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ABSTRACT

The human brain demonstrates structural and functional asymmetries which have
implications for ageing and mental and neurological disease development. We used
a set of magnetic resonance imaging (MRI) metrics derived from structural and
diffusion MRI data in N=48,040 UK Biobank participants to evaluate age-related
differences in brain asymmetry. Most regional grey and white matter metrics
presented asymmetry, which were higher later in life. Informed by these results, we
conducted hemispheric brain age (HBA) predictions from left/right multimodal
MRI metrics. HBA was concordant to conventional brain age predictions, using
metrics from both hemispheres, but offers a supplemental general marker of brain
asymmetry when setting left/right HBA into relationship with each other. In
contrast to WM brain asymmetries, left/right discrepancies in HBA are lower
at higher ages. Our findings outline various sex-specific differences, particularly
important for brain age estimates, and the value of further investigating the role
of brain asymmetries in brain ageing and disease development.

. INTRODUCTION

> There are various structural and functional differences in brain architecture between
s the left and right hemispheres' ®. Microstructural brain characteristics, such as white
+ matter (WM) pathways or intra- and extra-neurite water organisation, might underlie
s the brain’s functional lateralisation”. Functional network difference has been asso-
s ciated with handedness®. Both structural and functional brain asymmetry exhibit
7 clinical importance as there are differences in brain asymmetry between healthy
s controls and various disease groups, including neurodegenerative diseases such as
s Alzheimer’s disease” 19, Parkinson’s disease'!, and psychiatric disease such as obses-
1 sive-compulsive disorder® '?> '3 and schizophrenia'#. In that context and particularly
u relevant from a lifespan-perspective, cortical thickness asymmetry decreases through-
12 out ageing, with this alteration being potentially accelerated in the development of
15 neurodegenerative disorders such as Alzheimer’s Disease”. Similarly, some studies sug-
1 gest lower WM microstructure asymmetry at higher ages, indicated by intra-axonal
15 water fraction'®, fractional anisotropy, or the apparent diffusion coefficient'®. Addi-
16 tional investigations into brain asymmetries’ age-dependencies can provide a more
v comprehensive understanding of the influence of asymmetries on ageing and disease
18 development.

19 Brain age is a developing integrative marker of brain health, particularly sensitive
20 to neurodegenerative diseases'™ '®. Brain age refers to the predicted age in contrast to
2 chronological age and is based on a set of scalar metrics derived from brain scans such
» as MR. To date, brain age has often been estimated using a global brain parametri-
23 sation such as the averaged scalar measures over particular anatomical regions or
2« the whole brain'” 2!, Hence, we refer to these whole-brain age predictions as global
»s  brain age (GBA). However, while brain age has been calculated for different brain
2 regions'® 22724 the use of hemisphere-specific data is usually not being considered as a
27 potential source of additional information. Yet, one study presents hemisphere-specific
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;s and region-specific brain ages containing useful clinical information about post-stroke
2 coghitive improvement??.

30 Previous results show that brain age prediction depends on the specific fea-
s tures used?® 27, rendering for example modality as important. Yet, the influence of
3 hemispheric differences or brain asymmetry on the age predictions remains unclear.
13 However, previously outlined brain asymmetries' ¢ might be informative for age pre-
s dictions. One way of leveraging brain asymmetries into simple metrics is to estimate
55 separate brain ages for each hemisphere (HBA) and to then compare the estimates.
3 It remains unclear whether predictions from a single hemisphere lead to less accu-
s rate predictions due to the inclusion of less data and a potential attenuation of noise.
s At the same time, in the case of diffusion MRI (dMRI), different model-based dif-
s fusion features yield highly concordant brain age predictions, also when varying the
w0 number of included features?'. Finally, although the evidence is mixed on the influ-
s ence of handedness on brain asymmetry?8 3!, differences in handedness are potentially
«2 reflected in brain structure, which would in turn influence age predictions differently
»s when obtained from the left or right hemisphere only. Hence, handedness requires
« further examination as potential confounding effect when assessing asymmetry.

5 HBA, a new brain age measure, may propose more sensitive brain health mark-
s ers than GBA, as age predictions can be compared between hemispheres to infer the
«  integrity of each hemisphere and give a general estimate of brain asymmetry. Brain
@ asymmetries are commonly observed using the Laterality Index (LI)32. However, dif-
w0 ferent ways of estimating asymmetry can introduce variability in its dependency with
s age>, and covariates of brain age require further investigation3* 3°. To extend the
s existing brain age conceptualisation of using features across the whole brain and to
52 maximise interpretability, we restrict brain age predictions to region-averaged and
53 global features and not asymmetries of these features. Additionally, differences in the
s« models’ abilities to predict age from WM microstructure features derived from dMRI
55 compared to Tq-weighted features (volume, surface area, thickness) need to be ruled
ss out in order to validate both GBA and HBA.

57 Hence, in the present work, we tested first the preregistered hypotheses (writ-
s ten study and analysis plan prior data inspection and analyses®® 37) that the GBA
s and HBA depend on the used MRI modality (Hypothesis 1), disentangling whether
o the different grey matter (GM) and WM metrics and the degree of their asymme-
s try influences brain age predictions. We furthermore tested whether there was an
2 effect of hemisphere (Hypothesis 2) and handedness (Hypothesis 3) on brain age pre-
s dictions. Exploratory analyses included (a) revealing hemispheric differences between
s  GM and WM features, (b) examining LI associations with age, including the LI of the
s brain features as well as left and right brain ages, and (c) testing the consistency of
s brain age-covariate associations (specifically, health-and-lifestyle factors, as these were
e previously associated with brain age? 20: 38-41),
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« RESULTS

» Hemispheric differences and age sensitivity for GM and WM
©» features

n  Two-tailed paired samples t-tests showed that a significant proportion of the GM
» and WM features differed between hemispheres with medium effect sizes. Among the
75 significant 793 of 840 AMRI feature asymmetries (94.4%, p<.05, with Cohen’s |dgns 1|
u = 0.5740.44). The largest differences were found for DTI FA in the inferior longitudinal
s fasciculus (d = 3.64), and cingulum (d = 1.95), and for AD in superior longitudinal
% fasciculus.

7 Effects sizes of the significant hemispheric differences of the 115 of 117 T;-weighted
s features (98.3%), were similar: mean |dr,| = 0.534+0.41, and the largest asymmetries
o were found for the surface area of the transverse-temporal region (d = 1.81), frontal
s pole (d = 1.76), and pars orbitalis (d = 1.74; see Supplementary Table 10 for T;-
s weighted and dMRI features with strongest hemispheric differences).

8 Likelihood Ratio Tests (LRTs) comparing a baseline model predicting age from
s sex and scanner site compared to a model where the respective smooth of the met-
w ric was added (Eq. 3 and 4) indicated most features as age-sensitive (231 of the 234
ss (98.72%) of the Ti-weighted features; 1601 of the 1680 (95.53%) dMRI features).
s Age-sensitivity was strongly expressed in both significant T;-weighted features (Fr,
s = 1,168.90+£993.59), as well as significant dMRI metrics (F‘dMRI = 1,208.97+943.52)
ss  with strongest age-sensitivity observed for left superior temporal thickness, left/right
s overall thickness, left/right hippocampus volume, and right inferior parietal thickness
o0 and multiple WMM metrics in the right anterior limb of the internal capsule, the left-
o /right fornix-striaterminalis pathway, left/right anterior corona radiata and inferior
e fronto-occipital fasciculus (F' > 3,000; for top features see Supplementary Table 2).
o2 Results were similar when comparing linear models to the baseline model (Eq. 2
o and 4): 1448 of the 1680 (86.19%) dMRI metrics, and 228 of the 234 (97.44%)
os of the Ti-weighted features were age-sensitive (F‘T1 = 3,426.894+2,947.11, Fyppr =
o 2,378.46+2,357.80), with the features with the strongest age-sensitivity resembling
o LRT results of non-linear models (for top features see Supplementary Table 3).

o Considering only left/right averages identified only DTI-AD, and WMTI axial
o and radial extra-axonal diffusivity to not differ between hemispheres (p > .05). Fur-
w  thermore, all features were age-sensitive when GAMs (p < 3.4 x 107%%; yet for
1w linear models, BRIA-vCSF and WMTI-axEAD, as well as right DTI-AD and left
102 WMTI-radEAD were not age sensitive (Supplementary Tables 4, 5). Furthermore, the
103 age-relationships for most of the left/right averages were similar across hemispheres
e (Figure 1, both for crude and adjusted values: Supplementary Figure 1, and for linear
s and non-linear models: Supplementary Figure 4). However, differences in dMRI met-
106 rics were observed for the ends of the distribution including individuals aged younger
w7 than 55 (N = 5,307) and older than 75 (N = 3,480).
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w GM and WM feature asymmetry

o Using LRTs comparing GAMs to a baseline model 53 (45.30%) of the 117 T;-weighted
uo and 733 of the 840 (87.26%) dMRI |LI| features as age sensitive (p<.05). Using LRTs
uon linear effects identified 53 (45.30%) of the 117 T;-weighted and 678 of the 840
w2 (80.71%) AMRI |LI| features as age sensitive (p<.05).

13 In the following we constrain analyses to linear models and present partial deriva-
us tives / slopes as a measure of effect size, allowing for simple comparisons across
us age-relationships as model fit indices AIC and BIC of linear models and GAMs sug-
us  gested on average no differences across both T-weighted (pagj arc = .759; padj BIC =
w7 1) and diffusion-weighted features (darc = 0.510, pag; arc = .020; pag; Bre = .126).
118 The absolute feature asymmetries were higher later in life (BdM rr = 0.05 £ 0.07;
w Br, = 0.03 £ 0.06, |Bumuitimodar] = 0.05 £ 0.07, here only p,q; < .05 selected;
120 Supplementary Figure 2-3).

121 The strongest adjusted relationships between the respective features’ asymme-
12 tries and age were found for dMRI metrics (|Barprrr| = 0.08 + 0.05, |Br,| =
s 0.05 £+ 0.03; Figure 2), particularly outlining asymmetry increases in the cingu-

e late gyrus (BBrrA-microrp = 0.25, BBRIA-microra = 0.22, Bpri-mp = 0.20,
w5 BBRIA-microapc = 0.19), and decrease in the cerebral peduncle (BsyTme—eztratrans
v = -0.20, Bspr—trans = -0.19, BBRIA—Vestra = -0.14) and superior longitudinal tem-
wr poral fasciculus (BBrra—microax = -0.17, Bsyr—tong = -0.17, BBRIA-DAXcxtra =
= -0.16).

129 For T;-weighted metrics, larger structures’ |LI| were most sensitive to age, with

1  the strongest negative associations including the inferior lateral (5 = -0.16) and lateral
w ventricles (8 = -0.09), pallidum (8 = -0.11) volumes, rostro-middle thickness (8 = -
2 0.11), thalamus volume (8 = -0.07) and enthorinal area (8 = -0.05). Largest positive
133 age-associations were were shown for accumbens area (8 = 0.13), WM surface area (3
13 = 0.13) and volume (8 = 0.11), amygdala (5 = 0.11), caudal anterior cingulate thicknes
s (B = 0.11), cortex volume (8 = 0.10), caudate volume (8 = 0.10), and cerebellar WM
s volume (8 = 0.09), in addition to several temporal and limbic areas (Figure 2).

1w Sex-specific differences in the influence of hemisphere,
s modality, and handedness on brain age estimates

130 Model performance metrics indicated that most accurately age predictions were
1o accomplished using multimodal MRI data based on left, right, and both hemispheres
w1 (Table 1), with obtained HBA and GBA being strongly correlated with each other for
12 similar models (Figure 3). Additional sex-stratified models produced similar results
13 in terms of model performance (Supplementary Table 14), associations across brain
e ages and age (Supplementary Figure 10), and feature importance rankings (compare
1s  Supplementary Tables 11, 12, and 13).

146 LMERs did not indicate a difference between modalities (Hypothesis 1) when
w comparing brain ages estimated from both sexes from dMRI to multimodal MRI
ws  (p = .623), and dMRI to T;-weighted MRI (p = .452). There were also no differ-
1o ences in brain age estimates between hemispheres (p = .413, Hypothesis 2). Moreover,
150 LRTs indicated no significant difference between models when adding handedness
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s (x2 = 4.19, p = .123, df = 2) or handedness-hemisphere interaction and handedness
(2 =7.32, p=.120, df = 4; see Egs. 5-6).

153 To additionally consider sex differences, we estimated additional sex-specific brain
15« ages and control for the modelling choice (as extension to Eq. 6). We find that females’
15 brain ages do not differ when estimated from females’ data only compared to pre-
156 dictions from both males’ and females’ data (8 = —0.0073 years,p = .420). The
157 same holds true for male brain ages estimated from males’ data only compared to
158 data from both sexes (8 = —0.0002 years,p = .984). Furthermore, with these addi-
150 tional modelling choices, we identified a significant marginal effect of sex (indicating
1o an older brain age for males: f = 0.58 years,p < .001), and hemisphere for T;-
w1 weighted (8 = 0.03 years,p = .022), but not dMRI (8 = 0.02 years,p = .099), or
12 multimodal MRI (8 = 0.02 years,p = .110). Moreover, ambidextrous brain age was
163 higher than for left-handed (8 = 1 year,p < .001) and right handed participants
e (8 =0.7 years,p < .001), as well as higher for right-handed compared to left-handed
s participants (8 = 0.2 years,p < .001).

