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Abstract

Brain morphology and cognitive ability change with age. Grey and white matter volumes
decrease markedly by the 7th decade of life when cognitive decreases first become readily
detectable. As a consequence, the shape complexity of the cortical mantle may also change. The
purpose of this study is to examine changes over a five year period in brain structural complexity

in late life, and to investigate cognitive correlates of any changes.

Brain magnetic resonance images at 1.5 Tesla were acquired from the Aberdeen 1936 Birth
Cohort at about ages 68 years (243 participants) and 73 years (148 participants returned).
Measures of brain complexity were extracted using fractal dimension (FD) and calculated using
the box-counting method. White matter complexity, brain volumes and cognitive performance
were measured at both 68 and 73 years. Childhood ability was measured at age 11 using the

Moray House Test.

FD and brain volume decrease significantly from age 68 to 73 years. Using a multilevel linear
modelling approach, we conclude that individual decreases in late life white matter complexity
are not associated with differences in executive function but are linked to information processing
speed, auditory-verbal learning, and reasoning in specific models-with adjustment for childhood
mental ability. A significant association was found after adjustment for age, brain volume and

childhood mental ability.

Complexity of white matter is associated with higher fluid cognitive ability and, in a longitudinal

study, predicts retention of cognitive ability within late life.
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1. Introduction

Age-related cognitive decline is a poorly understood and increasing public health problem.
Successful cognitive aging is associated with higher cortical volumes (Harrison et al., 2012; Staff
2012) and greater retention of brain volumes in late life (Staff et al., 2006). Over the life course,
grey matter (GM) volume reaches a maximum in the first decade of life, followed by a gradual
decline, which accelerates later in life such that 13% is lost by the eighth decade (Courchesne et
al., 2000); while white matter (WM) volume increases until late adulthood before it declines.
Between ages 63 and 75, brain anatomy is characterized by shrinkage due to approximate equal

loss of GM and WM but with a non-homogeneous pattern of atrophy (Lemaitre et al., 2005).

Volumetric measurements provide important information about the relative anatomy of cortical
regions, but can explain only a small proportion of cognitive variance and do not represent fine
structural changes in shape and integrity that accompany age-related changes in volume. Cortical
sulcal anatomy is highly variable across different ages and between individuals (Kochunov et al.,
2005). Cortical structural variability is partly captured by brain complexity using fractal
dimension (FD), which measures the complexity of cortical folding described by gyri and thus
characterises the architectural pattern of cortex (Bullmore et al., 1994; Free et al., 1996). FD is a
single numerical value representing brain morphological complexity, allowing inter- and intra-
individual comparisons. In general, higher FD values represent greater complexity of cortical
surface. FD has been compared between children and adolescents and also between young and

old adults (Blanton et al., 2001; Zhang et al., 2007) using cross-sectional observations. These



studies found higher cortical complexity in adolescents and less complexity in adulthood
(Farahibozorg, Hashemi-Golpayegani, Ashburner 2014) with the lowest values of FD for people
in the eighth and ninth decades. FD has also been investigated in schizophrenia (Narr et al.,
2004; Sandu et al., 2008b; Yotter et al., 2011), manic depression (Bullmore et al., 1994),
obsessive-compulsive disorder (Ha et al., 2005), Alzheimer’s disease (King et al., 2010);
intellectual disability (Sandu et al., 2014), epilepsy (Free et al., 1996), Williams syndrome
(Thompson et al., 2005) and dyslexia (Sandu et al., 2008a) . Cortical complexity measured by
FD is also positively correlated with the number of years of education and the intelligence
quotient (Im et al., 2006). Brain complexity has also provided an insight into variation of
cognitive performance throughout the human life span (Mustafa et al., 2012). FD thus provides
information that is complementary to volumetric measurements of the brain and correlates with

aging, cognitive ability and the presence of neurological disorders.

Ontogenetic mechanisms of cortical self-organization strongly influence the complex shape of
the cerebral hemispheres with mechanical tension along axons being currently thought to be the
main factor for generation of cortical sulci and gyri (Hilgetag and Barbas 2005; Van Essen
1997). Mota and Herculano-Houzel (2012) have suggested that folding increases with
connectivity through the WM and for the same number of neurons higher connectivity through
the WM becomes responsible for a higher degree of folding. If confirmed, this implies that
different degrees of folding exist for the same neuronal volume and suggest that folding

complexity is likely to be an independent measure with functional significance.

