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Allergic tendencies are associated 
with larger gray matter volumes
Hikaru Takeuchi1, Yasuyuki Taki1,2,3, Rui Nouchi4,5,6, Ryoichi Yokoyama7, Yuka Kotozaki8,  
Seishu Nakagawa9,10, Atsushi Sekiguchi2,9,11, Kunio Iizuka12, Yuki Yamamoto9, Sugiko Hanawa9, 
Tsuyoshi Araki13, Carlos Makoto Miyauchi14, Kohei Sakaki6, Takayuki Nozawa   15,  
Shigeyuki Ikeda15, Susumu Yokota1, Magistro Daniele   16, Yuko Sassa1 & Ryuta Kawashima1,6,9

Allergic tendencies are associated with important cognitive and physiological factors, such as 
intelligence and mathematical abilities. Allergies are widely prevalent, especially in modern life, and 
the reason for its association with important cognitive variables is an intriguing scientific question. 
However, despite the unique characteristics of cognitive correlates of allergy, the anatomical correlates 
of allergy remain unknown. The aim of this study was to identify the associations between regional 
gray matter volume (rGMV) and allergic tendencies in young adults. In a study cohort of 1,219 healthy, 
educated young adults, we identified a positive correlation between total allergic tendency and rGMV 
in large anatomical clusters that mainly encompassed the dorsal part of the cerebral neocortex, right 
anterior insula, and cerebellum. Furthermore,both mean rGMV of the entire part of these clusters and 
total allergenic tendency showed a significant positive correlation with spatial ability. These results 
suggest the link among allergic tendencies, larger rGMV, and the better spatial ability in healthy, 
educated young adults.

Allergic diseases are becoming increasingly common in the modern world and affect approximately 50% of the 
population in different forms1. The prevailing theory suggests that the underlying cause of allergies involves the 
facilitation of the immune response mediated by Th2immune cells2. Allergic tendencies (the degree to which 
one shows symptoms of certain types of allergies) are associated with a number of important physiological and 
cognitive factors. For example, previous studies showed a higher occurrence of allergies in intellectually or math-
ematically gifted boys3,4.

Further, the model of the traditional theory presented by McManus and Bryden5, which tried to explain the 
number of observations, included the indirect associations between (a) developmental changes in the brain, that 
are associated with increased spatial giftedness, and (b) retardation of growth of structures involved in immunity, 
which in turn leads to immune disorders, including various types of allergies.
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However, despite the unique characteristics of cognitive correlates of allergy, and traditional theory linking 
spatial abilities and brain development5, the anatomical correlates of allergy remain unknown.

Although previous studies have not directly suggested the potential neural correlates of allergy, insights can be 
inferred from the wide range of studies conducted on other aforementioned observed or hypothetical correlates 
of allergy (such as mathematic competence, spatial ability, and intelligence). The analysis of regional cortical 
structures[regional gray matter volume (rGMV) and cortical thickness] is arguably the most widely used method 
to investigate the neural basis of individual differences in the aforementioned allergy correlates. For example, a 
previous study investigated whether individual math competence was associated with the regional gray matter 
volume of the left intraparietal sulcus6. In addition, the gray matter volume of several areas in the prefrontal and 
parietal areas in childhood shows positive correlations with math skills 6 years later7. Another study revealed 
that spatial cognitive ability, independent of general intelligence, is associated with larger rGMV in the parietal 
cortex8. In general, rGMV in the lateral areas of the frontal and parietal lobes are associated with intelligence, 
including spatial intelligence9,10. These areas have been suggested to play important roles in general higher order 
cognition and spatial and number cognition11,12.

Considering the aforementioned findings on higher intellectual and spatial abilities, we hypothesized that an 
increased rGMV in areas of the parietal cortices, precuneus, and, possibly, the prefrontal cortex would be associ-
ated with allergic tendency.

The purpose of this study was to test this hypothesis and reveal the association between rGMV and allergic 
tendency. For this purpose, we employed voxel-based morphometry (VBM)13. We also investigated the associa-
tions between allergic tendencies and various psychological variables to better understand the nature of allergy 
correlates.

Methods
Subjects.  The present study, which is a part of an ongoing project to investigate the association between 
brain imaging, cognitive function, and aging, included 1219 healthy, right-handed individuals (703 men and 516 
women) for whom allergy-related measures and structural data were collected. The mean age of the subjects was 
20.7 years [standard deviation (SD) = 1.8; age range: 18–27 years]. The Supplemental Methods section includes 
the details of subjects’ information. The Supplemental Discussion includes the limitations of this study in rela-
tion to the subjects’ characteristics. The study protocols were performed in accordance with the Declaration of 
Helsinki (1991), and the study was approved by the Ethics Committee of the Tohoku University. All study partic-
ipants provided their written informed consent.

