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Background: BMI, hyperglycaemia and Type 2 Diabetes (T2D), and their interactive effects
are associated with brain volume atrophy in ageing. It remains to be establisiese ifisk
factors are particularly concerning in individuals with high or low brain volumes.

Methods: Demographics, venous blood and MRI data were collected for 494 healthy
community=living adults aged 588 (M=65), as part of the Personality and Total Health
Through Life study. Associations between Body Mass Index (BMI), blood glucose, diabetes
staus and'brain'volume (whole brain, grey matter, white matter, andastibal structures)

was investigated using quantile regression.

Results: Quantile regression revealed particular vulnerability to BMI x glucose interactions
in lower volumes, and significant main effects for T2D particularly in higher vedum

Diabetes was'most strongly associated with brain volumes. The association between BMI,
blood glucose and diabetes is not consistent across the full range of brain volumes
Conclusion: Explicit investigation of the upper and lower boundaries of brain volume
distributions is valuable. We found evidence of protective reserve from higher bhaines,

and that a‘combination of high BMI and higher blood glucose was particularly concerning for

individuals with-lower brain volumes

I ntroduction

Brain tissue loss occutkroughouthe adult lifespan but increasg®gressivelywith
age. By age 80, typicahrinkage is estimated be around 109%f original total brain
volume and is an important contributor to loss of cognitive funfdtjoBetter understanding
of how modifiable risk factorgontribute to neurodegenerati@ncriticalto the develoment
of strategies aimed aptimisng healthy brain ageing, amddecreamg the risk of dementia.
There is substantial evidenicglicatingthattype 2 diabetes mellitug2D) and
overweight/obesityoften measured as BM#rebothassociated with accelerated brain
atrophy, neurodegeneration, and increased risk of cognitive détlirewever, although
they coeccur-a share a number of pathological featuriess, not cleawhether one or the
other contributes more to neurodegeneration. Moreover, whether their effect isunifor
across cerebral structures and individuals is not well undef8jood

T2D'is associatkwith lower total brain volume and accelerated brain atrophy
throughout life[2, 4]. This amounts to approximately 1.5% lower brain volume in adults with
T2D, equivalent to three years of aggsociated atropff]. There is growing evidence
thathigh blood glucose levels the nordiabetc range are also implicated in brain tissue loss

well before clinical T2D sets if].
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High BMI is alsoassociated witlower total brain volume anaiccelerated brain
atrophy over time, amounting to approximately 6% lower brain volume in adults with
obesity,who experienc0% more atrophy per year than individuals of normal weight[2].
Because obesity and T2D dnghly comorbid, overlap in their pathophysiologynd share
several pathways tofatt cerebral health, it nresolved which contributes most to
neurodegenerative processand the extent to which they interact

A promisingnew approach is to focus on blood glucose levels, both because blood
glucose ingthe normal range can impa@tebral healthTo our knowledge the only study to
have examined.in detail the overlap in effects betvirgim BMI and T2Dwhile also
considering,blood glucose, suggedteat T2D effect®n white mattemay be secondary to
co-morbid obesity. Howevethese conclusions are limited by a small sampleandique
focus on white'matt@4]. It is unclear whethegrey matter migt be differentially affected.
For example, brain regions with high insulin receptor density, such as the hippofgddmpus
may be particularly vulnerable to hyperinsulinemia from both T2D and obesity.igatest
of structures with low insulin receptor density that are also vulnerable toghygeamia, such
as the thalamii8], may therefore help to distinguish T2D from obesity effects.

A grewing body of evidence suggests that those with smaller intracranial, totgl brai
and subcortical volumes may be at increased risk of subsequent brain atrophy and
pathological cegnitive decline[2, 9]. Lower volumes appear tasseciated with increased
vulnerability to physical and psychological risk factors and consequent
neurodegeneration[10]. This can be framed as limited reserve for coping with additional
impact of high blood glucose, T2D and high BMI. Conversely, larger brain volumes may
constitute protective reseild]. The aim of this study was therefore to investigate the
association between BMI, blood glucose, T2D, and brain volume in a large sample of

community-living middle-and older-aged individuals.

Methods

Study population

This crosssectional study focusses on a the recent Wé)ef the Personality and Total
Health (PATH) Through Life study is a large longitudinal study investigating ageiatihhe
cognition and other individual chaxtaristics across the lifespdescribed in detail
elsewherfl2]. Briefly, a large cohort of healthy community-living adults provided self-
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report, blood, and MRI data at four year intervals over a twelve year period. The current
study focusses on follow-up data for cohaged40-45 (n=2530) and 60-64 years at
baseline (=2551) Participants were excluded on the basis of unavailable MRht#ia
wave of interest (wave 4and history oheurological disorderspilepsy, Parkinson’s
disease,stroke; or dementiat any time during the PATH studgsulting in a final sample

of 494 (408=266, 6031=228; see supplementary materials). Included/exclddézted only
in years of educatiotincludedM=14.13, excludei1=14.41;t(617)=2.239p=<0.02).
Participants provided written, informed consent. This study was approved by the human
research ethics,.committeef the Australian National University and the University of New
South Wales.

