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Abstract — Conventional MRI studies have reported several 

structural changes such as brain atrophy and ventricular 
enlargement in healthy aging. Quantitative MRI (qMRI) allows 
the measurement of tissue characteristics such as the longitudinal 
relaxation times (T1) which provides unique and complementary 
information to widely used measures of brain signal 
characteristics. In this study, the T1 values on entire brain were 
mapped with an ROI based method. T1 prolongation with aging 
was demonstrated on numerous cortical and subcortical areas 
such as caudate, thalamus and prefrontal cortex. This outcome 
was interpreted as increased demyelination in these structures. 
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I. INTRODUCTION 
Age-related cognitive and structural changes can be observed 
via investigation of MRI signal characteristics. MRI has been 
widely used for quantifying changes of brain tissue in aging 
studies. Volumetric measurements might be conducted via 
conventional MRI techniques but, the MRI signal is composed 
of a combination of different signal contrasts (T1, T2 or proton 
density (PD)) and limiting the interpretation of the  
microstructure of the underleying tissues [1]. 

Quantitative MRI (qMRI), especially longitudinal relaxation 
time (T1) of the human brain, has been reported as a biomarker 
of development of maturation [2]. Myelin and iron concentration 
of the brain tissue have an affect in the T1 value [3] and also are 
reported to play important roles in the aging brain [4]. Due to 
this, the T1 becomes an importnat tissue parameter for 
investigation of aging. T1 parameter has another superior 
property because it is less  affected by artefacts due to hardware, 
which is a crucial issue in conventional MR imaging [5].  

Differences in T1 during aging were reported in several studies. 
However, some issues complicate the comparison of the results. 
For instance, qMRI methodology differs with respect to the 
measurement modality (i.e. multispectral (T1, T2 and/or PD) or 
single parameter). Areas in the brain may be reported globally 
or through regions of interest (ROI). Also, the age ranges studied 
may differ which introduce variability in the magnitude of the 
reported measure. 

A decrease in cortical T1 measured in gray matter (GM) 
structures in late life periods was reported previously [6]–[8]. On 

the other hand, an early and comprehensive study demonstrated 
that T1 starts to decrease in adolesence and reach minimum in 4th 
to 6th decade of life but then begins to increase [9].This outcome 
emphasizes the importance of the age range of the participants 
included in study.  

White matter (WM) T1 exhibits a similar pattern as GM; 
decreasing first and increasing later on [10], [11]. However, a 
recent study reported an increase of T1 in Thalamus and WM but 
a decrease in some other subcortical sturctures such as amygdala  
and putamen [12]. 

Although most of the studies investigating age-related T1 
changes are cross-sectional, there are a few studies having 
longitudinal designs. A recent 7-year period study reported age-
related decrease of T1 in GM cortex on 5th to 8th decade of life 
[13]. In contrast to the previous studies indicating increased T1 
in WM of aged group [7], [9], [14],  Gracien et. al did not 
observe such an increase [13]. 

All of these outcomes should be interpreted by taking into 
account the T1 relaxation time as a parameter affected by several 
factors. It is related to water content through a positive linear 
relationship [15], iron concentration through a negative 
correlation [16], and myelination degree of the underlying tissue 
through a negative relationship [17]. Hence, the direction of the 
T1 change during aging highly depends on the brain structure 
measured as well as the underlying factor.  

Our aim is to examine age-related T1 relaxation time alterations 
in whole brain with a strict pipeline design minimizing aging 
effects that deteriorate the accuracy of quantitative measures. 

II. MATERIALS AND METHODS 

A. Participants 
A total of 60; 30 young (Mean=26.36, SD=2.69, 12 F, 18 M) 
and 30 old (Mean=67.46, SD=4.89, 16 F, 14 M) subjects 
participated in the study. This study was approved by Ankara 
University Clinical Research Ethical Committee (Protocol 
Number: 13-416-12). All of the participants read and signed 
informed consent according to the principles of the Declaration 
of Helsinki. All participants reported having no history of a 
neuropsychological/psychiatric disorder or alcoholism and no 
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use of medication affecting the central nervous system. Old 
participants’ cognitive state was intact as assessed by two tests: 
Geriatric Depresion Scale (Ertan, 2000) (Score (Mean ± SD) = 
5.28 ± 0.84) and Mini Mental State Examination (Güngen, 2002) 
(Score (Mean ± SD) = 26.34 ± 0.46). 