166 Further investigating the identified sex-effect, we found higher brain ages for
17 males across modalities with larger differences identified for dMRI (Biepr =
e 0.768 years,p < .001, Brignt = 0.870 years,p < .001), followed by T;-weighted
10 (Breft = 0.308 years,p < .001, Brighe = 0.438 years,p < .001) and multimodal MRI
w  (Brerr = 0.503 years,p < .001, Brighe = 0.570 years,p < .001). Notably, females’
wm  right brain age was lower than the left brain age (8r, = —0.035 years,p = .027,
w Bavrr = —0.029 years,p = .066, Buitimodal = —0.013 years,p = .403), which was
s the opposite for males showing lower left brain age (81, = 0.095 years,p < .001,
v Banvrr = 0.073 years,p < .001, Bruitimodal = —0.054 years,p = .001). In contrast to
s the analyses across sexes, these additional analyses provide support for Hypotheses
we 1-3 when sex-stratifying.

i Lower brain age asymmetry at higher ages

s To test whether asymmetries between hemisphere-specific brain age predictions are
we lower at higher age, |[LIgpa|, was associated with age (Eq. 7-8). |LIgpa| showed
180 negative unadjusted associations with age for Ti-weighted (r = —0.069, p < .001),
w dMRI (r = —0.121, p < .001), and multimodal models (r = —0.121, p < .001).
12 The associations were similar when using LMEs adjusting for sex and the random
13 intercept site (Tq-weighted: 5 = —0.069, p < .001, dMRI: g8 = —0.115, p < .001,
1 multimodal: 5 = —0.117,p < .001). LRTs indicate the age-sensitivity of LIgpa (T1-
s weighted: 2 = 173.42, p < .001, dMRI: x? = 488.74, p < .001, multimodal: y? =
185 506.08, p < .001).

187 These results were robust to stratifying by sex, estimates from a brain age model
s considering both sexes for unadjusted (raarrr mates = —0.134, TamRI femates =
10 —0.104,771 mates = —0.134, rpp females — —0.048, Tyuitimodal males = _01347
19 Tmultimodal females = —0.111), and adjusted associations (Bamrr mates =
w —0.134, ﬁdMRI females — —0.099, BTl males = —0.134, 5T1 females — _0045;

192 Bmultimodal males — _01347 ﬁmultimodal females = _0106), Wlth X2 tests Suggesting
103 age sensitivity (all p < .001).
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104 Using brain age predictions from models which were independently estimated
s for males and females showed similar results for unadjusted (ransrr maies =
196 _01417 TdMRI females — _0~0947TT1 mates = —0.120, rp1 females — —0.031,
197 Trultimodal males = —0.165, Tmuitimodal females = —0.089), and adjusted associations
198 (ﬁdJVIRI males = _01377 Bd]\IRI females = —0.088, ﬁTl males = _01177 ﬂTl females =
199 _00297 ﬁmultimadal males = —0.162, ﬁmultimodal females = _0084): with X2 tests
20 suggesting age sensitivity (all p < .001).

201 Finally, also when analysing brain ages for males and females from sex-specific

22 models together shows similar trends for uncorrected |LIgpal-age associations
203 (Tmultimodal = —0.123, p < .001; Y, = —0.074, p < .001, rqprrr = —0.114, p < 001)7
2¢  as well as corrected association (Bmuitimoedar = —0.125, p < .001; B, = —0.071,
05 p < .001, Bamrr = —0.113, p < .001; Eq. 7—8)

» HBA and GBA and health-and-lifestyle factors

27 We further investigated the pattern of relationships with general health-and-lifestyle
28 phenotypes across HBAs (Figure 4). Relationships between brain ages from single
200 and both hemispheres were similar within modalities, but varied slightly between
20 modalities (Figure 4). These results were robust to sex stratifications. Yet, while males’
o brain age was sensitive to high cholesterol, hip circumference, smoking and weight,
a2 this was not the case for females’ brain age when using brain age predictions from
a3 data of both sexes (Supplementary Figure 11-12).

x  Sex stratified hemispheric differences and age sensitivity for
2 GM and WM features

a6 For further insights into sex differences, we repeated the presented analyses on hemi-
a7 spheric differences and features’ age-sensitivity stratifying by sex. Two-tailed paired
zs samples t-tests assessing regional differences between hemispheres showed similar
a9 results between sexes, which are also comparable to cross-sex results. Most features
20 differed between hemispheres for both males and females (T-weighted: 98.3% for both
21 sexes, AMRLazes: 96%, AMRI fepmares: 95%), and effect sizes were similar (|dry mates| =
22 0.54 £ 0.42, |dr, femates| = 0.53 £ 0.42, |danrrr mates| = 0.57 £ 0.41, |darrrr females
23 = 0.60 £ 0.47).

24 Also the strongest effects were similar across sexes: strongest differences in Ti-
25 weighted features in males were observed for frontal pole (dr,maies = 1.82) and pars
26 orbitalis (dr,maies = 1.78) surface area, and for females in the area of the trans-
27 verse temporal area (drp, females = 1.89) and the frontal pole (dr, femates = 1.73).
28 Strongest WM differences were observed for both sexes in inferior longitudinal fasci-
2o culus (dd]V[RI males — 3.44, deWRI females = 3.91), and Superior lonitudinal temporal
20 fasciculus (ddMRI males — 2.097 ddMRI females = 2.40; Supplementary Table 6).

231 LRTs comparing a baseline model predicting age from sex and scanner site com-
a2 pared to a model where the respective smooth of the metric was added (Eq. 3 and 4)
23 indicated most features as age-sensitive (230 of the 234 (98.29%) of the T;-weighted
2¢  features (both sexes); 1,557 and 1564 of the 1,680 (92.68% and 93.10%) dMRI fea-
235 tures for males and females, respective). Age-sensitivity was strongly expressed in both
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»e  significant Tp-weighted features (Frmares = 640.80 4 521.33; F'Tlfemales = 578.61
xr £ 500.79), as well as significant dMRI metrics (Fyarrr mates = 586.38 + 450.68,
238 FdMRI females = 674.61 £+ 49958)

239 Similar to the results including both sexes, the strongest T;-weighted feature age-
20 sensitivity was observed for left superior temporal thickness, left/right hippocampus
21 volume for both sexes, and right inferior parietal thickness only for females. Concern-
22 ing AMRI features, sex stratification reflects the findings accounting for sex, outlining
a3 the fornix-striaterminalis pathway, anterior corona radiata and inferior fronto-occipital
aa fasciculus, yet adding the anterior limb of the internal capsule and the anterior thala-
25 mic radiation. Unique to non-linear models, also the lateral ventricle volume was lined
26 out as highly age sensitive (all F' > 1, 666; for top features see Supplementary Table 7.
247 Results were similar when comparing linear models to the baseline model (Eq. 2
2 and 4): 1,557 and 1,564 of the 1680 (92.68%, 93.01%) dMRI metrics, and 226 and 224
29 of the 234 (96.58%, 95.73%) of the Ti-weighted features were age-sensitive for males
»0 and females, respectively (Fr,mates = 1,767.60 £ 1,474.69; FTlfemales = 1,712.73 +
w1 1,488.97; FunirI mates = 1,198.85 & 1,135.84, Funirr femates = 1,297.51 + 1,257.02),
2 with the features with the strongest age-sensitivity resembling LRT results of non-
253 linear models (for top features see Supplementary Table 8).

254 Considering only left and right hemispheric averages, t-tests indicated that all
»s  features differed between hemispheres for males (p < 3.1 x 107?). In females, WMTI
6 radEAD and axEAD as well as DTT AD did not differ between hemispheres (p > 0.05),
7 but all other metrics differing between hemispheres (p < 1.5 x 10736).

258 Considering all regional features, LRTs on GAMs (Eq. 4, 3) indicated that all
»0 features were age-sensitive (p < 5.1 x 1077!). LRTs on linear models (Eq. 2, 4)
%0 indicated that right hemisphere BRIA-vCSF and left microRD were not age sensi-
21 tive (pag; > 0.05) in males. In females, additionally, left DTI-RD and GM thickness
w2 as well as left and right WMTI-axEAD were not age-sensitive. All other metrics
%3 were age sensitive (p < 2.7 x 10711). Hemispheric features’ age-relationships showed
4 similar intercepts and slopes across sexes, except DTI-AD, WMTI-radEAD and
265 WMTI-axEAD (Supplementary Figure 5-6).

x Sex differences in GM and WM feature asymmetry

27 Sex-stratified analyses indicate most dMRI |LI| features to be age sensitive
268 (AMRIqres = 64.29%, dMRlfemaies = 69.52%), but less Ti-weighted features
260 (T mates = 47.86%, T1 females = 38.46%) when using non-linear models. Linear mod-
o els showed similar results (AMRIq7es = 60.95%, dAMRIfemates = 64.05%; T1 mates =
o 44.44%, Ty females = 37.61%). Comparing linear to non-linear models using paired
o2 samples t-tests suggests no differences model fit indicated in AIC or BIC scores for
23 both males and females in T-weighted and diffusion features’ asymmetry (p > 0.05).
os - Hence, linear model outcomes are presented below. Similar to models including both
o5 sexes, when stratifying for sex, |LI| for diffusion and Ti-weighted feature were pos-
7 itively associated with age (Barrrr mate = 0.05 & 0.08, Banrrr female = 0.05 £ 0.08,
217 BTl male = 0.03 £ 0067 BTl female = 0.03 = 006)

278 The strongest adjusted relationships for diffusion features were found in the
219 Cingulate gyrus tract (5males BRIA-microrD = 0.25, Bmales BRIA—microFA =
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280 0227 Bfemales BRIA—microRD — 0257 Bmales BRIA—microFA — 021) and in
s the cerebral pedunC]-e (ﬁmales SMTmc—extratrans — _0~197 Bmales SMT—trans —
w2  —0.18, ﬁfemales SMTmc—extratrans = —0.21, ﬂfemales SMT—trans = —0.20,
23 Sfemales BRIA—Veastra = —0.18; Supplementary Figures 8, 9). Strongest age asso-

s clations with Ti-weighted asymmetries were found for the area of the accumbens
285 (ﬂmales = 0.14, Bfemales = 012) and WM surface (Bmales = 0'13aﬂfemales = 012)7
285 with strongest inverse relationships observed for inferior lateral ventricles (Bimaies =
w7 —0.17, Bremates = —0.14) and pallidum (Bmaies = —0.11, Bfemates = —0.12).

= DISCUSSION

20 In the present work we investigated a new way of utilising brain age to differenti-
20 ate between hemispheres, and performed a detailed assessment of brain asymmetry
2 associations with age. As a baseline, we showed that most grey and white matter fea-
22 tures were age-sensitive and differed between hemispheres with relatively large effect
203 sizes. Brain asymmetry was age-sensitive, and overall higher at higher ages. In con-
2s  trast, asymmetry in hemispheric brain age was lower at higher ages. The strongest
25 relationship of age and absolute brain asymmetry was identified in larger GM and
206 WM regions, as well subcortical structures, including the limbic system, the ventricles,
27 cingulate and cerebral as well as cerebellar peduncle WM.

208 Brain age predictions exhibited concordant accuracy within modalities for left,
200 right, and both hemispheres, and concordant associations with health-and-lifestyle
0 factors also when analysing data for males and females separately, training brain age
s models on data from each sex separately or both sexes together. The predictions did
s not differ statistically between hemispheres, modalities, or handedness groups when
a3 considering both sexes together. However, sex-stratified analyses, which considered
s different brain age modelling choice, revealed significant opposing effects between
s sexes for hemisphere and modality, and outlined marginal differences between hand-
s edness groups. There are multiple reasons for the observed higher brain age in
a7 females’ right hemisphere compared to males’ higher brain age of the left hemisphere,
s in addition to modality-specific differences. First, male and female brain structure
300 differs, resulting in sex-specific regional variations in brain age estimates*2. Second,
a0 body and brain ageing trajectories differ between sexes, for example, outlined by
su  sex-dependent importance of cardiometabolic risk factors®® . Hence, the tendency of
sz males’ predicted brain age being lower using T;-weighted and multimodal in contrast
a3 to diffusion-derived brain ages, with these trends reversed in females, might also
s reflect stronger brain age associations with cardiometabolic risk factors in males
a5 (Supplementary Figure 7), which have been demonstrated earlier for WM features
ss and WM brain age®® 3. HBA allows to assess the structural integrity of each hemi-
a7 sphere individually, and to set brain ages from the two hemispheres in relationship
a8 to each other providing a general marker of asymmetry. Despite brain asymmetries
a0 overall increasing (Supplementary Figures 2-3), the asymmetries between left/right
20 HBA were smaller at a higher age. At higher ages, both hemispheres might hence
;21 become overall more comparable, despite ageing-related changes®*.
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323 We found that the majority of regional and hemisphere-averaged MRI features
s differed between hemispheres. Both features and asymmetries were age-sensitive
»s indicating that the investigation of asymmetries are useful across ages and MRI
36 modalities.

327 Interestingly, hemisphere-averaged features’ age-associations and HBA of the same
28 modality were similar between hemispheres (Figure 1), and the hemisphere was not
30 a significant predictor of brain age estimated from a particular hemisphere, when
s analysing data from both sexes together. However, when sex-stratifying, modality
s and hemisphere were significant predictors, suggesting that HBA captures both brain
s asymmetries as well as biological sex-differences which become apparent when using
;3 multimodal MRI. These results outline the importance of considering sex-differences
3 in brain age analyses.

335 Several studies present evidence for asymmetries in WM 45748 and GM* 9> 4951,
3 In contrast to these previous studies, for the first time, we examine various metrics
s supplying information on both WM and GM in a large sample. While we find various
s differences between hemispheres, age relationships of T1-weighted and dMRI features
30 were similar between hemispheres using hemispheric averages, also when stratifying
uo by sex. Spatially finer-grained examinations revealed more specific patterns of asym-
s metry in Ti-weighted features, such as GM thickness?, and dMRI features*®. This is
sz also shown in the present study by stronger age-effects for specific regional asymme-
w3 tries compared to asymmetries in hemispheric averages. Age-MRI metric relationships
us  depend, however, on the selected metric, the sample, and the sampling (cross-sectional
w5 or longitudinal)®® °3. For example, previous evidence from T;-weighted MRI indicates
1 no differences in GM volume between hemispheres®®, but hemispheric differences of
a7 cortical thickness and surface area across ageing® °.

