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INTRODUCTION 
 

Among the many challenges presented by an increasingly 

“top heavy” Western society, the cases of cognitive 

decline  and  the  accompanying  economic  and  social  

 

demands have never been more apparent [1, 2]. It is well-

established that the ageing brain undergoes major 

structural and functional changes which, even in the 

absence of disease, is related to decline in specific 

cognitive domains [3–9]. Furthermore, it has been shown 
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ABSTRACT CHECK 
 

Studies exploring age-related brain and cognitive change have identified substantial heterogeneity among 
individuals, but the underlying reasons for the differential trajectories remain largely unknown. We 
investigated cross-sectional and longitudinal associations between brain-imaging phenotypes (IDPs) and 
cognitive ability, and how these relations may be modified by common risk and protective factors. Participants 
were recruited from the 1953 Danish Male Birth Cohort (N=123), a longitudinal study of cognitive and brain 
ageing. Childhood IQ and socio-demographic factors are available for these participants who have been 
assessed regularly on multiple IDPs and behavioural factors in midlife. Using Pearson correlations and canonical 
correlation analysis (CCA), we explored the relation between 454 IDPs and 114 behavioural variables. CCA 
identified a single mode of population covariation coupling cross-subject longitudinal changes in brain structure 
to changes in cognitive performance and to a range of age-related covariates (r=0.92, Pcorrected < 0.001). 
Specifically, this CCA-mode indicated that; decreases in IQ and speed assessed tasks, higher rates of familial 
myocardial infarct, less physical activity, and poorer mental health are associated with larger decreases in 
whole brain grey matter and white matter. We found no evidence supporting the role of baseline scores as 
predictors of impending brain and behavioural change in late-midlife. 
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that on an individual basis, there is significant variability 

in the trajectories of brain and cognitive change, with a 

small proportion of the population demonstrating 

“heathy” or “successful” ageing well into old age [10]. 

However, the reasons underlying the observed variability 

is not well-understood [11]. Equally, evidence linking 

longitudinal brain-cognitive changes to each other and to 

possible health-related lifestyle behaviours and 

environmental influencers are limited and inconsistent. 

Thus, in this present study, our first aim was to explore 

brain-cognitive longitudinal relations. Our second aim 

was to identify potential risk and protective factors that 

may contribute to the individual variations observed in 

later-life brain structure and cognitive functioning. 

 

In a review of the cumulative research assessing  

the interdependence of age-related (brain-behaviour) 

changes in non-pathological conditions, the findings are 

unclear [9]. Although evidence of coupled changes are 

commonly described in the direction of advancing age, 

less intact brain structures, greater brain structural 

degradation and lower cognitive ability [12–14], 

associations that oppose this common course of age-

related change are also reported [15, 16]. Examples 

include correlations that link larger initial brain volume 

and greater negative (shrinkage) change [17], higher 

early-life IQ and greater decline in visuospatial abilities 

[18], higher crystallized abilities and greater brain 

volume reduction and thinning of the cerebral cortex 

[19], smaller baseline regional brain volume and a 

moderate (gradual) rate of decline [20]. The varying and 

at times contradictory findings have been attributed to 

many factors namely, variations in sample characteristics, 

small sample size, short observation intervals, inclusion 

of subjects with undiagnosed pathology, modest within-

subject change and between-subject differences in 

change. 

 

The majority of studies exploring age-related changes in 

brain and cognition use population-based cross-sectional 

samples [21]. Such studies largely converge onto several 

common trends that link increasing age to whole-brain 

and regional atrophy [22–25], increases in ventricular 

volume [26], and the accumulation of neural insults of 

cerebrovascular origin [27–30]. Furthermore, the age-

brain effects observed indicate regional specificity that 

broadly describe an anterior-to-posterior gradient of 

decline with frontal, temporal and posterior association 

cortices appearing most vulnerable, and the brainstem, 

pons and primary sensory cortex showing negligible, if 

any, age-related variability [8, 17, 20, 31–38]. Similarly, 

age-effects on cognitive performance also suggest an 

underlying preservation of specific cognitive domains, 

with fluid abilities (e.g. processing speed, executive 

functioning, working memory, and inhibitory functions) 

appearing most vulnerable to increasing age, and 

crystallized abilities (e.g. general knowledge, implicit 

procedural long-term memory, numerical processing) 

appearing relatively spared [2, 6, 8, 14, 18, 39–42]. 

 

However, as the study of ageing is fundamentally the 

study of change, the use of cross-sectional data based on 

single observations from individuals of different ages is 

not an ideal study design. Specifically, cross-sectional 

studies can only offer information on age-related 

individual differences in level, and not individual 

differences in change. The problem here is one of 

aggregation in so far as pooling data across age-groups 

may result in misleading “illusory associations” that are 

in fact based on average age differences (i.e. an example 

of Simpsons Paradox and Lord’s paradox [43, 44]). 

Thus, although ideal for estimating population-level 

mean trends [37, 45], cross-sectional samples are ill-

equipped in providing reliable estimates of intra-

individual change and the associations between rates of 

change. Adding to this, cross-sectional studies that span 

a wide age-range are also highly vulnerable to cohort 

effects, secular trends, and any other overlooked 

individual differences that are brought into the study 

from previous years. Considering this, the ability to 

measure within subject changes independently of 

between subject differences demands that the same 

individual is followed over time using a longitudinal 

design. Although findings among longitudinal studies 

are generally more consistent than their cross-sectional 

counterparts’ [21], they are also bound by their own 

limitations such as the ‘3M’ – mobility, morbidity and 

mortality of subjects [46]. Notably, as many longitudinal 

studies start off as cross-sectional samples that are based 

on age-heterogeneous groups there is still a risk of 

mixing individual differences in rates of change (i.e. 

random age effects) with average age-dependent changes 

at the population level (i.e. fixed age effects) [37]. 

 

Lastly, many studies investigating potential correlates 

of age-related changes typically include a small number 

of putative risk and protective factors. Due to mutual-

interrelations, such studies are at increased risk of 

identifying relations that are, in part, or entirely 

confounded by variables that have been overlooked. Of 

the studies that do include a wide range of potential age-

related modifiers, it is rare that their affects are 

examined simultaneously. Specifically, the application 

of improper statistical models to essentially explore the 

same ageing-related hypotheses, may be largely 

accountable for the inconsistent results observed across 

studies. Thus, studies using a narrow-age longitudinal 

sample, a large multidimensional dataset, and multi-

level statistical modelling can reduce many of the 

aforementioned types of confounding discussed in order 

to increase the precision of estimated effects. 

Additionally, compared to focused analyses that explore 
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the relation between specialized anatomical regions and 

specific cognitive tests, a multifactorial approach is 

ideal for revealing relations that may have so far been 

overlooked in ageing research. 

 

Thus, in this present study, we use a single-year-of-birth 

cohort where the majority of subjects have completed 

two early intelligence quotient (IQ) tests at ages ~11 

(IQ-11) and ~20 (IQ-20). Subsequent, brain-imaging 

and behavioural assessments were conducted in two 

late-midlife waves separated by an observation interval 

of ~5 years. Here, detailed neuropsychological, brain 

MRI, general health, demographic, and lifestyle data 

have been acquired to investigate three key questions: 

First, exploring cross-sectional-longitudinal associations 

we asked: do midlife-baseline (age ~57; W-57) and 

follow-up (age ~63; W-63) brain structure correlate 

with changes in cognitive functioning, and relatedly, 

does W-57 or W-63 cognitive ability correlate with 

changes in brain structure? Second, we explored the 

impact of pure cross-sectional information on 

longitudinal associations: How are associations of 

longitudinal change in brain structure and cognitive 

ability altered when average measures are controlled for 

(i.e., assessed by comparing correlations between 

longitudinal changes before and after regressing out 

average measures ((W-57+W-63)/2)? Third, we 

explored the extent and direction in which common age-

related risk and protective factors influence the 

observed brain-cognition relations in questions 1 and 2. 

 

RESULTS 
 

Participant characteristics are reported in Tables 1–5. 

Longitudinal change in cognitive ability and brain 

imaging structural measures are shown in Supplementary 

Figures 1, 2. 

 

Univariate analyses 

 

Cross-sectional-longitudinal and longitudinal 

correlations 

All cross-sectional-longitudinal and longitudinal 

univariate correlations between brain IDPs and 

behavioural measures revealed no statistically significant 

relations when accounting for multiple testing (FDR > 

0.05). Specifically, for longitudinal correlations, this was 

the case for correlations adjusted and unadjusted for the 

effect of average scores ((W-63+W-57)/2). We visualize 

results with Manhattan plots that show -log 10 p-values 

for IDP-by-behavioural longitudinal correlations, 

arranged by behavioural measures on the x-axis, 

multiple testing thresholds across all pairwise 

associations are marked with a horizontal line, FWE top 

line (Puncorrected = 6.01 x 10-6) and False Discovery Rate 

(FDR) bottom line (Puncorrected = 5.03 x 10-5), Figure 1. 

Similarly, we visualize results with Manhattan plots  

that show -log10 p-values for cognitive-by-all-other-

behavioural cross-sectional-longitudinal correlations, 

arranged by cognitive variables on the x-axis; multiple 

testing thresholds across all pairwise associations  

are marked with a horizontal line, FWE top line 

(Puncorrected = 4.80 x 10-4) and FDR bottom line (Puncorrected 

= 4.09 x 10-4), Figure 2. 

 

Bland-altman plots 

 

In addition to univariate correlations, we use Bland-

Altman (BA) plots to assess the relation between 

longitudinal change in normalized IQ score from 

childhood (age ~11), youth (age ~20), and late midlife 

(ages ~57 and ~63) at different magnitudes of the 

measured (mean) IQ score. Specifically, BA plots 

presented in Supplementary Figure 3 do not exhibit any 

particular structure, as (e.g.) might be expected if high 

IQ subjects had relative greater change. Rather, the BA 

plots indicate that the direction and magnitude of 

change in IQ is unrelated to mean cognitive ability in 

our sample. 

 

Multivariate associations 

 

Whole-group multivariate associations 

CCA identified a single statistically significant mode of 

population co-variation coupling longitudinal cross-

subject variations in brain structure to an extensive 

range of behavioural measures (Rc = 0.9, permuted 

Pcorrected = 0.001). Post-hoc correlational analyses 

indicated that decreases in cognitive performance (IQ-

57 – IQ-20) and speed assessed tasks, higher rates of 

familial myocardial infarct, lower HDL cholesterol, less 

physical activity, and higher scores on the mental 

depression inventory are associated with larger 

decreases (from age ~57 to ~63) in whole brain GM and 

WM volume but increases in some WM and GM ROIs, 

in particular the GM cerebellum. Finally, we did not 

find evidence supporting the role of baseline scores as 

predictors of impending brain or behavioural change in 

late-midlife 

 

For ease of interpretation and comparison with an 

earlier study, we invert the signs of all baseline (W-57) 

and follow-up (W-63) behavioural measures where 

lower values reflect higher cognitive performance or 

more favourable/healthy traits (e.g., speed assessed 

tasks, number of total errors, total cholesterol, BMI). 

Thus, in general, using Figure 3A, we interpret positive 

post-hoc correlations between each observed 

behavioural measure and the CCA-derived subject 

weights (i.e. canonical variate weights, U or V) as 

positive or “healthy” contributions to the CCA-mode, 

whilst all negative behavioural correlations are 
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Table 1. List and study sample characteristics of cognitive measures acquired at W-57 and W-63. 

COGNITIVE MEASURES (N=31) 

 TEST MEAN SD 

 General intelligence Härnquist (IQ-11) 74.14 15.72 

  BP (IQ-18) 45.68 8.73 

  IST2000-R (IQ-57) 32.47 12.69 

  IST2000-R (IQ-63) 31.46 10.80 

    

DOMAIN CANTAB MEAN  SD MEAN SD 

  W-57 W-63 

Visual paired associates 

learning and memory 

Paired Associates Learning (PAL)     

  First trial memory score 17.24 3.36 18.65 3.20 

  Total Errors Adjusted 21.44 20.99 16.39 16.44 

  Total Trials Adjusted 14.23 4.21 13.34 3.47 

Pattern recognition memory Pattern Recognition Memory (PRM)     

  Percent correct 89.90 8.54 90.83 8.03 

  Standard deviation correct latency (msec) 883.51 526.19 714.95 401.79 

Spatial recognition memory Spatial Recognition Memory (SRM)     

  Percent correct 83.74 8.11 82.58 8.73 

  Standard deviation correct latency (msec) 1478.51 692.21 1209.45 700.68 

Motor skills Motor Screening (MOT)     

  Mean Error 9.11 2.09 6.29 1.70 

  Mean Latency (msec) 1104.22 368.91 877.62 192.78 

Reaction time Reaction Time (RTI)     

  Mean 5-choice movement time  380.74 92.52 389.73 96.30 

  Mean 5-choice reaction time 365.20 45.78 362.00 64.32 

Attention  Rapid Visual Processing (RVP)     

  A’ Score 0.91 0.05 0.91 0.10 

  Mean latency block 1 (msec) 382.09 134.56 386.87 146.71 

  Mean latency block 2 (msec) 341.52 120.53 330.29 122.16 

  Mean latency block 3 (msec) 354.82 113.66 327.78 81.81 

  Mean latency block 4 (msec) 419.46 104.04 416.42 141.03 

Global cognitive functioning ACE     

  Total Score 94.23 4.22 93.25 5.33 

  MMSE     

  Total Score 29.29 0.96 29.15 1.16 

Executive function (planning) Stockings of Cambridge (SOC)     

  Problems solved in minimum moves 9.45 1.43 9.15 1.65 

  Mean 5-moves 5.93 0.98 6.26 1.13 

 Mean initial thinking time 5-moves (sec) 15.69 14.39 10.76 7.45 

 Mean subsequent thinking time 5-moves 

(sec) 

1.54 2.86 0.55 0.84 

DOMAIN PAPER AND PENCIL MEAN SD MEAN SD 

Verbal paired associative 

learning and memory 

15 Word Pairs Recall and Retention     

  Learning 11.15 8.39 12.52 9.39 

  Retention 4.52 3.46 5.01 3.68 
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Processing speed Digit symbol modalities test 47.99 8.09 47.50 8.65 

 Trail Making A (sec) 33.08 9.68 30.51 8.14 

 Trail Making B (sec) 73.99 28.77 70.42 20.45 

Abbreviations: BP = Børge Priens Test; IST = Intelligenz-Struktur-Test 2000 R; CANTAB = Cambridge Neuropsychological Test 
Automated Battery; ACE = Addenbrooke’s Cognitive State Examination; MMSE = Mini Mental State Examination). Total 
cognitive measures included n=31. 
 