The literature provides a logical mechanism for the formation of structural complexity (Hilgetag

and Barbas 2005; Mota and Herculano-Houzel 2012; Van Essen 1997) and has described cross-



sectional observations that indicate its variation across the life span (Blanton et al., 2001;
Esteban et al., 2010; Farahibozorg, Hashemi-Golpayegani, Ashburner 2014; Zhang et al., 2007).
There is some limited cross-sectional evidence that complexity is associated with cognitive
performance (Im et al., 2006; Mustafa et al., 2012). What is unclear is how, during non-
pathological cognitive development and aging, inter- and intra-individual cortical complexity
changes and how this is related to cognitive change. Our particular interest is to investigate
whether changes in brain complexity reflect performance on different cognitive tasks. More
broadly, we are concerned with examining if complexity can be used as a more subtle estimate of

structural ‘brain aging’, in addition to or as an alternative to volumetric loss.

We hypothesize that individual differences in WM complexity are associated with differences in
cognitive ability in a group of well characterized older adults who were imaged and completed a
range of cognitive tests on two occasions at age about 68 and about 73 years. We used cross
sectional and longitudinal modelling methods to test the association between change in cognition
in late life and WM complexity, after adjustment for age, brain volume and childhood mental

ability, that may potentially confound these hypothesized relationships.

2. Methods

2.1 Participants

T1 volumetric MR data were acquired from a well-characterized cohort of 243 individuals born
in Aberdeen in 1936, known as the Aberdeen Birth Cohort of 1936 (ABC36) when aged around
68 years. We invited those previously recruited who were living independently in the

community, were without dementia and gave informed consent to further study. 148 agreed and



were imaged for a second time using an identical sequence and scanner, aged around 73 years

(Whalley et al., 2011).

2.2 Cognitive tests

All participants took Raven’s Standard progressive Matrices (RPM) measuring nonverbal
reasoning (Raven, Court, Raven 1977); the Digit Symbol Score (DS) evaluating the speed of
information processing attention and visual short-term memory (Wechsler 1997); Auditory
Verbal Learning Test (AVLT) assessing short-term and longer-term memory and learning (Rey
1964); Block Design (BLK) which test visuospatial skills (Wechsler 1997); and Uses of
Common Objects (UFO), a measure of executive function or purposive action (Guilford et al.,
1978). The tests were applied at age 68 and repeated at age 73 by an experienced research
psychologist. Data on childhood ability measured using the Moray House Test (MHT) at age 11,
was archived by Scottish Council for Research in Education. The University of Aberdeen was

granted access to these data.

2.3 Image acquisition

All brain MRI data at age 68 and 73 years were acquired on a 1.5 Tesla GE NVi system. Three
dimensional (3D) images of the brain were acquired with a T1 SPGR (T1W) MR sequence with
the following parameters; 20 ms repetition time (TR), 6 ms echo time (TE), 35° flip angle (a),
number of slices 100 to 124, effective slice thickness 1.6 mm and matrix 256x256 with in-plane

resolution 1 mmx1 mm.



2.4 Image processing

MRI data pre-processing was completed using the free software Freesurfer (FS)
(http://surfer.nmr.mgh.harvard.edu/) that provides a set of semi-automated tools for creating
computerized models of the brain from MR imaging data and measuring the brain’s
morphometric properties (Fischl et al., 2002). The pre-processing steps include motion
correction, affine transformation to Talairach image space, non-uniform intensity normalisation
for intensity inhomogeneity correction and removal of non-brain tissues. The second step
involves cortical parcellation of the GM and WM surface, topology correction and surface based
warping to align anatomically homologous points. The segmentation is based on the voxel’s
location in the volume, the neighbouring voxels’ tissue classes, and the intensity value in each
voxel. It has been shown that this automatic labeling procedure is comparable in accuracy to
manual labeling (Fischl et al., 2002). After processing was completed, the left and right cerebral
white matters were extracted from the subcortical structure to form a whole white matter
mask(256 x 256 x 256 mm’). The mask was not altered in any way (e.g. manual trimming).
Segmented images with separated GM and WM are used for the calculation of white matter

volume and whole brain volume (GM+WM).

2.5 Calculation of the Fractal Dimension

In order to characterize, in the second step of the analysis, the geometric complexity of WM, the
WM obtained from the segmented images of the whole cerebrum served as a/the basis for the
estimation of the fractal dimension. For the calculation of fractal dimension, the box-counting
method is widely used and simple to apply. In the box-counting method, the object to be

analyzed is covered with 3D boxes. The white matter structure is covered with boxes, which are



arranged in a regular lattice and the boxes containing white matter are counted. The process is
illustrated in Fig.1 by a mid-coronal slice from one participant. WM volume is covered with
boxes of increasing size. For illustration purposes, the linear size of the box is varied from 1
voxel, corresponding in our case to 1 cubic mm, to 6 voxels. Note that the slice is extracted after

the construction of the boxes on the three dimensional volume.

box size r=1 box sizer = box sizer =
box size r = box sizer = box sizer =

25 0

Fig. 1 Legend: In an illustration of the box-counting method, the mid-coronal slice is covered with boxes of

increasing size. The section is extracted after the construction of boxes on three-dimensional white matter volume.

