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Highlights

- ‘O’ blood type adults have increased volumes in the posterior cerebellum.
‘O’ blood type might be protective against dementia.

- Biological explanations include possible fostering of endothelial dysfunction.



Abstract

Recent evidence indicated higher incidence of cognitive deficits in ABO blood-type sydtém

individuals. Since this statistical difference might originate from the lack of protective effects
exerted by O’ alleles on the brain via vascular or non-vascular routes, this study investigated
volumetric differences in grey matter between ‘O’ and non ‘O’ adults to explore the possibility of a

structural endophenotype visible in ‘O’ adults without cognitive impairment or neurodegeneration.

A large sample of cognitively healthy adults who had previously undergone structural MRI for
research purposes were contacted telephonically and enquired about their ABO blood type. Out of
the 189 individuals who were able to retrieve and communicaténfhisation, ‘O’ (n = 76) and

‘A’ adults (n = 65) were included in Model 1. In Model,2ll ‘non-O’ (n = 113) were instead

collapsed in a single group. Voxel-Based Morphometry ansilysee carried out on three-

dimensionall 1-weighted scans, and between-sample t tests were run to compare the maps of grey-

matter volumes of the subgroups of interest, controlling for major nuisance variables.

In Model 1,°O’ adults had larger grey-matter volumes in two symmetrical clusters within the
posterior ventral portion of the cerebellum. This was confirmed in Modeddtionally, ‘non-O’

adults showed lower volume values in temporal and limbic regions, including the left hippocampus.

The cerebellar clusters were located in regions previously found to be part of a network responsible
for sensorimotor integration. It is speculatkat the structural reductions seen in ‘non-O’ adults

might result in a susceptibility to down-regulation of this network. This occurrence is likely to
intensify along the ageing process and may contribute to foster cognitive decline. Although Model 2
seems to suggest that having a ‘O’ blood-type might play a role in protection against those

conditions in which temporal and mediotemporal volumetric loss is obsexvdetimer’s disease)

additional supporting evidence is needed.



A number of potential biological processes might sustain these between-group differences,
including sensorimotor ontogenesis, hormonal function, and a regional impact of cerebral amyloid
angiopathy. These findings identify the cerebellar tissue as a candidate for further studying ABO
function, and support a general association between ABO blood type and variance in the

development of the nervous system.

Keywords: blood group; volumetric MRI; brain structure; voxel-based morphometry; brain

development;



1 - Introduction!

The main blood-type classification (the ABO system) is controlled by a single genetic locus, which
defines four basic ABO phenotypes: blood typgs 'B’, ‘AB’, and‘O’ (Dean, 200h The

variability intrinsic to the ABO blood type seems to be significantly associated with the
functionality of the cardiovascular system. In fact, an ABO-based modulation of the plasmatic
amount of a coagulation glycoprotein, the von Willebrand factor, has been reported, wi@' non-
adults having higher levels (Jenkins @vdonnel, 2006). Consistently with higher plasma levels

of a clotting-inducing factor, nof®’ adults carry a larger number of cardiovascular risk factors
(Carpeggiani et al., 2010). Based on this evidence, many studies have investigated the association
between blood type and the occurrence of vascular events affecting the brain (Wu et al., 2008).
Remarkablyan‘O’ vs non-‘O’ difference seems to be visible even at a young age, as < 50 years

old sufferers from ischemic stroke carrying both alleia8( blood-type individuals) appear to

have a poorer prognosis (Yang et al., 2014). In addiioecent cohort-based investigation which
teskedthe possibility that ‘non-O’ adults might show poorer cognitive trajectories, fourtisht ‘AB’

blood type is associated with higher incidence of cognitive decline (Alexander et al., 2014).
Although the cardiovascular pathway could be a major interpretational avenue for this evidence, the
resulting association was not significantly modified by the inclusion in the models of the quantity of
antigens for a molecule normally bound teYlon Willebrand factor. This indicates that other
mechanisms aside from a cardiovascular route might underlie the impact of ABO blood type on
brain and cognition. We thus hypothesised that neurostructural differences may exist between
and non=O’ adults, with potentially regions of smaller grey matter volumes in the @badults,

and that these differences might be associated with a potential contribution to a scenario of

structural susceptibility for cognitive decline. To explore a potential mechanism of translation to

! Abbreviations included in the manuscript: GM: Grey matter; RGM: Global ratio ofngagter.



the clinical setting, this hypothesis was tested in a cohort of healthy adults. Inferential models were

created in accordance with the distribution of blood types within the final sample.

