brain. J Neurochem. 1958;
3:41–51.
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
PMID:13611557

11. Lee JS, Park YH, Park S, Yoon U, Choe Y, Cheon BK,
Hahn A, Cho SH, Kim SJ, Kim JP, Jung YH, Park KC, Kim
HJ, et al. Distinct brain regions in physiological and
pathological brain aging. Front Aging Neurosci. 2019;
11:147.
https://doi.org/10.3389/fnagi.2019.00147
PMID:31275140

20. Gracien RM, Nürnberger L, Hok P, Hof SM, Reitz SC,
Rüb U, Steinmetz H, Hilker-Roggendorf R, Klein JC,
Deichmann R, Baudrexel S. Evaluation of brain ageing:
a quantitative longitudinal MRI study over 7 years. Eur
Radiol. 2017; 27:1568–76.
https://doi.org/10.1007/s00330-016-4485-1
PMID:27379992

12. Dotson VM, Szymkowicz SM, Sozda CN, Kirton JW,
Green ML, O’Shea A, McLaren ME, Anton SD, Manini
TM, Woods AJ. Age differences in prefrontal surface
area and thickness in middle aged to older adults.
Front Aging Neurosci. 2016; 7:250.
https://doi.org/10.3389/fnagi.2015.00250
PMID:26834623

21. Filo S, Shtangel O, Salamon N, Kol A, Weisinger B,
Shifman S, Mezer AA. Disentangling molecular
alterations from water-content changes in the aging
human brain using quantitative MRI. Nat Commun.
2019; 10:3403.
https://doi.org/10.1038/s41467-019-11319-1
PMID:31363094

13. Inglese M, Ge Y. Quantitative MRI: hidden age-related
changes in brain tissue. Top Magn Reson Imaging.
2004; 15:355–63.
https://doi.org/10.1097/01.rmr.0000168069.12985.15
PMID:16041287

22. Carey D, Caprini F, Allen M, Lutti A, Weiskopf N, Rees
G, Callaghan MF, Dick F. Quantitative MRI provides
markers of intra-, inter-regional, and age-related
differences in young adult cortical microstructure.
Neuroimage. 2018; 182:429–40.

www.aging-us.com

16205

AGING

https://doi.org/10.1016/j.neuroimage.2017.11.066
PMID:29203455
23. Cho S, Jones D, Reddick WE, Ogg RJ, Steen RG.
Establishing norms for age-related changes in proton
T1 of human brain tissue in vivo. Magn Reson Imaging.
1997; 15:1133–43.
https://doi.org/10.1016/s0730-725x(97)00202-6
PMID:9408134
24. Saito N, Sakai O, Ozonoff A, Jara H. Relaxo-volumetric
multispectral quantitative magnetic resonance imaging
of the brain over the human lifespan: global and
regional aging patterns. Magn Reson Imaging. 2009;
27:895–906.
https://doi.org/10.1016/j.mri.2009.05.006
PMID:19520539
25. Suzuki S, Sakai O, Jara H. Combined volumetric T1, T2
and secular-T2 quantitative MRI of the brain: agerelated global changes (preliminary results). Magn
Reson Imaging. 2006; 24:877–87.
https://doi.org/10.1016/j.mri.2006.04.011
PMID:16916705
26. Steen RG, Gronemeyer SA, Taylor JS. Age-related
changes in proton T1 values of normal human brain. J
Magn Reson Imaging. 1995; 5:43–48.
https://doi.org/10.1002/jmri.1880050111
PMID:7696808
27. Ogg RJ, Steen RG. Age-related changes in brain T1 are
correlated with iron concentration. Magn Reson Med.
1998; 40:749–53.
https://doi.org/10.1002/mrm.1910400516
PMID:9797159
28. Breger RK, Yetkin FZ, Fischer ME, Papke RA, Haughton
VM, Rimm AA. T1 and T2 in the cerebrum: correlation
with age, gender, and demographic factors. Radiology.
1991; 181:545–47.
https://doi.org/10.1148/radiology.181.2.1924802
PMID:1924802
29. Goyal MS, Vlassenko AG, Blazey TM, Su Y, Couture LE,
Durbin TJ, Bateman RJ, Benzinger TL, Morris JC, Raichle
ME. Loss of brain aerobic glycolysis in normal human
aging. Cell Metab. 2017; 26:353–60.e3.
https://doi.org/10.1016/j.cmet.2017.07.010
PMID:28768174
30. Daugherty AM, Raz N. Appraising the role of iron in
brain aging and cognition: promises and limitations of
MRI methods. Neuropsychol Rev. 2015; 25:272–87.
https://doi.org/10.1007/s11065-015-9292-y
PMID:26248580
31. Wagner M, Jurcoane A, Volz S, Magerkurth J, Zanella
FE, Neumann-Haefelin T, Deichmann R, Singer OC,
Hattingen E. Age-related changes of cerebral
autoregulation: new insights with quantitative T2'-