The number of boxes (N) of a given length needed to cover the whole structure varies with the
linear size (r) of the box as N~ r°, where D is the fractal dimension given by the slope in a
double logarithmic plot of number of boxes versus box size. For irregular structures, D is a non-
integer number. This refers to the fine structure of the fractals: by decreasing the size of the ruler

one covers more detail, thus the number of boxes varies in a different way than in smooth



objects. In the case of the brain this property holds for a limited range of scales that has to be
determined (Sandu et al., 2008b). The selected range was chosen as the maximum interval for
which the linear correlation coefficient is above a threshold (R*=0.9995). This describes the
quality of the linear fit in the plot of logarithm of boxes size vs logarithm of number of boxes
needed to assess the whole white mater structure. We illustrate this by showing how the edge
length of the boxes increases by one voxel per iteration, within the range from r = 3 to r = 30
voxels for whole brain WM. The absolute value of the slope of a linear regression line provides

the fractal dimension of the WM volume (see Fig 2).
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Fig. 2 Legend: Logarithmic plot of the number of boxes containing white matter versus box radius. The fractal

dimension given by the slope is 2.4507



The algorithm and a validation procedure of the method were presented in a previous study
(Sandu et al., 2008b). This was done using digital phantoms with known fractal dimension and
the reliability of the method was measured through an intraclass correlation coefficient
(ICC>0.9) between data acquired from two different scanners. The analyses were based on in-

house developed software written in Matlab R2012a (Mathworks, Natick, MA, USA).

2.6 Statistical analysis

Statistical analysis was performed using SPSS 21 (Statistical Package for Social Sciences 21;
IBM, Chicago, IL, USA). Data collected from healthy subjects in two waves (at 68 and 73 years
old) were compared using paired two samples t-test. Relationships between cortical complexity
and cognitive scores were examined using Pearson’s correlation. The correlation was also used

to test the association between the precise scan interval and changes in WM volumes.

To test the hypothesized association between the structural complexity of WM and cognitive
abilities in late life, we used a multilevel linear modelling approach and the software MLwiN
(Rasbash et al., 2009). We assumed that on each occasion cognitive ability is explained by a
linear combination of age, brain volume and structural complexity summarized by equation 1.
Each variable and the intercept were modelled as a fixed effect. Here, each cognitive test was
standardized as an IQ-type score (a/Q, mean 100, standard deviation 15). Age was expressed as
years past their sixtieth birthday (Age.co). The WM fractal dimension and brain volume were
also standardized (FDWM, mean = 0, standard deviation =1), using all of the data in our sample.
Whole brain volumes and white matter volumes were also standardized (Vol, mean =0, standard
deviation = 1). The participants are identified by the subscript i and the occasion of testing by

the subscript j. Sy, is the intercept and represents the estimated cognitive ability at the age of 60
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years, e;; represents the residual. Preliminary analysis of our data suggested FD differed
between men and women, but after adjusting for brain volumes this relationship was not

maintained.
alQ, , =P, + B jAge. + B, FDWM + B, Vol+e,, (1

In order to test a hypothesized association between complexity and life-long cognitive change,
we extended our model to include childhood ability. As with adult ability, we standardized the
MHT (Moray House Test) score into an IQ —type score (c/Q , mean = 100. standard deviation =

15).

aIQi,j = ﬂo,j + ﬂl,jAge+6O + ﬂz,jFDWM + ﬂ3,jV0[ +IB4,J'C]Q+ € @

3. Results

243 participants (128 male) were imaged aged around 68 years and of this original sample, 148
participants, (80 male) were imaged at follow-up, aged around 73 years. FD values for WM and
brain volumes were compared within subjects between ages 68 and 73 years using paired two
samples t-test (Table 1). All comparisons showed significant decreases. FD values and brain
volumes were significantly lower at wave 2 when compared to wave 1 and those participants
who did not return for image at wave 2 had significantly smaller baseline FD and brain volumes.
Decreased brain complexity with age is illustrated in the Figure 3. The decline of complexity
with age was further tested using a multilevel linear model which included volume as a
covariable Equation 3. Here, the relationship with age was maintained after adjustment for