Table 2. List and study sample characteristics of social and biological demographic 
measures acquired at W63. 

DEMOGRAPHIC MEASURES (N=8)  

 W63 

Social N (%) 

   

Subject SEP   

Working 95 (77.2%) 

Early retirement 4 (3.3%) 

In education 1 (0.8%) 

Without/unknown 23 (18.7%) 

Paternal SEP  

Self-employed, employee, or civil servant 57 (46.3%) 

Skilled worker 30 (24.4%) 

Unskilled worker 26(21.1%) 

Without/unknown 10 (8.1%) 

Education Attainment  

University 25 (20.3%) 

Vocational  33 (26.8%) 

High School/A-levels 46 (37.4%) 

Unskilled 4(3.3%) 

Without/unknown 15 (12.1%) 

Civil Status  

Single (no) 89 (72.4%) 

Single (yes) 11 (8.9%) 

Unknown 23 (18.6%) 

Offspring  

No 12 (9.7%) 

Yes 88 (71.5%) 

Unknown 23 (18.7%) 

School Years  

Mean (SD) 10.9 (2.32) 

  

Biological  MEAN (SD) 

Birth length (cm)  52.22 (2.83) 

Birth weight (kg)  3.51 (0.47) 

Abbreviations: SEP = social economic position; SD = standard deviation, g =grams. Total 
demographic measures included n=8. 
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Table 3. List and study sample characteristics of health measures acquired at W57 and W63. 

HEALTH MEASURES (N=25)  

Prevalence of NCDs (self-reported) YES (%) NO (%) Unknown (%) 

Asthma 5 (4.1%) 101 (82.1%) 17 (13.8%) 

Cancer 3 (2.4%) 103 (83.7%) 17 (13.8%) 

Cardiovascular 17 (13.8%) 89 (72.4%) 17 (13.8%) 

Cerebrovascular 11 (8.9%) 95 (77.2%) 17 (13.8%) 

Depression 6 (4.8%) 100 (81.3%) 17 (13.8%) 

Diabetes 5 (4.1%) 101 (82.1%) 17 (13.8%) 

Hypercholesterolemia 14 (11.4%) 92 (74.8%) 17 (13.8%) 

Hypertension 36 (29.3%) 70 (56.9%) 17 (13.8%) 

Migraine 9 (7.3%) 97 (78.9%) 17 (13.8%) 

Prolapsed Disc  6 (4.8%) 100 (81.3%) 17 (13.8%) 

Prevalence of familial history of NCDs (self-reported)    

Cardiovascular 24 (19.5%) 75 (60.9%) 24 (19.5%) 

Cerebrovascular 23 (18.7%) 83 (67.5%) 17 (13.8%) 

Dementia 29 (23.6%) 70 (56.9%) 24 (19.5%) 

Diabetes 20 (16.3%) 79 (64.2%) 24 (19.5%) 

Depression 27 (22.0%) 73 (59.3%) 23 (18.7%) 

Hypertension 34 (27.6%) 60 (48.8%) 29 (23.6%) 

Myocardial Infarct  20 (16.3%) 79 (64.2%) 24 (19.5%) 

Common health biomarkers (MEAN, SD) W57 W63  

BMI (kg/m2) 26.46 (3.21) 24.86 (8.56) - 

Total Cholesterol mmol/L 5.44 (1.38) 5.14 (1.14) - 

HDL Cholesterol mmol/L 1.38 (0.41) 1.02 (0.36) - 

LDL Cholesteol mmol/L 3.44 (1.14) 3.01 (1.13) - 

VLDL Cholesterol mmol/L 0.61 (0.32) 0.63 (0.33) - 

Triglyceride Cholesterol mmol/L 1.41 (0.88) 1.54 (1.00) - 

Major Depression Inventory (MDI) score - 4.39 (4.07) - 

Cerebral Blood Flow* (mL/min) 52.82 (12.13) - - 

Abbreviations: NCDs = non-communicable diseases; BMI = body mass index; SD = standard deviation. Total health measures 
included n=25. *Cerebral blood flow is normalised to brain size. 
 

Table 4. List and study sample characteristics of lifestyle variables acquired at W63. 

LIFESTYLE MEASURES (N=9)  

Alcohol N (%) 

Status  

Yes 100 (81.3%) 

No 3 (2.4%) 

Unknown 20 (16.3%) 

 MEAN (SD) 

Start age  15.20 (1.75) 

Units per week 10.39 (12.44) 

Exercise (frequency) N (%) 

Daily 25 (20.3%) 

2-3 per week 40 (32.5%) 

1 per week 12 (9.7%) 

2-3 per month 4 (3.2%) 

Few per year 6 (4.9%) 

Never 12 (9.76%) 
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Unknown 24 (19.5%) 

Smoking N (%) 

Status (yes) 65 (52.8%) 

Status (no) 35 (28.5) 

Unknown 23 (18.7%) 

 MEAN (SD) 

No of smokes per day 9.14 (11.7) 

Age start (years) 15.19 (3.36) 

Age stop (years) 39.56 (11.55) 

Sleep quality MEAN (SD) 

Pittsburgh Sleep Quality Index (PSQI)  4.26 (2.32) 

Abbreviations: SD = standard deviation. Total lifestyle measures included n=9. 
 

Table 5. List and study sample characteristics of image-derived phenotypes (IDP) acquired at W-57 and W-63. 

Total brain volumes, volumes of individual brain tissues, and diffusion indices at W-57 and W-63 

 W-57 W-63 

Image-derived Phenotype (IDPs) Mean (SD) Mean (SD) 

Total brain volume (mm3) 1474870 (63818) 1439169 (65578) 

Grey matter volume (mm3) 752782 (35367) 748454 (36162) 

White matter volume (mm3) 722088 (41990) 690714 (41104) 

WMH volume (normalized) 2.57 (0.06) 3.21 (0.43) 

FA (normalized 0-1) 0.60 (0.08) 0.59 (0.08) 

MD  0.0007 (0.0001) 0.0007 (0.0001) 

MO 0.61 (0.14) 0.61 (0.13) 

L1-L3 0.0007 (0.0004) 0.0007 (0.0004) 

Total mean brain (grey matter and white matter) volume, total grey matter volume of ROIs and subcortical brain structures, 
total macrostructural white matter volume, total volume of WMH, and microstructural properties of specific WM tracts 
pertaining to W-57 and W-63. Diffusion tensor indices (FA, MD, MO, L1-L3) are based on eigenvalues (λ1,λ2,λ3) which 
describe the magnitude of diffusion within a voxel. Abbreviations: SD = standard deviation, WMH = white matter 
hyperintensity, FA = fractional anisotropy, MD = mean diffusivity, MO = mode tensor, L1-L3 = eigenvalues). 
 

interpreted as negative or “unhealthy” contributions. 

However, as MRI-derived brain structural measures are 

themselves indirect measures of underlying brain 

neuroanatomy, we cannot be entirely certain what an 

observed brain measure or difference (i.e. change) score 

truly represents. Considering this uncertainty, assigning 

a “good” or “bad” direction to estimated longitudinal 

change scores in a brain biomarker is extremely risky 

and avoided in this study. 

 

Post-hoc correlational analyses identified the strongest 

positively associated behavioural variable to the CCA-

mode as (self-reported) familial history of diabetes  

(r2 = 10.5%, r=0.33) and the strongest negatively linked 

variable as longitudinal change in IQ (IQ-53 – IQ-20;  

r2 = 16.1%, r=0.40), Figure 3A. Other strong positive 

behavioural contributions to the CCA-mode include 

change in motor and reaction time task (RTI), youth IQ 

(IQ-20 and IQ-11), change in spatial recognition 

memory task (SRM percent correct), average score in 

processing speed (Trail Making A), average score in 

verbal paired associative learning and memory (15 word 

pairs retention), subject SEP and offspring. Other strong 

negative behavioural contributions to the CCA-mode 

include: change in IQ variables (IQ-63 – IQ-20, IQ-57 – 

IQ-11, IQ-63 – IQ-11), change in speed assessed tasks 

executive functioning/planning (SOC), change in 

attention with working memory load (RVP) task, 

change in pattern recognition memory (PRM) task, 

change in paired associates learning (total trials), and a 

number of lifestyle and health variables (e.g. physical 

activity, MDI score, familial history of myocardial 

infarct, and HDL cholesterol). 

 

With regards to post-hoc correlations computed 

between IDPs and the CCA-mode, Figure 3B, we 

identified longitudinal change in GM volume of the 

cerebellum (right) as the strongest positively linked  
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Figure 1. The significance of associations between IDP and behavioural variables, for longitudinal correlations. The Manhattan 

plot shows all results for 454 IDPs against each of the 114 behavioural (51,756 values) adjusted for confounders: age, motion, and head size. 
Significance is plotted as -log 10 p-values, arranged by behavioural measures on the x-axis, multiple testing thresholds across all pairwise 
associations are marked with a horizontal line (FWE: 6.01 x 10-6; FDR: 5.03 x 10-5). IDPs are distinguished by plotting colour, determined by 
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MRI modality and image processing tool applied to derive each measure. This created 6 imaging subdomains: 1) T1w percentage brain 
volume change (PBVC) modelled by SIENA 2) T1w global brain volume measures (normalized and unnormalized for head size) modelled by 
SIENAX (yellow), 3) T1w subcortical structures (shapes and volumes) modelled by FIRST (green), 4) T1w total grey matter volume within grey 
matter region-of-interests using partial volume estimates derived from FAST (red), 5) T2w-FLAIR total volume of white matter 
hyperintensities modelled by BIANCA (pink), 6) dMRI estimates of diffusivity measures contained within 48 standard-space WM tract region-
of-interests modelled by TBSS (blue). Abbreviations: IQ-11, IQ-20, IQ-57, IQ-63 = general intelligence score ages ~11, ~20, ~57, and ~63; MOT 
= motor task; ME = mean error; ML = mean latency; PAL = paired associates learning; TE adjusted = total errors adjusted; TT Adjusted = total 
trials adjusted; PRM = pattern recognition memory; SD = standard deviation; CL = correct latency; RTI = reaction time task; MT = movement 
time; RT = reaction time; RVP = rapid visual processing task; MLB1-4 = mean latency block 1 to 4; SOC = Stockings of Cambridge; Mean Initial 
TT 5 Moves = mean initial total time 5 moves task; Mean Subse TT 5 Moves = mean subsequent thinking time 5 moves task; SRM = spatial 
recognition memory; TM = trail making task; SEP = social economic position; MDI = Major Depression Inventory; CBF = cerebral blood flow; 
PSQI = Pittsburgh Sleep Quality Index. 

 

brain-imaging measure (r2 = 30.8%; r =0.56), and 

longitudinal change in total WM volume (normalized for 

head size) as the strongest negatively linked (r2 = 35.0%; 

r =-0.59). Other top contributing positive IDPs include 

change in GM volume of cerebellum and non-cerebellum 

regions-of-interest (ROIs), change in the diffusion 

properties of several microstructural WM ROIs, and 

change in the volume of subcortical structures, the 

nucleus accumbens (Nac) and caudate. Post-hoc 

correlational analyses also identified a number of strong 

negatively contributing IDPs to the underling structure of 

the identified CCA-mode. Of these, the most influential 

include: change in global brain volume (grey and white 

matter), change in GM volume of cerebellum ROIs (the 

juxtapositional lobule cortex, inferior and superior 

temporal gyrus), and a range of dMRI microstructural 

markers (medial lemniscus, cerebellar peduncle, internal 

and external capsule, crus fornicis and stria terminalis, 

cingulum cingulate gyrus, uncinate fasciculus). 

 

While no one result can be taken in isolation, we pull 

out just a few variables to illustrate the directions of the 

effects: Higher rates of familial myocardial infarct, less 

physical activity, higher score on the mental depression 

inventory (MDI), decreases in cognitive performance 

(IQ-63 - IQ-11, IQ-57 - IQ-11, IQ-63 - IQ-20), and 

speed assessed tasks is associated with larger decreases 

(from age ~57 to age ~63) in whole brain GM and WM 

but increases in some WM and GM ROIs, in particular 

in the GM cerebellum. 

 

We explored the multivariate results to establish that the 

estimated CCA-mode was not unduly influenced by  

the EGD. Specifically, a scatterplot of the IDP and 

behavioural canonical variates, with group membership 

indicated by plotting symbol, showed no evidence of 

clustering, Figure 4. 

 

DISCUSSION 
 

This study makes a number of key findings: First, CCA 

revealed a single significant mode of population 

covariation that linked multiple longitudinal measures of 

brain-imaging structural measures to multiple 

longitudinal behavioural measures (Rc = 0.92, permuted 

Pcorrected = 0.001). Specially, this discovery indicates that 

variance is shared across longitudinal measures of 

cognition, demographic, health and lifestyle factors, and 

that this explains variance in important longitudinal 

brain structure measures. Second, post-hoc correlational 

analyses between the significant CCA-mode and the 

observed variables suggest that participants 

demonstrating cognitive decline (across specific 

cognitive domains) also show decreases in total brain 

volume within the two late-midlife assessment intervals. 

This finding lends support to the concept of a general 

intelligence, or g-factor – used to describe the 

interrelation among diverse mental abilities [47] – but 

extends it to include the contribution of brain ageing and 

other aspects of real-life function e.g. socioeconomic 

factors, mental health, lifestyle behaviours. Specifically, 

the discovery of this CCA-mode indicates two key 

points: First, the results corroborate the existence of a 

domain-general mechanism that is impaired by normal 

(non-pathological) ageing processes – which in this 

study is reflected by potential age-related biomarkers 

and environmental factors to the end effects (i.e. 

cognitive decline and brain atrophy). Second, the 

differential association of brain and behavioural 

longitudinal measures with chronological age indicate 

that different systems do not “all go together when it 

goes”, but rather that different aspects of behaviour and 

biology may be characterised by their own age-trajectory 

[48]. Our results did not find evidence supporting the 

role of baseline (W-57) or follow-up (W-63) cross-

sectional measures as predictors of impending change in 

late-midlife. The latter is consistent with mixed findings 

in the literature that also found variables correlated 

cross-sectionally at baseline are not inherent predictors 

of subsequent change. Finally, controlling for the effect 

of average ((W-57+W-63)/2) scores on longitudinal 

correlations did not alter our results. 