www.aging-us.com

16206

mapping and pulsed arterial spin-labeling MR imaging.
AJNR Am J Neuroradiol. 2012; 33:2081–87.
https://doi.org/10.3174/ajnr.A3138
PMID:22700750
32. Haacke EM, Cheng NY, House MJ, Liu Q, Neelavalli J,
Ogg RJ, Khan A, Ayaz M, Kirsch W, Obenaus A. Imaging
iron stores in the brain using magnetic resonance
imaging. Magn Reson Imaging. 2005; 23:1–25.
https://doi.org/10.1016/j.mri.2004.10.001
PMID:15733784
33. Ghassaban K, Liu S, Jiang C, Haacke EM. Quantifying
iron content in magnetic resonance imaging.
Neuroimage. 2019; 187:77–92.
https://doi.org/10.1016/j.neuroimage.2018.04.047
PMID:29702183
34. Callaghan MF, Freund P, Draganski B, Anderson E,
Cappelletti M, Chowdhury R, Diedrichsen J, Fitzgerald
TH, Smittenaar P, Helms G, Lutti A, Weiskopf N.
Widespread age-related differences in the human
brain microstructure revealed by quantitative
magnetic resonance imaging. Neurobiol Aging. 2014;
35:1862–72.
https://doi.org/10.1016/j.neurobiolaging.2014.02.008
PMID:24656835
35. Hirai T, Korogi Y, Sakamoto Y, Hamatake S, Ikushima I,
Takahashi M. T2 shortening in the motor cortex: effect
of aging and cerebrovascular diseases. Radiology.
1996; 199:799–803.
https://doi.org/10.1148/radiology.199.3.8638008
PMID:8638008
36. Brass SD, Chen NK, Mulkern RV, Bakshi R. Magnetic
resonance imaging of iron deposition in neurological
disorders. Top Magn Reson Imaging. 2006; 17:31–40.
https://doi.org/10.1097/01.rmr.0000245459.82782.e4
PMID:17179895
37. Ramos P, Santos A, Pinto NR, Mendes R, Magalhães T,
Almeida A. Iron levels in the human brain: a postmortem study of anatomical region differences and
age-related changes. J Trace Elem Med Biol. 2014;
28:13–17.
https://doi.org/10.1016/j.jtemb.2013.08.001
PMID:24075790
38. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The
role of iron in brain ageing and neurodegenerative
disorders. Lancet Neurol. 2014; 13:1045–60.
https://doi.org/10.1016/S1474-4422(14)70117-6
PMID:25231526
39. Barazany D, Assaf Y. Visualization of cortical lamination
patterns with magnetic resonance imaging. Cereb
Cortex. 2012; 22:2016–23.
https://doi.org/10.1093/cercor/bhr277
PMID:21983231