38 The presented age charts of MRI metrics in the current work (Figure 1, Supplemen-
s tary Figure 1) provide similar trends to those reported in previous studies observing
10 global age dependencies'® 21 55757 Yet, the stratification between hemispheres when
1 presenting brain features’ age dependence is a novel way of presenting brain charts.
352

353 We found asymmetries based on GM and WM brain scalar measures. Unimodal
s studies with smaller, younger samples presented age-dependence of the brain asymme-
s try during early WM development®® and adult cortical thickness?, other T:-derived
16 metrics®®, and functional network development®, showing lower asymmetry at higher
7 ages. In contrast to HBA asymmetries, brain asymmetries do generally not support
s the notion of lower but instead of higher brain asymmetry later in life. Different
350 study design choices, such as temporal and spatial levels might provide supplemental
%0 information into the age-dependence of brain asymmetries, for example, by further
1 investigating longitudinal and voxel-level asymmetries.

362 We extended previous findings by providing a comprehensive overview of brain
3 asymmetry associations throughout mid- to late life including both GM and WM. Our
s findings indicate that when considering various metrics, older brains generally appear
s less symmetric than younger brains in the current sample mid- to late life sample,
s whereas brain age appears more symmetric in older brains.
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367 Notably, we identified strong associations between specific brain regions’ asymme-
ws  try and age. The strongest age-associations of asymmetries were observed for subcor-
30 tical, ventricle-near structures. The general age-sensitivity of such structures?! 5% 59
s might be a reason for the observed age-associations in asymmetries, and hence
sn pointing towards one hemisphere being stronger affected by degradation effects,
sz or even the involvement of such regions in psychiatric and neurodegenerative
s disorders?% 25, 58, 60-65 For example, the hippocampus, a prominent limbic structure,
s presents relatively high levels of adult neurogenesis, which might potentially explain
s repeated findings of the region’s associations with psychiatric disorders and disor-
s der states such as depression, anxiety, schizophrenia, addiction, and psychosis®® 67,
sz and neurdegenerative disorders, especially Alzheimer’s Disease®®, but also ageing in
s general®®. Some of the strongest age-relationship for T;-derived asymmetries were
s observed in the accumbens, ventricles and pallidum. In turn, a series of dMRI
s approaches was sensitive to asymmetry in the cingulum tract, which is higher
s in late-life and cerebral peduncle asymmetry which appears lower in late-life. In
s particular, radial diffusivity metrics, such SMT-trans, SMTmc-extratrans, and BRIA-
;3 microRd, and fractional anisotropy indicated by BRIA-microFA were sensitive to
s age-dependencies of these asymmetries. Although speculative, this observation could
35 indicate a relationship between asymmetry and axonal properties during ageing, such
s as myelination, density, or diameter, in the cingulum, with yet a more general marker
s7 (BRIA-microFA) of anisotropy asymmetry increasing at advanced age. However, lim-
s itations of the different diffusion metrics, such as the inability to account for axonal
0 swelling, infection, or crossing fibres™®, aggravates the interpretation of such asym-
w0 metry changes. Overall, asymmetries’ age-dependencies in subcortical, limbic and
s1  ventricle-near areas are not surprising, considering that the cingulum and cerebral
s peduncle WM, and middle temporal GM area also presented some of the strongest
33 asymmetries across the sample (Supplementary Table 10).

304 Both GM volume, surface, and thickness show asymmetries across
s studies 3 4 9% 51 We identified lower asymmetry linked to higher ages in the ventric-
s ular and pallidum volumes, appearing alongside the known effect of larger ventricle
37 volumes at higher ages®. The strongest positive age-relationships for Ti-weighted
w8 features’ asymmetry were observed for accumbens and WM surface area, as well as
30 limbic structures such as amygdala, hippocampus, and cingulate. Limbic structures
w0 have previously been outlined as highly age-sensitive?!: 5% 5% 69 Higher asymmetry-
w1 levels might speak to asymmetric atrophy in these limbic regions, potentially
w2 explaining several ageing-related effects’. However, lifespan changes in ventricular
w03 volume asymmetry in relation to symptom and disorder expression requires additional
w04 investigations.

405 Cingulum WM microstructure has been reported to differ between
ws hemispheres”! "3, Abnormalities in cingulum asymmetry have been linked to
w7 schizophrenia”™ 7% and epilepsy”” 78, and Alzheimer’s disease®”. Additionally, the cin-
ws gulum tract was associated with the anti-depressant effects of deep brain stimulation
w0 in treatment-resistant depression”. Recent evidence points out strongest polygenic
a0 risk associations for several psychiatric disorders in addition to Alzheimer’s Dis-
m  ease with longitudinal WM in the cerebral peduncle®®. Future research could assess
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a2 regional asymmetries to evaluate such metrics’ value for diagnostics and treatment in
a3 a range of brain disorders.

414 Overall, most absolute MRI feature asymmetries were positively related to age,
a5 with brain age asymmetries showing inverse age-relationships. However, for both WM
as and GM this process was observed to be spatially distributed. Metric-specific changes
a7 might indicate accelerated and pathological ageing”, which urges to examine different
as - WM and GM metrics across temporal and spatial resolutions and in clinical samples.
410 Informed by the presented brain asymmetries and their age-dependence, we sug-
w20 gest HBA, indicating the structural integrity of each hemisphere when compared to
a1 the chronological age. Moreover, HBA provides a general marker of asymmetry, when
m  setting left /right HBA in relationship to each other. While this added information to
w23 conventional GBA is promising, first, the degree to which HBA captures GBA pre-
«2¢  dictions, had to be assessed. This investigation included (1) direct comparisons of
»s  HBA and GBA models and their predictions, (2) the influence of covariates of brain
w6 age including MRI modality, hemisphere, handedness, and the hemisphere-handedness
w7 interaction effect, and (3) a comparison of health-and-lifestyle phenotype-associations
s  with HBA and GBA. Overall, HBA and GBA were highly similar across these dimen-
w0 sions, yet different between hemispheres and modalities within males and females,
a0 with these differences contrasting each other. This renders HBA sensitive to potential
a1 underlying biological processes which only become apparent when assessing males and
.2 females separately. Additionally, different modalities might be sensitive to a range of
a3 biological phenomena in terms of brain age, such as dAMRI brain age which presents
aa group differences for diabetes only in males. In that sense, a further route of inves-
a5 tigation could be to establish sex-specific uni- and multimodal brain age models
w6 (which account for sex differences in brain morphology and its developmental trajec-
sz tories). The influence of hemisphere and sex on how these models relate to biological
a3 phenomena can then be assessed.

439 Congruently with previous research which combined MRI modalities®”, we found
w0 higher prediction accuracy for multimodal compared to unimodal predictions for both
. HBA and GBA. Our results extend previous findings on conventional brain age by
w42 not only estimating brain age from different MRI modalities, but also for each hemi-
w3 sphere and sex separately. HBA could hold potential in clinical samples by informing
we about the consistency between the two hemispheres’ brain age predictions. Particu-
ws larly diseases or conditions which affect a single hemisphere, such as unilateral stroke
ws  or trauma, might then be sensitively detected, and the integrity of the unaffected hemi-
w7 sphere can be assessed by observing the congruence of HBA??. Larger discrepancies
us  between HBAs of the same individual might act as a marker of hemisphere-specific
wo  brain health imbalance, which may indicate potential pathology.

450 While this study provides initial explorations of asymmetries and HBA, our find-
1 ings remain limited to the examined sample (imaging subset of the UKB), and limited
2 by generational effects within the sample. The UKB contains individuals born in
»s3  different decades, which influences individual predispositions for brain health through
s+ various factors such as the living environment®® or education®!, representing various
s potential confounding effects. Additional bias might have been introduced by the sam-
w6 ple characteristics and sampling procedure. The UKB consists of nearly exclusively
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7 white UK citizens, limiting the generalisability beyond white Northern Europeans
s and US Americans in their midlife to late life. The volunteer-based sampling proce-
s dure might additionally have introduced bias, reducing generalisability to the UK
w0 population®?, with the imaging sample of the UKB showing an additional positive
w1 health bias (better physical and mental health) over the rest of the UKB sample®?,
w2 rendering this sub-sample as even less representative of the total UK population.

463

264 In conclusion, we identified asymmetries throughout the brain from midlife to late-
ws  life. These asymmetries appear higher later in life across GM and WM. Opposing, the
ws difference in left/right hemispheric brain age is smaller at higher ages. We further-
w7 more identify various sex-specific differences in brain age and its correlates, as well as
ws  regional asymmetries which do not only show age-dependence but which have also been
wo related to various clinical diagnoses. The identified age-relationships of asymmetries
s provide future opportunities to better understand ageing and disease development.

- METHODS

=~ Sample characteristics

a3 We obtained UK Biobank (UKB) data®*, including N = 48,040 T;-weighted datasets,
we N = 39,637 dMRI datasets, resulting in N = 39, 507 joined /multimodal datasets after
a5 exclusions were applied. Participant data were excluded when consent had been with-
w6 drawn, an ICD-10 diagnosis from categories F (presence of mental and behavioural
«r  disorder), G (disease of the nervous system), I (disease of the circulatory system),
as or stroke was present, and when datasets were not meeting quality control standards
mo  using the YTTRIUM method®® for dMRI datasets and Euler numbers were larger than
w0 3 standard deviations below the mean for T;-weighted data®. In brief, YTTRIUMS3>
s converts the dMRI scalar metric into 2D format using a structural similarity®” 38
2 extension of each scalar map to their mean image in order to create a 2D distribu-
w3 tion of image and diffusion parameters. These quality assessments are based on a
s 2-step clustering algorithm applied to identify subjects located outside of the main
w5 distribution.

286 Data were collected at four sites, with the T;-weighted data collected in Cheadle
w7 (58.41%), Newcastle (25.97%), Reading (15.48%), and Bristol (0.14%). Of these data,
w8 52.00% were females, and the participants age range was from 44.57 to 83.71, mean
o = 64.86 £ 7.77, median = 65.38 £ 8.79. DMRI data were available from four sites:
w0 Cheadle (57.76%), Newcastle (26.12%), Reading (15.98%), and Bristol (0.14), with
w 52.19% female, and an age range of 44.57 to 82.75, mean = 64.63 + 7.70, median =
w2 65.16 £+ 8.73. The multimodal sample (N = 39, 507) was 52.22% female, with an age
w3 range of 44.57 to 82.75, mean = 64.62 £ 7.70, median = 65.15 + 8.73. Information
ws on sex was acquired from the UK central registry at recruitment, but in some cases
w5 updated by the participant. Hence the sex variable may contain a mixture of the sex
ws the UK National Health Service (NHS) had recorded for the participant as well as
w7 self-reported sex.
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«s MRI acquisition and post-processing

w2 UKB MRI data acquisition procedures are described elsewhere®® 8% 99 The raw
so  Tq-weighted and dMRI data were processed accordingly. Namely, the dMRI data
s passed through an optimised pipeline®®. The pipeline includes corrections for noise”?,
s Gibbs ringing”?, susceptibility-induced and motion distortions, and eddy current
s0s artifacts??. Isotropic 1 mm?® Gaussian smoothing was carried out using FSL’s% 9°
s fslmaths. Employing the multi-shell data, Diffusion Tensor Imaging (DTI)%, Diffu-
ss  sion Kurtosis Imaging (DKI)?7 and White Matter Tract Integrity (WMTI)?® metrics
s were estimated using Matlab 2017b code (https://github.com/NYU-DiffusionMRI/
sv  DESIGNER). Spherical mean technique (SMT)%, and multi-compartment spheri-
ss  cal mean technique (SMTmc)'% metrics were estimated using original code (https:
s //github.com/ekaden/smt)% 190, Estimates from the Bayesian Rotational Invariant
sio  Approach (BRIA) were evaluated by the original Matlab code (https://bitbucket.org/
su  reisert/baydiff/src/master/)10t.

512 T,-weighted images were processed using Freesurfer (version 5.3 automatic
sz recon-all pipeline for cortical reconstruction and subcortical segmentation of the T-
sie weighted images (http://surfer.nmr.mgh.harvard.edu/fswiki)!%3.

515 In total, we obtained 28 WM metrics from six diffusion approaches (DTI, DKI,
sis - WMTI SMT, SMTmc, BRIA; see for overview in Supplement 9). In order to normalise
sz all metrics, we used Tract-based Spatial Statistics (TBSS)!%*, as part of FSL% 9. In
si5 brief, initially all brain-extracted'®® fractional anisotropy (FA) images were aligned
s0 to MNI space using non-linear transformation (FNIRT)Y. Following, the mean FA
s0 image and related mean FA skeleton were derived. Each diffusion scalar map was
sa1 projected onto the mean FA skeleton using the TBSS procedure. In order to provide
s2  a quantitative description of diffusion metrics we used the John Hopkins University
2 (JHU) atlas'%®, and obtained 30 hemisphere-specific WM regions of interest (ROIs)
4 based on a probabilistic WM atlas (JHU)!7 for each of the 28 metrics. For T -weighted
s data, we applied the Desikan-Killiany Atlas'?®. Altogether, 840 dMRI features were
s derived per individual [28 metrics x (24 ROIs + 6 tracts)] for each hemisphere, and
sr 117 Tq-weighted features (surface area, volume, thickness for each of the 34 regions;
ss 3 whole-brain gray matter averages, and 2 averages of white matter surface area and
s20 volume) for each hemisphere.