2 - Material and Methods

This study was designed and carried out following the principles of the Declaration of Helsinki
(World Medical Association, 2013), and was approved by the Institutional Review Board of the
IRCCS Fondazione Ospedale San Camillo (Venice, Italy). A retrospective dataset of 265 structural
Turbo Field Echo Sequendd-weighted images acquired at the IRCCS San Camillo Foundation
Hospital (Venice, Italy) from November 2010 to November 2014 was put together. These three-
dimensional images had been exclusively obtained for research purposes on clinically-established
cognitively-healthy adults, who, at the time of scan, had given informed consent for participation in
research projects. With the exception of four members of IRCCS San Camillo staff population, all
adults older than 55 had been administered an extensive battery of cognitive tests to ascertain
absence of cognitive deficits, as part of the research projects they had been originally recruited for
(Table 1). This battery had been put together in order to be sensitive to cognitive impairment due to
the most common forms of neurodegenerative and neurovascular conditions, and included tests of
short-term and long-term memory, learning, attention, speed of processing, executive functions,
lexical-semantic abilities, visuospatial processing and visuoconstructive skills (see Table 1 for a
detailed list of tests). The acquisition parameters were for all as follows. SchbrEPhilips

Achieva; voxel dimension: 1.1 x 1.1 x 0.6 mm; field of view: 250 mm; matrix size 256 x 256 x 124,
TR: 7.4 ms, TE: 3.4 ms; flip angle: 8°. All recruited adults were free from any subjective cognitive
complaint at the time of scan and all neuro-radiologic responses (based on T1-weighted, T2-

weighted and FLAIR images) revealed no sign of diagnostic entities which could alter brain



structure or brain function. Since the ABO phenotype is a variable acknowledged by a large
proportion of the world population, telephonic interviews were carried out to collect blood types

from all individuals. In addition to an overt degree of methodological convenience, this method of
collection was preferred over lab testing because self-reported ABO blood types are valid measures
to be used in associative studies (Bider-Canfield and Cotterchio, 2014, Ito et al., 2001). Upon
informed consent, 189 adults were able to retrieve and report their ABO blood type. Twenty-three
adults did not know and were unable to retrieve this information. While no adult refused to give
consent, contact was not possible and was thus not made in the case of 53 individuals. Blood types
distributed as follows:0’: 76;‘A’: 65; ‘B’: 34;°AB’: 14. These proportions did not diffgfq{=

4.019, p = 0.259) from those inferred from the large sample described in a retrospective study
carried out in a hospital centre located about 77 miles (in a straight line) from our institution
(Mengoli et al., 2014). Sinc®’ adults (age range: 22-80) arAl adults (age range: 21-77)

showed a similar distribution frequency, these two subgroups were selected forG fiwstnon-

‘O’ blood type comparison (Model 1). This choice was also made not to contaminate the group of
non-0O’ adults by conjoining qualitatively different phenotypes (and thus, possibly qualitatively-
different underlying biological mechanisms). In a second model (Model 2), sample size was instead
optimised,and ‘O’ adults were compared against all ‘non-O’ adults (age range: 21-77)T1-

weighted scans were preprocessed and analysed with Statistical Parametric Mapping 8 software
(Wellcome Trust Centre for Neuroimaging, London, UK) running in a Matlab 7 environment.
Following standard Voxel-Based Morphometry procedures (Ashburner and Friston, 2000), a tissue-
class probabilistic segmentation was initially run to separate grey n@hBr (hite matter, and
cerebrospinal fluid of each scan within its native space. This was carried out to calculate total
intracranial volume and the corresponding global ratio of grey matter (RGM)was also

separated in a modulated and normalised space, and was smoothed with BfulB-width at half
maximum gaussian kernel. A between-group t test was run to compare smoothed GM 1@aps of

