Supplementary material

RF-spoiled gradient echo
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1 mm isotropic resolution
FOV 25.6 x 25.6 cm?

166 slices

TE 2.9 ms, TR 7.6 ms
11° flip angle

13C-image acquisition

15 mm isotropic resolution

FOV 24 x 242

24 slices

11° flip angle for 3C-pyruvate
80° flip angle for *C-lactate

80° flip angle for *C-bicarbonate

13C-spectroscopy slab)

Table 1: Scan parameters for T1-weighted

13C-spectroscopy slab acquisitions.

100 mm slab thickness
10° flip angle

16384 samples at 32 kHz
512 ms acquisition time

anatomical images, *C-image acquisition and

Let the regression coefficient for the effect of age on a log-transformed variable of interest

be (.4, which gives the change in the log variable per year. This can be converted to a

percentage change per decade of the anti-log-transformed variable, pjeceqe, as follows:

Pdecade = (1 -

e!%%ase) 5% 100% [1]
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Models compared with ANOVA for Lp p-value
Brain region vs brain region + sex 0.2
Brain region vs brain region + weight 0.06
Brain region vs brain region + age 0.01
Brain region + age vs brain region + age + weight | 0.09
Brain region + age vs brain region * age 0.002
Brain region * age vs brain region * age + weight | 0.09

Table 2: Example results from the iterative process used when mixed-effect model building
for log(Lp). The p-value results from an ANOVA comparing the two listed models, with
a significant p-value suggesting that the inclusion of an additional variable or interaction
significantly improved the modelling of the observed variance. The first test suggested that
biological sex should not be included. The same was found for the next model, which tested
brain region versus both brain region and weight as independent fixed effects. This process
resulted in the final model with age, region and an interaction (indicated by %) between age
and region.

Models compared with ANOVA for Bp p-value
Brain region vs brain region + sex 0.09
Brain region vs brain region + weight 0.1
Brain region vs brain region + age 0.009
Brain region + age vs brain region + age + weight | 0.2
Brain region + age vs brain region * age <0.0001
Brain region * age vs brain region * age + weight | 0.2

Table 3: Example results from the iterative process used when mixed-effect model building
for log(Bp). The p-value results from an ANOVA comparing the two listed models, with
a significant p-value suggesting that the inclusion of an additional variable or interaction
significantly improved the modelling of the observed variance. The first test suggested that
biological sex should not be included. The same was found for the next model, which tested
brain region versus both brain region and weight as independent fixed effects. This process
resulted in the final model with age, region and an interaction (indicated by %) between age
and region.

Factor | DFn |DFd |F | p

Age (categorical) | 1 33 12.5 | 0.001
Region 131 | 4323 | 42.9 | < 0.0001
Age:Region 131 | 4323 | 1.2 | 0.04

Table 4: Mixed-effects ANOVA table for the log of the dependent variable Lp vs. age, region,
and an age-region interaction term.
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Figure S1: Transformation of Lp data to log-scale significantly improves heteroscedasticity
in observed data. Residuals as a function of fitted values from the regression model using
(a) the ratio Lp as the dependent variable and (b) using log(Lp). Heteroscedasticity, where
variance of the residuals depends on Lp values, can be observed in (a) whereas taking the
log of Lp achieves a homoscedastic distribution (b).
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Factor | DFn |DFd |F | p

Age (categorical) | 1 33 12.2 | 0.001
Region 131 | 4323 | 28.9 | < 0.0001
Age:Region 131 | 4323 | 1.0 | 0.5