) 102

s Brain Age Predictions

s Brain age was predicted using the XGBoost algorithm!'® implemented in Python
s (v3.7.1). We used six data subsets to predict brain age split in the following manner:
s13 1) right hemisphere T1-weighted, 2) left hemisphere Tq-weighted, 3) left hemisphere
sa  diffusion, 4) right hemisphere diffusion, 5) left hemisphere multimodal, 6) right hemi-
35 sphere multimodal. We applied nested k-fold cross-validation with 5 outer and 10 inner
s3  folds (see Supplementary Table 1 for tuned hyperparameters for models trained on
537 data from both sexes together and Supplementary Table 15 for models trained sepa-
s rately for males and females). We corrected for age-bias and mere age-effects!!? 111
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s9 by including age in the regression equations (Eq. 5) when assessing effects of modal-
s ity, hemisphere, and handedness on brain age, as well as phenotype associations with
s brain ages (Eq. 9).

s Statistical Analyses
ss Al statistical analyses were carried out using Python (v3.7.1) and R (v4.2.0).

s« Hemispheric differences and age sensitivity

To give an overview of the extent of brain asymmetry, we assessed the significance of
T;-weighted and dMRI features’ asymmetry using two-sided t-tests. The lateralisation
or asymmetry of the brain features was estimated as the following: we applied the LI*?
to both regional features and features averaged over each hemisphere (see also®?).

L-R

Li==—=—
L+R

(1)
ses  where L and R belongs to any left and right scalar metric, respectively. Furthermore,
s when associating LI with age, we used absolute LI values (|LI]) allowing to estimate
s age-effects on asymmetry irrespective of the direction of the asymmetry (leftwards or
s rightwards).
We then used linear regression models correcting for sex and scanning site to
predict age from all regular and LI features:

Age = F + Sex + Site, (2)

where F' is a scalar metric such as, for example, hippocampus volume (derived from
T;-weighted image) or tapetum fractional anisotropy (derived from DTI). The same
model setup was used applying generalised additive models (GAM) to model non-
linear relationships between F' and Age using a smooth s of linked quadratic functions
with k = 4 knots and restricted maximum likelihood (REML):

Age = s(F) + Sex + Site. (3)

Likelihood ratio tests (LRTs)!? were used to assess the age sensitivity of all T;-
weighted and AMRI features and their asymmetry /LI features by comparing the above
models with baseline models not including the respective feature:

Age = Sex + Site. (4)

se0  We used the same procedure for region-averaged and hemispheric average metrics for
sso - regular and LI features. Hemispheric averages of regular features were then visualised
ss1 by age, including surface area, volume, thickness for T;-weighted data, and intra- and
ss2 - extra-axonal water diffusivities as well as for DTT and DKI metrics.

553 To compare the model fit of non-linear and linear models we used the Akaike
ssa  information criterion (AIC)!? and Bayesian information criterion (BIC)!14.
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s Brain age assessment

56 We estimated correlations across HBA and GBA to assess their similarities in addition
ss7 to the model output provided from the prediction procedure. We also correlated age
s with the LI (see Eq. 1) for the three modalities (AMRI, T-weighted, multimodal
ss0  MRI), and estimated the age sensitivity of the LI as described in (Egs. 2-4).

As preregistered (https://aspredicted.org/if5yr.pdf), to test the relationships
between hemisphere (H), modality (M), and HBA while controlling for age, sex
and scanner site, we employed linear mixed effects regression (LMER) models of the
following form:

HBA=H+ M + H x M + Sex + Age + Sex x Age + (1|Site) + (1]I),  (5)

sso  where I refers to the random intercept at the level of the individual. Post-hoc group
ss1  differences were observed for hemisphere, modality and their interaction.
Next, handedness (Ha) was added to the model to observe whether there are model
differences between the resulting LMER:

HBA = Ha+H x Ha+H+ M+ H x M+ Sex+ Age+Sex x Age+(1|Site)+(1|I), (6)
sz and the previous model. Models were statistically compared using LRTs"!2.
563 For sex-stratified analyses, we considered brain age estimates both from models
ssa  using data from both sexes together, as well as models which were trained on females-
ses only or males-only data. The modelling choice (M C') was included as a factor for the
se6  sex-stratified brain age analyses in the formula of Eq. 6.
Finally, the LIs (Eq. 1 of left and right brain age predictions for T;-weighted,
diffusion and multimodal MRI (LIgpa4, i.e. the asymmetry in brain age predictions)
were associated with age, controlling for sex and scanner site as random effect:

Age = Llgpa + Sex + (1|Site). (7)

The LIgpas’ age-sensitivity was then assessed (as for brain features, see Egs. 2-4),
using LRT's comparing the above model with a baseline model excluding LIgpa (Eq.
4):

Age = Sex + (1|Site). (8)
ss7 ' This procedure was also done for each sex individually, also separating between brain
sss  age models predictions which were obtained from the data from both sexes compared
s0  tO a single sex.

s Phenotype associations of brain age

In an exploratory analysis step, we assessed association patterns between brain ages
and health-and-lifestyle factors which have previously demonstrated an association
with brain age??: 26: 3841 This analysis step served to compare phenotype associations
across estimated brain ages. The health-and-lifestyle factors included alcohol drinking
(binary), height and weight supplementing body mass index (BMI), diabetes diagnosis
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(binary), diastolic blood pressure, systolic blood pressure, pulse pressure, hypertension
(binary), cholesterol level (binary), and smoking (binary describing current smokers).
For this last analysis step, LMERs were used with the following structure:

P = BA + Sex + Age + Sex x Age + (1|Site), (9)

sn - where BA refers brain age incorporating both GBA and HBA, P is the phenotype.
572 Furthermore, where applicable, we corrected p-values for multiple testing using
s3 Bonferroni correction and an a-level of p < .05. We used a high-precision approach
su to calculate exact p-values utilizing the Multiple Precision Floating-Point Reliable R
s5 package!'®, and report standardized -values. Sex and site were entered as indepen-
st dent factorial nominal variables in the applicable regression models, with sex being
s7 a binary (0 = female, 1 = male) and scanner site a multinominal (0 = Cheadle, 1 =
s Newcastle, 2 = Reading, 3 = Bristol). Finally, we repeated the presented statistical
s analyses stratifying for sex.

580

- DATA AVAILABILITY

s2  All raw data are available from the UKB (www.ukbiobank.ac.uk).

= CODE AVAILABILITY

ss¢  Analysis code is available at https://github.com/MaxKorbmacher/Hemispheric_
585 Brain,Age.
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Fig. 1 Age curves of standardized and zero-centered mean values of GM and WM features per
hemisphere. A cubic smooth function (s) with k& = 4 knots was applied to plot the relationship
between age and brain features correcting for sex and scanner site (F): age = s(F) + sex + site
using restricted maximum likelihood (REML). The grey shaded area indicates the 95% CI. All age-
relationships were significant (pqq; < .05).
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Fig. 2 Tj-weighted and dMRI features linear asymmetry-age-associations. The plot presents the
standardized (sex- and site-corrected) regression slopes versus Bonferroni-adjusted -logl0 p-values.
Modelling was done using Eq. 2: age = Bo + f1 X F 4+ (2 X Sex + (B3 x Site, where F' is the
respective brain feature. Labelling was done separately for T;-weighted and dMRI indicating the
10 most significantly associated features (five for 8 > 0 and five for 8 < 0). ILF = inferior
longitudinal fasciculus, Cereb.Peduncle = cerebral peduncle, Rostro-mid. thicknes = rostro-middle
superior longitudinal fasciculus (temporal part), Fornix-Str.Term. = fornix-

stria terminalis tract, Caud. ant. cingulate = caudal anterior cingulate. Full tables are available at

thickness, SLFT
https://github.com/MaxKorbmacher/Hemispheric_Brain_Age/.
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Fig. 3 Pearson correlation coefficients between chronological and predicted ages for T1-weighted,
diffusion, and multimodal MRI for left, right and both hemispheres. All Bonferroni-corrected p < .001.
L: left hemisphere, R: right hemisphere, LR: both hemispheres.
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Fig. 4 Linear association between general health-and-lifestyle phenotypes and brain age estimated
from different modalities, left, right and both hemispheres. Eq. 9 was used and standardized slopes
are presented. For simplicity, standardized slopes with |8] < 0.005 were rounded down to 8 = 0. L:
left hemisphere, R: right hemisphere, LR: both hemispheres, BMI: body mass index, WHR: waist-to-
hip ratio. Bonferroni-adjusted p < .05 is marked by a black frame.
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TABLES

Table 1 Hemispheric brain age prediction outcomes.

Model Features R2 MAE RMSE Correlation*

Left Tiw 117 0.504 (0.010) | 4.389 (0.054) | 5.472 (0.061) | 0.708 [0.703, 0.712]
Right T1w 117 0.492 (0.008) | 4.439 (0.049) | 5.529 (0.051) | 0.705 [0.700, 0.709]
Tiw 234 0.526 (0.011) | 4.294 (0.050) | 5.356 (0.062) | 0.725 [0.721, 0.730]
Left AMRI 840 0.568 (0.014) | 4.000 (0.047) | 4.990 (0.067) | 0.757 [0.753, 0.762]
Right dMRI 840 0.582 (0.013) | 3.960 (0.052) | 4.967 (0.079) | 0.766 [0.762, 0.771]
dMRI 1680 0.605 (0.010) | 3.867 (0.059) | 4.821 (0.094) | 0.781 [0.777, 0.785]
Left multimodal 957 0.630 (0.009) | 3.757 (0.046) | 4.673 (0.047) | 0.794 [0.790, 0.797]
Right multimodal 957 0.634 (0.014) | 3.723 (0.073) | 4.673 (0.092) | 0.794 [0.791, 0.798]
Multimodal 1914 0.628 (0.017) | 3.663 (0.055) | 4.563 (0.077) | 0.793 [0.789, 0.797]

R? = Variance explained, MAE = Mean Absolute Error, RMSE = Root Mean Squared Error, Corr. =
Correlation, Values in round parentheses () refer to standard deviations and square brackets [| to 95%
confidence interval around correlations (Pearson’s r) of uncorrected brain age estimates and chronological

age.

* The correlation between raw brain age and chronological age.
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- SUPPLEMENTARY
-~ INFORMATION

g1 Supplementary information to the article ”Brain asymmetries from mid- to late-life
g2 and hemispheric brain age”, Korbmacher et al., 2023

- SUPPLEMENTARY TABLES

« 1 Tuned hyperparameters for brain age models
95 considering both sexes together

ss Overview of the tuned hyperparameters for each of the used brain age models
considering both sexes together.

Modality Hemisphere | Learning Rate | Maximum Depth | Number of Trees
Multimodal Both 0.1 8 140
Multimodal Left 0.05 7 180
Multimodal Right 0.1 8 140

dMRI Both 0.1 6 100

dMRI Left 0.1 4 180

dMRI Right 0.1 5 180

Tiw Both 0.1 5 140

Tiw Left 0.1 6 140

Tiw Right 0.1 6 180

897
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= 2 IMost age-sensitive regional features using non-linear models

T1 Metric Deviance F dMRI Metric Deviance F

superior temporal thickness (lh) 587304.16 | 4188.91 | DKI - AK anterior limb of the internal capsule (rh) | 644106.76 | 5170.95
hippocampus volume (rh) 576250.86 | 4101.39 | DTI - RD fornix striaterminalis (rh) 627313.71 | 4981.99
thickness (1h) 576355.10 | 4082.87 | DTI - FA anterior corona radiata (1h) 571637.61 | 4390.91
inferiorparietal thickness (lh) 569468.00 | 4041.74 | DTI - FA inferior fronto-occipital fasciculus (1h) 568799.27 | 4366.64
hippocampus volume (lh) 565456.80 | 4006.59 | BRIA - microRD anterior thalamic radiation (rh) 561902.12 | 4295.66
thickness (rh) 562548.97 | 3965.59 | WMTI - radEAD anterior coronaradiata (rh) 433925.45 | 4281.90
inferior lateral ventricle volume (1h) | 544864.71 | 3836.12 | BRIA - microFA fornix striaterminalis (rh) 557084.22 | 4247.55
inferior lateral ventricle volume (rh) | 539066.94 | 3786.01 | DTI - FA fornix striaterminalis (rh) 545272.55 | 4125.27
superior temporal thickness (rh) 522564.64 | 3603.62 | BRIA - microRD fornix striaterminalis (rh) 539180.21 | 4070.72
lateral ventricle volume (lh) 513713.08 | 3567.34 | BRIA - microADC anterior thalamic radiation (rh) | 536979.62 | 4050.30
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3 Most age-sensitive regional features using linear models

T Metric Sum of Squares F dMRI Metric Sum of Squares F

superior temporal thickness (lh) 582215.80 12516.42 | DTI - RD fornix striaterminalis (rh) 568838.72 13114.24
thickness (1h) 571936.88 12239.14 | DTI - FA anterior coronaradiata (lh) 554045.66 12664.20
hippocampus volume (rh) 564806.62 12048.28 | DTI - FA inferior fronto-occipital fasciculus (lh) 527205.85 11866.98
inferiorparietal thickness (rh) 559834.17 11915.90 | DTI - FA fornix striaterminalis (rh) 526713.03 11852.57
thickness (rh) 557696.94 11859.18 | DTI - RD anterior coronaradiata (lh) 504149.35 11201.30
hippocampus volume (lh) 554478.02 11773.95 | DTI - RD anterior coronaradiata (rh) 500047.51 11084.67
superior temporal thickness (rh) 519361.12 10859.68 | DTI - FA anterior coronaradiata (rh) 481860.37 10573.93
thalamus volume (rh) 470220.77 9626.25 | BRIA - microRD anterior thalamic radiation (rh) 480010.76 10522.57
cortex volume (lh) 455643.18 9270.23 | DTI - RD inferior fronto-occipital fasciculus (lh) 471710.65 10293.35
amygdala (1h) 454268.29 9236.88 | DTI - FA inferior fronto-occipital fasciculus (rh) 470227.52 10252.62

"9sUB9I| [euonRUIBIU| Ot AG-DDR Japun s|qe|ieAe apew si 1| ‘Aumadiad
ur Juudaud ayy Aejdsip 01 asuadl| e Alxyolq pajuelb sey oym ‘lapuny/ioyine ayl si (mainal 1aad Aq panyniad jou sem yaiym) uudaid
siyy 1o} 1apjoy 1yBuAdod 8yl ‘€202 ‘ZZ JequianoN parsod uoIsieA sIy) :€0THSS T2 80°€202/TOTT 0T/640"10p//:sdny :10p Juudaid Aixyolq


https://doi.org/10.1101/2023.08.21.554103
http://creativecommons.org/licenses/by/4.0/

9¢

g.