volume (WM or whole brain).
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FDWMZ-’J- = ﬂo,j +ﬁ1,jAge+60 +ﬂ2,jVOZ+ei i (3)
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Fig. 3 Legend: Complexity decline with age- plotting the changes in standardized white matter Fractal Dimension vs

age past 60 years

Table 1 compares raw cognitive rest test scores between test occasions. All cognitive test scores
were expected to be positively correlated. To examine whether the hypothesized associations
between FD and cognitive test scores are specific to particular cognitive domains or have general
associations with all domains, we reduced data using principal component analysis. From
cognitive test scores, we extracted the first un-rotated principal component, also known as the
general factor (g), which explained 46% of the observed variance. Individual factor loadings
were: - RPM: 0.80 DS: 0.65, AVLT: 0.65, BLK: 0.69, UFO: 0.59. DS, AVLT, g and BLK all

showed significant decline over the testing period. RPM remained unchanged and UFO showed
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some improvement. RPM and UFO results are probably attributable to practice effects. Those
of higher ability on RPM, UFO, g and BLK were more likely to provide wave 2 samples, age

~73. Those individuals who returned for wave 2 imaging were slightly younger at wave 1, age

~68.
Imaging
1D W1 Completed W1+2 Completed W1 Only
Measurement Wave Wave 1 Wave 2 Wave 1
Participation Completed Wave 1 | Completed Wave 1 Completed Wave 1
and 2 and 2 only
N 148 148 94
FDWM 2.47 (.019) 2.46 (.021)*** 2.46 (.023)"
Volume WM (cm”) 447.2 (54.3) 431.6 (54.2)%** 432.3 (60.5)"
Brain Volume (cm’) 912.6 (91.2) 881.2 (90.2)*** 886.9 (100.4)"
Cognition
N 132-151 132-151 72-138
RPM 39.1 (6.9) N=151 38.3 (7.2) 35.1 (6.6)" N=82
DS 47.5(10.2) N=132 [ 41.3 (10.0)*** 43.6 (10.8) N=94
UFO 13.6 (6.1) N=154 15.0 (5.2)%** 12.3 (4.9 N=72
AVLT 63.4 (14.4)N=148 | 59.7 (16.9)*** 60.1 (15.7) N=83
BLK 27.2 (8.6) N=150 25.0 (9.6)*** 23.4 (8.7)" N=74
MHT 46.0 (10.1) N=148 43.8 (11.1) N=94
g 29 (.96) N=87 -.07 (1.03)*** 22 (.96)™ N=138
Age (years) 68.6 (.6) N=148 72.7 (5)*** 68.8 (.72)" N=94

Table 1 Legend: Means and standard deviations for the fractal dimension (FD) measurements of white matter (WM),
brain volumes and the cognitive test scores: Raven’s standard progressive matrices test (RPM), digit symbol scores
(DS), use of objects (UFO), auditory verbal learning test (AVLT), Block Design (BLK), general intelligence factor
(g) using paired and unpaired t-tests between the different groups and measurement waves. Moray House Test
(MHT) is childhood intelligence test at age 11. *** = p<.001 by paired t-test; ‘W1 Completed vs W1+2 Completed’.

## = p<.001, "= p<.05, t-test ‘W1 Completed vs W1 only’.

The multilevel linear model shown in equation 1 is seen in Table 2. It shows that, after

adjustment for age, FD and WM volume, there is a significant association between processing
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speed (DS) and memory (AVLT) and WM complexity (FD). For DS and AVLT, a FD difference
of 1 standard deviation represents an 1Q difference of between 2.5 and 3 points. Table 2 shows
intercepts significantly greater than zero as expected. The results used whole brain volume
estimates as the Vol variable, repeating the results of an analysis using WM volume produced an

almost identical set of results.

RPM DS AVLT BLK UFO g

B, intercept 958 (4.00* | 109.4 (41)* | 1043(3.9)* |96.6(3.9)* |92.8(4.0* | 99.1 (43)*
B Age 41(39) 95 (4)* | -42(39) 32(38) 71(39) 07 (43)

B> FD 178 (121) | 244 (1.24)* | 2.92 (1.14)* | -71(1.18) | 1.26 (1.18) | 1.93 (1.28)
B3 Volume 085(1.17) | -1.35(1.19) | -1.15(1.13) | 491 (1.13)* | .06 (1.16) -08 (1.24)
o 2208 (16.5) | 217.6(16.1) | 2108 (15.7) | 2049 (15.4) | 221.2(164) | 221.1(17.5)
-2*loglikelihood | 2931.7 2786 2931.7 2880.7 2981.9 2619.2