and‘A’/’non-O’ blood-type individuals. Age at scan and gender were addéd model as



nuisance factors, together with RGM as a proxy of brain reserve (as suggested by the model of
Stern (2009)), and years of education as a proxy of cognitive reserve (Liu et al., 2013; Stern, 2009).
For Model 1, the threshold of significance was set at p < 0.001 (uncorrected). Since Model 2 was
based on the potential combination of qualitatively-different biological mechanisms (whose intra-
group variability might result in increased between-group separation), a more conservative
threshold was adopted (p < 0.0001, uncorrected). Only clusters surviving a Family-Wise Error-
corrected p < 0.05 were reported as significant. Peak Montreal National Institute coordinates were
converted to Talairach space using a nonlinear transform (imaging.mrc-
cbu.cam.ac.uk/downloads/MNI2tal/mni2tal-m), and the Talaraich Daemon client was used for the
purpose ofnterpretation (Lancaster et al., 2000). According to the null hypothesis, no voxel-based
difference in GM was expected. Considering the explorative nature of the study and, thus, the
absence of a literature of reference for this between-group inferential test, a two-tailed directional

alternative hypothesis was adopted.

Between-group differences in age, years of education, RGM, total intracranial volume and gender
were investigated withdr y? tests. These numeric variables were analysed with IBM SPSS

Statistics 22 (SPSS Inc., Chicago, IL, USA).

3 - Reaults

No between-group difference was found in any of the numeric variables (Table 2). In M@del 1
adults showed a bilateral pattern of larger GM volumes in the ventral posterior portion of the two
cerebellar hemispheres (Table 3, Figure 1). This pattern of larger volume was more evident in the
right cluster, which survived even a more conservatigébp-05 threshold (p 0.000010318, MNI

peak at 10, -70, -38). A similar pattern of largelume showed by ‘O’ adults was maintained in



Model 2, extending this time slightly more within the left cerebellar hemisplwesédition, ‘non-

O’ adults also showed smaller volumes in a bilateral set of areas within the temporal lobe
(especially in its orbital portion), in the left hippocampus, and in the right uncus (Table 4, Figure 2).
Because of the possibility that these additional differen@esdriven by ‘B’ adults, we ran a post-

hoc explorative model comparing ‘O’ and ‘B’ adults only (n = 34, age range: 23-73). These

findings confirnedthisthesis, with ‘B’ adults showing reduced GM volumes in cerebellar and
temporal-mediotemporal/limbic areas (results not shown), but, given the inhomogeneous allocation
ratio to the subgroups (0.447) and the too small size of the sample (73% of a sufficient size, as

indicated by a power analysis), no further interpretational effort was made.

The inverse contrasts did not reveal any significant finding in any of the models.

4 - Discussion

Increasing evidence suggests that the ABO blood-type classification is involved in a number of
human diseases (Franchini and Liumburno, 2013). On this note, the influence of ABO-system
blood type on the nervous system has been a largely unexplored research area. Despite the
association which has been frequently reported betiW@&eind non-°O’ blood types and

cadiovascular risk factors (Carpeggiani et al., 2010; Wu et al., 2008; Yang et al., 2014), recent
findings suggest that other, non-vasculogenic mechanisms might exist, such as, for instance, the
involvement of glycosyltransferase enzymes encoded by the ABO genetic locus (Alexander et al.,
2014). In a retrospective and explorative fashion, we carried out a voxel-based morphometric
analysis of the differences of whole-br&i volumes between a subgroup of healthy adults with

‘O’ blood type and comparable subgroups having other blood types. Particular attention was paid

to the methodology of the main analyses. No between-group differences were found in age and

10



proportion of males/females, and, moreover, groups did not differ in terms of proxies of brain
reserve (RGM) and cognitive reserve (levels of education). Despite the non-significance these four

variables were added anyhow in the model as nuisance variables.

The portion of the cerebellum where a volumetric inter-group difference was found was located in
the territory of the medial branch of the posterior-inferior cerebellar artery. This finding emerged
from both Model 1 and Model 2, suggesting that this region might be the preferential regional locus
of an‘O’ endophenotype. The two outcome clusters overlapped with good accuracy with the
cerebellar regions known to be part of a cerebro-cerebellar network responsible for sustaining
sensorimotor integration (Buckner et al., 2011). Although this is not a functional circuit primarily
involved in the most common forms of dementia of major aetiology (Seeley et al., 2011), a
significantly smaller ABO-related GM volumee these areas might concur in fostering vulnerability

for cognitive declinen old age.