©
27
2%
23
. c e s . . Z5
« 4 Global metrics’ age sensitivity using linear models 5C
28
w1 LRTSs outcomes testing global metrics’ age sensitivity using linear models (Egs. 2 & 4), with p-values being Bonferroni-corrected ﬁ* %
for multiple comparison. Acronyms lh and rh refer to mean left and right hemisphere, respectively. %_9.
828
i : Boe
Metric Sum of Squares F P Metric Sum of Squares F P gé S
BRIA wvintra (Ih) -14143.51 256.78 <.001 | DTI MD (rh) -294821.39 6256.88  <.001 <8 P
BRIA wvintra (rh) -13492.91 244.88 <.001 | DTI FA (in) -294054.08 6237.71  <.001 EIES
BRIA vegtra (Ih) -8868.68 160.58  <.001 | DTI FA (rh) -290846.08 6157.77  <.001 523
BRIA vextra (rh) -8247.91 149.29  <.001 | SMT FA (ih) -96237.02 182432 <.001 3206
BRIA wvesf (Ih) -12339.56 223.82 <.001 | SMT FA (rh) -88924.97 1679.10 <.001 %;8
BRIA wvesf (rh) -11691.20 211.99 <.001 | SMT MD (i) -145717.99 2837.80 <.001 2N
BRIA micrord (lh) -110749.44 2115.93 <.001 | SMT MD (rh) -138236.90 2681.03 <.001 2.® (n
BRIA micrord (rh) -112757.19 2156.64 <.001 | SMT trans (Ih) -236947.06 4859.34  <.001 ggf
BRIA microfa (lh) -7389.49 133.69 <.001 | SMT trans (rh) -230976.33 4720.50 <.001 g 38
BRIA microfa (rh) -7660.08 138.61 <.001 | SMT long (Ih) -233251.22 4773.28  <.001 8-5‘5"
BRIA microaz (lh) -20330.95 370.29 <.001 | SMT long (rh) -221802.60 4509.03 <.001 37
BRIA microaz (rh) -19217.81 349.82  <.001 | SMTmec d (Ih) -12811.82 23244  <.001 225
BRIA microade (Ih) -244852.70 5044.67 <.001 | SMTmec d (rh) -15325.44 27840  <.001 O
BRIA microadc (rh) -242965.40 5000.27 <.001 | SMTmc extramd (lh) -234164.26 4794.51 <.001 Egg
BRIA dradextra (lh) -0.87 0.02 1.00 SMTmec extramd (rh) -221755.78 4507.96  <.001 NG
BRIA dradextra (rh) -0.56 0.01 1.00 SMTmec extratrans (lh) -269921.51 5643.84  <.001 Sg %
BRIA dazintra (lh) -45776.98 844.85  <.001 | SMTmec extratrans (rh) -251971.27 5213.02 <.001 282
BRIA dagintra (rh) -32572.59 597.02  <.001 | SMTmc intra (Ih) -162286.59 3189.66  <.001 2%
BRIA dazextra (lh) -33941.70 622.56 <.001 | SMTmc intra (rh) -138122.05 2678.64  <.001 223
BRIA dazextra (rh) -29058.51 531.64  <.001 | WMTI awf (Ih) -216212.24 4381.26  <.001 S gg
DKI AK (lh) -98394.96 1867.39  <.001 WMTI awf (rh) -198966.98 3992.24 <.001 9:’59?
DKI AK (rh) -107687.41 2054.02  <.001 | WMTI radead (Ih) -538.93 9.72 0.11 3=
DKI RK (lh) -134762.36 2608.66  <.001 WMTI radead (rh) -1786.25 32.22 <.001 3=
DKI RK (rh) -117109.00 2245.17 <.001 WMTI azead (Ih) -15537.30 282.28 <.001 ® § N
DKI MK (Ih) -166559.26 3281.46  <.001 | WMTI azead (vh) -140593.59 2730.28  <.001 2 ‘_”|
DKI MK (rh) -146629.45 2856.99 <.001 | T1 (lh) thickness -361976.02 7460.14  <.001 52
DTI AD (lh) -6414.25 115.99 <.001 | T1 (rh) thickness -337720.79 6873.27  <.001 = ¥ol
DTI AD (rh) -32682.00 599.06 <.001 | T1 (ih) area -131984.99 2428.71  <.001 '&é
DTI RD (ih) -103169.79 1963.06 <.001 | T1 (rh) area ~115500.16 2109.17  <.001 23
DTI RD (rh) -98654.94 1872.59  <.001 | T1 (ih) volume -366138.06 7562.34  <.001 52
DTI MD (lh) -296264.43 6292.97 <.001 | T1 (rh) volume -351072.41 7194.50 <.001 53
ge
35
=
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« D Global metrics’ age sensitivity using non-linear models

w3 LRTs outcomes testing global metrics’ age sensitivity using generalized additive models (Egs. (3,4)), with p-values being
Bonferroni-corrected for multiple comparison. Acronyms lh and rh refer to mean left and right hemisphere, respectively.

Metric Deviance F P Metric Deviance F P

BRIA wvintra (lh) 298222.11 1980.42 <.001 DTI MD (rh) 420292.82 2975.29 <.001
BRIA wvintra (rh) 263814.46 | 1721.75 | <.001 DTI FA (lh) 454980.03 | 3284.21 | <.001
BRIA vextra (lh) 99954.26 601.06 <.001 DTI FA (rh) 437831.65 | 3130.91 | <.001
BRIA vextra (rh) 68415.48 404.41 <.001 SMT FA (lh) 231126.97 | 1481.17 | <.001
BRIA wvesf (lh) 389707.46 | 2715.85 | <.001 SMT FA (rh) 212502.18 1350 <.001
BRIA wvesf (rh) 395906.41 2768.18 <.001 SMT MD (lh) 338666.06 2295.03 <.001
BRIA micrord (lh) 489922 3605.08 | <.001 SMT MD (rh) 329913.59 | 2225.14 | <.001
BRIA micrord (rh) 482669.31 | 3537.29 | <.001 SMT trans (lh) 325557.05 2188.8 <.001
BRIA microfa (lh) 468131.01 | 3399.04 | <.001 SMT trans (rh) 309770.56 | 2066.61 | <.001
BRIA microfa (rh) 441798.75 | 3161.43 | <.001 SMT long (Ih) 239399.25 | 1543.22 | <.001
BRIA microaz (lh) 123284.12 747.18 <.001 SMT long (rh) 220310.81 | 1406.65 | <.001
BRIA microax (Th) 122353.86 741.87 <.001 SMTme d (Ih) 17581.83 100.96 <.001
BRIA microadc (Ih) | 442217.61 | 3169.41 | <.001 SMTmc d (vh) 18705.17 107 <.001

BRIA microadc (rh) 433573.24 | 3092.76 | <.001 SMTmc extramd (lh) 375805.34 | 2598.83 | <.001
BRIA dradextra (lh) 265199.9 1732.72 | <.001 SMTme extramd (rh) 350591.17 | 2392.53 | <.001
BRIA dradextra (th) | 259410.42 | 1690.27 1.00 SMTmec extratrans (lh) | 381698.57 | 2646.36 | <.001
BRIA dazintra (lh) 227477.58 | 1459.06 | <.001 | SMTmc extratrans (rh) | 357451.71 | 2446.62 | <.001
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BRIA dazintra (rh) 221619.72 | 1417.52 | <.001 SMTmc intra (k) 230534.22 | 1477.89 | <.001
BRIA dazeztra (lh) 269452.37 | 1764.08 | <.001 SMTmc intra (Th) 196608 1238.41 | <.001
BRIA dazeztra (rh) 265820.53 1737.25 | <.001 WMTI awf (Ih) 294396.47 | 1946.39 | <.001
DKI AK (lh) 248201.74 | 1607.19 | <.001 WMTI awf (rh) 271308.81 1773.47 | <.001
DKI AK (rh) 277452.37 | 1822.07 | <.001 WMTI radead (Ih) 356837.69 2444 <.001
DKI RK (lh) 248246.37 | 1606.74 | <.001 WMTI radead (rh) 347896.75 | 2371.95 | <.001
DKI RK (rh) 214591.89 1365.38 | <.001 WMTI azead (Ih) 22893.57 133.33 <.001
DKI MK (lh) 225899.98 1446.06 | <.001 WMTI azead (Th) 30036.73 175.61 <.001
DKI MK (rh) 190685.71 1195.84 | <.001 T1 (Ih) thickness 363679.29 | 2447.65 | <.001
DTI AD (lh) 91486.87 545.48 <.001 T1 (rh) thickness 339637.31 2256.41 | <.001
DTI AD (rh) 63150.51 374.43 <.001 T1 (k) area 132330.67 818.92 <.001
DTI RD (i) 492407 3628.18 | <.001 T1 (rh) area 115697.02 777.46 <.001
DTI RD (rh) 481438.43 3525.6 <.001 T1 (Ih) volume 366575.45 2414.26 | <.001
DTI MD (ih) 425442.7 3020.18 | <.001 T1 (rh) volume 351519.39 | 2312.27 | <.001
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« 6 Differences of T{-weighted and dMRI features between hemispheres by sex

os The table shows the ten largest regional differences between left and right hemispheres’ T;-weighted and dMRI data indicated
ws by effect size (Cohen’s d) indicated by paired samples t-tests (two-sided) and presented separately for males and females. All
o7 Bonferroni corrected p < .05. SLF'T = Superior longitudinal fasciculus (temporal part), ILF = Inferior longitudinal fasciculus.
oz For full tables see the files Hemi_ NEW _sex_dMRI_features_diff.csv and Hemi NEW _sex_T1w_features_diff.csv at https://github.
w0 com/MaxKorbmacher/Hemispheric_Brain_Age.

diffusion MRI

Feature Cohen’s d,,q1cs | Feature Cohen’s dfemales
DTI - FA ILF 3.44 DTI - FA ILF 3.91
DTI - AD SLFT 2.09 DTI - AD SLFT 2.40
WMTTI - axEAD SLFT 2.01 SMTmc - diff SLFT 2.06
DTI - FA cingulate gyrus 1.93 SMT - long SLFT 2.04
DKI - RK cingulate gyrus 1.90 DTI - FA cingulate gyrus 1.98
WMTI - AWF cingulate gyrus 1.83 SMTmc - extratrans cerebral peduncle 1.96
DTI - AD ILF 1.81 SMTmc - extraMD SLFT 1.93
DTI - FA superior frontooccipital fasciculus  1.77 BRIA - microAX SLFT 1.92
DKI - RK SLFT 1.75 DKI - RK SLFT 1.91
SMTmc - extratrans cerebral peduncle 1.74 SMTmc - intra cingulate gyrus 1.89
T1-weighted MRI
Feature Cohen’s d,,q1cs | Feature Cohen’s dfemales
frontal pole area 1.82 transverse temporal area 1.89
pars orbitalis area 1.78 frontal pole area 1.73
transverse temporal area 1.77 pars orbitalis area 1.72
inferior parietal area 1.71 inferior parietal area 1.72
inferior parietal volume 1.62 inferior parietal volume 1.64
frontal pole volume 1.58 frontal pole volume 1.54
thalamus volume 1.40 middle temporal area 1.42
middle temporal area 1.31 transverse temporal volume 1.38
transverse temporal volume 1.29 thalamus volume 1.34
pars orbitalis volume 1.27 pars orbitalis volume 1.29
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7 Most age-sensitive regional T;- and diffusion-weighted features using

non-linear models by sex

The table shows the ten largest regional differences between left and right hemispheres’ Ti-weighted and dMRI data indicated by F from LRTSs comparing
a baseline model (Eq. 4) to the GAM (Eq. 3) presented separately for males and females. All Bonferroni corrected p < .05. ATR = Anterior thala-
mic radiation, IFOF = inferior fronto-occipital fasciculus. For full tables see the files Hemi NEW_REGIONAL_dMRI_non_linear_hemi_effects_ MALES.csv,

Hemi NEW_REGIONAL_dMRI_non_linear_hemi_effects_ FEMALES.csv,
Hemi_NEW_REGIONAL_T1_non_linear_hemi_effects_. FEMALES.csv at https://github.com/MaxKorbmacher/Hemispheric_Brain_Age.