B. Data Collection 
High resolution 3D MPRAGE images were collected via 3.0 
Tesla Siemens Magnetom Trio MR Scanner at the UMRAM 
MR Center in Bilkent University with the following parameters: 
(TR=2500 ms, TE=3.16 ms, Bandwidth=199 Hz/Pixel, matrix 
256*256, Slice Thickness 1 mm, 256 slices, FOV=256*256 
(axial), Number of Averages=1). 4 FLASH images were 
acquired with four different flip angles (3˚, 5˚, 15˚, 30˚). 
(TR=20 ms, TE=4.15 ms, Bandwidth=199 Hz/Pixel, matrix 
256*256, Slice Thickness 3 mm, 44 slices, FOV=256*256 
(axial), Number of Averages=1). The scan lasted 20 minutes. 

C. T1 Mapping  
In MR imaging, after RF pulse excitation, the magnetization 
vector decays with respect to the water content of the underlying 
tissue. The decay time of the longitudinal component of the 
magnetization vector is defined as longitudinal relaxation time 
(T1). The contrast between tissue classes in an MR image can be 
detected more efficiently by estimating T1 characteristics and 
using T1 maps instead of intensity values. This way,  age or 
disease related changes can be interpreted better. 
 
In this study, Variable Flip Angle (VFA) method was used for 
the purpose of creating T1 maps of whole brain. At least 3 images 
with different contrasts should be gathered in this method by 
selecting different flip angles so that variable relaxation times 
can be observed. We have collected four FLASH images with 
different flip angles (3˚, 5˚, 15˚, 30˚). The VFA approach was 
shown to be a practical alternative to conventional methods, 
providing better precision and speed. VFA method is explained 
in detail [18]. 

D. Data Processing 
Pre-Processing 

The intensities of the images acquired from different MRI 
sequences were normalized, skull and non-brain parts were 
removed, image bias field was corrected and images were 
aligned ıf they were oblique. Thereafter, FAST (FMRIB's 
Automated Segmentation Tool) [19] was used for segmenting 
the MPRAGE image into GM, WM and cerebrospinal fluid 
(CSF). The binary masks for each tissue type was constructed 
to acquire tissue specific T1 maps. This processing pipeline is 
summarized in Fig. 1. Both FLASH and MPRAGE images were 
aligned to the standard stereotaxic space- Talairach-Tourneux 
(TLRC) coordinates. The T1 maps were also aligned with 
TLRC coordinates.  

E. ROI Analysis 
1) ROI Creation 

CA_N27_ML atlas (Eickhoff-Zilles macro labels from N27 in 
Talairach TT_N27 space) was chosen. This atlas has a total of 

115 defined brain regions. The average T1 values were 
measured at a total of 218 regions (12 regions from CSF 
removed subcortical area, 78 for each WM and GM masked 
cortical area and 25 for each WM and GM masked cerebellum 
area). T1 variations in these regions were measured separately 
for WM and GM to be able to get rid of partial volume effects 
(PVE) observed in these regions. 

 
Figure 1. Masking and T1 map generation process 

 
2) Signal Measurement 

After creation of new ROI datasets, averages of the voxels in T1 
maps matching with ROI mask were computed. GM and WM 
T1 maps were acquired by using the binary masks for every ROI 
defined in CA_N27_ML atlas on Cerebellum and Cortical area. 
CSF mask was used for removing of CSF in subcortical area. 
This step was especially important for improving the accuracy 
of the signal measurements in the subcortical area of the aged 
population to be able to minimize the errors that might have 
been introduced by ventricular enlargement and atrophy. 

3) Statistical Analyses 

For each ROI, Kolmogorov-Smirnov test was applied to test 
whether the distribution of T1 values were normal. Then, either 
independent samples t-test or Mann-Whitney U Test was 
conducted to detect differences between the T1 values of each 
ROI in old versus young participants. Bonferronni correction 
was made by choosing a p value suitable for 2 repeated 
measures, one from each hemisphere. ROI concentrations have 
unique T1 characteristics but these characteristics are repeated 
across the two hemispheres.  