 

Consistent with prior studies [7, 12–14, 19], we found 

that age-related total brain volume loss was linked to 

decline in several cognitive domains. That is, our results 
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Figure 2. The significance of associations between each longitudinal/average cognitive measure and all (other) cross-
sectional behavioural variables. The Manhattan plot shows all results for 64 cognitive variables against each of the 50 (other) behavioural 

variables (3200 values) adjusted for confounders: age, motion, and head size. Significance is plotted as -log 10 p-values, arranged by cognitive 
variables on the x-axis, multiple testing thresholds across all pairwise associations are marked with a horizontal line, FWE top line (4.80 x 10-4) 
and FDR bottom line (4.09 x 10-4). All other behavioural variables are distinguished by plotting colour (Demographic = yellow, Health = red, 
Lifestyle = blue). Abbreviations: IQ-11, IQ-20, IQ-57, IQ-63 = general intelligence score at ages ~11, ~20, ~57, and ~63; MOT = motor task; ME 
= mean error; ML = mean latency; PAL = paired associates learning; TE adjusted = total errors adjusted; TT Adjusted = total trials adjusted; 
PRM = pattern recognition memory; SD = standard deviation; CL = correct latency; RTI = reaction time task; MT = movement time; RT = 
reaction time; RVP = rapid visual processing task; MLB1-4 = mean latency block 1 to 4; SOC = Stockings of Cambridge; Mean Initial TT 5 Moves 
= mean initial total time 5 moves task; Mean Subse TT 5 Moves = mean subsequent thinking time 5 moves task; SRM = spatial recognition 
memory; TM = trail making task). 
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Figure 3. Top contributing variables to identified CCA-Mode using post-hoc correlational analyses. Individual behavioural (A) and 

IDP (B) measures most strongly associated with the CCA-mode of population covariation. The CCA-derived weights visualized indicate how 
much each measured variable contributes to the significant CCA-mode i.e., the measure of the strength of involvement of an observed 
variable to the CCA-mode, derived from post-hoc correlational analyses. Behavioural measures and IDPs are coloured according to their 
assigned subdomains. The vertical position of each variable is related to the scale of the association of that specific measure with the 
identified CCA-mode. Font size is indicative of variance explained by the CCA-mode. Here we do not report variables that attain a correlation 
value between 0.2 to -0.2. Abbreviations: ∆ = longitudinal change (W-63 – W-57), M = average ((W-63 + W-57)/2), L = left, R = right, FA = 
fractional anisotropy, L1 = 1st eigenvalue, L2 = 2nd eigenvalue, L3, = 3rd eigenvalue, MD = mean diffusivity, MO = tensor mode. 
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indicate that participants who experienced a decrease in 

cognitive performance over the inception of the study, 

were also those less resistant to the various elements 

driving brain atrophy. Interestingly, the cognitive 

measures most strongly associated with the CCA-mode 

of population covariation (identified using post-hoc 

correlations) are consistent with the cognitive domains 

well-established for their increased vulnerability to 

advancing age [2, 7, 9, 35, 49, 50], Figure 3A. 

Specifically, post-hoc correlations between the 

significant CCA-mode and the observed behavioural 

variables coupled decline in cognitive measures 

assessing general intelligence (IQ), executive func-

tioning (SOC), attention with working memory load 

(RVP), pattern recognition learning and memory 

(PRM), visual paired associates learning and memory 

(PAL) to poorer mental health (assessed by MDI), 

decreased physical activity, lower HDL-cholesterol, a 

familial history of myocardial infarct, higher body mass 

index (BMI), higher alcohol consumption, and smoking. 

Here, our results suggest a link between negative 

lifestyle behaviours and age-related decline and are thus 

consistent with prior age-related studies that have 

similarly identified associations linking higher general 

intelligence and bigger brain volume to greater physical 

fitness and (other) positive lifestyle behaviours in older 

adults [2, 14, 17, 18, 51–55]. Finally, we found that 

covariation in the aforementioned behavioural measures 

were important to declines in the following brain-

imaging variables; total white matter (WM) volume, 

total brain volume (GM and WM), GM volume of the 

juxtapositional lobule cortex, temporal gyrus related 

regions-of-interest (ROIs), and a range of WM 

(microstructural) brain ROIs. 

 

Notably in this study, we apply caution when 

interpreting the subject-SEP and physical fitness related 

findings. First, the indicators of subject-SEP were 

 

 
 

Figure 4. Scatter Plot of all Subject’s Relationship with the Significant CCA-Mode. The scatter plot shows the association between 

individual subject weights from the IDP canonical variate (V) versus individual subject weights from the behavioural canonical variate (U), 
with one point per subject. The high correlation observed here reflects the significant covariation between the behavioural and imaging 
longitudinal datasets. Group membership is indicated by plotting symbol (orange circle = group A i.e. improvers; blue triangle = group B i.e. 
decliners). 
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limited to one item (working or not working) and 

second, the significant role of physical fitness may, in 

part, reflect pre-existing genetic differences which 

renders moot any implication that improving physical 

fitness in late-midlife is causally related to one’s ageing 

trajectory. Future investigations that use more than one 

indicator of subject-SEP, and are able to examine the 

effects of pre-existing genetic differences in physical 

fitness can further elucidate the role of these measures 

in age-related trajectories. Nonetheless, irrespective of 

whether these relations underlie causality, the present 

findings suggest that variations in the level of physical 

fitness and subject-SEP may be partially accountable 

for the individual variability observed in normative 

ageing trajectories. 

 

This study explores the contribution of multiple inter-

related risk and protective factors to age-related (brain-

behaviour) changes simultaneously. There are several 

advantages to this approach. First, studies including 

only a small number of potential age-related covariates 

risk identifying relations that may in part, or entirely, be 

artefacts of relations not accounted for. Thus, our ability 

to account for the effects of a wide-range of measures 

can potentially attenuate this type of confounding whilst 

also providing a more realistic setting for identifying 

potential contributors of age-related decline. Second, 

although contributors or correlates of age-related 

differences in brain structure and cognitive function 

may individually be of negligible consequence to later-

life health outcome, it has been demonstrated that their 

cumulative effects may be of importance to the 

observed heterogeneity in ageing trajectories [14, 18, 

56]. The advantage of modelling multiple hetero-

geneous variables simultaneously is demonstrated in 

randomized controlled studies investigating the effects 

of lifestyle behaviours on health outcome. In one 

example, the mutual interrelation across multiple 

diverse measures was shown through the increased 

success of intervention programs that targeted multiple 

health behaviours simultaneously or sequentially over 

programs that isolated single measures [57]. 

Specifically, “simultaneous multiple health behaviour 

research” promotes the benefits of multiple intervention 

targets compared to programs that value specificity 

above all else. It is suggested that the silo mentality of 

traditional scientific research greatly impedes our  

ability to recognize the commonality across diverse 

traits, and in general cautions researchers against  

the compartmentalization of anatomical structures, 

physiological processes and behaviours as unitary, 

unrelated constructs. Thus, with growing evidence 

supporting an integrative, multidisciplinary approach to 

health interventions, multidimensional studies like ours 

are found to be more favourable in yielding reliable and 

informative results. 

When evaluating the top contributing brain-imaging 

measures identified by post-hoc correlational analyses, 

our findings are in agreement with previous reports that 

also link changes in total brain volume (GM and WM) to 

changes in cognitive ability [7–9, 40, 46], Figures 3, 5. 

According to Stern’s reserve hypothesis, larger brains - 

which ostensibly reflect greater neuronal density and 

more extensive synaptic networks - are less vulnerable to 

the effects of ageing than smaller ones, therefore MRI-

derived measures of total brain volume which 

presumably represents the volume of neuropil are 

considered to be top indicators of overall brain health 

and related cognitive function. However, there are 

several caveats to interpreting the neurobiological 

processes or environment inferred by MRI brain-

imaging. First, as MRI can only offer an indirect 

measure of brain structure, it is unclear whether 

measured differences in brain volume across the two 

consecutive assessment intervals - both between and 

within subjects - genuinely reflect underlying age-related 

neurobiological processes or errors of measurement. 

Thus, with the uncertainty of what the estimated MRI-

derived brain change truly reflects, further interpretation 

of how these measures relate to cognitive change will at 

best be an approximation. However, notwithstanding the 

ambiguity of the physical substrate being measured, it is 

unlikely that any one neurobiological process is 

accountable for the dynamic structure-function relations 

observed in normal ageing. Under the premise that the 

brain is the physical substrate of behaviour, subjects 

experiencing brain atrophy – i.e. indicating loss of 

neuropil and neural connections – are typically expected 

to demonstrate cognitive decline, a theory supported by 

the negatively contributing brain and behaviour 

measures to the CCA-mode, Figure 3A, 3B. Conversely, 

if an increase in brain volume is an indicator of 

pathological processes such as gliosis, inflammation, or 

defective elimination of by-products [9], we would 

expect to observe relations that link increases in brain 

volume to declines in cognitive ability. The CCA results 

are also consistent with this theory as we also identified 

highly contributing positive contributions from GM 

volumes of cerebellum ROIs (lingual gyrus, planum 

temporale, accumbens, insular cortex) and DTI-indices 

fractional anisotropy (FA), mean diffusivity (MD), axial 

diffusivity (AD) and radial diffusivity (RD) to declines 

in cognitive performance. A third scenario – consistent 

with both Stern’s active reserve hypothesis and the 

scaffolding theory of ageing and cognition (STAC) [58, 

59], postulates that irrespective of the extent of age-

related (pathological) brain change or the amount of 

initial brain reserve capacity (i.e. brain size, neural 

count) [59], the ageing process is kinder to individuals 

with higher baseline intelligence and those who engage 

in cognitively or socially stimulating activities. Thus, 

with these preconditions in mind, individual differences  
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Figure 5. Importance of Behavioural and Brain-Imaging Subdomains to the CCA-Mode. Figures 5A, 5B visualize the overall 

significance of behavioural (A) and IDP subdomains (B) in influencing multivariate associations between each variable included in the 
measurement battery. For each subdomain (x-axis), the length of each bar represents the average subdomain importance (r2) to the CCA-
mode. For behavioural subdomains only, categorically-driven contributions from positive qualities or indicators are represented in grey, 
whilst contributions from negative traits are represented in black. For brain-imaging subdomains all contributions are shown in grey as 
interpretation of the direction of longitudinal change observed in brain biomarkers was avoided due to the associated uncertainty. In this 
study, individual measures describing whole brain tissue volume (SIENAX and SIENA) and demographics were identified as the most 
important contributors to the CCA-mode of population covariation. Abbreviations: FA = fractional anisotropy, L1 = 1st eigenvalue, L2 = 2nd 
eigenvalue, L3, = 3rd eigenvalue, MD = mean diffusivity, MO = tensor mode, FAST = FMRIB’s Automated Segmentation Tool, FLAIR = Fluid-
Attenuated Inversion Recovery, BIANCA = Brain Intensity AbNormality Algorithm, TBSS: tract-based spatial statistics. 
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in cognitive ability and decline are proposed to be partly 

attributable to cognitive reserve proxy measures (e.g. 

childhood intelligence, SEP, extracurricular activities) 

that are thought to promote functional adaptation and 

reorganization of brain elements in spite of age-related 

pathological change to maximise performance. If this 

were correct, the post-hoc CCA results linking brain 

atrophy and loss of WM integrity to increasing cognitive 

scores would also be accounted for. In summary, the 

CCA results revealed ageing patterns that may underlie: 

1. longitudinal correlations between brain atrophy and 

cognitive decline, 2. correlations between increased 

brain volume (underlying potential age-related 

neurodegenerative processes) and cognitive decline, and 

3. preservation of cognitive ability despite age-related 

pathological brain change due to the positive 

contribution of cognitive reserve proxy measures (i.e. 

evidence of active reserve) to later-life cognitive 

performance. Figures 3B, 5B present the relative 

importance of individual and subdomain imaging-

derived contributions in maximising the correlation 

between the brain and behaviour datasets respectively. 

Specifically, when considering the significance of each 

IDP subdomain to the CCA mode (Figure 5B), we found 

that although total brain tissue volumes, volumes of 

subcortical brain structures, total WMH load, and non-

cerebellum ROIs were predominantly negatively 

contributing, cerebellum ROIs and DTI indices (FA, 

MD, AD, RD) showed mixed contributions. However, 

when assessing the top contributing DTI measures to the 

identified CCA-mode, we found that the large majority 

of these measures were also negatively contributing. The 

pattern of broadly negatively contributing IDPs to the 

CCA-mode may indicate linked neurobiological 

processes such as demyelination, axonal degradation or 

gliosis that are responsible for the age-related brain 

atrophy associated to later-life. Furthermore, given the 

well-established link between WM integrity and speed-

assessed tasks, memory, and executive function, our 

results also provide evidence towards the notion that 

changes in WM microstructure (as indexed by dMRI), in 

concert with total brain volume atrophy, are perhaps 

partly accountable for the declines observed in specific 

age-sensitive cognitive domains [5, 60–63]. 

 

Contrary to prior studies, we found no evidence of cross-

sectional measures of brain or behaviour as predictors of 

longitudinal change [11, 12, 17–20, 51, 64]. This finding 

suggests that specific patterns of initial baseline scores 

may not necessarily offer greater or lesser immunity in 

the face of forces that drive age-related decline. 

Specifically, Supplementary Figure 3 shows low 

agreement (but unstructured) Bland Altman plots that do 

not indicate a relationship between the rate, direction or 

magnitude of change in IQ and initial (mean) cognitive 

ability. This is also confirmed in Supplementary Figure 1. 

Here the plot of normalized trajectories of cognitive 

change indicates that pre-existing between-person 

differences are preserved into later life, an example of 

‘preserved differentiation” i.e., brighter children become 

brighter adults, but that this does not necessarily infer 

protection against the rate or onset of cognitive decline 

in later-midlife. Our findings are consistent with several 

other studies that investigated whether “age is kinder to 

the initially more able” [18, 21, 65]. Notably, the pattern 

of longitudinal change observed in Supplementary 

Figure 1 also brings to the forefront our use of the 

extreme group design (EGD) for subject recruitment. 

The main purpose of using this approach was to ensure 

that the variability in cognitive decline across time and 

subjects was sufficient to detect biological correlations 

in what is otherwise a modestly sized sample of healthy, 

homogenous subjects. 