Table 5: Mixed-effects ANOVA table for log of the dependent variable Bp vs. age, region
and an age-region interaction term.
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Region Estimate t-statistic p-value
R-POrG -0.54 -4.5 0.00008
L-SCA -0.53 -4.4 0.0001
L-AcA -0.51 -4.3 0.0002
L-MCgG -0.50 -4.1 0.0002
R-AntIns -0.49 -4.1 0.0003
R-OrlFG -0.49 -4.0 0.0003
L-Cale -0.47 -3.9 0.0004
R-VentDC -0.47 -3.9 0.0005
R-MPrG -0.47 -3.9 0.0005
L-BasForbr -0.46 -3.8 0.0006
CerebVermLob VII-X -0.45 -3.7 0.0007
L-Ent -0.45 -3.7 0.0007
L-AntIns -0.45 -3.7 0.0008
R-MCgG -0.44 -3.7 0.0009
L-OplFG -0.44 -3.6 0.001
R-TrIFG -0.44 -3.6 0.001
R-FO -0.43 -3.6 0.001
L-FuG -0.43 -3.5 0.001
L-POrG -0.43 -3.5 0.001
L-TrlFG -0.43 -3.5 0.001
4th Vent -0.42 -3.5 0.001
L-MFC -0.42 -3.5 0.001
L-Gre -0.42 -3.5 0.001
L-PCgG -0.42 -3.5 0.001
L-OrlFG -0.42 -3.4 0.002
R-PCgG -0.41 -3.4 0.002
L-Amyg -0.41 -3.4 0.002
L-FO -0.41 -3.4 0.002
L-Pins -0.41 -3.4 0.002
R-PT -0.40 -3.3 0.002
R-ThalProp -0.40 -3.3 0.002
L-PO -0.40 -3.3 0.002
L-PT -0.40 -3.3 0.002
R-MOrG -0.39 -3.3 0.003
L-VentDC -0.39 -3.3 0.003
L-TTG -0.39 -3.2 0.003
L-MOrG -0.39 -3.2 0.003
L-CO -0.38 -3.2 0.003
R-MPoG -0.38 -3.2 0.003
L-OFuG -0.38 -3.2 0.003
L-Cerebel WM -0.38 -3.2 0.003
R-LiG -0.38 -3.2 0.003
R-CO -0.38 -3.2 0.003
L-PHG -0.38 -3.2 0.003



L-PP
R-TTG

CerebVermLob I-V

R-BasForbr
L-ITG

R-PP
R-Pins
L-CerebelEx
R-Pall

CerebVermLob VI-VII

L-LiG
L-TMP
R-TMP
R-SMC
L-Putam
R-Pcu
R-CerebelEx
R-LOrG
L-MPoG

3rd Vent
L-MPrG
R-MSFG
R-STG
R-OFuG
R-Putam
L-ACgG
L-PrG
R-Cun

L-He
L-CerebWM
R-OplFG
L-AnG
R-Amyg
L-STG
L-InfLatVent
[L-ThalProp
R-AnG
R-ACgG
L-IOG
L-MSFG
R-PoG
R-CerebWM
R-SCA
R-PO
L-SMC

-0.38
-0.38
-0.38
-0.37
-0.37
-0.37
-0.37
-0.37
-0.37
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.35
-0.35
-0.35
-0.35
-0.35
-0.35
-0.35
-0.35
-0.34
-0.34
-0.34
-0.34
-0.33
-0.33
-0.33
-0.33
-0.33
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.31
-0.31
-0.31
-0.31

-3.2
-3.2
-3.1
-3.1
-3.1
-3.1
-3.0
-3.0
-3.0
-3.0
-3.0
-3.0
-3.0
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.9
-2.8
-2.8
-2.8
-2.8
-2.7
-2.7
-2.7
-2.7
-2.7
-2.7
-2.7
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6

0.003
0.003
0.004
0.004
0.004
0.004
0.005
0.005
0.005
0.005
0.005
0.005
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.007
0.007
0.007
0.008
0.008
0.009
0.009
0.010
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
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R-Calc
R-MFC
R-ITG
R-MOG
R-SOG
L-Cun
R-Cerebel WM
R-Hc
R-SMG
Brainstem
L-SMG
R-IOG
R-Gre
L-AOrG
R-Ent
L-FRP
L-LOrG
R-PrG
L-Pcu
L-MFG
R-PHG
R-LatVent
L-MTG
R-MTG
R-FuG
L-LatVent
R-InfLatVent
L-SFG
L-SPL
L-Pall