Hemi_ NEW_REGIONAL_T1_non_linear_hemi_effects_ MALES.csv,

Males

T1 Metric Deviance F dMRI Metric Deviance F

Hippocampus volume (rh) 325396.71  2327.14 | DTI - RD fornix striaterminalis (rh) 321483.12  2474.87
Inferior lateral ventricle volume (1h)  315630.20  2242.52 | DKI - AK Anteriorlimbofinternalcapsule (rh)  315123.70  2406.94
Hippocampus volume (lh) 314178.29  2222.80 | DTI - FA fornix striaterminalis (rh) 287920.97  2127.34
Lateral ventricle volume (rh) 294791.55  2055.25 | DTI - FA IFOF (1h) 286229.79  2114.11
Superior temporal thickness (1h) 288883.19  1973.34 | BRIA - micro Rd ATR (rh) 285675.67  2109.47
Thickness (lh) 286653.65  1944.76 | DTI - FA Anteriorcoronaradiata (1h) 285098.32  2099.07
Thickness (rh) 285659.63 1943.02 | BRIA - micro FA Fornix Striaterminalis (rh) 280978.76 2062.43
Lateral ventricle volume (lh) 280759.99  1932.22 | BRIA - micro Rd ATR (lh) 268901.80  1946.45
Bankssts thickness (1h) 111534.08  1927.07 | DTI - RD ATR (rh) 268857.43  1944.99
Rostral middle frontal volume (rh) 112544.65  1887.40 | DTI - RD ATR (lh) 268408.62  1942.57

Females

T1 Metric Deviance F dMRI Metric Deviance F

Superior temporal thickness (1h) 298436.46  2186.28 | DKI - AK Anteriorlimbofinternalcapsule (rh)  328299.92  2756.78
Inferior parietal thickness (rh) 294083.30  2157.56 | DTI - RD Fornix Striaterminalis (rh) 309568.49  2539.12
Thickness (1h) 289859.17  2098.94 | DTI - FA Anteriorcoronaradiata (lh) 287115.30  2288.94
Thickness (rh) 277328.73  1988.89 | DTI - FA IFOF (lh) 282230.37  2243.21
Superiortemporal thickness (rh) 268345.92  1902.38 | BRIA - micro FA Fornix Striaterminalis (rh)  279454.04  2213.63
Hippocampus volume (lh) 256888.62  1827.15 | BRIA - micro Rd Fornix Striaterminalis (rh)  279158.45  2213.20
Hippocampus volume (rh) 256386.19  1820.25 | BRIA - micro Rd ATR (rh) 279221.52  2209.87
Lateral ventricle volume (rh) 247973.59  1755.77 | DTI - RD ATR (lh) 278213.99  2202.86
Lateral ventricle volume (lh) 237509.49  1666.32 | DTI - RD Anteriorcoronaradiata (lh) 277873.07  2197.90
Supramarginal thickness (rh) 235411.09  1632.94 | BRIA - micro Rd ATR (lh) 274318.30  2160.44
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8 Most age-sensitive regional T;- and diffusion-weighted features using
linear models by sex

The table shows the ten largest regional differences between left and right hemispheres’ Ti-weighted and dMRI data indicated by F from LRTSs
comparing a baseline model (Eq. 4) to the linear model (Eq. 2) presented separately for males and females. All Bonferroni corrected p <
.05. ATR = Anterior thalamic radiation, SLFT = superior longitudinal fasciculus (temporal part), IFOF = inferior fronto-occipital fasciculus. For
full tables see the files Hemi_NEW_REGIONAL_dMRI_linear_hemi_effects_ MALES.csv, Hemi_ NEW_REGIONAL_dMRI_linear_hemi_effects_ FEMALES.csv,
Hemi_ NEW_REGIONAL_T1_linear_hemi_effects-MALES.csv, and Hemi_NEW_REGIONAL_T1.linear_hemi_effects. FEMALES.csv at https://github.com/
MaxKorbmacher/Hemispheric_Brain_Age.

Males

T Metric SS F dMRI Metric SS F

Hippocampus volume (rh) 316544.24  6766.75 | DTI - RD fornix striaterminalis (rh) 286594.17  6364.49
Hippocampus volume (lh) 306351.25  6487.54 | DTI - FA fornix striaterminalis (rh) 276467.17  6067.57
Superior temporal thickness (1h) 286384.87  5955.49 | DTI - FA anterior corona radiata (lh) 274955.01  6023.83
Thickness (lh) 284626.62  5909.55 | DTI - FA IFOF (lh) 263814.28  5706.24
Thickness (rh) 283428.75  5878.34 | DTI - RD anterior corona radiata (lh)  246467.64  5227.51
Inferior parietal thickness (rh) 271677.80  5575.68 | DTI - RD anterior corona radiata (rh)  242227.42 5113.30
Inferior lateral ventricle volume (lh)  254969.32  5156.08 | DTI - FA anterior corona radiata (rh)  238605.78  5016.60
Superior temporal thickness (rh) 252923.59  5105.55 | DTI - FA IFOF (rh) 233533.32  4882.47
Thalamus volume (rh) 247813.43  4980.11 | BRIA - microRD ATR (rh) 232131.22  4845.66
Amygdala volume (1h) 243131.64 4866.16 | DTI - RD IFOF (lh) 230505.57  4803.12
T, Metric SS F dMRI Metric SS F

Superior temporal thickness (1h) 295682.20 6561.30 | DTI - RD fornix striaterminalis (rh) 282234.33  6743.14
Inferior parietal thickness (rh) 288649.89  6365.48 | DTI - FA anterior corona radiata (1h) 279013.72  6641.48
Thickness (lh) 287657.68  6338.05 | DTI - FA IFOF (lh) 263549.29  6163.65
Thickness (rh) 274795.27  5986.72 | DTI - RD anterior corona radiata (rh)  258369.12  6007.30
Superior temporal thickness (rh) 266558.45 5765.84 | DTI - RD anterior corona radiata (Ih)  257953.77  5994.85
Hippocampus volume (rh) 248481.56  5291.98 | DTI - FA fornix striaterminalis (rh) 251128.24  5791.79
Hippocampus volume (lh) 248438.59  5290.87 | BRIA - microRD ATR (rh) 249535.85  5744.86
Supramarginal thickness (rh) 232265.05 4879.14 | BRIA - microRD ATR (lh) 243660.64 5573.15
Supramarginal thickness (1h) 225512.01  4710.53 | DTI - FA anterior corona radiata (rh)  243324.99  5563.40
Precuneus thickness (rh) 223530.22 4661.41 | DTI - RD IFOF (Ih) 241625.80 5514.19
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9 Description of white matter features by diffusion approaches.

Diffusion Approach

Metrics

Bayesian Rotationally Invariant Approach (BRIA) [101]

Diffusion Kurtosis Imaging (DKI) [97, 98]

Diffusion Tensor Imaging (DTI) [96]

Spherical Mean Technique (SMT) [99]

Multi-compartment Spherical Mean Technique (SMTmc) [100]

White Matter Tract Integrity (WMTI) [9§]

intra-axonal axial diffusivity (DAX intra)

extra-axonal radial diffusivity (DRAD extra)
microscopic fractional anisotropy (micro FA)
extra-axonal axial diffusivity (DAX extra)

intra-axonal water fraction (V intra)

extra-axonal water fraction (V extra)

cerebrospinal fluid fraction (vCSF)

microscopical axial diffusivity (micro AX)

microscopic radial diffusivity (micro RD)

microscopical apparent diffusion coefficient (micro ADC)
mean kurtosis (MK)

radial kurtosis (RK)

axial kurtosis (AK)

fractional anisotropy (FA)

axial diffusivity (AD)

mean diffusivity (MD)

radial diffusivity (RD)

fractional anisotropy (SMT FA)

mean diffusivity (SMT md)

transverse diffusion coefficient (SMT trans)

longitudinal diffusion coefficient (SMT long)
extra-neurite microscopic mean diffusivity (SMTmc extra md)
extra-neurite transverse microscopic diffusivity (SMTmc extra trans)
mc SMTdiffusion coefficient (SMT mcd)

intra-neurite volume fraction (SMTmc intra)

axonal water fraction (AWF)

radial extra-axonal diffusivity (radEAD)

axial extra-axonal diffusivity (axEAD)
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= 10 Differences of Tiw and dMRI features between hemispheres

oz The table shows the ten largest regional differences between left and right hemispheres’ T;w and dMRI data indicated by
os effect size (Cohen’s d) indicated by paired samples t-tests (two-sided). SLFT = Superior longitudinal fasciculus (temporal
oo part), ILF = Inferior longitudinal fasciculus. Bonferroni-adjusted p-values were p < 2 x 1073%, For full tables see the files
o0 Hemi dMRI features_diff.csv and Hemi_T1w_features_diff.csv at https://github.com/MaxKorbmacher/Hemispheric_Brain_Age.

44

T1-weighted MRI

diffusion MRI

Feature T-value Cohen’s d | Feature T-value Cohen’s d
Transverse temporal area 397.45 1.81 DTI - FA ILF 725.48 3.64
Frontal pole area -386.34 1.76 DTI - AD SLFT -444.89 2.23
Pars orbitalis area -380.71 1.74 DTI - FA cingulate gyrus 388.09 1.95
Inferior parietal area -368.85 1.68 DKI - RK cingulate gyrus 375.36 1.89
Inferior parietal volume -352.95 1.61 SMTmc - diff SLFT -369.19 1.85
Frontal pole volume -340.08 1.55 SMTmc - extratrans cerebral peduncle -367.31 1.84
Middletemporal area -297.79 1.36 DKI - RK SLFT -364.52 1.83
Thalamus Proper 296.93 1.35 WMTI - AWF cingulate gyrus 364.46 1.83
Transverse temporal volume  292.04 1.33 SMT - long SLFT -359.08 1.80
Pars orbitalis volume -280.74 1.28 DTI - AD ILF 353.43 1.78
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= 11 Permutation feature importance for multimodal, T;-weighted, and
o dMRI features between hemispheres considering both sexes together

o3 Permutation feature importance shows the contribution of each feature R? 4+ SD (standard deviation) to the (brain) age
e predictions using multimodal, T-weighted, and dMRI models of each hemisphere on their own and both hemispheres together.
a5 Retroen. = Retrolenticular, l.o.int.caps. = limb of the internal capsule, cerebell.ped. = cerebellar peduncle. ATR = anterior
a6 thalamic radiation, CST = corticospinal tract, IFOF = inferior fronto-occipital fasciculus, SLF = superior longitudinal fasciculus.

14

Multimodal MRI

51| “Aunjadiad

Both hemispheres

Left hemisphere

Right hemisphere

DKI — AK Anterior l.o.int.caps. (rh) 0.083 £ 0.0010 DTI — AK Anterior Lo.int.caps. 0.058 £ 0.0007 DKI — AK Anterior Lo.int.caps. 0.096 £ 0.00i
DTI — RD Fornix Striaterminalis (rh) 0.049 £ 0.0006 DTI — FA Superior cerebell.ped. 0.031 £ 0.0004 DTI — RD Fornix Striaterminalis 0.033 £ 0.00
Cortex volume (lh) 0.018 £ 0.0004 Cerebellum WM volume 0.023 £ 0.0004 DTI — FA Superior cerebell.ped. 0.03 £+ 0.000®
DTI — FA Cerebral peduncle (lh) 0.015 £ 0.0003 Inferior Lateral Ventricle volume 0.022 £ 0.0003 Cerebellum WM volume 0.024 + 0.00@8
DKI — AK Anterior l.o.int.caps. (lh) 0.013 £ 0.0002 Thalamus volume 0.019 £ 0.0003 Thalamus volume 0.02 £+ 0400%
DTI — FA Superior cerebell.ped. (lh) 0.011 + 0.0002 DKI — RK Fornix-stria terminalis 0.019 £ 0.0003 BRIA — vCSF external capsule 0.018 + 0.00i
ROI 3a area (rh) 0.01 £+ 0.0002 Putamen volume 0.019 £ 0.0003 Hippocampus volume 0.017 £ 0.00
ROI 3a area (lh) 0.01 £ 0.0002 BRIA — vCSF External capsule 0.019 £ 0.0003 Lateral ventricle volume 0.017 £ 0.00
BRIA — vCSF External capsule (lh) 0.01 £ 0.0002 Lateral Ventricle volume 0.017 £ 0.0003 DKI — RK Posterior l.o.int.caps. 0.016 =+ 0.00
DTI — FA Superior cerebell.ped. (rh) 0.008 + 0.0002 WMTI - AWF Superior cerebell.ped. 0.017 £ 0.0003 WMTI - AWF Retroen. l.o.int.caps. 0.014 + 0.00
diffusion-weighted MRI [
Both hemispheres Left hemisphere Right hemisphere =
DKI — AK Anterior Lo.int.caps. (rh) 0.103 £ 0.0012 DKI — AK Anterior l.o.int.caps. 0.095 £ 0.0013 DKI — AK Anterior l.o.int.caps. 0.126 £ 0.00D1
DTI — RD Fornix Striaterminalis (rh) 0.061 £ 0.0009 BRIA - vCSF ATR 0.025 £ 0.0007 DTI — RD Fornix Stria terminalis 0.086 £ 0.00
DTI — FA Cerebral peduncle (lh) 0.018 £ 0.0005 DKI — RK Fornix-stria terminalis 0.023 £ 0.0005 DTI — FA Superior cerebell.ped. 0.018 + 0.00
DTI — FA Anterior corona radiata (lh) 0.012 £ 0.0003 DTI - FA Fornix-stria terminalis 0.022 £ 0.0007 DKI - AK PTR 0.018 + 0.00@@
DKI — AK Anterior l.o.int.caps. (lh) 0.011 £ 0.0003 DTI — FA Cerebral peduncle 0.022 £ 0.0006 BRIA - vCSF SLF 0.017 + 0.0064
DTI — FA Superior cerebell.ped. (lh) 0.010 £ 0.0003 DTI — FA Anterior corona radiata 0.022 £ 0.0005 DKI — AK Superio rcerebell.ped. 0.015 + 0.00@4
DTI — AD Superior l.o.int.caps. (lh) 0.010 £ 0.0003 WMTI - AWF Retroen. l.o.int.caps. 0.02 £+ 0.0005 WMTI - AWF Retroen. l.o.int.caps. 0.014 + 0.00@3
DTI — AD Posterior l.o.int.caps. (lh) 0.010 £ 0.0003 DTI - FA IFOF 0.018 £ 0.0005 DTI - AD CST 0.013 =+ 0.00
DTI — AD CST (lh) 0.009 £ 0.0003 DKI — AK Superior frontooccipital fasciculus 0.017 £ 0.0006 BRIA - vCSF ATR 0.011 £ 0.00E
WMTI — AWF Retroen. l.o.int.caps. (lh) 0.009 + 0.0002 DTI — FA Superior cerebell.ped. 0.016 £+ 0.0005 DKI — RK Posterior l.o.int.caps. 0.01 4+ 0.00
T1-weighted MRI o
Both hemispheres Left hemisphere Right hemisphere =3
Cortex volume (Ih) 0.041 £ 0.0008 Lateral ventricle volume 0.071 £ 0.0011 Lateral ventricle volume 0.115 £ 0.00E2
ROI PreS area (lh) 0.018 £ 0.0004 Inf.Lat.Vent volume 0.065 £ 0.0008 Inferiorparietal thickness 0.037 £ 0.00@5
ROI 3a area (rh) 0.014 £ 0.0004 Superior temporal thickness 0.034 £ 0.0007 Superiortemporal thickness 0.036 + 0.0008
Mean thickness (lh) 0.014 £ 0.0004 Insula volume 0.03 £ 0.0006 Inf.Lat.Vent volume 0.035 £ 0.00
ROI Poll volume (rh) 0.013 £ 0.0005 Putamen volume 0.028 £ 0.0006 Inferior temporal area 0.029 + ODO@
ROI H area (lh) 0.011 £ 0.0003 Mean thickness 0.023 £ 0.0005 Thalamus volume 0.029 + 0.0008
ROI PI thickness (lh) 0.011 £ 0.0004 Cerebellum WM volume 0.022 £ 0.0005 Cerebellum WM volume 0.028 + 0.000%
ROI 52 area (lh) 0.011 £ 0.0003 Thalamus volume 0.02 £+ 0.0005 Insula volume 0.028 + 0.0006
ROI 3a area (lh) 0.009 £ 0.0003 Temporal pole volume 0.019 £ 0.0005 Superior frontal thickness 0.025 + 0.0004
ROI H thickness (lh) 0.009 £ 0.0003 Amygdala volume 0.016 £ 0.0003 Hippocampus volume 0.022 £ 0.0005
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12 Permutation feature importance for multimodal, T;-weighted, and
dMRI features between hemispheres considering males only