Table 2 Legend: The multilevel linear model results (equation 1) for each of cognitive tests: Raven’s standard
progressive matrices test (RPM), digit symbol scores (DS), auditory verbal learning test (AVLT), Block Design
(BLK), use of objects (UFO), general intelligence factor (g) was standardized into an IQ-like score. Age was
expressed as the number of years past their sixtieth birthday. The FD is the fractal dimension for white matter; the
volume is brain volume. S, is the intercept and represents the estimated cognitive ability at the age of 60 years. 5, £,
and f; are the coefficients for corresponding measures. o” represents the residual or error and -2*loglikelihood
represents the goodness of fit, the smaller the value the better fit. The standard errors are in brackets. The significant

association is marked with * where p<.05

After introduction of childhood ability into the model -MHT (Equation 2), the effect of FD on
cognition was maintained for DS and AVLT. In addition a significant association between the
general factor g and RPM and FD was also seen (Table 3). As in model 1, replacing brain

volume with WM volume produced an almost identical set of results. The intercepts were
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significantly greater than zero as expected as was the association between childhood ability and

late life cognition.

RPM DS AVLT BLK UFO g

B, intercept 72.6(5.6)* | 74.4 (6.1)* 71.6 (6.0)* | 61.0 (5.8)* | 67.4(6.3)* | 48.1 (5.8)*
B Age 26 (34) 1.07 (34)% | -51(36) 18 (35) 64 (37) ~16 (.36)
B, Volume “42(1.01) | -1.53(1.10) | -1.29(1.06) | 4.67(1.05) * | ~13 (1.11) | -43 (1.04)
B FD 272 (1.05)* | 3.00 (1.15)* | 3.30 (1.07)* | -.14(1.10) | 1.60 (1.14) | 2.75 (1.08)*
B+ 1Q MHT 50 (.05)* | .36 (.05)* 33 (.05)* 37 (.05)* 26 (.05)* 53 (.05)*
e 164.9 (12.4) | 188.0(144) | 186.3(13.9) | 175.1 (13.2) | 206.3 (15.3) | 156.5 (12.4)
2*loglilkelihood | 2827.7 27372 28873 2825.1 2956.6 2509.4

Table 3 Legend: The multilevel linear model results (equation 2) for each of the cognitive tests: Raven’s standard
progressive matrices test (RPM), digit symbol scores (DS), auditory verbal learning test (AVLT), Block Design
(BLK), use of objects (UFO), general intelligence factor (g) was standardized into an 1Q-like score. Age was
expressed as the number of years past their sixtieth birthday. The FD is the fractal dimension for white matter and
the Volume is its volume. Moray House Test (MHT) is childhood intelligence test at age 11. f is the intercept and
represents the estimated cognitive ability at the age of 60 years. 8, B> f;and S, are the coefficients for corresponding
measures. o~ represents the residual or error and -2*loglikelihood represents the goodness of fit, the smaller the

value the better fit. The standard errors are in brackets. The significant association is marked with * where p<.05.

All significant FD beta values are significant after correction for multiple comparisons, for each
cognitive test, using a False Discovery Rate (FDR) procedure (Benjamini and Hochberg 1995)
and an acceptable FDR of 0.05. The value for g was not included in the multiple comparison

correction since it is a summary measure of the other variables.
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Tables 2 and 3 suggest an inter-individual association between cognition and FD. However, it is
unclear if cognition and FD show intra-individual variation, in other words that a change in FD is
associated with a change in cognition in that participant. When correlations are examined
between changes in cortical complexity and change in cognition, a significant correlation was

found between FD and DS and g (Table 4).

ARPM ADS AAVLT ABLK AUFO Ag
AFD 018 208" 120 177 103 2707
N 117 104 118 119 123 87

Table 4 Legend: Pearson correlation between the change in the fractal dimension (AFD) and the changes in
cognitive variables: Raven’s standard progressive matrices test (ARPM), digit symbol scores (ADS), auditory verbal
learning test (AAVLT), Block Design (ABLK), use of objects (AUFO), general intelligence factor (Ag) with age,

where N is the number tested participants and * means p<.05.

Using linear regression, we investigated whether correlations remained significant after
adjustment for confounding by age, change in brain volume and WM volume. We found no

significant association.