AGING

40. Gracien RM, Reitz SC, Hof SM, Fleischer V,
Zimmermann H, Droby A, Steinmetz H, Zipp F,
Deichmann R, Klein JC. Assessment of cortical damage
in early multiple sclerosis with quantitative T2
relaxometry. NMR Biomed. 2016; 29:444–50.
https://doi.org/10.1002/nbm.3486
PMID:26820580
41. Gorell JM, Ordidge RJ, Brown GG, Deniau JC, Buderer
NM, Helpern JA. Increased iron-related MRI contrast in
the substantia nigra in Parkinson’s disease. Neurology.
1995; 45:1138–43.
https://doi.org/10.1212/wnl.45.6.1138
PMID:7783878
42. Siemonsen S, Mouridsen K, Holst B, Ries T, Finsterbusch
J, Thomalla G, Ostergaard L, Fiehler J. Quantitative t2
values predict time from symptom onset in acute
stroke patients. Stroke. 2009; 40:1612–16.
https://doi.org/10.1161/STROKEAHA.108.542548
PMID:19325153
43. Wagner M, Helfrich M, Volz S, Magerkurth J, Blasel S,
Porto L, Singer OC, Deichmann R, Jurcoane A,
Hattingen E. Quantitative T2, T2*, and T2’ MR imaging
in patients with ischemic leukoaraiosis might detect
microstructural changes and cortical hypoxia.
Neuroradiology. 2015; 57:1023–30.
https://doi.org/10.1007/s00234-015-1565-x
PMID:26227168
44. El Massri N, Weinrich TW, Kam JH, Jeffery G,
Mitrofanis J. Photobiomodulation reduces gliosis in
the basal ganglia of aged mice. Neurobiol Aging.
2018; 66:131–37.
https://doi.org/10.1016/j.neurobiolaging.2018.02.019
PMID:29571001
45. Beach TG, Walker R, McGeer EG. Patterns of gliosis in
Alzheimer’s disease and aging cerebrum. Glia. 1989;
2:420–36.
https://doi.org/10.1002/glia.440020605 PMID:2531723
46. Unger JW. Glial reaction in aging and Alzheimer’s
disease. Microsc Res Tech. 1998; 43:24–28.
https://doi.org/10.1002/(SICI)10970029(19981001)43:1<24::AID-JEMT4>3.0.CO;2-P
PMID:9829455
47. Soreq L, Rose J, Soreq E, Hardy J, Trabzuni D, Cookson
MR, Smith C, Ryten M, Patani R, Ule J, and UK Brain
Expression Consortium, and North American Brain
Expression Consortium. Major shifts in glial regional
identity are a transcriptional hallmark of human brain
aging. Cell Rep. 2017; 18:557–70.
https://doi.org/10.1016/j.celrep.2016.12.011
PMID:28076797
48. Fukunaga M, Li TQ, van Gelderen P, de Zwart JA,
Shmueli K, Yao B, Lee J, Maric D, Aronova MA, Zhang G,