 

Although this study identified relations between brain-

behaviour measures that are in agreement with prior 

ageing studies, we also report a number of 

inconsistencies. Below we provide likely explanations 

for these variations. First, findings from earlier studies 

assessing the interdependence of age-related change is 

mainly limited to data acquired using a cross-sectional 

design [21, 37, 46]. In general, cross-sectional and 

longitudinal studies have shown low agreeability, 

namely with cross-sectional studies underestimating the 

rate of age-related decline [11, 20, 21, 37, 64]. Unlike 

longitudinal designs that can provide reliable estimates 

of within-subject differences, rates of change therein, 

and the associations between these changes, cross-

sectional studies can inherently only provide information 

on population-level mean trends and are therefore poorly 

suited for investigating true longitudinal change. 

Furthermore, cross-sectional studies that include a wide 

age-range are highly vulnerable to cohort effects, secular 

trends, and confounding by other unmeasured 

differences that may have been brought into the study 

from previous years. Evidently, such factors make cross-

sectional studies suboptimal for assessing the relation of 

brain-behavior changes over time and may be partly 

accountable for the discrepant findings across studies. 

Second, it may be that, at least in part, only extremes of 

a variables range are related to the magnitude of change, 

rate of change, or to other age-related variables. As such 

extreme scores in behavioural or health indicators are 

most often observed in older adults or patient groups, it 

is likely that our healthy late-midlife sample may not 

have accrued sufficient age-related changes to meet the 

effect sizes required for these associations. Third, the 

lack of statistically significant univariate associations in 

this study may be due to the choice of model itself. For 

example, in one study [18], the contribution of physical 

fitness - when assessed as three single measures - to 

cognitive ability was small. However, when the 
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individual fitness measures were replaced with a latent 

factor reflecting ‘overall fitness’, large associations with 

cognitive decline were identified. This finding suggests 

that broad latent measures of behaviour or health status, 

rather than narrow single indicators, are necessary to 

identify significant associations between age-related 

processes. Furthermore, although in some cases bivariate 

models are an obvious choice (e.g., exploring relations 

between specific brain regions hypothesized to mediate 

specific pathological behavioural changes), in the event 

of identifying modifiers or correlates of healthy ageing, 

it is most likely that the cumulative effect of a range of 

health and behavioural factors are responsible for the 

observed heterogeneity among individuals and thus 

should not be assessed by simple pairwise correlations 

alone. Fourth, our sample size – although comparable to 

other midlife longitudinal ageing studies – may be 

under-powered to detect the small effect sizes of 

“healthy” brain-behavior relations, especially if the 

variation in the brain-behaviour changes are small to 

begin with. Fifth, the lack of significant univariate 

correlations compared to earlier studies may also be 

attributable to a lead-lag interval that is not agreeable 

with the timing of effects between measures. 

Specifically, it is unreasonable to expect an immediate 

contribution from early changes in the presumed 

“causal” variable and subsequent change in the 

presumed “effect” variable. In this scenario, future 

investigations that employ lead-lag analyses using more 

than two assessments are necessary to prevent this type 

of limitation. Lastly, the inconsistent findings across 

studies may also reflect the variability in subject 

characteristics (e.g. age, ethnicity, geographical) or 

heterogeneity in tests used to measure similar constructs. 

For example, a study reporting an association between 

baseline hippocampal volume as a contributor of 

subsequent decline in memory in subjects who are 80+ 

years have a far greater chance of detecting relations that 

may not yet have reached the necessary effect sizes in 

subjects who are almost two decades younger and of 

better general health. 

 

Strengths and limitations 

 

A major strength of this study is the study-sample itself. 

As MDBC-1953 is a healthy, homogenous, single-year-

of-birth male cohort, subjects are ethnically, culturally 

and geographically homogenous, and of general good 

health. This setup dramatically minimizes the unwanted 

effects of chronological age and the potentially 

troublesome contributions of disease, differential 

environmental factors, and population stratification to 

variations in health outcome. A further strength of this 

study pertains to its use of CCA to explore longitudinal 

associations [89]. Specifically, CCA boosts power by 

using the full dataset to extract latent factors that are 

based on the shared variance observed among sets of 

related measures. This approach allows the simultaneous 

prediction of multiple outcome variables, permits the 

isolation of distinct biological mechanisms, and largely 

attenuates the unexplained residual variance through its 

identification of multiple modes. Next, unlike many 

longitudinal studies that are biased by selective attrition 

(i.e. due to the “3M” – mobility, morbidity and mortality 

[46]), of the 193 subjects who attended W-57, 64% 

returned to provide follow-up data at W-63. Another 

strength of this study concerns the manner in which 

subjects were selected. That is, compared to 

conventional ageing studies that are biased towards 

higher educated, more intelligent subjects, we recruited 

participants on the basis of cognitive change from youth 

to late-midlife based on the Extreme Group Design 

(EGD) [66]. Specifically, by sampling subjects from the 

extremes of the change-in-IQ distribution, our approach 

maximizes the variability in participant characteristics 

(e.g. cognitive ability, occupational complexity, levels of 

motivation) and with it the applicability of our findings 

to the general population. Equally important, is the 

ability of EGD to maximise the variability in cognitive 

decline in order to detect biological correlations. Further 

strengths of this study concerns the age-range of 

participants. Specifically, there is a lack of evidence 

indicating that pathological change begins abruptly at 

old age. Instead, a growing body of research has 

converged in highlighting the importance of early-life 

and midlife measures in predicting later-life health 

outcome [31, 42, 58, 67–70]. In view of this, the 

available early-life data, in combination with the late-

midlife measures allows us to assess the contribution of 

potential modifiers and the interdependence of age-

related processes prior to confounding by overt or 

underlying later-life pathological conditions. Lastly, our 

study includes a comprehensive range of broad brush 

and specific cognitive tests, brain biomarkers, and age-

related covariates reducing the amount confounding that 

is attributable to associations driven by other un-

measured factors. Furthermore, “specific” measures (e.g. 

cognitive tests measuring a particular skill, or a brain 

ROI) are hypothesized to form stronger links than 

general “broad brush” measures (e.g. total brain volume, 

general intelligence). 

 

This study also reports a number of limitations. First, we 

acknowledge that a major limitation of the present study 

lies in its modest sample size, decreasing the studies 

power to detect modest-to-small effects. Second, 

although repeated measurements are what allow 

longitudinal studies to assess change over time, the use 

of identical tests at each assessment increases the risk of 

underestimating age-related changes. This is mainly 

attributable to repeat exposure to the testing material, 

environment, and operator which ultimately result in 
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practice-related learning. Thus, it is possible that accrued 

familiarity to testing conditions and materials may 

explain the observed gains in some of the variables 

examined. Notably, however, practice-related learning 

effects are only applicable to the cognitive tests 

administered in the two late-midlife waves. Relatedly, 

practice effects may also be partly accountable for  

the lack of statistically significant cross-sectional-

longitudinal correlations. That is, the practice-related 

gains may have attenuated what was already only 

modest declines in cognitive ability in subjects that are a 

generally healthy and with it eliminating the opportunity 

of observing potentially important associations. That 

being said, prior studies formally investigating the 

contribution of retest effects to observed gains have 

reported on average moderate-to-large retest effects, but 

small inter-individual variability [71]. Specifically, this 

indicates that associations between ageing-related 

changes and their correlates identify true covariates of 

age-related cognitive change, rather than covariates of 

practice-related gains. The number of measurement 

occasions available for investigation may also be a 

limiting factor in this study. Specifically, as our study 

consists of two occasions of longitudinal testing we were 

unable to account for nonlinear trajectories of brain and 

cognitive changes. Lastly, the homogeneity of subjects 

also means that the findings reported in this study should 

be extending to the general population with caution. 

 

CONCLUSIONS 
 

Our study demonstrates the benefits of using a 

homogenous, single-year-of birth cohort to examine the 

association between broad-brush and specific 

longitudinal measures of brain and cognition, and their 

relation to demographic, health and lifestyle factors. 

Here, we report correspondence between structural and 

functional changes that largely link brain atrophy to 

cognitive decline and negative self-care behaviours. 

However, we found no evidence in support of baseline 

or follow-up measures as predictors of impending brain 

or cognitive change, or that early intelligence level is 

protective against ageing-related cognitive decline. 

Instead, we confirm previous findings that identified 

total brain volume as a particularly informative indicator 

of underlying cognitive ability. Additionally, this study 

reveals several potentially influential modifiers of age-

related trajectories: fitness level, mental well-being, 

subject-SEP, offspring, familial history of cardiovascular 

disease and diabetes, HDL-cholesterol, alcohol 

consumption, and smoking. Here, our findings endorse 

the notion that variability in life-course factors may play 

a key role in the rate, direction, and magnitude of age-

related brain-behaviour changes and warrants further 

investigation using larger, more diverse samples, with 

more than two measurement occasions. As our study-

sample are optimally healthy, the findings reported here 

provide evidence for associations that are relevant to 

healthy ageing and contribute to a better understanding 

of the brain as the physical substrate of cognitive ability 

in late-midlife. 

 

MATERIALS AND METHODS 
 

Participants: extreme group design (n=1,985) 

 

The participants for this imaging sub-study were 

members of the longitudinal Danish Metropolitan Birth 

Cohort 1953 (MDBC-1953) [72]. For a detailed 

discussion regarding the subject selection criteria, 

recruitment, attrition and testing for this cohort see [72–

74]. In summary, using youth and late midlife IQ 

scores, subjects were selected based on their estimated 

change in mental ability as part of an “extreme group 

design” (EGD) [75]. Specifically, the two well-

validated tests, the Børge Priens Test (BP) [76] and 

Intelligenz-Struktur-Test 2000 R (IST) [77] were taken 

at ages ~20 (IQ-20) and ~57 (IQ-57) respectively. Since 

the cognitive change between these time-points was 

based on two different instruments, a change score was 

derived with a linear regression analysis of IQ-57 (IST-

2000 R) on IQ-20 (BP) using a total of 1,985 subjects 

[74]. Both examinations comprise subtests that assess 

aspects of verbal intelligence (e.g. numerical series and 

verbal analogies), and thus are similarly structured and 

comparable. IQ-20 explained R2=50.4% of variance in 

IQ-57 (beta=0.71, p<0.0001), and we used each 

subject’s standardized residual about the regression line 

as a measure of their change in IQ across time. To avoid 

the effects of extreme test scores, subjects with absolute 

standardized residuals exceeding ±3 were omitted and 

the remaining members were classified into two groups 

pertaining to the degree of cognitive change observed 

from early-adulthood: group A = 66 improvers and 

group B = 57 decliners. This study has also been 

registered at clinicaltrials.gov (NCT03290040). 
 

Participants: present study (n=123) 
 

The majority of MDBC-1953 members have taken part 

in two early-life intelligence quotient (IQ) tests at ages 

~11 (IQ-11) and ~20 (IQ-20). During this early-life 

period, information on early-life social and biological 

demographic factors was also acquired. Subsequently, 

in late-midlife, based on the degree of cognitive change, 

cohort members were selected (as described in section 

1.1) to complete 2 waves of brain-imaging and 

behavioural assessments. The first wave (W-57, where 

57 represents mean subject age at scanning, 57 years 

±0.7 standard deviations (SD), took place during 2010-

2013 and included a total of 193 subjects who had 

usable imaging and behavioural data. Data pertaining to 
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W-57 have been previously investigated and reported 

[73, 78, 79]. The second wave, W-63 (mean subject age 

62.5±0.9 years) began in 2015 and is scheduled for 

completion in 2020. To date, of the initial 193 subjects 

with brain-imaging and behavioural data from W-57, 

192 subjects were invited back to participate in W-63. 

136 of the initial W-57 subjects accepted their invitation 

and proceeded to the subject screening stage. Here, 

participant eligibility was determined and this resulted 

in the exclusion of 6 subjects’ due to conditions related 

to substance abuse comorbid with cognitive 

impairment, psychiatric or neurological disease, and 

contraindications to MRI. Of the subjects who fulfilled 

the eligibility criteria, a further 7 were excluded due to 

no show on the day of examination or non-completion 

of MRI session. The final number of subjects in each 

group was: group A n=66, group B n=57. The average 

observation interval between W-57 and W-63 was 

4.82±0.9 years. Figure 6 shows a recruitment flow 

diagram for the present study sample used to investigate 

brain and behaviour longitudinal correlations. Although 

there was a small range of ages during data acquisition, 

in general we refer to the ages of participants as 11 (W-

11), 20 (W-20), 57 (W-57), and 63 (W-63) years. This 

imaging study was approved by the local ethical 

committee (De Videnskabsetiske Komiteer for Region 

Hovedstaden) and registered by the Danish Data 

Protection Agency. All participants provided written 

informed consent. 

 

Data 

 

Neuropsychological assessment: Repeated 

measurements 

We include a detailed series of neuropsychological tests 

that were measured at both W-57 and W-63, Figure 7. 

All behavioural tests were acquired on the same day as 

the brain-MRI acquisition. In brief, global cognitive 

function was assessed with the mini-mental state 

examination (MMSE) and Addenbrooke’s cognitive 

examination (ACE). The Cambridge Neuropsychological 

Test Automated Battery (CANTAB) was administered to 

evaluate cognitive ability across the following cognitive 

domains: learning and memory (spatial and pattern 

recognition, and paired associates learning), executive 

function (planning), attention and reaction time [80]. 

Furthermore, we include both early-life measures of 

general cognitive ability acquired at W-11 (IQ-11) and 

W-20 (IQ-20) [81], as well as late-midlife measures of IQ 

acquired at W-57 (IQ-57) and W-63 (IQ-63). Table 1 

presents the study sample characteristics for each 

cognitive examination used in the present analyses, 

separately for W-57 and W-63. To explore cross-

sectional-longitudinal associations and longitudinal 

associations pertaining to brain and behaviour changes, 

we use cognitive scores acquired during W-57 and W-63 

to estimate difference (i.e. change) (W-63 – W-57) and 

average ((W-63 + W-57)/2) scores. While it may seem 

more intuitive to compare change to a baseline, note that 

raw change is negatively correlated with baseline by 

construction. Thus, in the present analyses, each 

cognitive measure – with repeated measurements – is 

represented by its raw change and raw average 

counterparts and included as two independent measures 

of cognitive ability. Thus, in total we analyse 64 

measures of cognitive performance of which 33 describe 

raw change, 27 describe raw average, and 4 describe IQ 

scores derived from W-11, W-20, W-57 and W-63. 