It is fair to acknowledge that, in the original study by Alexander and colleagues (2014), no

significant statistic was found between cognitive trajectory of ‘O’ and ‘A’ adults. Methodological

factors might account for this discrepancy, as in that study inter-group differences were measured as
presence/absence of cognitive impairment in a dichotomised form, whereas in this study differences

were explored testing continuous variables within the domain of normality.

Even in the presence of a clear-cut pattérresuls and the idea of network down-regulatiasa

neat interpretational avenue, an important theoretical aspett ba taken in consideration. It is

not clear, in fact, whether the observed morphometric difference represents a volumetric loss
consistent with atrophy, or, rather, it reflects a simpler and more efficient structural level of
complexity. On this note, the analysis of the ABO-dependent differences in the pattern of
functional connectivity within the sensorimotor-integration network or, alternatively, in association
with a cerebellar region of interest would provide unequivocal evidence to answer this question.

Although such an evocative hypothesis can be put forward in the attempt of interpreting the



potential consequence of these volumetric differences in terms of brain and cognitive function, it
will not suggest a biological candidate mechanism which could explain the smaller GM volumes
seenin ‘A’ adults and, particularly, the regionality of this difference and why it is specific to a well-

established cerebellar portion.

Findings fromModel 2 indicate larger GM volumes in ‘O’ adults in temporal and limbic regions,

bilaterally, with the largest Z score found in the hippocampus. This pattern suggess thizht

also confer an endophenotype of reduced volumetric susceptibility to those conditions in which
volume reductionf these areas is visible (e.g. Alzheimer’s disease). This conclusion, however, has

to be drawn cautiously becaubese anatomical differences were not visible in Model 1, not even
when findings were uncorrected, at a cluster level. For this reason, we chose to interpret the results
of Model 2 as a trend. Since it was possible that these additional cluster of signifiessce
actuallydriven by adults with a ‘B’ blood type, a third, post-hoc model was run to geme ‘O’ and

‘B’ adults. This additional inference confirmed this trend, although, with sinmleomogeneously-
distributed subgroups, our samples not sufficiently powered to sustain this evidenca as

significant finding.

Over the past decades, the ABO blood type has not been studied systematically as a possible
modulator of brain structure or brain function. There is, however, a set of studies which offers
possible interpretative or speculative frameworks which might, at least partially, account for these
volumetric differences. Four major candidates were identified:cardiovascular hypothesis”, the
antigenic moulding of neurosensory pathways, the “cortisol hypothesis”, and the “angiotensin

hypothesis”. A link between the functionality of the cardiovascular system and regional brain
volume is supported by a very recent study by Wang and colleagues (2014), who found that white-
matter hyperintensity burden healthy elderly adults is negatively associated with whole-brain and
hippocampal GM volume, and positively associated with ventricular enlargement. If the variability

for the ABO blood type regulated cerebellar GM volumes via a route of cardiovascular nature, this

12



would imply that one or more mechanisms exist by which the biology of ABO blood types affects
the circulation within the territory of the posterior cerebellar artery with higher affinity than any
other vascular region. At present, however, no published study supports this possibility. Another
piece of evidence which might account for a regional, rather than global effect of ABO blood type
has emerged from a study carried out on rodents. Experimental evidence collected on a transgenic
mouse model revealed that ABO antigen ‘A’ (associated with ‘A’ blood type in man) and antigen
precursor ‘H’ (associated with ‘O’ blood type in man) are expressed on the cellular membrane of

the olfactory axonal structure, which influences the neural development of these sensory pathways
(St John et al., 2006). This leaves the association between a possible expression of blood-type
antigens on human sensory neurons open to speculation. Another, older study found an association
between blood type and timecourse plasma levelsO%tress hormone” cortisol, which had been
experimentally raised in study participants in response to an artificial stressor (Neumann et al.,
1992). In this study ‘A’ adults were found to have a quicker recovery from the hormonal up-

regulation, but, at the same time, had also higher absolute levels of abhaiis©)’ adults at all

stages of the experimental manipulation. Although the brain receptorial population for
glucocorticoids is mainly located in mediotemporal/limbic and prefrontal areas (Lupien et al.,