www.aging-us.com

16207

Leapman RD, Schenck JF, Merkle H, Duyn JH. Layerspecific variation of iron content in cerebral cortex as a
source of MRI contrast. Proc Natl Acad Sci USA. 2010;
107:3834–39.
https://doi.org/10.1073/pnas.0911177107
PMID:20133720
49. Lodygensky GA, Marques JP, Maddage R, Perroud E,
Sizonenko SV, Hüppi PS, Gruetter R. In vivo assessment
of myelination by phase imaging at high magnetic field.
Neuroimage. 2012; 59:1979–87.
https://doi.org/10.1016/j.neuroimage.2011.09.057
PMID:21985911
50. Siemonsen S, Finsterbusch J, Matschke J, Lorenzen A,
Ding XQ, Fiehler J. Age-dependent normal values of
T2* and T2’ in brain parenchyma. AJNR Am J
Neuroradiol. 2008; 29:950–55.
https://doi.org/10.3174/ajnr.A0951 PMID:18272561
51. Gracien RM, Reitz SC, Hof SM, Fleischer V,
Zimmermann H, Droby A, Steinmetz H, Zipp F,
Deichmann R, Klein JC. Changes and variability of
proton density and T1 relaxation times in early
multiple sclerosis: MRI markers of neuronal damage in
the cerebral cortex. Eur Radiol. 2016; 26:2578–86.
https://doi.org/10.1007/s00330-015-4072-x
PMID:26494641
52. Jurcoane A, Wagner M, Schmidt C, Mayer C, Gracien
RM, Hirschmann M, Deichmann R, Volz S, Ziemann U,
Hattingen E. Within-lesion differences in quantitative
MRI parameters predict contrast enhancement in
multiple sclerosis. J Magn Reson Imaging. 2013;
38:1454–61.
https://doi.org/10.1002/jmri.24107 PMID:23554005
53. Rooney WD, Johnson G, Li X, Cohen ER, Kim SG, Ugurbil
K, Springer CS Jr. Magnetic field and tissue
dependencies of human brain longitudinal 1H2O
relaxation in vivo. Magn Reson Med. 2007; 57:308–18.
https://doi.org/10.1002/mrm.21122
PMID:17260370
54. Nürnberger L, Gracien RM, Hok P, Hof SM, Rüb U,
Steinmetz H, Hilker R, Klein JC, Deichmann R,
Baudrexel S. Longitudinal changes of cortical
microstructure in Parkinson’s disease assessed with T1
relaxometry. Neuroimage Clin. 2016; 13:405–14.
https://doi.org/10.1016/j.nicl.2016.12.025
PMID:28116233
55. Gelman N, Ewing JR, Gorell JM, Spickler EM, Solomon
EG. Interregional variation of longitudinal relaxation
rates in human brain at 3.0 T: relation to estimated
iron and water contents. Magn Reson Med. 2001;
45:71–79.
https://doi.org/10.1002/1522-2594(200101)
45:1<71::aid-mrm1011>3.0.co;2-2
PMID:11146488

AGING

56. Nöth U, Tichy J, Tritt S, Bähr O, Deichmann R,
Hattingen E. Quantitative T1 mapping indicates tumor
infiltration beyond the enhancing part of
glioblastomas. NMR Biomed. 2020; 33:e4242.
https://doi.org/10.1002/nbm.4242
PMID:31880005
57. Hattingen E, Müller A, Jurcoane A, Mädler B, Ditter P,
Schild H, Herrlinger U, Glas M, Kebir S. Value of
quantitative magnetic resonance imaging T1relaxometry in predicting contrast-enhancement in
glioblastoma patients. Oncotarget. 2017; 8:53542–51.
https://doi.org/10.18632/oncotarget.18612
PMID:28881830
58. Dinse J, Härtwich N, Waehnert MD, Tardif CL, Schäfer
A, Geyer S, Preim B, Turner R, Bazin PL. A
cytoarchitecture-driven myelin model reveals areaspecific signatures in human primary and secondary
areas using ultra-high resolution in-vivo brain MRI.
Neuroimage. 2015; 114:71–87.
https://doi.org/10.1016/j.neuroimage.2015.04.023
PMID:25896931
59. Callaghan MF, Helms G, Lutti A, Mohammadi S,
Weiskopf N. A general linear relaxometry model of R1
using imaging data. Magn Reson Med. 2015;
73:1309–14.
https://doi.org/10.1002/mrm.25210
PMID:24700606
60. Harkins KD, Xu J, Dula AN, Li K, Valentine WM,
Gochberg DF, Gore JC, Does MD. The microstructural
correlates of T1 in white matter. Magn Reson Med.
2016; 75:1341–45.
https://doi.org/10.1002/mrm.25709
PMID:25920491
61. Thiessen JD, Zhang Y, Zhang H, Wang L, Buist R, Del
Bigio MR, Kong J, Li XM, Martin M. Quantitative MRI
and ultrastructural examination of the cuprizone
mouse model of demyelination. NMR Biomed. 2013;
26:1562–81.
https://doi.org/10.1002/nbm.2992
PMID:23943390
62. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan
RS, Busa E, Morris JC, Dale AM, Fischl B. Thinning of
the cerebral cortex in aging. Cereb Cortex. 2004;
14:721–30.
https://doi.org/10.1093/cercor/bhh032
PMID:15054051
63. Raz N, Lindenberger U, Rodrigue KM, Kennedy KM,
Head D, Williamson A, Dahle C, Gerstorf D, Acker JD.
Regional brain changes in aging healthy adults: general
trends, individual differences and modifiers. Cereb
Cortex. 2005; 15:1676–89.
https://doi.org/10.1093/cercor/bhi044
PMID:15703252