4. Discussion

Here, using longitudinal measures of brain structural complexity and cognition, we observe inter-
individual associations between WM structural complexity and cognition, specifically with
processing speed (DS) and verbal memory (AVLT) in late life. After adjustment for childhood
cognitive ability, we find further associations between reasoning (RPM) and general cognitive

ability (g). We also find some evidence of an intra-individual association, but this was not
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maintained after adjustment for confounding by age and brain volume. In conclusion, structural

brain complexity is associated with higher cognitive ability and appears to decline in late life.

Decline of brain volume with age is well established (Sowell, Thompson, Toga 2004; Staff 2012)
and there are also studies measuring specific volumes as correlates of cognitive aging (Salthouse
2011; Staff et al., 2006). Differences in the FD value between adults and elderly people are
reported by Zhang et al. (2006; 2007) and by Lee et al. (2004). Cortical fractal complexity is
reduced with increasing age as the surface of the brain becomes smoother and the sulci become
wider and less curved. Our results indicate that this reduction is not entirely explained by a
concurrent reduction in volume. It is not established whether the FD effects seen in elderly
people described by Zhang et al. (2007) and Lee et al. (2004) are a continuation of the reduction
of FD which begins in adolescent/young adult brain. These results suggest that reduction in
cortical complexity occurs in late life; however, it remains unclear whether there is a stable

period before our period of observation in late adulthood.

The initial multilevel linear model (1) indicated an association with processing speed and
memory. It is unclear why this relationship is domain specific. Cortical sulcal variability was
investigated in correlation with cognitive performance from five cognitive domains including
attention/processing speed, memory, language and executive function by Liu et al. (2011). They
found that processing speed performance was correlated with spans of most sulci in elderly. This
finding helps consolidate our results, stressing once more that the speed of information
processing decreases with age in late adulthood and is correlated with the structural brain
complexity. The greater the WM complexity, the greater the information processing speeds in

healthy participants.
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Cognitive tests may differ in the effect of practice on performance and our model is less sensitive
in those domains most subject to practice effects. When we introduced childhood ability into our
model, RPM and the general factor (g) became significant. This result is essentially a
confirmation of a previous work (Mustafa et al., 2012) but with additional longitudinal data. That
is, that structural complexity is associated with lifelong cognitive differences. Here, we also

show that this is a general effect and not limited to a specific domain.

The correlation between change in FD and change in DS and g would indicate that intra-
individual structural change is an estimate of brain aging associated with cognitive decline.
However, this relationship was not maintained after adjustment for volume and, therefore, we

have not showed it to be independent predictor of decline.

Taking the results of these two analyses together, we have demonstrated that greater WM
complexity is associated with retention of cognitive ability across the life course and individual
differences in ability in late life. It may well be that FD is a measure of resilience to cognitive
decline and those with less structural complexity may be more vulnerable to cognitive decline,
mild cognitive impairment and dementia. It is conjecture to attribute a causal relationship
between structural complexity and intelligence. An alternative explanation would be that
complexity and intelligence share a common causal origin. However, systems theory suggests
that more complex systems are more robust to perturbation and insult. Lipsitz (2004) has
suggested that with ageing and disease, there is a loss of complexity in many integrated
physiological processes. Normal physiological function requires the integration of intricate
networks of control systems, feedback loops, and other regulatory mechanisms to enable a

system to simultaneously perform the many necessary and varied activities. Here, we suggest
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that more complex structure may well be better able to maintain this intricate networks and

therefore outputs (cognitive performance).

The strengths of this study are the novelty of longitudinal analysis of change in brain structural
complexity in well-characterized normal people. A weakness of our study is similar to those
examining cognitive decline in late life; namely, drop out and practice effects. It is clear from
Table 1 that those retained in the study have larger and more complex brains and had superior
cognitive abilities. It is generally true that aging is kinder to the more gifted (Bourne et al., 2007)
and our results may well be skewed because of this differential retention. However,
demonstration of FD differences in this relatively healthy sample makes our results more
generalizable to the general older population. Future work could investigate whether localized
measurements of brain structural complexity are informative in decline in specific cognitive

abilities and dementia risk.

Understanding development, maturation and decline of the brain will inform the development of
strategies to maximize resilience in the face of decline or reserve. Identifying those at risk of
decline and the factors that endow us with the ability to overcome brain change brought about by

aging and disease will inform policy and health care.

Acknowledgement

The authors would like to thank to the participants from the Aberdeen 1936 Birth Cohort studies
for their voluntary contribution to these projects. The first author is supported by a Research

Fellowship funded by The Roland Sutton Academic Trust (Ref: 0006/S/12).

19



Declaration of interests:

None

References

Benjamini Y and Hochberg Y. 1995. Controlling the false discovery rate - a practical and powerful
approach to multiple testing. Journal of the Royal Statistical Society Series B-Methodological
57(1):289-300.