III. RESULTS 
1) Subcortical Area 

A Kolmogorov-Smirnov test indicated that T1 values in this 
region had a normal distribution (p ≥ 0.05). Independent 
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Samples t-test demonstrated that average T1 value in bilateral 
hippocampus, caudate and thalamus of the old group were 
significantly higher than that of young group (p ≤ 0.05). 

2) WM Regions in Cerebellum  

Kolmogorov-Smirnov test demonstrated that T1 values  in this 
area did not have a normal distribution (p ≤ .05). Hence a Mann-
Whitney U Test was conducted. The average T1 value measured 
in left cerebellum IX, bilateral cerebellum X and cerebellar 
Vermis u 4 5 of the old participants were significantly higher 
than that of young participants (p ≤ 0.05). 
 

3) GM Regions in Cerebellum  

T1 values in this region is not normally distributed according to 
the Kolmogorov-Smirnov test (p ≤ 0.05). An Independent-
Samples Mann-Whitney U test indicated significant age-related 
differences in average T1 measurements in 9 GM regions of 
cerebellum (p ≤ 0.05). The average T1 values of old participants 
measured in bilateral cerebellum III, cerebellum IV V, 
cerebellum X, cerebellar vermis u 4 5 and cerebellar cermis u 9 
were significantly greater than that of younger ones. 
 

4) GM Regions in Cortex  

A Kolmogorov-Smirnov test demonstrated that T1 values in 
this area violated the normality assumption (p ≤ 0.05) which 
leads us to nonparametric tests. Mann-Whitney U test indicated 
age-related significant increase in average T1 values measured 
in 44 ROIs such as bilateral precentral gyrus, bilateral middle 
frontal gyrus, bilateral supplementary motor area (SMA), left 
middle occipital gyrus, bilateral postcentral gyrus bilateral and 
bilateral Heschl’s gyrus (p ≤ 0.05).  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. T1 relaxation times of a subcortical and a cortical structure 
plotted against age. (SMA: Supplementary motor area) 

 

 
 
Figure 3. T1 maps of an old (top) and a young (bottom) participant in 
the mid-slice of the axial view. Hot colors indicate larger T1 values. 
 

IV. DISCUSSION AND CONCLUSION 
This study is a comprehensive investigation of T1 changes 
during healthy aging covering the relaxometry studies in this 
area. In this study, we have measured T1 relaxation times of 
young and old participants on atlas-based 218 ROIs in the 
whole brain. Overall, there is a trend indicating that average T1 
values in the brain significantly increased with aging. 
 
Age-related T1 prolongation is observed in several subcortical 
structures including hippocampus and caudate (Fig 2). 
Demyelination with increasing age in caudate and hippocampus 
has been previously reported [20], [21]. Our results suggest 
lower level of myelin in these structures as a possible cause. 
Our outcomes obtained in subcortical areas replicated the 
findings of some previous studies that state a T1 increase in 
basal ganglia and thalamus in elderly [9], [12], [22].  
 
There are some contradictions between our findings and some 
other recent studies which showed a decrease of T1 in deep GM 
subcortical structures such as basal ganglia [12], [13]. The 
reason of this conflict might be the difference between ROI 
measurements among these studies. For instance, the ROIs in 
Gracien et al.’s study were drawn manually on a single mid-
slice on the population-averaged T1 map [13]. Whereas, 3D 
ROIs defined in an atlas were created on each participant's MR 
image which have already been registered to a stereotaxic space 
in our study. In this way, individual aging patterns might have 
been represented better.  On the other hand, T1 in Gracien et 
al.’s study was measured in a combined ROI including several 
structures such as  caudate nucleus, putamen, globus pallidus 
and thalamus [13]. The aggregation of these structures might 
have caused loss of region-specific information in that study. 
Additionally, brain atrophy and ventricular enlargement are 
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important issues that should be taken into consideration in aging 
studies. We removed the CSF volumes in the subcortical area 
before T1 measurements, so that changes in tissue concentration 
can be measured more precisely. Otherwise, changes in the CSF 
spaces might alter the results. 
 
Another finding is that the age-related T1 prolongation is not 
limited to subcortical structures, but observed extensively in the 
cerebellum (Fig. 2, bottom) as well as cortex (Fig 3). In 
conclusion, changes observed in T1 relaxation time during the 
aging process after aduthood have a pattern that indicate 
prolongation.  
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