www.aging-us.com

16208

64. Tisserand DJ, Pruessner JC, Sanz Arigita EJ, van Boxtel
MP, Evans AC, Jolles J, Uylings HB. Regional frontal
cortical volumes decrease differentially in aging: an
MRI study to compare volumetric approaches and
voxel-based morphometry. Neuroimage. 2002;
17:657–69.
PMID:12377141
65. Fischl B. FreeSurfer. Neuroimage. 2012; 62:774–81.
https://doi.org/10.1016/j.neuroimage.2012.01.021
PMID:22248573
66. Greve DN, Fischl B. Accurate and robust brain image
alignment using boundary-based registration.
Neuroimage. 2009; 48:63–72.
https://doi.org/10.1016/j.neuroimage.2009.06.060
PMID:19573611
67. Stock B, Shrestha M, Seiler A, Foerch C, Hattingen E,
Steinmetz H, Deichmann R, Wagner M, Gracien RM.
Distribution of cortical diffusion tensor imaging
changes in multiple sclerosis. Front Physiol. 2020;
11:116.
https://doi.org/10.3389/fphys.2020.00116
PMID:32231581
68. van Wijnen A, Petrov F, Maiworm M, Frisch S, Foerch
C, Hattingen E, Steinmetz H, Klein JC, Deichmann R,
Wagner M, Gracien RM. Cortical quantitative MRI
parameters are related to the cognitive status in
patients with relapsing-remitting multiple sclerosis. Eur
Radiol. 2020; 30:1045–53.
https://doi.org/10.1007/s00330-019-06437-9
PMID:31602513
69. Volz S, Nöth U, Rotarska-Jagiela A, Deichmann R. A fast
B1-mapping method for the correction and
normalization of magnetization transfer ratio maps at
3 T. Neuroimage. 2010; 49:3015–26.
https://doi.org/10.1016/j.neuroimage.2009.11.054
PMID:19948229
70. Gracien RM, Reitz SC, Hof SM, Fleischer V, Droby A,
Wahl M, Steinmetz H, Groppa S, Deichmann R, Klein JC.
Longitudinal quantitative MRI assessment of cortical
damage in multiple sclerosis: a pilot study. J Magn
Reson Imaging. 2017; 46:1485–90.
https://doi.org/10.1002/jmri.25685 PMID:28240801
71. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF,
Behrens TE, Johansen-Berg H, Bannister PR, De Luca M,
Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J,
et al. Advances in functional and structural MR image
analysis and implementation as FSL. Neuroimage. 2004
(Suppl 1); 23:S208–19.
https://doi.org/10.1016/j.neuroimage.2004.07.051
PMID:15501092
72. Fischl B, Salat DH, van der Kouwe AJ, Makris N,
Ségonne F, Quinn BT, Dale AM. Sequence-independent