Measure

Body mass index (BMI) was computed based on self-reports of weight and height with the
formula weight (kg)/height (A. Venous blood was collected following an overnight fast,
and plasma glucose was measured on a Beckman LX20 Analyzer by an oxygesthate m
Diabetic status.was defined by non-overlapping categories of T2D (self-reported, mr

more fasting blood glucose measudesing the study7mmol/L),impaired fasting glucose
(IFG; not T2Dand two or more blood glucose measures during the study >=5.6mmol/L), or
NFG (not T2Dsor IFG, two or more blood glucose measures during the study <5.6),
following American Diabetes Association guidelingsars of educatigrsmoking (ever vs
never smoked) and neurological exclusion criterion (listed previously) were obitgirsed-
report. Hypertension was assesdgdselfreported use of antihypertensive medication, or
two blood pressure measures taken three minutes apart while participants were seated
(systolic > 140, diastolic > 90Rhysi@l activity, expressed as Metabolic Equivalents
(METSs), was calculated from se#ported hourphysical activity(mild PAx3)+(moderate
PAx6)+(vigorous PAx9), following the ratio in Ainsworth et al[18Equisition parameters

for MRI scanstare described in detail elsewHefeand in the supplementary materials.
Briefly, scans:were thregimensional structural fasield echo sequare TXweighted,
analyzedusing the longitudinal pipeline of Freesurfer v5.3 on a Linux workstgtBnThis
study focusses,owave 4total brain, grey matter, thalamus (tefght), white matter, and

corpus callosum volume.
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Statistical analyses

Analyses were carried out in Rnsion3.2.0.Main effects models for each brain volume
(total, grey matter, thalamus, white matter, aapus callosum) were fit with BMI, gtose,
and diabetes status (NFG/IH@D) as predictors. Separate models were fit for the BMI x
glucose and BMI x diabetessatusnteractions, to allow separate interpretation of main
effects and interaction&ll models controlled for intracranial volume, sex, age, cohort
(40s/60s),years,of education, hypertension (yes/no), smoking status (ever/never) and
physical activity (METS). Linear regression and corresponding quantile mededdit with
quantreg v5.21.

Comparison of quantile sub-models against the linear results provides insighhether

predictors have.a constant association actass/hole range of brain volumes, taking into
account heterogeneity of variance in ways that alternative approaches that may deal with such
nonlinearity,"'such as spline models, cankéald test of equality of slopes indicated

whether modelgjoint test)and/or slopes (nojoint test)for each submodel within the

qguantile regression differed from one anothérea and quantile models explain variance in
distinct ways, thusve used thé\kaike Information Criterion (AIC) aneR Log Likelihood (-

2LL) via y*ratio test

Four groups were specified with cut points of tau 0.25, 0.5, and 0.75 to allow comparison of
the centrefupper #%ercentile, and lower 3%ercentile of the distributioiThree cut points
were chosensto,maintain sufficient power at eachAtpha wasadjusted for multiple
comparisons at/<0.05, or <0.01 (conservatively, linear model and fourlgopes =

0.05/4 = 0:0%

Results

Just over half (n=251, 50.81%) of participants were male. Around 20% (n=95) had IFG, and
10% (n=46 had T2D Further participant characteristics can be seen in tatdedLquartile

cut points can be seen in tabléA?ald testsindicated that quantile sulnodel fit significantly
differed formain‘effects and interactionsgney matte(QRAD(24,1224)=1.70p=0.02 and
QRAD(26,1222)=1.76p=0.01 respectively; see supplementary taple2l L and AIC fit

indices similarlyindicated a trend for superior fit in quartile models regarding grey matter

volume (supplementary table 2). Accordingtyain effects from linear model coefficients
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will be reported to provide context for whole-sample trends (for comparison with othe
literature which takes a linear approach), but the better fitting quartile models will form the

basis of interpretation and conclusions.