2007), no GM difference was visible in these regions between the two subgroups in Model 1 (which
tested exactly the two blood types as in the study by Neumann and colleagues, 1992), suggesting
that blood type probably does not regulate cerebellar GM volumes via a chronic effect of stress-
hormones. A fourth, endocrine route with a significant interaction with the cardiovascular system is
that illustrated by the findings by Terao and colleagues (2013). These authors found that levels of
angiotensin-I converting enzyme (which is involved in inducing vasoconstriction) differ according

to the ABO alleles, with theB’ allele being associated to higher plasmatic levels Akeand‘O’

alleles being associated with intermediate levels, antifieallele being associated with lower

levels. Although the pattern of enzymatic variability generated by blood types does not associate

with the presence of a diagnosis of Alzheimer’s disease (Braae et al., 2015), the possibility that this

-



mechanism might have a significant impact on the variability of regional cortical volumes remains

open to speculation.

Alzheimer’s disease is the most common cause of dementia, but is not associated with volumetric
reductions in the posterior cerebellum (Colloby et al., 2014). Nonetheless, the presence of
Alzheimer’s pathology within the entire cerebellar complex is common ansbtigpse showing an

early disease onset (Cole et al., 1993). Although no concrete evidence has yet been found in
support of an association between ABO blood type, neural development, and neural pratection,
recent histological study found that‘A’ blood type the expression of the ABO antigens is
modulated at the level of the brain vascular endothelium (Wang et al., 2013). Since endothelial
dysfunction is molecularly associated with neurodegeneration of the Alzheimer’s type (Grammas et

al., 2011, Lyros et al., 2014), it is possible that ABO-dependent modulation of endothelial function
might contribute as a risk factor for (or protection faagginst) accumulation of Alzheimer’s

pathology. Although this is only a speculation, a major mechanism by whitH taatigen

precursor might be implicated in a systemic protection against the vascular events which contribute
to the initiation of theneurodegenerative cascade of Alzheimer’s disease might be a positive
influenceexerted by an “H antigen endothelium” on the neighbouring tunica media and tunica
adventitia, where cerebral beta-amyloid angiop#éiopserved (Thal et al., 2008). A specific study

is needed to test this speculative hypothesis.

In conclusion, ‘O’ adults were found to have larger GM volumes in the posterior portion of the

cerebellum, bilaterally, and this symmeatlipattern cannot be accounted for by an effect of age,
gender, or neurocognitive reserve. Furthermore, trends of larger GM volumes seem to be visible in
this group also in temporal and mediotemporal-limbic regions. Although the biological bases of
such difference are not clear, these findings suggest that the cerebellar tissue (particularly, within
the territory of the posterior-inferior cerebellar artery) might be the most adequate regional

candidate for the future study of ABO function within the human brain.
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Figure captions
Figure 1: Cerebellar clusters where ‘O’ adults had larger GM volumes than ‘A’ adults.

Figure 2: Significant clusters of GM difference where ‘O’ adults had larger GM volumes than ‘non-

O’ (i.e. A, B, AB) adults.
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Table 1: Overview of the cognitive profile shown by the subgroup of adults

older than 55 years included in the study. The median performance captul

central tendency of the sub-sample taking into account the skewed distrib:

normally seen for some of the scores. Mean and standard deviations are ¢

indicated.