 

Demographic, health and lifestyle assessment: 

We evaluate the effect of a range of reputed positive 

and negative measures on brain structure and cognitive 

performance. Assessments include both self-reported 

and objective measures such as, the Major Depression 

Inventory (MDI) [82], the Pittsburgh Sleep Quality 

Index (PSQI) [83], the Multidimensional Fatigue 

Inventory (MFI-20) [84], demographic factors, general 

health measures, history of non-communicable  

diseases (NCDs) and multiple health-related lifestyle 

behaviours. The majority of the potential age-related 

modifiers included were measured at W-63. Similar to 

neuropsychological tests with repeated measurements, 

demographic, health and lifestyle factors assessed  

more than once are included in subsequent analyses as 

raw change and raw average scores. These include: 

body mass index (BMI), total cholesterol (TC), high-

density lipoprotein (HDL) cholesterol, low-density 

lipoprotein (LDL) cholesterol, and very low-density 

lipoprotein (VLDL) cholesterol. In summary, we report 

8 = demographic, 34 = health, and 8 = lifestyle measures 

(total = 50), which together with the neuropsychological 

data is referred to as ‘behavioural’ measures. Finally, to 

assist the interpretation of results, behavioural measures 

were divided into four subdomains: cognitive, 

demographic (social and biological), health and lifestyle. 

See Tables 1–4 for a list of these variables and the study 

sample characteristics. 
 

MRI data acquisition 
 

All subjects underwent whole-brain MRI scanning 

using a 3.0 T Philips Intera Achieva (Philips Medical 

Systems, Best, the Netherlands), with a 32-channel 

phased-array head coil. In all participants the following 

images were acquired during resting conditions: 1. 

anatomical high-resolution 3D T1-weighted (T1w) 

images using a gradient echo sequence (TR/TE = 

6.9/700 ms; flip angle = 9°; voxel size = 1.1 × 1.1 × 1.1 

mm3), 2. T2-weighted (T2w) (TR/TE = 1300/12 ms; flip 

angle = 90°, voxel size 1.8 × 1.8 × 9.5 mm), 3. T2w 

FLAIR (T2w-FLAIR) images (Fluid Attenuated 

Inversion Recovery) using turbo spin echo sequence 
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Figure 6. Subject selection process for Wave 1/W-57 and Wave 2/W-63. To avoid effects of extreme test scores, subjects with 

standardized residuals ±3 were omitted defined as here as †. The final sample size for the current study includes n=123 subjects who 
completed wave 1 and wave 2. Group A = 66 improvers and Group B = 57 decliners. 
 

 
 

Figure 7. Flow diagram showing the data collected at each time point for subjects used in this present sub-study. W-11, W-20, 

W-57, and W-63 = data acquired at ages ~11, ~20, ~57 and ~63 respectively. 
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(TR/TE = 11000/125 ms; flip angle = 900, 6 slices, 

voxel size = 0.45 × 0.45 × 4.5 mm), and 4. diffusion 

weighted images (dMRI) (TR/TE = 9729/55; matrix 

=112 × 110 × 60; voxel size = 2 × 2.04 × 2 mm3) 

utilizing a single spin-echo echo-planar imaging 

sequence. For each dMRI scan, 33 images were 

acquired: 1 image with no diffusion sensitization (b=0 

image), and 32 diffusion-weighted images (b = 

1000s/mm2). Finally, all images were visually inspected 

in their raw state for bias field corruption, excessive 

motion, and other potential artifacts. 

 

Image analysis pipeline 

 

We used the UKB image processing pipeline on our raw 

(non-processed) W-57 and W-63 brain-imaging data to 

enable future meta-analyses and replication studies [85]. 

Essentially, T1w structural data is used as the reference 

image to calculate cross-subject and cross-modality 

alignments required to process all other brain 

modalities. 

 

In brief, we extracted 454 brain-imaging biomarkers 

(i.e., a broad set of biologically meaningful measures 

derived from multiple imaging modalities) that best 

capture the differential ageing processes and 

neuropathologies observed in a healthy ageing 

population. Subsequently, we categorized the extracted 

summary measures into 6 groups to reflect the MRI 

modality and image processing tool applied to derive 

each measure. These include: 1. T1w-SIENA 

percentage brain volume change (PBVC), 2. T1w-

SIENAX (estimation of brain tissue volumes), 3. T1w-

FIRST (segmentation of subcortical brain structures), 4. 

T1w total volume of grey matter (GM) in cerebellum 

and non-cerebellum regions-of-interest (ROI) [86, 87]1 

using FAST-derived GM partial volume estimates 

(PVE), 5. T2w-FLAIR-BIANCA (total white-matter 

hyperintensity volume), and 6. dMRI-TBSS 

(microstructural properties of specific white matter 

(WM) tracts). With regards to the volume of GM in 

cerebellum and non-cerebellum ROIs, we inverted the 

non-linear registration to standard space which was 

subsequently used to warp a cortical atlas of 139 ROIs 

into native T1 space. Next, within each ROI we then 

summed the total volume of GM using the FAST-

derived GM PVE. 

 

Tables 5, 6 list all image-derived phenotypes measured 

in this study (also referred to as IDPs), their function 

and study sample characteristics. 
 

                                                 
1  The 139 ROIs were defined by a combining 

parcellations from the Harvard Oxford cortical and 

subcortical atlases, and Diedrichsen cerebellar atlas. 

Statistical analysis 

 
We used univariate correlations and multi-level latent 

variable modelling to investigate specific and general 

relations between multiple brain and behaviour measures. 

To extract estimates of longitudinal change between two 

successive measurement occasions, we computed “raw 

difference scores” (RDS) (i.e., cross-sectional follow-up 

score at W-63 subtracted from cross-sectional baseline 

score at W-57). Several reasons motivated our selection 

of this approach. First, application of the commonly used 

“residualized change model” (RCM) can lead to biased 

results if the study sample consists of pre-existing groups 

at baseline [88]. Conversely, the RDS approach has 

shown to arrive at the correct inference regardless of 

whether there are pretest (baseline) differences in action 

e.g., when the association of a covariate or confounding 

variable with baseline scores is not equal to zero [88]. 

Second, although the latent difference score (LDS) model 

is not vulnerable to the aforementioned biases and may 

have been a natural choice to investigate longitudinal 

relations, its undeniable value is most apparent when 

constituent scores are derived using a well-defined 

instrument. However, as we include a wide range of 

variables that were acquired using a mixture of 

measurement methods from multiple measurement 

occasions the application of the LDS model was on this 

occasion unsuitable. 

 
To investigate 1) the relation between cross-sectional 

baseline (BLW-57) and cross-sectional follow-up (FLW-

63) brain and behaviour scores with longitudinal change 

(i.e., ∆W-63-W-57) referred to as “cross-sectional-

longitudinal correlations”, and 2) coupled change 

between longitudinal brain and behavioural measures 

(i.e., ∆W-63-W-57 and/or ((W-63 + W-57)/2)) adjusted and 

unadjusted for the effects of average scores ((W-63 + 

W-57)/2), referred to as “longitudinal correlations”, we 

used both univariate (Pearson correlations) and 

multivariate statistics (canonical correlation analysis - 

CCA) [89], both analyses adjusted for a number of 

common confound variables, head size, motion during 

MRI, and age. 

 
Whole-group adjusted univariate associations 

 
We used Pearson’s correlations to examine both cross-

sectional-longitudinal correlations and longitudinal 

correlations (defined above) between each of the 454 

(longitudinal) or 453 (cross-sectional) brain IDPs to 

each of the 114 (longitudinal and average) or 70 

(cross-sectional) behavioural variables extracted from 

the MDBC-1953 database (full set of IDP x 

behavioural estimates: 1) 454 × 70 or 453 × 114 for 

cross-sectional-longitudinal correlations and 2) 454 × 

114 for longitudinal correlations. Figure 8 provides a
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Table 6. List of imaging-derived phenotypes (IDPs) obtained using the UKB image-processing pipeline. 

MRI Modality Processing tool Function Description 

No. of imaging 

variabes 

W-57 W-63 

T1-w FAST (FMRIB’s 

Automated 

Segmentation Tool) *  

Segmentation of CSF, 

GM, and WM 

Total volume of GM of 

cerebellum and non-

cerebellum ROIs using GM 

partial volume estimates 

from FAST* 

139 139 

FIRST (FMRIB’s 

Integrated Registration 

and Segmentation Tool) 

Subcortical GM 

structure segmentation 

Lateralized brain structures 

+ brain stem  15 15 

SIENAX (single time-

point) 

Estimates brain tissue 

volumes (cross-

sectional) 

Global brain tissue volume 

(normalized and un-

normalized for head size) 

10 10 

SIENA (two time-

points) 

Detection of global 

GM atrophy 

(longitudinal) 

Calculates percentage brain 

volume change (PBVC) - 1 

T2-w (FLAIR)  BIANCA (Brain 

Intensity Abnormality 

Classification 

Algorithm)  

Quantification of total 

WMH volume  

Total WMH volume 1 1 

Diffusion  TBSS (Tract-Based 

Spatial Statistics) 

Diffusivity estimates 

within 48 major WM 

tracts 

Local diffusion properties 

reflecting integrity of 

microstructural WM tissue  

288 288 

TOTAL IDPS = 454 

List of imaging modalities and processing tools employed (column 1 and 2), followed by the corresponding function of each 
processing tool (column 3), description of the brain phenotype extracted (column 4), and total number of IDPs generated for 
each brain-imaging category at W-57 and W-63 (columns 5 and 6). (FLAIR = fluid attenuated inversion recovery, CSF = 
cerebrospinal fluid, GM = grey matter, WM = white matter, WMH = white matter hyperintensity volume, ROIs = regions-of-
interest). Total number of IDP measures n=454. *In order to obtain the GM volume of the 139 ROIs, we inverted the 
nonlinear registration to standard space, and used this to warp a cortical atlas of 139 ROIs into native T1 space. Within each 
ROI we then summed the total GM using the FAST-derived GM partial volume estimates. The 139 ROIs extracted are defined 
by a combination of parcellations from Harvard Oxford cortical and subcortical atlases, and Diedrichsen cerebellar atlas. 
 

visualisation of all correlations computed between IDP 

and behavioural datasets for both univariate and 

multivariate analyses. Here, pink arrows indicate cross-

sectional-longitudinal correlations and the blue arrow 

shows longitudinal correlations. Lastly, we also 

examined the relation between each of the 60 cognitive 

(longitudinal and average) measures to each of the 

(other) 50 (cross-sectional) behavioural variables (full 

set of cognitive variables × all (other) behavioural 

estimates: 64 × 50). In total, three variants of Manhattan 

plots are created to display the significance (-log10 P-

values) of Pearson’s correlations for IDPs × behavioural 

estimates (1. cross-sectional-longitudinal correlations: 

31,780 or 51,642 values; 2. longitudinal correlations: 

51,756 values; and 3. cognition x all (other) behavioural 

measures (cross-sectional-longitudinal relations: 3200 

values). 

To reduce the influence of potential outliers and increase 

the reliability of associations made, we applied rank-

based inverse Gaussian transformation (quantile 

normalization) to enforce Gaussianity for each of the 

brain IDPs, behavioural, and confound variables. For 

univariate correlations, missing data was handled with a 

complete case approach individually for each pair of 

variables; for CCA, where missing data is particularly 

problematic, we then applied an iterative PCA algorithm 

(based on the soft shrinkage of eigenvalues) to impute 

missing data values until convergence [90]. Finally, five 

confound variables were created relating to effects that 

may trouble the interpretation of computed correlations: 

absolute motion during MRI, relative motion during 

MRI, head size, age (difference (W-63-W-57) and 

average ((W-63+W-57)/2). The confound variables were 

regressed out of all brain-imaging and behavioural 



 

www.aging-us.com 16730 AGING 

variables prior to correlational analyses. To account for 

multiplicity, we assessed the strength of significance 

with two types of multiple testing correction controlling 

the familywise error rate (FWE) via Bonferroni and the 

false discovery rate (FDR) [91]. 

 

Extreme-group design validation test: Univariate 

associations 

 

In order to assess the impact of the EGD, we separately 

compute univariate associations between each IDP and 

behavioural measure for group A (“improvers”) and 

group B (“decliners”) subjects. Each sub-analysis 

should be free of any spurious associations driven by 

average group differences in cognitive level (i.e., an 

example of Simpson’s paradox [43], whereby 

suboptimal pooling across variables such as cognitive 

level can potentially generate misleading associations). 

 

Whole-group adjusted multivariate associations 

 

To explore the relation between multiple brain IDPs and 

behavioural measures simultaneously we applied CCA. 

 

For the CCA, we adopted a similar approach as 

described previously [79, 85, 92]. In short, CCA was 

computed (canoncorr; MATLAB 2014a) following the 

model: U = AX and V = BY; where X represents the set 

of IDPs, Y is the set of behavioural measures, and A 

and B are optimized to maximize the correlation 

 

 
 

Figure 8. Summary of correlations computed between measures acquired at W-57 (baseline; BLW-57), W-63 (follow-up, FLW-

63), their differences i.e. change (∆W-63-W-57), and average ((∆W-57+W-63)/2). Measured brain-imaging and behavioural variables from W-

57 and W-63 are represented by smaller-sized ovals (1a-1d). Measures of change estimated using the difference between W-63 and W-57 
and their averages are represented by larger-sized ovals (2a-2c). Ovals 1a and 1b represent 70 cross-sectional behavioural items and ovals 1c 
and 1d represent 453 cross-sectional IDPs. Ovals consisting of longitudinal variables (i.e. change and/or average scores) include 454 IDPs (2a), 
114 behavioural items (2b), and 60 cognitive items (2c). In this study, we explore “cross-sectional longitudinal correlations” (pink arrows), and 
“longitudinal correlations” (blue arrow) using univariate and multivariate analyses. All correlations were adjusted for nuisance confounders 
motion (during MRI), age, and head size. 
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between each canonical variate pair, U and V [89]. The 

magnitude of the relationship between each variate pair 

is reflected by the canonical correlation coefficient (Rc), 

an indicator of how strongly the estimate of population 

covariation is reflected in both IDP and behavioural 

datasets. Intuitively, we can think of CCA as identifying 

two latent variables, Ui and Vi (i.e. canonical variates 

whose elements we refer to as individual subject 

weights), from a specific linear combination of 

weighted MRI-derived brain measures that are most 

strongly associated to a specific linear combination of 

weighted behavioural measures. 