AGING

segmentation of magnetic resonance images.
Neuroimage. 2004 (Suppl 1); 23:S69–84.
https://doi.org/10.1016/j.neuroimage.2004.07.016
PMID:15501102
73. Venkatesan R, Lin W, Haacke EM. Accurate
determination of spin-density and T1 in the presence
of
RF-field
inhomogeneities
and
flip-angle
miscalibration. Magn Reson Med. 1998; 40:592–602.
https://doi.org/10.1002/mrm.1910400412
PMID:9771576
74. Gracien RM, van Wijnen A, Maiworm M, Petrov F,
Merkel N, Paule E, Steinmetz H, Knake S, Rosenow F,
Wagner M, Deichmann R. Improved synthetic T1weighted images for cerebral tissue segmentation in
neurological diseases. Magn Reson Imaging. 2019;
61:158–66.
https://doi.org/10.1016/j.mri.2019.05.013
PMID:31075421
75. Baudrexel S, Nöth U, Schüre JR, Deichmann R. T1
mapping with the variable flip angle technique: a
simple correction for insufficient spoiling of transverse
magnetization. Magn Reson Med. 2018; 79:3082–92.
https://doi.org/10.1002/mrm.26979
PMID:29052267
76. Volz S, Nöth U, Jurcoane A, Ziemann U, Hattingen E,
Deichmann R. Quantitative proton density mapping:
correcting the receiver sensitivity bias via pseudo
proton densities. Neuroimage. 2012; 63:540–52.
https://doi.org/10.1016/j.neuroimage.2012.06.076
PMID:22796988

www.aging-us.com

16209

77. Nöth U, Volz S, Hattingen E, Deichmann R. An
improved method for retrospective motion correction
in quantitative T2* mapping. Neuroimage. 2014;
92:106–19.
https://doi.org/10.1016/j.neuroimage.2014.01.050
PMID:24508652
78. Baudrexel S, Volz S, Preibisch C, Klein JC, Steinmetz H,
Hilker R, Deichmann R. Rapid single-scan T2*-mapping
using exponential excitation pulses and image-based
correction for linear background gradients. Magn
Reson Med. 2009; 62:263–68.
https://doi.org/10.1002/mrm.21971 PMID:19353655
79. Nöth U, Shrestha M, Schüre JR, Deichmann R.
Quantitative in vivo T2 mapping using fast spin echo
techniques - a linear correction procedure.
Neuroimage. 2017; 157:476–85.
https://doi.org/10.1016/j.neuroimage.2017.06.017
PMID:28602814
80. Seiler A, Kammerer S, Gühl A, Schüre JR, Deichmann R,
Nöth U, Pfeilschifter W, Hattingen E, Keese M, Pilatus
U, Wagner M. Revascularization of high-grade carotid
stenosis restores global cerebral energy metabolism.
Stroke. 2019; 50:1742–50.
https://doi.org/10.1161/STROKEAHA.118.023559
PMID:31164069
81. Nöth U, Hattingen E, Bähr O, Tichy J, Deichmann R.
Improved visibility of brain tumors in synthetic MPRAGE anatomies with pure T1 weighting. NMR Biomed.
2015; 28:818–30.
https://doi.org/10.1002/nbm.3324 PMID:25960356

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Standard deviations of cortical MRI parameters across the cortex. (A) standard deviation of T1; (B)
standard deviation of PD; (C–E) standard deviations of T2, T2* and T2'; (F) standard deviation of the cortical thickness. In each panel, each
data point on the left reflects the individual standard deviation across the cortex for a single participant for the respective cortical parameter.
The boxplots on the right illustrate the median across the group of the standard deviations across the cortex, along with the 1st and the 3rd
quartile as well as the minimum and the maximum value. Circles with a distance of more than 1.5 box lengths from the median represent
outliers which were not considered for calculation of the minimum and the maximum. SD: standard deviation; ms: milliseconds; p.u.:
percentage units; mm: millimeters.

Supplementary Figure 2. Cortical clusters indicating a significant association between age and cortical thickness before
correction for multiple comparisons for the left lateral hemisphere. The scale bar displays the level of significance. Cold colors
demonstrate a negative association with age in the respective regions. L: left; Lat.: lateral.
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