Table 6: Regions with significant differences in log(Lp) between old and young groups as
tested through a t-statistic. All tests were done using the marginal means of log(Lp) for
each brain region as predicted by mixed-effects regression. The “Estimate” column shows
the difference in estimated log(Lp) between ’old’ and ’young’ groups. All listed regions had

-0.31
-0.31
-0.31
-0.31
-0.30
-0.30
-0.30
-0.30
-0.30
-0.30
-0.29
-0.29
-0.29
-0.29
-0.28
-0.28
-0.28
-0.28
-0.28
-0.28
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.26
-0.26
-0.26
-0.26

-2.6
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.4
-2.4
-2.4
-2.4
-2.4
-2.4
-2.3
-2.3
-2.3
-2.3
-2.3
-2.3
-2.2
-2.2
-2.2
-2.2
-2.2
-2.2
-2.2
-2.1
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0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04

p-values below an adjusted alpha calculated using the Benjamini-Hochberg method.

Region Estimate t-statistic p-value
L-Amyg -0.6 -3.9 0.01
L-Ent -0.6 -4.0 0.01
L-OrlFG -0.6 -4.0 0.01
L-Pins -0.6 -3.9 0.01
R-AntIns -0.6 -3.8 0.01
R-MPoG -0.6 -3.8 0.01



R-MPrG
L-AntIns
L-PO
R-OrlFG
L-InfLatVent
R-TMP
L-Gre

4th Vent
L-Calc
L-CerebelEx
L-CO

L-FO
L-PCgG
L-PT
L-TrlFG
L-TTG
R-AOrG
R-InfLatVent
R-LOrG
R-PCgG
R-Pins
R-POrG
R-PP
L-ACgG
Brainstem
CerebVermLob VI-VII
L-FuG

L-Hc
L-MFC
L-POrG
L-PP
R-BasForbr
R-FO
R-ITG
L-MOrG
L-MPoG
L-MPrG
L-OFuG
L-Putam
L-TMP
R-OFuG
3rd Vent
CerebVermLob I-V
L-LOrG
R-Ent

-0.6
-0.6
-0.6
-0.6
-0.6
-0.6
-0.6
-0.6
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5

-4.1
-3.7
-3.7
-3.7
-3.6
-3.6
-3.6
-3.5
-3.3
-3.3
-3.4
-3.4
-3.4
-3.4
-3.3
-3.3
-3.3
-3.3
-3.3
-3.4
-3.3
-3.4
-3.4
-3.2
-3.1
-3.1
-3.1
-3.2
-3.1
-3.1
-3.1
-3.1
-3.2
-3.1
-3.0
-3.1
-3.0
-3.1
-3.0
-3.1
-3.0
-3.0
-2.9
-3.0
-2.9

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
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R-Hc

R-Pcu
R-VentDC
R-CO

R-Gre
L-ITG
L-OplFG
L-PHG
[L-SCA
L-STG
L-VentDC
R-LiG
R-MOrG
L-BasForbr
R-Cerebel WM
R-PHG
L-IOG
L-MCgG
R-MCgG
R-PT
R-AnG
R-MOG
L-OCP
L-FRP
L-LiG
R-CerebelEx
R-Amyg
R-SMC
R-STG
L-AnG
CerebVermLob VII-X
R-SCA
L-MSFG
L-MTG
R-ThalProp
L-CerebelWM
L-CerebWM
R-FuG
R-IOG
L-AcA
L-SMG
R-CerebWM
L-PrG
L-ThalProp
L-AOrG

-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-0.5
-04
-0.5
-0.5
-0.5
-0.4
-0.4
-04
-0.4
-0.4
-0.4
-0.4
-04
-04
-0.4
-0.4
-0.4
-04
-04
-04
-0.4
-0.4
-04
-04
-04
-0.4
-0.4
-0.4
-0.4
-0.4
-0.4
-0.4
-0.4
-04
-04
-0.4
-0.4

-3.0
-2.9
-2.9
-2.9
-2.9
-2.8
-2.8
-2.9
-2.8
-2.8
-2.9
-2.8
-2.8
-2.8
-2.8
-2.7
-2.7
-2.7
-2.7
-2.7
-2.7
-2.7
-2.7
-2.6
-2.6
-2.7
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.6
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
-2.4