Main effect-asociations with lood glucose and diabetes

Blood glucose was significantly associated with grey méer=0.50p=3.98 95%CI[-6.23,
-1.74]) the'thalamus (significance at tau=01250.09 95%CI[-0.18, -0.01]) volume (Figure
1). In fully@adjusted models, participants with T2D had 2812®5%CI -47.21, -9.36ower
total brain volume, 9.48I1 [95%CI -21.69, 2.77pwer grey matter volumé),.44ml [95%CI -
0.91, 0.04])lower thalamus volume, -1618395%CI-29.23, -3.23Jower white matter
volume, and 0.1mMl [95%CI-0.36, 0.0] lower corpus callosum volumeh& association
between T2D and smaller brain volunvess mospronounced in the T5percentile (Figure
1), indicating that the significant impact of T2D on brain volume is driven but the upgper e

of the distribution

Main effect.@seciations wittBMI

The main effectfor BMI was not significanthssociated with any brain volume, though
there was atrend fandividuals in the 2% percentile to have a positive associatidth
brain volumesyWhile those in the"58nd 75" percentiles were closer to neutranegative

associations (figure)l

Interactionsbetween BMI, blood glucose levels and T2D

BMI and blood glucose interacted to prediotumes. $nificance was not uniform across
quartiles.In the 28' percentile, the BMI x glucose interactioms associated with lower
volume, specifically 0.61l [95%CI-1.22, -0.01]Jower total brainand 0.0inl [95%CI-0.02,
-0.0] lower.thalamuamatter volumeand borderline significance for grey matter volume.
This indicates'that the combination of high BMI and high blood glucose is a risk factor
particular tesindividuals with low brain volumes baseline In the 78 percentile BMI and
diabetestatussignificantly interacted. Bch additional unit of BMI was associated wathl
[95%CI 1.04; 5.0RPgreatertotal brain volume in individuals with {&, adding to the main
effect trend for higher total brain volume associated with IFG. In white maas&ndghT2D
(rather than NFG) mitigated tmeain effectnegative association between BMI and brain
volume by 2mlI[95%CI 0.06, 4.04jer unit BMI(figure 1).

This article is protected by copyright. All rights reserved



Sensitivity analyses

Additional models (see supplementary materials) were run with outliecs/eginwithout
covariates, without or adjustment for diabetes, with additional adjustment focgdhys

activity, and with an additional adjustment for cholesteFbk pattern of associations were
broadly consistent. Analyses were repeated with quantile splits based on intracranial volume
rather than individual brain regions to partially address whether these eftentsra likely

due to smaller prenorbid head size or neurodegeneration. While broadly similar, some
divergence indicated current results are likely explained by a mix of iniéial bolume and

prior pathological shrinkage.

Discussion

This study’s main findingaerethatBMI and glucosenteract in their associations witinain
volumes, and thahese associatiorepend onthe brain volumeglarge or small) of those
investigatedA quantile approach, which allows investigation of the lower and upper
distribution.of brain volumes, provided better model fit and more nuanced information than a
linear model:-his approaclindicated a more complex pattern of associationdiffared
depending en whether participants had a particularly high or low (intracrahiai&o
adjusted}otal brain, gey matter, thalamusvhite matter, or corpus callosurnlume.

T2D was associated with lower brain voluf2ggl], and contributedhoreto
neurodegeneration th&@MI in bothwhite andgrey matter BMI wasnotdirectly associated
with neuradegeneratioeyenin the corpuscallosum contrary to previous studies[16].

However, significant interactions with glucose and T2D status indicates thza BM
combination of high BMI and higher blood glucose was particularly concerning for
individuals with lower brain volumes, seen in total brain volumes and spdgificéhe
thalamus. This may be indicative of an ongoing atrophy process putatively linked to high
glucose and.BMI within these individuals, or alternatively, diminished resetoe/an
volumes leading'to increased vulnerability. Lack of significance in sensitivitysasausing
intracranialvelume as a proxy for pm@rbid brain size suggest thhese effects are more
likely due te'neurodegenerative processes than initially smaller brain size. This possibility
would be most,convincingly clarified via comparison of monozygotic twins with diffedenti
glycaemic histories.

Resultssupporedthe presence of protective reserve associated with larger brain
volume$11]. In individuals with larger brain volumemly, a combination of IFG and high

BMI was positively associated with total brain volume in individuals with BGugh the
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magnitude of theffect was small (<1% total brain volume per unit BMihis may be
indicative of protective compensatory pre-diabetic metabolic changes to bloodeglucos
metabolism in higher body weights, or conversely, pathological volume increasegssoci
with inflammationfrom chronically high blood glucose levelkthe latter is the caséhere
was littlesindication that this persists in T2@hile T2D wasuniversally significantly
associated with'lower volumes in tlaegest volumes, the association was (bartiirey
thalamus) ‘consistently lower in magnitude and sigmificant in those with the lowest
volumes. This may indicate previous atrophy processes leave limited room fooraalditi
neurodegenerative effects. Together, this suggests simultgmetestive orcompensatory
processes preserving brain volume in some individuals, and exhaustion of degenerative
processesbut/the nature dhese processes remain unclear.

