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Background: Over the life span, the diffusion metrics in brain MRI show different,
partly nonlinear changes. These age-dependent changes also seem to exhibit regional
differences with respect to the brain anatomy. The age correction of a study cohort’s
diffusion metrics might thus require consideration of age-related factors.

Methods: Diffusion tensor imaging data sets were acquired from 219 healthy
participants at ages between 19 and 81 years. Fractional anisotropy (FA), mean diffusivity
(MD), and axial and radial diffusivity (AD and RD, respectively) maps were analyzed by a
tract of interest-based fiber tracking approach. To describe diffusion metrics as a function
of the participant age, linear splines were used to perform curve fitting in 21 specific tract
systems covering different functional areas and diffusion directions.

Results: In the majority of tracts, an interpolation with a change of alteration rate
during adult life described the diffusion properties more accurately than a linear model.
Consequently, the diffusion properties remained relatively stable until a decrease (of FA) or
increase (of MD, AD, and RD) started at a region-specific time point, whereas a uniform
change of diffusion properties was observed only in a few tracts. Single tracts, e.g.,
located in the cerebellum, remained nearly unaltered throughout the ages between 19
and 81 years.

Conclusions: Age corrections of diffusion properties should not be applied to all white
matter regions and all age spans in the same way. Therefore, we propose three different
approaches for age correction based on fiber tracking techniques, i.e., no correction for
areas that do not experience age-related changes and two variants of an age correction
depending on the age range of the cohort and the tracts considered.

Keywords: diffusion tensor imaging, age dependence, magnetic resonance imaging, fractional anisotropy,
diffusivity

INTRODUCTION

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI)-based tool to quantitatively
determine diffusion properties and assess microstructural properties of white matter (WM) fiber
systems by measuring the differences in constraints on water diffusion in different types of tissue
(Basser et al., 1994). In this framework, fractional anisotropy (FA) is a measure of the degree of
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FIGURE 6 | Scatter plots (black) and regression line (red) of the association between age and AD in various tract systems. (A=U) All plots are fitted with a segmented
linear regression due to a higher adjusted R? in comparison to a linear regression fit over the whole age span. The position of the knot between two linear curve
segments is given as a blue dashed line (CC, corpus callosum; CST, corticospinal tract; SLF, superior longitudinal fasciculus; ILF, inferior longitudinal fasciculus; SCP,
superior cerebellar peduncle; MCP, middle cerebellar peduncle; AIC, anterior limb of internal capsule; PIC, posterior limb of internal capsule).

uncinatus, SLE, MCP, temporal lobe to hypothalamus, and initially decreases and then remains stable in advanced age.
PIC) did the interpolation of FA not follow this described  The fact that this solution is mathematically the most favorable
three-phase sequence. During aging, the FA in these tracts  might suggest the existence of a Poisson curve as an age
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Fitting options of the association between age and RD in various tract systems:
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FIGURE 7 | Scatter plots (black) and regression line (red) of the association between age and radial anisotropy (RD) in various tract systems. The fit shown in each
case is the one with the highest adjusted R?. (H) One linear regression across age span. (A-G,I-U) In all other tract systems: segmented linear regression. The
position of the knot between two linear curve segments is given as a blue dashed line (CC, corpus callosum; CST, corticospinal tract; SLF, superior longitudinal
fasciculus; ILF, inferior longitudinal fasciculus; SCP, superior cerebellar peduncle; MCP, middle cerebellar peduncle; AIC, anterior limb of internal capsule; PIC,
posterior limb of internal capsule).
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FIGURE 8 | Resulting three different ways of age corrections of FA. (1) Tracts and age ranges where FA remains relatively stable. No correction for age necessary. (2)
Age span encloses knot position xunot, i.€., @ change of tendency in FA. The age correction is applied only on the time range of FA decrease. (3) Measured FA shows a
decrease over the entire investigated age span, and the age correction can be applied to the entire age range.

association over the entire life span as proposed by Lebel et al.

(2012).

The so-called “brain age” of a subject, estimated by structural
properties, often differs from the actual chronological age
(Franke et al., 2010; Cole et al., 2017; Smith et al., 2019). Reasons
are hard to determine and might be due to the individual
lifestyle (Franke et al., 2014). Evaluating the age-related changes

in our sample provide insight into the regional magnitude of

the alteration process at the group level underlying normal aging

regardless of individual influences.