Blanton RE, Levitt JG, Thompson PM, Narr KL, Capetillo-Cunliffe L, Nobel A, Singerman JD, McCracken JT,
Toga AW. 2001. Mapping cortical asymmetry and complexity patterns in normal children.
Psychiatry Research 107(1):29-43.

Bourne VJ, Fox HC, Deary IJ, Whalley LJ. 2007. Does childhood intelligence predict variation in cognitive
change in later life? Personality and Individual Differences 42(8):1551-1559.

Bullmore E, Brammer M, Harvey |, Persaud R, Murray R, Ron M. 1994. Fractal analysis of the boundary
between white matter and cerebral cortex in magnetic resonance images: A controlled study of
schizophrenic and manic-depressive patients. Psychological Medicine 24(3):771-781.

Courchesne E, Chisum HJ, Townsend J, Cowles A, Covington J, Egaas B, Harwood M, Hinds S, Press GA.
2000. Normal brain development and aging: Quantitative analysis at in vivo MR imaging in healthy
volunteers. Radiology 216(3):672-682.

Esteban FJ, Padilla N, Sanz-Cortes M, de Miras JR, Bargallo N, Villoslada P, Gratacos E. 2010. Fractal-
dimension analysis detects cerebral changes in preterm infants with and without intrauterine
growth restriction. Neurolmage 53(4):1225-1232.

Farahibozorg S, Hashemi-Golpayegani SM, Ashburner J. 2014. Age- and sex-related variations in the
brain white matter fractal dimension throughout adulthood: An MRI study. Clin Neuroradiol .

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany R, Kennedy D,
Klaveness S, and others. 2002. Whole brain segmentation: Automated labeling of neuroanatomical
structures in the human brain. Neuron 33(3):341-355.

Free SL, Sisodiya SM, Cook MJ, Fish DR, Shorvon SD. 1996. Three-dimensional fractal analysis of the
white matter surface from magnetic resonance images of the human brain. Cerebral Cortex (New

York, N.Y.: 1991) 6(6):830-836.

Guilford, J.P., Christensen, P.R., Merrifield, P.R., Wilson, R.C. (Eds.), 1978. Alternate uses: Manual of
instructions and interpretation. Sheridan Psychological Services, Orange, CA.

20



Ha TH, Yoon U, Lee KJ, Shin YW, Lee JM, Kim 1Y, Ha KS, Kim SI, Kwon JS. 2005. Fractal dimension of
cerebral cortical surface in schizophrenia and obsessive-compulsive disorder. Neuroscience Letters
384(1-2):172-176.

Harrison TM, Weintraub S, Mesulam MM, Rogalski E. 2012. Superior memory and higher cortical
volumes in unusually successful cognitive aging. Journal of the International Neuropsychological
Society : JINS 18(6):1081-1085.

Hilgetag CC and Barbas H. 2005. Developmental mechanics of the primate cerebral cortex. Anatomy and
Embryology 210(5-6):411-417.

Im K, Lee JM, Yoon U, Shin YW, Hong SB, Kim 1Y, Kwon JS, Kim SI. 2006. Fractal dimension in human
cortical surface: Multiple regression analysis with cortical thickness, sulcal depth, and folding area.
Human Brain Mapping 27(12):994-1003.

King RD, Brown B, Hwang M, Jeon T, George AT, Alzheimer's Disease Neuroimaging Initiative. 2010.
Fractal dimension analysis of the cortical ribbon in mild alzheimer's disease. Neurolmage 53(2):471-
479.

Kochunov P, Mangin JF, Coyle T, Lancaster J, Thompson P, Riviere D, Cointepas Y, Regis J, Schlosser A,
Royall DR, and others. 2005. Age-related morphology trends of cortical sulci. Human Brain Mapping
26(3):210-220.

Lee JM, Yoon U, Kim J, Kim Y, Lee DS, Kwon JS, Kim SI. 2004. Analysis of the hemispheric asymmetry
using fractal dimension of a skeletonized cerebral surface. [IEEE TRANSACTIONS ON BIOMEDICAL
ENGINEERING 51(8):1494-1498.

Lemaitre H, Crivello F, Grassiot B, Alperovitch A, Tzourio C, Mazoyer B. 2005. Age- and sex-related
effects on the neuroanatomy of healthy elderly. Neurolmage 26(3):900-911.

Lipsitz LA. 2004. Physiological complexity, aging, and the path to frailty. Science of Aging Knowledge
Environment 2004(16):pel6.