 

IDP and behavioural datasets for CCA analysis were 

prepared using the same procedure as for the univariate 

correlation analysis. This resulted in a brain-IDP matrix 

of size 123 x 454 (subjects × IDPs) and a behavioural 

matrix of size 123 × 114 (subjects x behavioural 

measures) when investigating longitudinal correlations, 

and a brain-IDP matrix of size 123 x 453 (subjects × 

IDPs) and a behavioural matrix of size 123 × 70 

(subjects x behavioural measures) when investigating 

cross-sectional-longitudinal relations. Typically, these 

datasets are the inputs fed into the CCA algorithm. 

However, to reduce overfitting (i.e., tending towards a 

rank-deficient CCA solution), prior to CCA we 

separately reduced the dimensionality of each dataset 

using PCA. Specifically, after accounting for missing 

data as before, we compressed the size of each matrix 

along the respective phenotype dimension to the top 30 

subject-eigenvectors which accounted for ~70% of the 

total variance in our datasets (66.9% for IDPs, 76.1% 

for behavioural measures). The final dimension of each 

matrix fed into CCA was therefore 123 x 30 (subjects x 

PCA-derived components), with an output of 30 CCA 

modes estimated. 

 

Statistical significance of the modes estimated was 

determined using 10,000 permutations of rows of one 

matrix relative to another. CCA was then re-run after 

each permutation and the respective r-values for each 

permuted CCA mode was estimated. Each observed 

canonical correlation r is compared to the null 

permutation distribution of the largest canonical 

correlation creating familywise error p-values corrected 

for searching over all 30 canonical correlation 

dimensions. 

 

Post-hoc correlations 

 

To relate the CCA modes estimated back to the 

observed IDP and behavioural variables, we perform 

post-hoc correlations between each observed (quantile-

normalised and deconfounded) variable with the 

canonical variate weights (U or V). This is analogous to 

the computation of factor loadings, and in CCA are 

formally referred to as canonical structure correlations. 

Generally, variables with larger post-hoc correlations 

indicate greater association with a CCA mode. 

 

AUTHOR CONTRIBUTIONS 
 

KZ, SS and TN contributed towards analysis and 

interpretation of the data and drafting and revising the 

original manuscript for intellectual content. FA 

contributed towards analysis of the imaging data. ML 

contributed towards study direction and coordination of 

project. BF and ER contributed towards study design 

and review and editing of manuscript. 

 

ACKNOWLEDGMENTS 
 

We thank the members of the 1953 MDBC for their 

continued participation. We also thank all of those 

involved in the establishment of the Metropolit study 

and those who continue to work to support the aims of 

the project. We thank Ludovica Griffanti for her 

guidance and support with regards to the application of 

BIANCA to the imaging data. We also thank Naja Liv 

Hansen, the radiographers, and all other staff for their 

involvement in data collection. Finally, we also thank 

Copenhagen University for the supportive working 

conditions. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

FUNDING 
 

This study was funded by The Nordea Foundation 

(http://nordeafonden.dk) through the Center for Healthy 

Aging, University of Copenhagen. The Copenhagen 

Aging and Midlife Biobank is financially supported by 

the Velux Foundation (http://veluxfoundations.dk). The 

funders have no role in the study design, data 

acquisition, analysis, decision to publish or preparation 

of the manuscript. 

 

REFERENCES 
 
1. Harper S. Economic and social implications of aging 

societies. Science. 2014; 346:587–91. 
 https://doi.org/10.1126/science.1254405 
 PMID:25359967 

2. Deary IJ, Corley J, Gow AJ, Harris SE, Houlihan LM, 
Marioni RE, Penke L, Rafnsson SB, Starr JM. Age-
associated cognitive decline. Br Med Bull. 2009; 
92:135–52. 

 https://doi.org/10.1093/bmb/ldp033 
 PMID:19776035 

http://nordeafonden.dk/
http://veluxfoundations.dk/
https://doi.org/10.1126/science.1254405
https://pubmed.ncbi.nlm.nih.gov/25359967
https://doi.org/10.1093/bmb/ldp033
https://pubmed.ncbi.nlm.nih.gov/19776035


 

www.aging-us.com 16732 AGING 

3. Esiri MM. Ageing and the brain. J Pathol. 2007; 
211:181–87. 

 https://doi.org/10.1002/path.2089 
 PMID:17200950 

4. Good CD, Johnsrude IS, Ashburner J, Henson RN, 
Friston KJ, Frackowiak RS. A voxel-based morphometric 
study of ageing in 465 normal adult human brains. 
Neuroimage. 2001; 14:21–36. 

 https://doi.org/10.1006/nimg.2001.0786 
 PMID:11525331 

5. Gunning-Dixon FM, Brickman AM, Cheng JC, 
Alexopoulos GS. Aging of cerebral white matter: a 
review of MRI findings. Int J Geriatr Psychiatry. 2009; 
24:109–17. 

 https://doi.org/10.1002/gps.2087 
 PMID:18637641 

6. Park DC, Reuter-Lorenz P. The adaptive brain: aging 
and neurocognitive scaffolding. Annu Rev Psychol. 
2009; 60:173–96. 

 https://doi.org/10.1146/annurev.psych.59.103006.093
656 PMID:19035823 

7. Raz N, Gunning-Dixon FM, Head D, Dupuis JH, Acker JD. 
Neuroanatomical correlates of cognitive aging: 
evidence from structural magnetic resonance imaging. 
Neuropsychology. 1998; 12:95–114. 

 https://doi.org/10.1037//0894-4105.12.1.95 
 PMID:9460738 

8. Raz N, Rodrigue KM. Differential aging of the brain: 
patterns, cognitive correlates and modifiers. Neurosci 
Biobehav Rev. 2006; 30:730–48. 

 https://doi.org/10.1016/j.neubiorev.2006.07.001 
 PMID:16919333 

9. Salthouse TA. Neuroanatomical substrates of age-
related cognitive decline. Psychol Bull. 2011; 
137:753–84. 

 https://doi.org/10.1037/a0023262 
 PMID:21463028 

10. Mathers JC, Deary IJ, Kuh D, Lord JM, Khaw KT, Lara 
J. Guidelines for biomarkers of healthy ageing. 2015; 
1–93. 

 https://www.mrc.ac.uk/documents/pdf/biomarkers-
of-healthy-ageing/ 

11. Raz N, Ghisletta P, Rodrigue KM, Kennedy KM, 
Lindenberger U. Trajectories of brain aging in middle-
aged and older adults: regional and individual 
differences. Neuroimage. 2010; 51:501–11. 

 https://doi.org/10.1016/j.neuroimage.2010.03.020 
 PMID:20298790 

12. Ritchie SJ, Dickie DA, Cox SR, Valdes Hernandez Mdel C, 
Corley J, Royle NA, Pattie A, Aribisala BS, Redmond P, 
Muñoz Maniega S, Taylor AM, Sibbett R, Gow AJ, et al. 
Brain volumetric changes and cognitive ageing during 

the eighth decade of life. Hum Brain Mapp. 2015; 
36:4910–25. 

 https://doi.org/10.1002/hbm.22959 
 PMID:26769551 

13. Schmidt R, Ropele S, Enzinger C, Petrovic K, Smith S, 
Schmidt H, Matthews PM, Fazekas F. White matter 
lesion progression, brain atrophy, and cognitive 
decline: the Austrian stroke prevention study. Ann 
Neurol. 2005; 58:610–16. 

 https://doi.org/10.1002/ana.20630 
 PMID:16178017 

14. Corley J, Cox SR, Deary IJ. Healthy cognitive ageing in 
the lothian birth cohort studies: marginal gains not 
magic bullet. Psychol Med. 2018; 48:187–207. 

 https://doi.org/10.1017/S0033291717001489 
 PMID:28595670 

15. Charlton RA, Schiavone F, Barrick TR, Morris RG, 
Markus HS. Diffusion tensor imaging detects age 
related white matter change over a 2 year follow-up 
which is associated with working memory decline. J 
Neurol Neurosurg Psychiatry. 2010; 81:13–19. 

 https://doi.org/10.1136/jnnp.2008.167288 
 PMID:19710050 

16. Du AT, Schuff N, Chao LL, Kornak J, Jagust WJ, Kramer 
JH, Reed BR, Miller BL, Norman D, Chui HC, Weiner 
MW. Age effects on atrophy rates of entorhinal cortex 
and hippocampus. Neurobiol Aging. 2006; 27:733–40. 

 https://doi.org/10.1016/j.neurobiolaging.2005.03.021 
 PMID:15961190 

17. Persson N, Ghisletta P, Dahle CL, Bender AR, Yang Y, 
Yuan P, Daugherty AM, Raz N. Regional brain shrinkage 
and change in cognitive performance over two years: 
the bidirectional influences of the brain and cognitive 
reserve factors. Neuroimage. 2016; 126:15–26. 

 https://doi.org/10.1016/j.neuroimage.2015.11.028 
 PMID:26584866 

18. Ritchie SJ, Tucker-Drob EM, Cox SR, Corley J, Dykiert D, 
Redmond P, Pattie A, Taylor AM, Sibbett R, Starr JM, 
Deary IJ. Predictors of ageing-related decline across 
multiple cognitive functions. Intelligence. 2016; 
59:115–26. 

 https://doi.org/10.1016/j.intell.2016.08.007 
 PMID:27932854 

19. Yuan P, Voelkle MC, Raz N. Fluid intelligence and gross 
structural properties of the cerebral cortex in middle-
aged and older adults: a multi-occasion longitudinal 
study. Neuroimage. 2018; 172:21–30. 

 https://doi.org/10.1016/j.neuroimage.2018.01.032 
 PMID:29360573 

20. 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 

https://doi.org/10.1002/path.2089
https://pubmed.ncbi.nlm.nih.gov/17200950
https://doi.org/10.1006/nimg.2001.0786
https://pubmed.ncbi.nlm.nih.gov/11525331
https://doi.org/10.1002/gps.2087
https://pubmed.ncbi.nlm.nih.gov/18637641
https://doi.org/10.1146/annurev.psych.59.103006.093656
https://doi.org/10.1146/annurev.psych.59.103006.093656
https://pubmed.ncbi.nlm.nih.gov/19035823
https://doi.org/10.1037/0894-4105.12.1.95
https://pubmed.ncbi.nlm.nih.gov/9460738
https://doi.org/10.1016/j.neubiorev.2006.07.001
https://pubmed.ncbi.nlm.nih.gov/16919333
https://doi.org/10.1037/a0023262
https://pubmed.ncbi.nlm.nih.gov/21463028
https://www.mrc.ac.uk/documents/pdf/biomarkers-of-healthy-ageing/
https://www.mrc.ac.uk/documents/pdf/biomarkers-of-healthy-ageing/
https://doi.org/10.1016/j.neuroimage.2010.03.020
https://pubmed.ncbi.nlm.nih.gov/20298790
https://doi.org/10.1002/hbm.22959
https://pubmed.ncbi.nlm.nih.gov/26769551
https://doi.org/10.1002/ana.20630
https://pubmed.ncbi.nlm.nih.gov/16178017
https://doi.org/10.1017/S0033291717001489
https://pubmed.ncbi.nlm.nih.gov/28595670
https://doi.org/10.1136/jnnp.2008.167288
https://pubmed.ncbi.nlm.nih.gov/19710050
https://doi.org/10.1016/j.neurobiolaging.2005.03.021
https://pubmed.ncbi.nlm.nih.gov/15961190
https://doi.org/10.1016/j.neuroimage.2015.11.028
https://pubmed.ncbi.nlm.nih.gov/26584866
https://doi.org/10.1016/j.intell.2016.08.007
https://pubmed.ncbi.nlm.nih.gov/27932854
https://doi.org/10.1016/j.neuroimage.2018.01.032
https://pubmed.ncbi.nlm.nih.gov/29360573


 

www.aging-us.com 16733 AGING 

trends, individual differences and modifiers. Cereb 
Cortex. 2005; 15:1676–89. 

 https://doi.org/10.1093/cercor/bhi044 
 PMID:15703252 

21. Pfefferbaum A, Sullivan EV. Cross-sectional versus 
longitudinal estimates of age-related changes in the 
adult brain: overlaps and discrepancies. Neurobiol 
Aging. 2015; 36:2563–67. 

 https://doi.org/10.1016/j.neurobiolaging.2015.05.005 
 PMID:26059713 

22. Brain Development Cooperative Group. Total and 
regional brain volumes in a population-based 
normative sample from 4 to 18 years: the NIH MRI 
Study of Normal Brain Development. Cereb Cortex. 
2012; 22:1–12. 

 https://doi.org/10.1093/cercor/bhr018 
 PMID:21613470 

23. Sowell ER, Peterson BS, Thompson PM, Welcome SE, 
Henkenius AL, Toga AW. Mapping cortical change 
across the human life span. Nat Neurosci. 2003; 
6:309–15. 

 https://doi.org/10.1038/nn1008 
 PMID:12548289 

24. Tamnes CK, Ostby Y, Fjell AM, Westlye LT, Due-
Tønnessen P, Walhovd KB. Brain maturation in 
adolescence and young adulthood: regional age-
related changes in cortical thickness and white matter 
volume and microstructure. Cereb Cortex. 2010; 
20:534–48. 

 https://doi.org/10.1093/cercor/bhp118 
 PMID:19520764 

25. Westlye LT, Walhovd KB, Dale AM, Bjørnerud A, Due-
Tønnessen P, Engvig A, Grydeland H, Tamnes CK, Østby 
Y, Fjell AM. Differentiating maturational and aging-
related changes of the cerebral cortex by use of 
thickness and signal intensity. Neuroimage. 2010; 
52:172–85. 

 https://doi.org/10.1016/j.neuroimage.2010.03.056 
 PMID:20347997 

26. Kemper T. Neuroanatomical and neuropathological 
changes during aging and dementia. In: Albert ML, 
Knoefel J. (Eds.), Clinical Neurology of Aging. Oxford 
University Press, New York, 1994. p. 3–67. 