The thalamus has a comparatively lower insulin receptor density than other well
studied grey matter structures such as the hippocampus|7, 8], and so may bearigre cle
associated with hyperglycemia (rather than hyperinsulineifiie) relationshigpetween
thalamus volume an@i2D wasof similar magnitude as other insulinreceptor rich
structures reperted elsewhere (here, thalamus volume was 5% lower in T2D; elsewhere
hippocampus velume was ~4.4% lower in T2D[17]), demonstratiaigthe thalamus is
vulnerable to of type 2 as well as type 1 dialj8lesnterestingly, the association between
glucose and.thalamus volume was significant only in the lowest percerttile it was
associated both the lowest and highest percentile in T2D. Together with significa
interactions between BMI and glucose in this percentile, this suggests that the thalamus may
be a usefustructure for isolating the potential impact of hyperglycemia absent
hyperinsulinemia on grey matter, but only in individuals with low res@&wsilarly, this
indicates some differentiation in the association between the thalahitsgé blood glucose
per se versus T2D. This supports our previous findingsTa&t and high glucoskevelsare
not necessarilysynonymous dut glycaemicmanagement, argbcanhavediffering
impactson-thebrain18].

Thissstudy has a number of strengths, and limitations. Though cross-sectional, cohort
effects in.the current study were limited by the use of two narrow age bands andiagntrol
for both cohert,and time in all models. Further, while the sample was combined in the
interests of statistical power and analytical clarity, it is possible that different mechanisms
underlie BMI in different cohorts (e.g. skeletal muscle loss in the 60s). Although bra
volumes and rates of overweight and T2D were on par with global estimatéisid 8inited

variability at the lower ranges of BMI, possibly obscuring the influence of low Bhdiynas
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reflected in asmall proportion of the youngest cohort having T2D, though the number of
individuals with IFG or T2D were sufficient for analysis when the cohorts a@réined.
The impact of this on model precision and significance could be investigated by quota
sampling across the range of BMI and NFG/IFG/T2D, at the cost of generalisahity.
levels of'education limits generalizability, libe presencef significantassociationg this
healthy,highly educateccommunitytiving sampleindicatesthe importance of the

associatiorbetweerblood glucosandBMI onbrainvolumesin ageing.
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Table 1. Participant characteristics

All NFG IFG T2D

64.66 63.66 65.79 69.99
Age

(9.79) (9.63) (9.98) (8.74)
BMI 27.22 26.48 28.44 30.34

(4.83) (4.55) (4.81) (5.2)

5.45 5.05 5.92 7.53
Glucose {(mmol/L)

(1.212) (0.45) (0.68) (2.68)

1119.57 112494  1123.92 1069.36
(112.36)  (112.72)  (105.95) (112.48)

Grey Matter Volume (mr) 587.9 590.22 589.96  565.88

Total Brain Volume (mr)
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Thalamus Volume (mf)

White MatterVelume (mr)

Corpus Callosum Volume (nin

METs

Gender:Male

Gender:Female

Smoking:No

Smoking:Yes

(55.14) (55.2) (52.06) (57.16)
15.54 15.62 1561  14.85
(1.61) (1.62) (1.58)  (1.46)
502.42 505.14 504.35  477.64
(60.85) (61.37) (57.26)  (59.74)
2.86 2.91 2.81 2.55
(0.54) (0.55) (0.44)  (0.49)
48.88 47.68 57.23  40.91
(46.67) (46.55) (50.72)  (36.33)
251 159 28
(50.81)%  (45.04)%  (67.37)% (60.87)%
243 194 18
(49.19)%  (54.96)%  (32.63)% (39.13)%
273 195 27
(56.76)%  (56.69)%  (55.43)%  (60)%
208 18
149 (43.31)%
(43.24)% (44.57)%  (40)%

Note.Duesto'missingnessome counts may not sum to the total sample size.

Table 2. Brain volume quartiles

10.5

10.75

10.25
Total brainwolume [773, 1040]
(ml)
Grey mattervolume [423, 547]
(ml)
Thalamus volume  [12, 15.1]
(ml)
White matter volume [330, 461]
(ml)
Corpus callosum [0.98, 2.49]
volume (ml)

(1040, 1120]

(547, 586]

(15.1, 16.3]

(461, 500]

(2.49, 2.83]

(1120, 1190]

(586, 625]

(16.3, 17.4]

(500, 539]

(2.83, 3.23]

(1190, 1500]

(625, 754]

(17.4, 21.7]

(539, 744]

(3.23, 4.8]

This article is protected by copyright. All rights reserved



Figure 1. Model slopes and significance

Note.points are regression slopes, with 95% bootstrap confidence intervals (2500 rgplicates
Triangle indicates significance (alpha<0.05). Tau is the boundary between guftile

25%)], (25=50%, (50-75%)], (75-100%)], corresponding to the slope at thesdh and 7%'

of each percentile. All models control for intracranial volume, sex, age, cohans, gfe

education, hypertension, and diabetes status.
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