Liu T, Wen W, Zhu W, Kochan NA, Trollor JN, Reppermund S, Jin JS, Luo S, Brodaty H, Sachdev PS. 2011.
The relationship between cortical sulcal variability and cognitive performance in the elderly.

Neurolmage 56(3):865-873.

Mota B and Herculano-Houzel S. 2012. How the cortex gets its folds: An inside-out, connectivity-driven
model for the scaling of mammalian cortical folding. Frontiers in Neuroanatomy 6:3.

Mustafa N, Ahearn TS, Waiter GD, Murray AD, Whalley LJ, Staff RT. 2012. Brain structural complexity
and life course cognitive change. Neurolmage 61(3):694-701.

Narr KL, Bilder RM, Kim S, Thompson PM, Szeszko P, Robinson D, Luders E, Toga AW. 2004. Abnormal
gyral complexity in first-episode schizophrenia. Biological Psychiatry 55(8):859-867.

21



Rasbash J, Charlton C, Browne WJ, Healy M, Cameron B. 2009. MLwiN version 2.1. Centre for Multilevel
Modelling, University of Bristol. .

Raven, J.C,, Court, J.H., Raven, J. (Eds.), 1977. Manual for Raven’s progressive matrices and vocabulary
scales. Lewis, London, UK.

Rey, A. (Ed.), 1964. L'examen clinique en psychologie. Presses universitair de France, Paris.

Salthouse TA. 2011. Neuroanatomical substrates of age-related cognitive decline. Psychological Bulletin
137(5):753-784.

Sandu AL, Paillere Martinot ML, Artiges E, Martinot JL. 2014. 1910s' brains revisited. cortical complexity
in early 20th century patients with intellectual disability or with dementia praecox. Acta
Psychiatrica Scandinavica 130(3):227-237.

Sandu AL, Specht K, Beneventi H, Lundervold A, Hugdahl K. 2008a. Sex-differences in grey-white matter
structure in normal-reading and dyslexic adolescents. Neuroscience Letters 438(1):80-84.

Sandu AL, Rasmussen IA,Jr, Lundervold A, Kreuder F, Neckelmann G, Hugdahl K, Specht K. 2008b. Fractal
dimension analysis of MR images reveals grey matter structure irregularities in schizophrenia.
Computerized Medical Imaging and Graphics : The Official Journal of the Computerized Medical
Imaging Society 32(2):150-158.

Sowell ER, Thompson PM, Toga AW. 2004. Mapping changes in the human cortex throughout the span
of life. The Neuroscientist : A Review Journal Bringing Neurobiology, Neurology and Psychiatry
10(4):372-392.

Staff RT. 2012. Reserve, brain changes, and decline. Neuroimaging Clinics of North America 22(1):99-
105, viii-iv.

Staff RT, Murray AD, Deary 1), Whalley LJ. 2006. Generality and specificity in cognitive aging: A
volumetric brain analysis. Neurolmage 30(4):1433-1440.

Thompson PM, Lee AD, Dutton RA, Geaga JA, Hayashi KM, Eckert MA, Bellugi U, Galaburda AM,
Korenberg JR, Mills DL, and others. 2005. Abnormal cortical complexity and thickness profiles
mapped in williams syndrome. The Journal of Neuroscience : The Official Journal of the Society for
Neuroscience 25(16):4146-4158.

Van Essen DC. 1997. A tension-based theory of morphogenesis and compact wiring in the central
nervous system. Nature 385(6614):313-318.

Wechsler, D. (Ed.), 1997. Manual for the wechsler adult intelligence scale-iii. The Psychological Corp,
New York.

Whalley LJ, Murray AD, Staff RT, Starr JM, Deary |J, Fox HC, Lemmon H, Duthie SJ, Collins AR, Crawford

JR. 2011. How the 1932 and 1947 mental surveys of aberdeen schoolchildren provide a framework
to explore the childhood origins of late onset disease and disability. Maturitas 69(4):365-372.

22



Yotter RA, Nenadic |, Ziegler G, Thompson PM, Gaser C. 2011. Local cortical surface complexity maps
from spherical harmonic reconstructions. Neurolmage 56(3):961-973.

Zhang L, Liu JZ, Dean D, Sahgal V, Yue GH. 2006. A three-dimensional fractal analysis method for
quantifying white matter structure in human brain. Journal of Neuroscience Methods 150(2):242-

253.

Zhang L, Dean D, Liu JZ, Sahgal V, Wang X, Yue GH. 2007. Quantifying degeneration of white matter in
normal aging using fractal dimension. Neurobiology of Aging 28(10):1543-1555.

23