27. Staals J, Booth T, Morris Z, Bastin ME, Gow AJ, Corley J, 
Redmond P, Starr JM, Deary IJ, Wardlaw JM. Total MRI 
load of cerebral small vessel disease and cognitive 
ability in older people. Neurobiol Aging. 2015; 
36:2806–11. 

 https://doi.org/10.1016/j.neurobiolaging.2015.06.024 
 PMID:26189091 

28. Backhouse EV, McHutchison CA, Cvoro V, Shenkin SD, 
Wardlaw JM. Early life risk factors for cerebrovascular 

disease: a systematic review and meta-analysis. 
Neurology. 2017; 88:976–84. 

 https://doi.org/10.1212/WNL.0000000000003687 
 PMID:28188307 

29. Dickie DA, Ritchie SJ, Cox SR, Sakka E, Royle NA, 
Aribisala BS, Valdés Hernández Mdel C, Maniega SM, 
Pattie A, Corley J, Starr JM, Bastin ME, Deary IJ, 
Wardlaw JM. Vascular risk factors and progression of 
white matter hyperintensities in the lothian birth 
cohort 1936. Neurobiol Aging. 2016; 42:116–23. 

 https://doi.org/10.1016/j.neurobiolaging.2016.03.011 
 PMID:27143428 

30. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, 
Fazekas F, Frayne R, Lindley RI, O’Brien JT, Barkhof F, 
Benavente OR, Black SE, Brayne C, Breteler M, et al, 
and STandards for ReportIng Vascular changes on 
nEuroimaging (STRIVE v1). Neuroimaging standards for 
research into small vessel disease and its contribution 
to ageing and neurodegeneration. Lancet Neurol. 
2013; 12:822–38. 

 https://doi.org/10.1016/S1474-4422(13)70124-8 
 PMID:23867200 

31. Fjell AM, Walhovd KB. Structural brain changes in 
aging: courses, causes and cognitive consequences. 
Rev Neurosci. 2010; 21:187–221. 

 https://doi.org/10.1515/revneuro.2010.21.3.187 
 PMID:20879692 

32. Raz N, Gunning FM, Head D, Dupuis JH, McQuain J, 
Briggs SD, Loken WJ, Thornton AE, Acker JD. Selective 
aging of the human cerebral cortex observed in vivo: 
differential vulnerability of the prefrontal gray matter. 
Cereb Cortex. 1997; 7:268–82. 

 https://doi.org/10.1093/cercor/7.3.268 
 PMID:9143446 

33. Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy 
LK, Hagler DJ, Holland D, Brewer JB, Dale AM. One-year 
brain atrophy evident in healthy aging. J Neurosci. 
2009; 29:15223–31. 

 https://doi.org/10.1523/JNEUROSCI.3252-09.2009 
 PMID:19955375 

34. Gonoi W, Abe O, Yamasue H, Yamada H, Masutani Y, 
Takao H, Kasai K, Aoki S, Ohtomo K. Age-related 
changes in regional brain volume evaluated by atlas-
based method. Neuroradiology. 2010; 52:865–73. 

 https://doi.org/10.1007/s00234-009-0641-5 
 PMID:20033142 

35. Raz N. Aging of the brain and its impact on cognitive 
performance: integration of structural and functional 
findings. In The Handbook of Aging and Cognition, ed. 
Craik F, Salthouse TA, 2000. p. 1–90. 

36. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan 
RS, Busa E, Morris JC, Dale AM, Fischl B. Thinning of 

https://doi.org/10.1093/cercor/bhi044
https://pubmed.ncbi.nlm.nih.gov/15703252
https://doi.org/10.1016/j.neurobiolaging.2015.05.005
https://pubmed.ncbi.nlm.nih.gov/26059713
https://doi.org/10.1093/cercor/bhr018
https://pubmed.ncbi.nlm.nih.gov/21613470
https://doi.org/10.1038/nn1008
https://pubmed.ncbi.nlm.nih.gov/12548289
https://doi.org/10.1093/cercor/bhp118
https://pubmed.ncbi.nlm.nih.gov/19520764
https://doi.org/10.1016/j.neuroimage.2010.03.056
https://pubmed.ncbi.nlm.nih.gov/20347997
https://doi.org/10.1016/j.neurobiolaging.2015.06.024
https://pubmed.ncbi.nlm.nih.gov/26189091
https://doi.org/10.1212/WNL.0000000000003687
https://pubmed.ncbi.nlm.nih.gov/28188307
https://doi.org/10.1016/j.neurobiolaging.2016.03.011
https://pubmed.ncbi.nlm.nih.gov/27143428
https://doi.org/10.1016/S1474-4422(13)70124-8
https://pubmed.ncbi.nlm.nih.gov/23867200
https://doi.org/10.1515/revneuro.2010.21.3.187
https://pubmed.ncbi.nlm.nih.gov/20879692
https://doi.org/10.1093/cercor/7.3.268
https://pubmed.ncbi.nlm.nih.gov/9143446
https://doi.org/10.1523/JNEUROSCI.3252-09.2009
https://pubmed.ncbi.nlm.nih.gov/19955375
https://doi.org/10.1007/s00234-009-0641-5
https://pubmed.ncbi.nlm.nih.gov/20033142


 

www.aging-us.com 16734 AGING 

the cerebral cortex in aging. Cereb Cortex. 2004; 
14:721–30. 

 https://doi.org/10.1093/cercor/bhh032 
 PMID:15054051 

37. Hofer SM, Sliwinski MJ. Understanding ageing. An 
evaluation of research designs for assessing the 
interdependence of ageing-related changes. 
Gerontology. 2001; 47:341–52. 

 https://doi.org/10.1159/000052825 
 PMID:11721149 

38. Raz N. The aging brain observed in vivo: Differential 
changes and their modifiers. In: Cabeza R, Nyberg L, 
and Park DC. (eds), Cognitive Neuroscience of Aging: 
Linking Cognitive and Cerebral Aging. 2004; New York: 
Oxford University Press. 

39. Brickman AM, Habeck C, Zarahn E, Flynn J, Stern Y. 
Structural MRI covariance patterns associated with 
normal aging and neuropsychological functioning. 
Neurobiol Aging. 2007; 28:284–95. 

 https://doi.org/10.1016/j.neurobiolaging.2005.12.016 
 PMID:16469419 

40. Hedden T, Schultz AP, Rieckmann A, Mormino EC, 
Johnson KA, Sperling RA, Buckner RL. Multiple brain 
markers are linked to age-related variation in 
cognition. Cereb Cortex. 2016; 26:1388–400. 

 https://doi.org/10.1093/cercor/bhu238 
 PMID:25316342 

41. Salthouse TA. Selective review of cognitive aging. J Int 
Neuropsychol Soc. 2010; 16:754–60. 

 https://doi.org/10.1017/S1355617710000706 
 PMID:20673381 

42. Salthouse TA. When does age-related cognitive decline 
begin? Neurobiol Aging. 2009; 30:507–14. 

 https://doi.org/10.1016/j.neurobiolaging.2008.09.023 
 PMID:19231028 

43. Simpson EH. The interpretation of interaction in 
contingency tables. Journal of the Royal Statistical 
Society: Series B (Methodological). 1951; 13:238–41. 

44. Yule GL. Notes on the theory of association of 
attributes in statistics. Biometrika. 1967; 2:121–34. 

 https://doi.org/10.1093/biomet/2.2.121 

45. Bender AR, Völkle MC, Raz N. Differential aging of 
cerebral white matter in middle-aged and older adults: 
a seven-year follow-up. Neuroimage. 2016; 125:74–83. 

 https://doi.org/10.1016/j.neuroimage.2015.10.030 
 PMID:26481675 

46. Raz N, Kennedy KM. A Systems Approach to the Aging 
Brain: Neuroanatomic Changes, Their Modifiers, and 
Cognitive Correlates. 2009; 43–70. 

 https://doi.org/10.1093/acprof:oso/9780195328875.0
03.0004 

47. Spearman C. The abilities of man, their nature and 
measurement. London. 1927; 448. 

48. Rabbitt P. Does it all go together when it goes? the 
nineteenth bartlett memorial lecture. Q J Exp Psychol 
A. 1993; 46:385–434. 

 https://doi.org/10.1080/14640749308401055 
 PMID:8378549 

49. Salthouse TA. What and When of Cognitive Aging. 
Current Directions in Psychological Science. 2016; 
13:140–144. 

 https://doi.org/10.1111/j.0963-7214.2004.00293.x 

50. Gunning-Dixon FM, Raz N. Neuroanatomical correlates 
of selected executive functions in middle-aged and 
older adults: a prospective MRI study. 
Neuropsychologia. 2003; 41:1929–41. 

 https://doi.org/10.1016/s0028-3932(03)00129-5 
 PMID:14572526 

51. Ritchie SJ, Tucker-Drob EM, Cox SR, Dickie DA, Del C 
Valdés Hernández M, Corley J, Royle NA, Redmond P, 
Muñoz Maniega S, Pattie A, Aribisala BS, Taylor AM, 
Clarke TK, et al. Risk and protective factors for 
structural brain ageing in the eighth decade of life. 
Brain Struct Funct. 2017; 222:3477–90. 

 https://doi.org/10.1007/s00429-017-1414-2 
 PMID:28424895 

52. Gow AJ, Pattie A, Deary IJ. Lifecourse Activity 
Participation From Early, Mid, and Later Adulthood as 
Determinants of Cognitive Aging: The Lothian Birth 
Cohort 1921. J Gerontol B Psychol Sci Soc Sci. 2017; 
72:25–37. 

 https://doi.org/10.1093/geronb/gbw124 
 PMID:27974473 

53. Lee Y, Back JH, Kim J, Kim SH, Na DL, Cheong HK, Hong 
CH, Kim YG. Systematic review of health behavioral 
risks and cognitive health in older adults. Int 
Psychogeriatr. 2010; 22:174–87. 

 https://doi.org/10.1017/S1041610209991189 
 PMID:19883522 

54. Steffener J, Habeck C, O’Shea D, Razlighi Q, Bherer L, 
Stern Y. Differences between chronological and brain 
age are related to education and self-reported physical 
activity. Neurobiol Aging. 2016; 40:138–44. 

 https://doi.org/10.1016/j.neurobiolaging.2016.01.014 
 PMID:26973113 

55. Kuh DJ, Cooper C. Physical activity at 36 years: patterns 
and childhood predictors in a longitudinal study. J 
Epidemiol Community Health. 1992; 46:114–19. 

 https://doi.org/10.1136/jech.46.2.114 
 PMID:1583424 

56. Kuh D, Cooper R, Hardy R, Richards M, Ben-Shlomo Y. 
A Life Course Approach to Healthy Ageing. 2014; 
Oxford Scholarship. 

https://doi.org/10.1093/cercor/bhh032
https://pubmed.ncbi.nlm.nih.gov/15054051
https://doi.org/10.1159/000052825
https://pubmed.ncbi.nlm.nih.gov/11721149
https://doi.org/10.1016/j.neurobiolaging.2005.12.016
https://pubmed.ncbi.nlm.nih.gov/16469419
https://doi.org/10.1093/cercor/bhu238
https://pubmed.ncbi.nlm.nih.gov/25316342
https://doi.org/10.1017/S1355617710000706
https://pubmed.ncbi.nlm.nih.gov/20673381
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://pubmed.ncbi.nlm.nih.gov/19231028
https://doi.org/10.1093/biomet/2.2.121
https://doi.org/10.1016/j.neuroimage.2015.10.030
https://pubmed.ncbi.nlm.nih.gov/26481675
https://doi.org/10.1093/acprof:oso/9780195328875.003.0004
https://doi.org/10.1093/acprof:oso/9780195328875.003.0004
https://doi.org/10.1080/14640749308401055
https://pubmed.ncbi.nlm.nih.gov/8378549
https://doi.org/10.1111/j.0963-7214.2004.00293.x
https://doi.org/10.1016/s0028-3932(03)00129-5
https://pubmed.ncbi.nlm.nih.gov/14572526
https://doi.org/10.1007/s00429-017-1414-2
https://pubmed.ncbi.nlm.nih.gov/28424895
https://doi.org/10.1093/geronb/gbw124
https://pubmed.ncbi.nlm.nih.gov/27974473
https://doi.org/10.1017/S1041610209991189
https://pubmed.ncbi.nlm.nih.gov/19883522
https://doi.org/10.1016/j.neurobiolaging.2016.01.014
https://pubmed.ncbi.nlm.nih.gov/26973113
https://doi.org/10.1136/jech.46.2.114
https://pubmed.ncbi.nlm.nih.gov/1583424


 

www.aging-us.com 16735 AGING 

 https://doi.org/10.1093/acprof:oso/9780199656516.0
03.0002 

57. Prochaska JO. Multiple health behavior research 
represents the future of preventive medicine. Prev 
Med. 2008; 46:281–85. 

 https://doi.org/10.1016/j.ypmed.2008.01.015 
 PMID:18319100 

58. Reuter-Lorenz PA, Park DC. How does it STAC up? 
revisiting the scaffolding theory of aging and cognition. 
Neuropsychol Rev. 2014; 24:355–70. 

 https://doi.org/10.1007/s11065-014-9270-9 
 PMID:25143069 

59. Stern Y. What is cognitive reserve? Theory and 
research application of the reserve concept. J Int 
Neuropsychol Soc. 2002; 8:448–60. 