Permutation feature importance shows the contribution of each feature R? 4+ SD (standard deviation) to the (brain) age
predictions using multimodal, T;-weighted, and dMRI models of each hemisphere on their own and both hemispheres together.
Inf.Lat.Vent. = Inferior Lateral Ventricle, retroen. = Retrolenticular, l.o. inf. int.caps = limb of the inferior internal capsule,
Ant. = anterior, l.o. inf. ext.caps. = limb of the external capsule, l.o.int.caps. = limb of the internal capsule, cerebell.ped. =
cerebellar peduncle, SFF = superior frontooccipital fasciculus, ATR = anterior thalamic radiation, CST = corticospinal tract,
IFOF = inferior fronto-occipital fasciculus, SLF = superior longitudinal fasciculus, UF = uncinate fasciculus, PTR = Posterior
thalamic radiation.

Multimodal MRI

Both hemispheres Left hemisphere Right hemisphere
DKI - AK Ant. Lo. inf. int.caps (rh) 0.063 £ 0.0009 DKI — AK Ant. Lo.int.caps. 0.049 £ 0.0009 DKI — AK Ant. Lo.int.caps. 0.071 £ 0.0012
DTI - RD Fornix-Striaterminalis (rh) 0.023 £ 0.0005 DTI — FA Superior cerebell.ped. 0.025 + 0.0007 DTI — RD Fornix Stria 0.033 + 0.0009
Inf.Lat.Vent. volume (lh) 0.015 £ 0.0004 Inf.Lat.Vent volume 0.024 £+ 0.0006 DTI — FA Superior cerebell.ped. 0.028 + 0.0009
Putamen volume (lh) 0.010 £ 0.0002 Cerebellum WM volume 0.023 + 0.0005 Lateral ventricle volume 0.016 + 0.0006
Thalams volume (lh) 0.009 £ 0.0003 Thalamus volume 0.022 + 0.0005 Thalamus volume 0.015 + 0.0005
Thalams volume (rh) 0.009 £ 0.0003 Putamen volume 0.019 + 0.0006 Cerebellum WM volume 0.014 + 0.0004
Amygdala volume (lh) 0.009 £ 0.0003 WMTI — AWF Superior cerebell.ped. 0.016 £ 0.0004 Hippocampus volume 0.013 £ 0.0004
DTI - FA Superior cerebell.ped. (rh) 0.009 £ 0.0003 Lateral Ventricle 0.016 £ 0.0004 BRIA — vCSF external capsule 0.012 &£ 0.0005
BRIA - vCSF External capsule (lh) 0.009 + 0.0002 DKI — RK Fornix-stria terminalis 0.013 + 0.0004 WMTI — AWF Superior cerebell.ped. 0.010 + 0.0029
Cerebellum WM volume (rh) 0.009 + 0.0002 Amygdala volume 0.012 + 0.0005 DKI — RK Posterior l.o.int.caps. 0.010 + 0.0029

diffusion-weighted MRIT

Both hemispheres Left hemisphere Right hemisphere
DKIT - AK Ant. Lo. inf. ext.caps. (rh) 0.097 £ 0.0015 DKI — AK Ant. L.o.int.caps. 0.100 £ 0.0020 DKI — AK Ant. L.o.int.caps. 0.123 £ 0.0021
DTI - RD Fornix-Striaterminalis (rh) 0.061 £ 0.0013 BRIA - vCSF ATR 0.028 + 0.0009 DTI — RD Fornix Striaterminalis 0.078 + 0.0015
DTI - FA Cerebral peduncle (lh) 0.022 £ 0.0007 DTI — FA Cerebral peduncle 0.028 + 0.0008 DTI — FA Superior cerebell.ped. 0.018 + 0.0005
DTI - FA Ant. corona radiata (lh) 0.019 £ 0.0006 DTI — FA IFOF 0.027 + 0.0008 BRIA — vCSF ATR 0.017 + 0.0006
DKI - AK Ant. l.o. inf. ext.caps. (lh) 0.015 + 0.0005 DTI — FA Ant. corona radiata 0.023 £+ 0.0007 DTI - AD CST 0.015 + 0.0005
DTI - FA Superior cerebell.ped. (lh) 0.012 £ 0.0004 DKI — RK Fornix-stria terminalis 0.021 + 0.0006 DKI - AK PTR 0.013 + 0.0004
BRIA - vextra SLF (rh) 0.011 £ 0.0004 DTI - FA Fornix-stria terminalis 0.021 + 0.0008 WMTI — AWF retroen. int.caps. 0.012 + 0.0004
DTI - FA IFOF (lh) 0.010 £ 0.0003 DKI - AK SFF 0.021 + 0.0007 BRIA — vextra SLF 0.012 + 0.0005
DKI - AK SFF (rh) 0.010 £ 0.0004 DTI — FA Superior cerebell.ped. 0.017 £+ 0.0007 DKI - AK UF 0.011 + 0.0005
BRIA - vCSF External capsule (lh) 0.009 + 0.0002 WMTI — AWF retroen. l.o. int.caps. 0.016 + 0.0006 DKI - AK ATR 0.011 + 0.0003

T, -weighted MRIT

Both hemispheres Left hemisphere Right hemisphere
Inf.Lat.Vent (Ih) 0.051 £ 0.0011 Inf.Lat.Vent volume 0.064 £ 0.0014 Lateral ventricle volume 0.107 £ 0.002
Lateral Ventricle (rh) 0.034 £ 0.0008 Lateral Ventricle 0.049 + 0.0011 Inf.Lat.Vent volume 0.042 + 0.0010
Thalamus volume (rh) 0.019 £ 0.0006 Putamen volume 0.036 £ 0.0011 Hippocampus volume 0.266 £ 0.0009
Superior temporal thickness (1h) 0.019 £ 0.0006 Insula volume 0.034 + 0.0012 Thalamus volume 0.026 + 0.0008
Putamen volume (lh) 0.017 £ 0.0006 Temporal pole volume 0.023 + 0.0006 Isthmus cingulate thickness 0.022 + 0.0005
Insula volume (lh) 0.017 £ 0.0007 Superior temporal thickness 0.023 + 0.0006 Superior temporal thickness 0.021 + 0.0007
Hippocampus volume (rh) 0.017 £ 0.0006 Amygdala volume 0.020 + 0.0006 Temporal pole volume 0.020 + 0.0007
Amygdala volume (rh) 0.017 £ 0.0006 Thalamus volume 0.018 + 0.0006 Superior frontal thickness 0.019 + 0.0005
Inf.Lat.Ventricle (rh) 0.016 £ 0.0007 Cerebellum WM volume 0.018 + 0.0004 Cerebellum WM volume 0.019 + 0.0006
Temporal pole volume (rh) 0.0162 + 0.0007 Isthemus cingulate thickness 0.014 + 0.0004 Insula volume 0.019 + 0.0005
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13 Permutation feature importance for multimodal, T;-weighted, and
dMRI features between hemispheres considering females only

Permutation feature importance shows the contribution of each feature R? 4+ SD (standard deviation) to the (brain) age
predictions using multimodal, T1-weighted, and dMRI models of each hemisphere on their own and both hemispheres together.
Inf.Lat.Vent. = Inferior Lateral Ventricle, retroen. = Retrolenticular, l.o. inf. int.caps = limb of the inferior internal capsule,
Ant. = anterior, l.o. inf. ext.caps. = limb of the external capsule, l.o.int.caps. = limb of the internal capsule, cerebell.ped. =
cerebellar peduncle, SFF = superior frontooccipital fasciculus, ATR = anterior thalamic radiation, CST = corticospinal tract,
IFOF = inferior fronto-occipital fasciculus, SLF = superior longitudinal fasciculus, UF = uncinate fasciculus, PTR = Posterior

thalamic radiation.

Multimodal MRI

Both hemispheres

Left hemisphere

Right hemisphere

DKI - AK Anterior L.o. Int.caps. (rh) 0.077 £ 0.0012 DKI - AK Ant. Lo.int.caps. 0.056 £ 0.0008 DKI - AK Ant. l.o.int.caps. 0.107 £ 0.0015
DTI - RD Fornix-Striaterminalis (rh) 0.024 + 0.0008 DTI - FA Superior cerebell.ped. 0.031 £ 0.0004 DTI - RD Fornix-striaterminalis 0.035 £ 0.0007
DTI - FA Superior cerebell. ped. (lh) 0.011 £ 0.0004 DKI - RK Fornix-Striaterminalis 0.022 £ 0.0003 DTI - FA Superior cerebell.ped. 0.034 £ 0.0006
DTI - AD Posterior l.o. ext.caps. (lh) 0.010 £+ 0.0003 Cerebellum WM volume 0.022 £ 0.0003 Thalamus volume 0.020 £ 0.0004
Inferior parietal thickness (rh) 0.010 £+ 0.0005 Putamen volume 0.019 £ 0.0003 Inferior parietal thickness 0.018 £ 0.0003
Thalamus volume (rh) 0.008 £ 0.0004 Lateral ventricle volume 0.019 £ 0.0003 Cerebellum WM volume 0.018 £ 0.0005
Cerebellum WM volume (rh) 0.007 £+ 0.0004 DKI - AK PTR 0.017 + 0.0003 DKI - AK PTR 0.014 £ 0.0003
DTI - FA Superior cerebell. ped. (rh) 0.007 + 0.0003 BRIA - vCSF External capsule 0.017 Lateral ventricle volume 0.014 £ 0.0004
BRIA - vCSF External capsule (lh) 0.006 + 0.0003 WMTI - AWF Superior cerebell.ped. 0.016 £ 0.0002 BRIA - vCSF External capsule 0.013 £ 0.0003
DTI - FA Superior cerebell. ped. (lh) 0.006 £ 0.0002 Thalamus volume 0.016 £ 0.0003 DKI - RK Posterior l.o. inf. ext.caps. 0.012 £ 0.0003
diffusion-weighted MRI
Both hemispheres Left hemisphere Right hemisphere
DKI - AK Ant. Lo. inf. ext.caps. (rh) 0.129 £ 0.0019 DKI — AK Ant. lL.o.int.caps. 0.101 £ 0.0016 DKI — AK Ant. l.o.int.caps. 0.160 £ 0.002
DTI - RD Fornix-Striaterminalis (rh) 0.062 + 0.0009 DKI — RK Fornix-stria terminalis 0.037 £ 0.0006 DTI — RD Fornix Striaterminalis 0.099 £ 0.0011
DTI - FA Cerebral peduncle (lh) 0.022 £ 0.0004 DTI — FA Superior cerebell.ped. 0.036 £+ 0.0005 DKI - AK PTR 0.030 £ 0.0003
DTI - FA Superior cerebell.ped. (lh) 0.017 + 0.0003 DTI — FA Cerebral peduncle 0.034 £ 0.0006 DTI — FA Superior cerebell.ped. 0.026 + 0.0003
DTI - AD Posterior l.o. inf. ext.caps. (lh) 0.015 + 0.0002 BRIA — vCSF ATR 0.027 + 0.0005 BRIA - vCSF ATR 0.020 £ 0.0004
DKI - AK Ant. lLo. inf. ext.caps. (lh) 0.015 + 0.0002 DTI — RD Fornix Striaterminalis 0.025 £ 0.0006 DTI - AD CST 0.020 £ 0.0003
DKI - RK Fornix-Striaterminalis (lh) 0.013 + 0.0003 DKI - AK PTR 0.025 £ 0.0004 DKI - AK SFF 0.020 £ 0.0003
DKI - AK SFF (lh) 0.012 + 0.0002 DTI - FA IFOF 0.025 £ 0.0004 DKI — AK Ant. corona radiata 0.015 £ 0.0002
DTI - FA IFOF (lh) 0.011 £+ 0.0002 WMTI — AWF retroen. l.o. int.caps. 0.023 £ 0.0004 DTI — AD Posterior l.o. int.caps. 0.015 £ 0.0002
DKI - AK PTR (rh) 0.011 + 0.0002 DKI - AK SFF 0.023 + 0.0005 BRIA — vCSF SLF 0.013 £ 0.0002
T, -weighted MRIT
Both hemispheres Left hemisphere Right hemisphere
Inferiorparietal thickness (rh) 0.030 £ 0.0007 Lateral ventricle volume 0.063 £ 0.0008 Lateral ventricle volume 0.097 £ 0.0015
Lateral Ventricle (rh) 0.030 + 0.0006 Inf.Lat.Vent volume 0.042 £ 0.0009 Inferior parietal thickness 0.044 £ 0.0008
Inf.Lat.Ventricle (lh) 0.026 £+ 0.0007 Superior temporal thickness 0.037 + 0.0011 Superior temporal thickness 0.039 £ 0.0008
Superior temporal thickness (lh) 0.024 + 0.0007 Putamen volume 0.029 £ 0.0007 Thalamus volume 0.030 £ 0.0008
Putamen volume (lh) 0.020 £ 0.0005 Insula volume 0.029 £ 0.0006 Cerebellum WM volume 0.028 £ 0.0008
Cerebellum WM (rh) 0.017 £ 0.0006 Thalamus volume 0.026 £ 0.0006 Insula volume 0.025 £ 0.0006
Thalamus volume (rh) 0.011 £ 0.0004 Cerebellum WM volume 0.023 £ 0.0007 Inf.Lat.Vent volume 0.021 £ 0.0007
Thalamus volume (lh) 0.011 £ 0.0004 Mean thickness 0.020 + 0.0005 Inferior temporal area 0.019 £ 0.0004
Superior temporal thickness (rh) 0.011 + 0.0004 Amygdala volume 0.019 + 0.0005 Superior temporal thickness 0.018 £ 0.0004
Accumbens area (lh) 0.011 £ 0.0003 Accumbens volume 0.019 £ 0.0005 Temporal pole volume 0.015 4+ 0.0005
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= 14 Sex stratified brain age model performance