Depending on the investigated tract system and the age range
of the study cohort whose diffusion properties are to be age-
corrected, we propose three different approaches, as shown in
Figure 8. If the fit of measured data shows no or just a slight slope
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Exemplary age correction based on linear regression and regression with linear splines:
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FIGURE 9 | Comparison of different age correction approaches for the exemplary tract optic radiation (A,B) and CC area |-associated tracts (C—F). (A) Measured FA
values in optic radiation and linear regression line before age correction. (B) FA after age correction approach 3 (see Figure 8), based on linear regression over all
participants’ age span. Due to age correction, the regression of the corrected data shows a constant FA. (C) Measured FA values in CC I-associated tracts and linear
regression line of ages higher than the estimated knot position. (D) FA after age correction approach 2 (see Figure 8). (E) Measured FA values and linear regression
(black) over all participants’ age span. The orange line serves as a guide to the eye and demonstrates the two-phase age-associated behavior. (F) FA after age
correction approach 3. The red arrows in the zoom demonstrate on some examples the shift in FA values at the lower end of the age range due to an age correction
based on a linear regression over the complete age range.

(Figure 8, constellation 1), there is no age correction necessary.  Since the cerebellar microstructure seems to be unaffected by age
Examples are the FA in the CST between 20 and 50 years of  with respect to DTT metrics, an age correction of the diffusion
age or the MD in the cingulum between 20 and 50 years of age. ~ parameters is apparently not necessary in this area.
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The second age correction approach (Figure 8, constellation
2) refers to tract systems and study group age ranges in which
a change of alteration rate occurs from a plateau to a linear
decrease/increase in diffusion properties; i.e., the interpolation
with linear splines resulted in a lower Ri di (see Table 2). When

deciding whether a cohort’s age range is in a pure plateau phase
or is already affected by an incipient decrease/increase, the SD of
the knot position should also be taken into account (see Table 3).
Since the stable age phase does not need to be corrected, only the
values above the knot position xj,,,; should be age corrected with
respect to age at which the knot position occurs using equation
(2) with the regression coeflicient 8, from the linear regression
of the age interval from the knot position to maximum age. For
example, one age range, to which this applies, in tracks associated
with CC areas I and III is 45-80 years.

As the third age correction approach for elder cohorts in
whom the diffusion properties show a linear association, the age
correction should be based on linear regression with regression
coeflicient 83 with respect to the mean or median of the group
age (Figure 8, constellation 3).

In general, it can be inferred from the location of the knots
in linear spline interpolation that younger cohorts (i.e., with a
maximum age of about 40 years) do not need to be age-corrected,
whereas cohorts of exclusively aged individuals (i.e., a minimum
age about 60 years) can be corrected based on a linear regression.
In contrast, the age correction of cohorts in whose age ranges the
alteration rate of diffusion properties does not remain constant
needs to be considered in more detail.

Specific examples (optic radiation vs. CC area I tracts) are
shown in Figure9. The FA in optic radiation shows a linear
behavior throughout the life span. Therefore, the values here
can be corrected based on a linear region (Equation 1) over the
complete age span of the cohort (Figures 9A,B). The situation
is different in the CC area I-associated tracts. Here, FA shows
a biphasic behavior, and values below the knot position do not
need to be corrected. For the FA values of participant ages above
the knot position, Equation (2) would be applied for correction
(Figures 9C,D). In contrast, an age correction in this tract system
based on Equation (1) would lead to a clear shift of the values at
the lower end of the age range (Figures 9E,F).

Our study was not without limitations. Since recruitment may
be considered to be a random process, the age of our cohort
distribution does not perfectly follow a uniform distribution. The
fact that the number of subjects well advanced in years is reduced
could possibly increase the variance of those at maximum age.
In general, the variance of diffusion measures is quite high, so
in some cases, a linear regression and a segmented regression
describe the behavior of the properties similarly well; i.e., the
adjusted coeflicients of determination of both fits are very close
to each other. Since our study cohort contains only adults, we are
unable to draw conclusions about the transition from the increase
in FA, or the decrease in MD, in childhood to the stable phase
during adulthood. Therefore, a peak FA and minimum MD in
early adulthood (Kochunov et al., 2012; Lebel et al., 2012) could
be underestimated in our study. A further limitation is that data

were recorded with different protocols and different scanners.
However, DTT metrics’ results do not show any bias after scanner
and protocol homogenization so that the applicability to different
MRI protocols might even be regarded as a strength of the study.
In the application to other studies, it has to be noted that eddy
current distortions were checked for, but no other corrections for
susceptibility distortions in the data, e.g., top-up, were performed
so that the results fail to account for the interaction of the
susceptibility field with head movement, which can potentially
lead to increased errors in the analysis of the diffusion MRI data
(Graham et al., 2017).

In summary, this study contributes to the always emerging
question on how age correction in DTI group studies has to be
performed and provides concrete approaches for age correction
based on FT techniques. When corrections for age in diffusion
metrics are be carried out, spatial differences of the areas under
investigation as well as the age range of the study cohort have to
be taken into account.
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