 PMID:11939702 

60. Penke L, Maniega SM, Bastin ME, Valdés Hernández 
MC, Murray C, Royle NA, Starr JM, Wardlaw JM, Deary 
IJ. Brain white matter tract integrity as a neural 
foundation for general intelligence. Mol Psychiatry. 
2012; 17:1026–30. 

 https://doi.org/10.1038/mp.2012.66 
 PMID:22614288 

61. Madden DJ, Bennett IJ, Song AW. Cerebral white 
matter integrity and cognitive aging: contributions 
from diffusion tensor imaging. Neuropsychol Rev. 
2009; 19:415–35. 

 https://doi.org/10.1007/s11065-009-9113-2 
 PMID:19705281 

62. Valdés Hernández Mdel C, Booth T, Murray C, Gow AJ, 
Penke L, Morris Z, Maniega SM, Royle NA, Aribisala BS, 
Bastin ME, Starr JM, Deary IJ, Wardlaw JM. Brain white 
matter damage in aging and cognitive ability in youth 
and older age. Neurobiol Aging. 2013; 34:2740–47. 

 https://doi.org/10.1016/j.neurobiolaging.2013.05.032 
 PMID:23850341 

63. Deary IJ, Bastin ME, Pattie A, Clayden JD, Whalley LJ, 
Starr JM, Wardlaw JM. White matter integrity and 
cognition in childhood and old age. Neurology. 2006; 
66:505–12. 

 https://doi.org/10.1212/01.wnl.0000199954.81900.e2 
 PMID:16505302 

64. Raz N, Lindenberger U, Ghisletta P, Rodrigue KM, 
Kennedy KM, Acker JD. Neuroanatomical correlates of 
fluid intelligence in healthy adults and persons with 
vascular risk factors. Cereb Cortex. 2008; 18:718–26. 

 https://doi.org/10.1093/cercor/bhm108 
 PMID:17615248 

65. Gow AJ, Johnson W, Mishra G, Richards M, Kuh D, 
Deary IJ, and HALCyon Study Team. Is age kinder to the 
initially more able?: yes, and no. Intelligence. 2012; 
40:49–59. 

 https://doi.org/10.1016/j.intell.2011.10.007 
 PMID:23690652 

66. Preacher KJ. Extreme Groups Designs. The 
Encyclopedia of Clinical Psychology. 2015; 2:1189–92. 

 https://doi.org/10.1002/9781118625392.wbecp190 

67. Fjell AM, Westlye LT, Grydeland H, Amlien I, Espeseth 
T, Reinvang I, Raz N, Holland D, Dale AM, Walhovd KB, 
and Alzheimer Disease Neuroimaging Initiative. Critical 
ages in the life course of the adult brain: nonlinear 
subcortical aging. Neurobiol Aging. 2013; 34:2239–47. 

 https://doi.org/10.1016/j.neurobiolaging.2013.04.006 
 PMID:23643484 

68. Deary IJ, Pattie A, Starr JM. The stability of intelligence 
from age 11 to age 90 years: the lothian birth cohort of 
1921. Psychol Sci. 2013; 24:2361–68. 

 https://doi.org/10.1177/0956797613486487 
 PMID:24084038 

69. Sanders L. The brain’s blueprint for aging is set early in 
life. 2016. 

 https://www.sciencenews.org/article/brain-blueprint-
aging-set-early-life?mode=topic&context=69 

70. Karama S, Bastin ME, Murray C, Royle NA, Penke L, 
Muñoz Maniega S, Gow AJ, Corley J, Valdés Hernández 
Mdel C, Lewis JD, Rousseau MÉ, Lepage C, Fonov V, et 
al. Childhood cognitive ability accounts for associations 
between cognitive ability and brain cortical thickness in 
old age. Mol Psychiatry. 2014; 19:555–59. 

 https://doi.org/10.1038/mp.2013.64 
 PMID:23732878 

71. Tucker-Drob EM, Salthouse TA. Individual differences 
in cognitive aging. In: Chamorro-Premuzic T, von 
Stumm S, Furnham A (eds). The Wiley-Blackwell 
Handbook of individual differences. 1st ed, Wiley-
Blackwell. 2011. 

 https://doi.org/10.1002/9781444343120.ch9 

72. Osler M, Lund R, Kriegbaum M, Christensen U, 
Andersen AM. Cohort profile: the metropolit 1953 
danish male birth cohort. Int J Epidemiol. 2006; 
35:541–45. 

 https://doi.org/10.1093/ije/dyi300 
 PMID:16377658 

73. Hansen NL, Lauritzen M, Mortensen EL, Osler M, 
Avlund K, Fagerlund B, Rostrup E. Subclinical cognitive 
decline in middle-age is associated with reduced task-
induced deactivation of the brain’s default mode 
network. Hum Brain Mapp. 2014; 35:4488–98. 

 https://doi.org/10.1002/hbm.22489 
 PMID:24578157 

74. Osler M, Avlund K, Mortensen EL. Socio-economic 
position early in life, cognitive development and 
cognitive change from young adulthood to middle age. 
Eur J Public Health. 2013; 23:974–80. 

https://doi.org/10.1093/acprof:oso/9780199656516.003.0002
https://doi.org/10.1093/acprof:oso/9780199656516.003.0002
https://doi.org/10.1016/j.ypmed.2008.01.015
https://pubmed.ncbi.nlm.nih.gov/18319100
https://doi.org/10.1007/s11065-014-9270-9
https://pubmed.ncbi.nlm.nih.gov/25143069
https://pubmed.ncbi.nlm.nih.gov/11939702
https://doi.org/10.1038/mp.2012.66
https://pubmed.ncbi.nlm.nih.gov/22614288
https://doi.org/10.1007/s11065-009-9113-2
https://pubmed.ncbi.nlm.nih.gov/19705281
https://doi.org/10.1016/j.neurobiolaging.2013.05.032
https://pubmed.ncbi.nlm.nih.gov/23850341
https://doi.org/10.1212/01.wnl.0000199954.81900.e2
https://pubmed.ncbi.nlm.nih.gov/16505302
https://doi.org/10.1093/cercor/bhm108
https://pubmed.ncbi.nlm.nih.gov/17615248
https://doi.org/10.1016/j.intell.2011.10.007
https://pubmed.ncbi.nlm.nih.gov/23690652
https://doi.org/10.1002/9781118625392.wbecp190
https://doi.org/10.1016/j.neurobiolaging.2013.04.006
https://pubmed.ncbi.nlm.nih.gov/23643484
https://doi.org/10.1177/0956797613486487
https://pubmed.ncbi.nlm.nih.gov/24084038
https://www.sciencenews.org/article/brain-blueprint-aging-set-early-life?mode=topic&context=69
https://www.sciencenews.org/article/brain-blueprint-aging-set-early-life?mode=topic&context=69
https://doi.org/10.1038/mp.2013.64
https://pubmed.ncbi.nlm.nih.gov/23732878
https://doi.org/10.1002/9781444343120.ch9
https://doi.org/10.1093/ije/dyi300
https://pubmed.ncbi.nlm.nih.gov/16377658
https://doi.org/10.1002/hbm.22489
https://pubmed.ncbi.nlm.nih.gov/24578157


 

www.aging-us.com 16736 AGING 

 https://doi.org/10.1093/eurpub/cks140 
 PMID:23093718 

75. Batty GD, Mortensen EL, Nybo Andersen AM, Osler M. 
Childhood intelligence in relation to adult coronary 
heart disease and stroke risk: evidence from a danish 
birth cohort study. Paediatr Perinat Epidemiol. 2005; 
19:452–59. 

 https://doi.org/10.1111/j.1365-3016.2005.00671.x 
 PMID:16269073 

76. Teasdale TW, Hartmann PV, Pedersen CH, Bertelsen M. 
The reliability and validity of the danish draft board 
cognitive ability test: børge prien’s prøve. Scand J 
Psychol. 2011; 52:126–30. 

 https://doi.org/10.1111/j.1467-9450.2010.00862.x 
 PMID:21198650 

77. Amthauer R, Brocke B, Liepmann D. IST 2000R. 
Intelligenz-Struktur test 2000R. 2001. 

78. Henriksen OM, Hansen NL, Osler M, Mortensen EL, 
Hallam DM, Pedersen ET, Chappell M, Lauritzen MJ, 
Rostrup E. Sub-clinical cognitive decline and resting 
cerebral blood flow in middle aged men. PLoS One. 
2017; 12:e0169912. 

 https://doi.org/10.1371/journal.pone.0169912 
 PMID:28095458 

79. Zarnani K, Nichols TE, Alfaro-Almagro F, Fagerlund B, 
Lauritzen M, Rostrup E, Smith SM. Discovering markers 
of healthy aging: a prospective study in a danish male 
birth cohort. Aging (Albany NY). 2019; 11:5943–74. 

 https://doi.org/10.18632/aging.102151 
 PMID:31480020 

80. Robbins TW, James M, Owen AM, Sahakian BJ, 
McInnes L, Rabbitt P. Cambridge neuropsychological 
test automated battery (CANTAB): a factor analytic 
study of a large sample of normal elderly volunteers. 
Dementia. 1994; 5:266–81. 

 https://doi.org/10.1159/000106735 PMID:7951684 

81. Osler M, Andersen AM, Lund R, Batty GD, Hougaard 
CØ, Damsgaard MT, Due P, Holstein BE. Revitalising the 
metropolit 1953 danish male birth cohort: background, 
aims and design. Paediatr Perinat Epidemiol. 2004; 
18:385–94. 

 https://doi.org/10.1111/j.1365-3016.2004.00584.x 
 PMID:15367326 

82. Bech P, Wermuth L. Applicability and validity of  
the Major Depression Inventory in patients  
with Parkinson’s Disease. Nord J Psychiatry. 1998; 
52:305–09. 

 https://doi.org/10.1080/08039489850149741 

83. Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, 
Kupfer DJ. The pittsburgh sleep quality index: a new 
instrument for psychiatric practice and research. 
Psychiatry Res. 1989; 28:193–213. 

 https://doi.org/10.1016/0165-1781(89)90047-4 
 PMID:2748771 

84. Lin JM, Brimmer DJ, Maloney EM, Nyarko E, Belue R, 
Reeves WC. Further validation of the multidimensional 
fatigue inventory in a US adult population sample. 
Popul Health Metr. 2009; 7:18. 

 https://doi.org/10.1186/1478-7954-7-18 
 PMID:20003524 

85. Miller KL, Alfaro-Almagro F, Bangerter NK, Thomas DL, 
Yacoub E, Xu J, Bartsch AJ, Jbabdi S, Sotiropoulos SN, 
Andersson JL, Griffanti L, Douaud G, Okell TW, et al. 
Multimodal population brain imaging in the UK 
biobank prospective epidemiological study. Nat 
Neurosci. 2016; 19:1523–36. 

 https://doi.org/10.1038/nn.4393 PMID:27643430 

86. Diedrichsen J, Balsters JH, Flavell J, Cussans E, Ramnani 
N. A probabilistic MR atlas of the human cerebellum. 
Neuroimage. 2009; 46:39–46. 

 https://doi.org/10.1016/j.neuroimage.2009.01.045 
 PMID:19457380 

87. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson 
BC, Blacker D, Buckner RL, Dale AM, Maguire RP, 
Hyman BT, Albert MS, Killiany RJ. An automated 
labeling system for subdividing the human cerebral 
cortex on MRI scans into gyral based regions of 
interest. Neuroimage. 2006; 31:968–80. 

 https://doi.org/10.1016/j.neuroimage.2006.01.021 
 PMID:16530430 

88. Castro-Schilo L, Grimm KJ. Using residualized change 
versus difference scores for longitudinal research. 
Journal of Social and Personal Relationships. 2017; 
35:32–58. 

 https://doi.org/10.1177/0265407517718387 

89. Hotelling H. Relations between two sets of variates. 
Biometrika. 1936; 28:321–77. 

 https://doi.org/10.1093/biomet/28.3-4.321 

90. Cai JF, Candès EJ, Shen Z. A Singular Value Thresholding 
Algorithm for Matrix Completion. SIAM Journal on 
Optimization. 2010; 20:1956–82. 

 https://doi.org/10.1137/080738970 

91. Benjamini Y, Hochberg Y. Controlling the False 
Discovery Rate- A Practical and Powerful Approach to 
Multiple Testing. Journal of the Royal Statistical 
Society. 1995; 57:289–300. 

 https://doi.org/10.1111/j.2517-6161.1995.tb02031.x 

92. Smith SM, Nichols TE, Vidaurre D, Winkler AM, 
Behrens TE, Glasser MF, Ugurbil K, Barch DM, Van 
Essen DC, Miller KL. A positive-negative mode of 
population covariation links brain connectivity, 
demographics and behavior. Nat Neurosci. 2015; 
18:1565–67. 

 https://doi.org/10.1038/nn.4125 PMID:26414616 

https://doi.org/10.1093/eurpub/cks140
https://pubmed.ncbi.nlm.nih.gov/23093718
https://doi.org/10.1111/j.1365-3016.2005.00671.x
https://pubmed.ncbi.nlm.nih.gov/16269073
https://doi.org/10.1111/j.1467-9450.2010.00862.x
https://pubmed.ncbi.nlm.nih.gov/21198650
https://doi.org/10.1371/journal.pone.0169912
https://pubmed.ncbi.nlm.nih.gov/28095458
https://doi.org/10.18632/aging.102151
https://pubmed.ncbi.nlm.nih.gov/31480020
https://doi.org/10.1159/000106735
https://pubmed.ncbi.nlm.nih.gov/7951684
https://doi.org/10.1111/j.1365-3016.2004.00584.x
https://pubmed.ncbi.nlm.nih.gov/15367326
https://doi.org/10.1080/08039489850149741
https://doi.org/10.1016/0165-1781(89)90047-4
https://pubmed.ncbi.nlm.nih.gov/2748771
https://doi.org/10.1186/1478-7954-7-18
https://pubmed.ncbi.nlm.nih.gov/20003524
https://doi.org/10.1038/nn.4393
https://pubmed.ncbi.nlm.nih.gov/27643430
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://pubmed.ncbi.nlm.nih.gov/19457380
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://pubmed.ncbi.nlm.nih.gov/16530430
https://doi.org/10.1177/0265407517718387
https://doi.org/10.1093/biomet/28.3-4.321
https://doi.org/10.1137/080738970
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/nn.4125
https://pubmed.ncbi.nlm.nih.gov/26414616


 

www.aging-us.com 16737 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. Box-plot analysis showing group differences in the distribution of (normalized) intelligence 
quotient (IQ) scores from ages 11yrs (W-11) to 63yrs (W-63), with group membership identified by colour. IQ scores from time 

points W-20 (Wave-20) and W-57 (Wave-57) were used to define group members as “improvers” or “decliners” as part of the extreme group 
design i.e. using each subject’s estimated change in IQ from W-20 when subjects were ~20yr of age (BP test) and W-57 when subjects were 
~57 (IST test). Abbreviations: W-11 = IQ score at mean subject age ~11 years, W-20 = IQ score at mean subject age ~20 years, W-57 = IQ score 
at mean subject age ~57 years, W-63 = IQ score at mean subject age ~63 years, Group A = improvers (grey), Group B = decliners (orange) as 
identified by the Extreme Group Design. 
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Supplementary Figure 2. Box-plot analysis showing group differences in the distribution of volume of (normalized) imaging 
derived phenotypes (IDPs) from ages 57yrs (W-57) to 63yrs (W-63), with group membership identified by colour. Longitudinal 

change in normalized volumes are shown for global brain matter (grey matter and white matter combined), total grey matter (GM), total 
white matter (WM), cerebral spinal fluid (CSF), and in a subset of GM volume of regions-of-interest examined. Group A = improvers (grey), 
Group B = decliners (orange), as identified by the extreme group design. 
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Supplementary Figure 3. Bland-Altman “limits of agreement” plot. Figure 3 displays the differences between IQ scores acquired at 4 

independent measurement periods (y-axis) plotted against the average of the two scores (x-axis). The BA plots show low agreement between 
the IQ tests used to assess general cognitive ability across time. Additionally, the plots also indicate that the direction and magnitude of 
change in IQ vs initial (mean) cognitive ability are unrelated in our sample. Abbreviations: IQ-11 = IQ score at ~11 years, IQ-20 = IQ score at 
~20 years, IQ-57 = IQ score ~57 years, and IQ-63 = IQ score at ~63 years. 