s R? = Variance explained, MAE = Mean Absolute Error, RMSE = Root Mean Squared Error, Corr. = Correlation, Values
o7 in round parentheses () refer to standard deviations and square brackets [| to 95% confidence interval around correlations
s (Pearson’s r) of uncorrected brain age estimates and chronological age.

6%

959

The correlation between raw brain age and chronological age.

Males

Model Features R? MAE RMSE Correlation*

Left Tyw 117 0.513 (0.013) | 4.398 (0.059) | 5.472 (0.087) | 0.719 [0.712, 0.725]
Right Tq1w 117 0.506 (0.012) | 4.437 (0.069) | 5.521 (0.101) | 0.711 [0.704, 0.717]
Tyw 234 0.534 (0.010) | 4.294 (0.070) | 5.356 (0.096) | 0.722 [0.716, 0.728]
Left dMRI 840 0.573 (0.017) | 4.104 (0.077) | 5.111 (0.112) | 0.761 [0.755, 0.767]
Right dMRI 840 0.586 (0.015) | 4.039 (0.063) | 5.039 (0.108) | 0.767 [0.761, 0.773]
dMRI 1680 0.608 (0.015) | 3.922 (0.078) | 4.908 (0.108) | 0.782 [0.776, 0.787]
Left multimodal 957 0.626 (0.012) | 3.794 (0.030) | 4.767 (0.037) | 0.795 [0.790, 0.801]
Right multimodal 957 0.630 (0.015) | 3.783 (0.066) | 4.743 (0.075) | 0.798 [0.792, 0.803]
Multimodal 1914 0.653 (0.014) | 3.688 (0.064) | 4.627 (0.040) | 0.808 [0.803, 0.813]

Females

Model Features R? MAE RMSE Correlation*

Left Tiw 117 0.482 (0.015) | 4.424 (0.053) | 5.499 (0.060) | 0.696 [0.690, 0.703]
Right T1w 117 0.470 (0.017) 4.486 (0.07) 5.570 (0.082) | 0.688 [0.681, 0.694]
Tiw 234 0.504 (0.015) | 4.339 (0.073) | 5.403 (0.079) | 0.710 [0.704, 0.716]
Left dMRI 840 0.560 (0.014) | 4.043 (0.072) | 4.993 (0.072) | 0.745 [0.739, 0.751]
Right dMRI 840 0.573 (0.014) | 3.961 (0.065) | 4.925 (0.061) | 0.757 [0.751, 0.763]
dMRI 1680 0.597 (0.013) | 3.845 (0.069) | 4.815 (0.058) | 0.773 [0.767, 0.778]
Left multimodal 957 0.608 (0.016) | 3.782 (0.016) | 4.696 (0.094) | 0.778 [0.773, 0.784]
Right multimodal 957 0.613 (0.016) | 3.746 (0.095) | 4.664 (0.098) | 0.785 [0.780, 0.790]
Multimodal 1914 0.633 (0.017) | 3.653 (0.085) | 4.577 (0.080) | 0.798 [0.793, 0.803]
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» 15 Tuned hyperparameters for sex stratified brain
1 age models

o2 Overview of the tuned hyperparameters for each of the sex-specific brain age models.

Males
Modality Hemisphere | Learning Rate | Maximum Depth | Number of Trees
Multimodal Both 0.1 6 140
Multimodal Left 0.1 5 140
Multimodal Right 0.1 4 180
dMRI Both 0.1 5 140
dMRI Left 0.1 4 180
dMRI Right 0.05 5 180
Tiw Both 0.1 5 60
Tiw Left 0.1 4 180
Tiw Right 0.1 4 180
Females
Modality Hemisphere | Learning Rate | Maximum Depth | Number of Trees
Multimodal Both 0.1 4 180
Multimodal Left 0.05 8 180
Multimodal Right 0.05 6 180
dMRI Both 0.05 7 180
dMRI Left 0.05 7 140
dMRI Right 0.05 8 180
Tiw Both 0.1 5 140
Tiw Left 0.05 6 180
Tiw Right 0.1 5 180
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SUPPLEMENTARY FIGURES

1 Uncorrected mean values’ age curves

Uncorrected standardized and zero-centered age curves and lines for mean values of grey and white and
grey matter features by age per hemisphere. For line fitting, first, a cubic smooth function (s) with k = 4
knots was applied to plot the relationship between age and brain features (F'): age = s(F'). Second, a linear
model was applied of the following form: age = Bo + 81 X F. Models used restricted maximum likelihood
(REML). Extreme outliers defined by Mean+9SD were removed for visualisation purposes.
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2 Distribution of the significant and

972
o7 non-significant slopes of age-related laterality
. .
s indexed grey and white matter features
975 We estimated the absolute laterality index (|LI|) for each regional feature to assess the overall directional-
976 ity of asymmetry-age associations. The distrubutions of age-relationship of |LI| are displayed with the six
977 panels showing the distributions for the modality-specific features (Ti-weighted and diffusion-weighted)
978  for both sexes, males and females.
979
Both sexes' dMRI features' age associations Males' dMRI features' age associations Females' dMRI features’ age associations
5 oy o 5 o oy w2 o T = o
Both sexes' T1 features' age associations Males' T1 features’ age associations Females' T1 features' age associations
B
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3 Distribution of the significant slopes of
age-related laterality indexed grey and white
matter features

We estimated the absolute laterality index (|LI|) for each regional feature to assess the overall directional-
ity of asymmetry-age associations. The distrubutions of age-relationship of |LI| are displayed with the six
panels showing the distributions for the modality-specific features (T;-weighted and diffusion-weighted)
for both sexes, males and females.
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» 4 Linear, adjusted hemispheric mean values’ age
o0 associations

992 Corrected standardized and zero-centered linear age relationships for mean hemispheric val-
993 ues of grey and white matter features by age per hemisphere. Modelling was done using Eq. 2:
94 age = PBo+ PB1 X F 4+ B2 X Sex + Bz X Site, where F' is the respective brain feature.
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» 5 Adjusted mean values’ hemisphere-specific age
008 associations by sex

999 Age curves of standardized and zero-centered mean values of GM and WM features per hemisphere and by
1000 sex. A cubic smooth function (s) with k = 4 knots was applied to plot the relationship between age and
1001 brain features correcting for sex and scanner site (F'): age = s(F') 4+ sex + site using restricted maximum
1002 likelihood (REML). The grey shaded area indicates the 95% CI. All age-relationships were significant
1003 (padq; < .05).
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o 6 Adjusted mean values’ sex-specific age
w007 associations by hemisphere

1008  Age curves of standardized and zero-centered mean values of GM and WM features per hemisphere and by
1000 sex. A cubic smooth function (s) with k = 4 knots was applied to plot the relationship between age and
1010 brain features correcting for sex and scanner site (F'): age = s(F') + sex + site using restricted maximum
1011 likelihood (REML). The grey shaded area indicates the 95% CI. All age-relationships were significant
1012 (padq; < .05).
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ws 7 Association between general
w016 health-and-lifestyle phenotypes and brain age
1017 estimated from different modalities, left, right
1019 and both hemispheres by sex

1019  Eq. 9 was used (yet stratifying by sex) and standardized slopes are presented. For simplicity, standardized
1020 slopes with |3| < 0.005 were rounded down to 3 = 0. Panel a) males, panel b) females. L: left hemisphere,
1021 R: right hemisphere, LR: both hemispheres, BMI: body mass index, WHR: waist-to-hip ratio. Bonferroni-
1022 adjusted p < .05 is marked by a black frame.
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o 8 Males’ Ti-weighted and dMRI features
1026 asymmetry-age-associations

1027 Ti-weighted and dMRI features linear asymmetry-age-associations. The plot presents the standard-
1028 ized, site-corrected regression slopes versus Bonferroni-adjusted -loglO p-values for males. Modelling
1029 was done using a sex-stratified version of Eq. 2: age = Bo + B1 X F + B2 X Site, where F is the
1030 respective brain feature. Labelling was done separately for Ti-weighted and dMRI indicating the 10
1031 most significantly associated features (five for 8 > 0 and five for 8 < 0). Cereb.Peduncle = cerebral
1032 peduncle, Rostro-mid. thicknes = rostro-middle thickness, SLFT = superior longitudinal fasciculus
1033 (temporal part), Fornix-Str.Term. = fornix-stria terminalis tract, Rost. ant. cingulate = rostral anterior
1034 cingulate. Full tables are available at https://github.com/MaxKorbmacher/Hemispheric_Brain_Age/.
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9 Females’ Tij-weighted and dMRI features
asymmetry-age-associations

linear asymmetry-age-associations. The plot presents the stan-
1040 dardized, site-corrected regression slopes versus Bonferroni-adjusted -loglO p-values for females.
Modelling was done using a sex-stratified version of Eq. 2: age = Bo 4+ /1 X F + B2 X Site,
1042 where F is the respective brain feature. Labelling was done separately for T;-weighted and
1043  dMRI indicating the 10 most significantly associated features (five for 8 > 0 and five for
1044 (3 < 0). Cereb.Peduncle = cerebral peduncle, Rostro-mid. thicknes = rostro-middle thickness,
1045 SLFL = superior longitudinal fasciculus, Sup.front.occ.Fasc. = superior fronto-occipital fasci-
1046 culus. Full tables are available at

1037
1038

1039 Tj-weighted and dMRI features

1041

https://github.com/MaxKorbmacher/Hemispheric_Brain_Age/.
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w10 Pearson correlation coefficients between

1050 chronological and predicted ages for

1051 T,-weighted, diffusion, and multimodal MRI
1052 for left, right and both hemispheres for sex
1083 stratified brain age models

1054  All Bonferroni-corrected p < .001. L: left hemisphere, R: right hemisphere, LR: both hemispheres.
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11

1057

Association between general
health-and-lifestyle phenotypes and sex-specific

1058
. . . .
1059 trained brain age estimated from different
o . .
1060 modalities, left, right and both hemispheres
1061 Eq. 9 was used (yet stratifying by sex) and standardized slopes are presented. For brain age prediction, we
1062 used models which were trained separately for males and females, respectively. For simplicity, standardized
1063 slopes with |3] < 0.005 were rounded down to 8 = 0. L: left hemisphere, R: right hemisphere, LR: both
1064 hemispheres, BMI: body mass index, WHR: waist-to-hip ratio. Bonferroni-adjusted p < .05 is marked by a
1065  black frame.
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12 Association between general health-and-
lifestyle phenotypes and sex-specific trained
brain age estimated from different modalities,
left, right and both hemispheres by sex

Eq. 9 was used (yet stratifying by sex) and standardized slopes are presented. For brain age prediction, we
used models which were trained separately for males and females, respectively. For simplicity, standardized
slopes with [3| < 0.005 were rounded down to 8 = 0. Panel a) males, panel b) females. L: left hemisphere,
R: right hemisphere, LR: both hemispheres, BMI: body mass index, WHR: waist-to-hip ratio. Bonferroni-
adjusted p < .05 is marked by a black frame.
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