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
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R-PoG -0.4 -2.4 0.03
R-OplFG 0.4 2.4 0.03
R-Cun -0.4 -2.4 0.03
L-Pcu -0.4 -2.3 0.03
R-MFC -0.4 -2.3 0.04
R-TTG -0.4 -2.3 0.04
R-SOG -0.4 -2.3 0.04
L-Cun -0.4 -2.3 0.04
R-SMG -0.4 -2.2 0.04
R-MSFG -0.4 -2.2 0.04
R-PrG -0.3 -2.2 0.04

Table 7: Regions with significant differences in log(Bp) between old and young groups as
tested through a t-statistic. All tests were done using the marginal means of log(Bp) for
each brain region as predicted by mixed-effects regression. The “Estimate” column shows
the difference in estimated log(Bp) between ’old’” and ’young’ groups. All listed regions had
p-values below an adjusted alpha calculated using the Benjamini-Hochberg method.



3rd Vent

4th Vent
R-AcA
L-AcA
R-Amyg
L-Amyg
Brainstem
R-Caud
L-Caud
R-CerebelEx
L-CerebelbEx
R-Cerebel WM
L-CerebelWM
R-CerebWM
L-CerebWM
R-Hc

L-Hc
R-InfLatVent
L-InfLatVent
R-LatVent
L-LatVent
R-Pall

L-Pall
R-Putam
L-Putam
R-ThalProp
L-ThalProp
R-VentDC
L-VentDC

CerebVermLob I-V
CerebVermLob VI-VII
CerebVermLob VII-X

L-BasForbr
R-BasForbr
R-ACgG
L-ACgG
R-Antlns
L-AntIns
R-AOrG
L-AOrG
R-AnG
L-AnG
R-Calc
L-Calc
R-CO
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3rd-Ventricle

4th-Ventricle
Right-Accumbens-Area
Left-Accumbens-Area
Right-Amygdala

Left-Amygdala

Brain-Stem

Right-Caudate

Left-Caudate
Right-Cerebellum-Exterior
Left-Cerebellum-Exterior
Right-Cerebellum-White-Matter
Left-Cerebellum-White-Matter
Right-Cerebral-White-Matter
Left-Cerebral-White-Matter
Right-Hippocampus
Left-Hippocampus
Right-Inf-Lat-Vent
Left-Inf-Lat-Vent
Right-Lateral-Ventricle
Left-Lateral-Ventricle
Right-Pallidum

Left-Pallidum

Right-Putamen

Left-Putamen
Right-Thalamus-Proper
Left-Thalamus-Proper
Right-Ventral-DC
Left-Ventral-DC
Cerebellar-Vermal-Lobules-I-V
Cerebellar-Vermal-Lobules-VI-VII
Cerebellar-Vermal-Lobules-VIII-X
Left-Basal-Forebrain
Right-Basal-Forebrain
Right-ACgG-anterior-cingulate-gyrus
Left-ACgG-anterior-cingulate-gyrus
Right-Alns—anterior-insula
Left-Alns—anterior-insula
Right-AOrG—anterior-orbital-gyrus
Left-AOrG-anterior-orbital-gyrus
Right-AnG—angular-gyrus
Left-AnG—angular-gyrus
Right-Calc—calcarine-cortex
Left-Calc—calcarine-cortex
Right-CO—-central-operculum