Median
Mean (sd) Performance

Mini Mental State Examination 29.16 (1.23) 30
Raven Progressive Matrices 31.41 (3.42) 32
Phonemic Fluency 36.19 (12.16) 36.5
Semantic Fluency 42.87 (9.02) 42
Digit Cancellation 54.56 (4.19) 55.5
Similarities Test 21.37 (4.09) 22
Token Test 34.6 (2.10) 36
Rey-Osterrieth Complex Figure - Copy 32.90 (3.08) 34
Rey-Osterrieth Complex Figure - Recal 15.62 (5.14) 155
Stroop Test - Time 22.09 (8.40) 20
Stroop Test - Errors 0.76 (2.72) 0
Digit Span - Forward 6.19 (0.79) 6
Digit Span - Backwards 4.31 (0.97) 4
Visuospatial Span 4.98 (0.89) 5
Visuospatial Supraspan 21.65 (5.51) 23.335
Prose Memory - Immediate Recall 10.19 (3.23) 10
Prose Memory - Delayed Recall 13.31 (4.53) 12.5
Paired Associates Test 13.49 (4.57) 13
Confrontational Naming 19.52 (0.92) 20

21



Table 2: Demographic characteristics of the sampleincluded in the analyses

Demographic Variable ‘O’ Adults ‘A’ Adults ‘non-O’ Adults DModd1 D Modd 2
n=76 n =65 n=113

Age at Scan (years) 41.18 (17.11) 44.86 (18.52) 44.56 (17.58) 0.223 0.193

Education Level (years) 15.32 (4.24) 14.28 (4.70) 14.64 (5.03) 0.170 0.335

Gender (M/F) 25/51 14/51 34/79 0.133 0.683

Total Intracranial Volume (c  1686.27 (190.00) 1636.82 (165.12) 1641.32 (161.02) 0.104 0.082

RGM 0.39 (0.04) 0.38 (0.04) 0.39 (0.04) 0.262 0.272

Between-group differences in gender were inferred with a chi-square test. The remaining variables

were analysed with independent-sample t tests. RGM: Ratio of Grey Matter.
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Table 3: Cerebellar GM regions showing larger volumes in the group of ‘O’ adults compared to “A” adults (Model 1)

I\Cllluster Cluster Extent ~ Cluster-Level Cerebdllar Area Sde Peak-Levep 2 SooreatLocal Talairach Coordinates
umber (voxels) pFWE Maximum X y z

1 812 <0.001 Posterior Lobe - Pyramis R <0.001 4.48 10 -69 -28

Posterior Lobe - Cerebellar Tons R <0.001 3.83 6 -58 -34

Posterior Lobe - Cerebellar Tons R <0.001 3.41 18 -53 -44

2 243 0.033 Posterior Lobe - Uvula L <0.001 3.99 -12 -70 -32

Posterior Lobe - Pyramis L <0.001 3.62 -14 -79 -31

Posterior Lobe - Cerebellar Tons L <0.001 3.17 -24 -60 -37

Clusters were significant with a set-level uncorrected p < 0.001. L: Left; R: Right; FWE: Family-Wise Error.



Table 4: Brain GM regions showing larger volumes in the group of ‘O’ adults compared to “non-O” adults (Model 2)

Cluster  Cluster Extent  Cluster-Level : . Z Scoreat Local Talairach Coordinates
Brain Area Side Peak-Level p .

Number (voxels) pFWE Maximum X y .
1 361 <0.001 Hippocampus L <0.001 4.58 -28 -15 -19
Superior Temporal Gyrus (BA 38) L <0.001 4.57 -36 14 -33
Inferior Temporal Gyrus (BA 20) L <0.001 4.40 -32 -8 -37
2 76 0.046 Uncus (BA 20) R <0.001 4.34 32 -17 -28
Uncus (BA 28) R <0.001 4.14 28 -9 -30
3 74 0.049 Middle Temporal Gyrus (BA 21) R < 0.001 4.32 46 4 -36
Superior Temporal Gyrus (BA 38) R <0.001 4.30 32 12 -34
Superior Temporal Gyrus (BA 38) R <0.001 3.80 26 6 -32
4 97 0.025 Cerebellum -Uvula R <0.001 4.22 8 -69 -27
5 147 0.007 Cerebellum - Inferior Semi-Lunar Lobul L <0.001 412 -30 -74 -42
Cerebellum - Inferior Semi-Lunar Lobul L <0.001 4.04 -18 -79 -35
Cerebellum - Pyramis L < 0.001 3.97 -12 -81 -30

Clusters were significant with a set-level uncorrected p < 0.0001. L: Left; R: Right; FWE: Family-Wise Error; BA: Brodmann Area
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Figure 1
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Figure 2
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