Left-CO—-central-operculum
Right-Cun—cuneus
Left-Cun——cuneus
Right-Ent—entorhinal-area
Left-Ent—entorhinal-area
Right-FO—-frontal-operculum
Left-FO—-frontal-operculum
Right-FRP—frontal-pole
Left-FRP—frontal-pole
Right-FuG—fusiform-gyrus
Left-FuG—fusiform-gyrus
Right-GRe—gyrus-rectus
Left-GRe—gyrus-rectus
Right-1OG—inferior-occipital-gyrus
Left-IOG—inferior-occipital-gyrus
Right-ITG—inferior-temporal-gyrus
Left-ITG—inferior-temporal-gyrus
Right-LiG—lingual-gyrus
Left-LiG—lingual-gyrus
Right-LOrG-lateral-orbital-gyrus
Left-LOrG-lateral-orbital-gyrus
Right-MCgG-middle-cingulate-gyrus
Left-MCgG-middle-cingulate-gyrus
Right-MFC-—medial-frontal-cortex
Left-MFC—medial-frontal-cortex
Right-MFG-—middle-frontal-gyrus
Left-MFG-—middle-frontal-gyrus
Right-MOG-—middle-occipital-gyrus
Left-MOG-—middle-occipital-gyrus
Right-MOrG-medial-orbital-gyrus
Left-MOrG-medial-orbital-gyrus
Right-MPoG-postcentral-gyrus
Left-MPoG-postcentral-gyrus
Right-MPrG-precentral-gyrus
Left-MPrG-precentral-gyrus
Right-MSFG-superior-frontal-gyrus
Left-MSFG-superior-frontal-gyrus
Right-MTG—middle-temporal-gyrus
Left-MTG-—middle-temporal-gyrus
Right-OCP—occipital-pole
Left-OCP—occipital-pole
Right-OFuG-occipital-fusiform-gyrus
Left-OFuG-occipital-fusiform-gyrus

Right-OplFG-opercular-part-of-the-IFG

Left-OplFG-opercular-part-of-the-IFG
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R-OrlFG
L-OrlFG
R-PCgG
L-PCgG
R-Pcu
L-Pcu
R-PHG
L-PHG
R-Pins
L-Pins
R-PO
L-PO
R-PoG
L-PoG
R-POrG
L-POrG
R-PP
L-PP
R-PrG
L-PrG
R-PT
L-PT
R-SCA
L-SCA
R-SFG
L-SFG
R-SMC
L-SMC
R-SMG
L-SMG
R-SOG
L-SOG
R-SPL
L-SPL
R-STG
L-STG
R-TMP
L-TMP
R-TrIFG
L-TrlFG
R-TTG
L-TTG

Right-OrIFG-orbital-part-of-the-1FG
Left-OrIFG-orbital-part-of-the-IFG
Right-PCgG-posterior-cingulate-gyrus
Left-PCgG-posterior-cingulate-gyrus
Right-PCu—precuneus
Left-PCu—precuneus
Right-PHG—parahippocampal-gyrus
Left-PHG—parahippocampal-gyrus
Right-PIns—posterior-insula
Left-PIns—posterior-insula
Right-PO—-parietal-operculum
Left-PO—parietal-operculum
Right-PoG—postcentral-gyrus
Left-PoG—postcentral-gyrus
Right-POrG-—posterior-orbital-gyrus
Left-POrG-posterior-orbital-gyrus
Right-PP—-planum-polare
Left-PP—-planum-polare
Right-PrG—precentral-gyrus
Left-PrG—precentral-gyrus
Right-PT—-planum-temporale
Left-PT—-planum-temporale
Right-SCA—subcallosal-area
Left-SCA—subcallosal-area
Right-SFG—superior-frontal-gyrus
Left-SFG—superior-frontal-gyrus
Right-SMC—supplementary-motor-cortex
Left-SMC—supplementary-motor-cortex
Right-SMG-—supramarginal-gyrus
Left-SMG—supramarginal-gyrus
Right-SOG—superior-occipital-gyrus
Left-SOG-—superior-occipital-gyrus
Right-SPL—superior-parietal-lobule
Left-SPL—superior-parietal-lobule
Right-STG—superior-temporal-gyrus
Left-STG—superior-temporal-gyrus
Right-TMP—temporal-pole
Left-TMP—temporal-pole
Right-TrIFG-triangular-part-of-the-IFG
Left-TrIFG-triangular-part-of-the-IFG
Right-TTG—transverse-temporal-gyrus
Left-TTG—transverse-temporal-gyrus

Table 8: Definition of the brain region labels used in the figures.
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