Allergy measurements.  In this study, allergic tendencies were assessed through a self-reported question-
naire. The subjects were asked if they had each type of allergy through “yes” or “no” questions, and if they had the 
allergy, they were asked to describe the severity of the symptoms. In the latter question, there were 5 potential 
answers: (a) very severe, (b) relatively severe, (c) neither, (d) not so severe, and (e) not severe. If the subjects 
answer “no” to the first question, they do not have to answer the second question and the score is 0. However, 
if the subjects answer “yes” to the first question, they have to answer the second question. Answers (a), (b), 
(c), (d), and (e) correspond to scores 1, 2, 3, 4, and 5, respectively. The list of allergies included 7 types: (1) hay 
fever-allergic rhinitis, (2) hay fever-allergic conjunctivitis, (3) bronchial asthma, (4) atopic dermatitis, (5) egg 
allergy, (6) soy allergy, and (7) milk allergy. The questionnaire also included 4 fields for other unspecified allergies. 
Here subjects were asked to list other allergies that they had and their symptoms. Therefore the total number of 
items of allergy is 7 plus the number of items each subjects added for unspecified allergies.

Self-reported questionnaires for assessing allergies were utilized in two previous studies4,14, which are rep-
resentative for our study theme; the rationale for our use of this questionnaire is described in the Supplemental 
Methods. The total allergy score, which is the summed score from all questionnaire items, was the main outcome 
measure used in our analysis. In this summation, the score of each question is equally added.

Psychological measures.  Neuropsychological tests were administered. The following detailed cognitive 
functions were also analyzed. These tests are described in this subsection and were largely reproduced from our 
previous studies15–17.

Measures of control (baseline) basic cognitive functions that are not shown to be associated with allergies, to 
the best of our knowledge, are as follows:

[A] Computerized digit span task is a working memory task, wherein the sum scores of computerized forward 
and backward digit span tests are calculated for assessing the working memory performance. As per the task, the 
subjects were asked to view a progressively increasing number of random digits that were visually presented at the 
rate of 1 digit/s on a computer screen. Next, they were asked to repeat the sequence by pressing number buttons 
on the screen in the presented order (digit span forward) or in the reverse order (digit span backward), starting 
from two digits. Three sequences were presented at each level until the participants responded incorrectly to all 
three sequences, at which point, the task was terminated. The score of each test was equal to the sum of the num-
ber of digits correctly repeated in the digit span forward and backward tasks.

[B] The perception factor of the Tanaka B-type intelligence test (TBIT)18 type 3B is a mass intelligence test 
employed for 3rd-year junior high school and older examinees. The perception speed factor of TBIT measures the 
simple processing speed and involves three subtests in which a subject solves as many simple problems as possible 
in a stipulated time frame (e.g., a few minutes). This factor involves three subtests: a displacement task [requiring 
substitution of a figure (nine figures) with a number (1–9) based on a model chart within 3 min], identifica-
tion versus same–different judgment (Japanese kana characters; requiring judging of whether two meaningless 
Japanese strings are the same within 2 min), and marking figures [selecting types that are identical to three sam-
ples from a series (sequence) of eight different types within 2 min].
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The measurement of cognitive functions that were hypothesized to be specifically associated with allergy are 
as follows:

The association of allergic tendency with psychometric measurement of general intelligence (determined by 
non-verbal reasoning) and with spatial ability was hypothesized based on known associations between intellec-
tual giftedness and allergy3,4 as well as on the traditional hypothesis of the indirect association of allergy with the 
development of visuospatial abilities5.

Furthermore, the association of reading ability with allergic tendency was hypothesized based on the associa-
tion between dyslexia and allergy19,20.

[C] Raven’s Advanced Progressive Matrices (RAPM)21 is a nonverbal reasoning task representative of the 
measure of general intelligence. Psychometric intelligence is considered to be relevant to allergies. RAPM (Raven, 
1998) contains 36 nonverbal items that require fluid reasoning ability. Each item consists of a 3 × 3 matrix, with 
a missing piece that is completed by selecting the best of the 8 alternatives. The score of this test (derived from 
the number of correct answers given in 30 min) was used as an index of the individual psychometric measure of 
intelligence.

[D] Spatial relation factor of TBIT measures the spatial abilities to understand the relationship among dif-
ferent objects in space. In all subtests, the subjects are required to solve as many problems as possible within a 
stipulated time frame (for example, a few minutes). This factor involves three subtests: i) the maze test (requiring 
the tracing of a maze using a pencil from start to finish in 2 min), ii) the counting cubes (requiring the counting 
of cubes piled up in a three-dimensional manner within 2 min), and iii) filling in figures (requiring completion of 
incomplete figures in comparison with the sample figures when rotated within 3 min).

[E] Reasoning factor of TBIT measures reasoning based on the filling of the numbers in a sequence (requiring 
the filling of the blanks of a number sequence with suitable numbers as per the rules of the number arrangement 
task within 3 min).

[F] Reading comprehension task was developed by Kondo et al.22 and involves 8 sections of articles, with 
each article having 4 questions and each question having 5 choices of answers. The questions were designed to 
allow the subjects to determine the correct answers after reading the articles correctly. The subjects were asked to 
correctly answer as many questions as possible in 13 min. Similar to the reading comprehension task developed 
in Western countries, the score obtained in this task has a significant positive correlation with that obtained in 
the reading span task. The details of this test, including information on its development and validity, are available 
elsewhere22.

The data on control cognitive functions were added for reference and comparisons because if only the data on 
spatial function are provided, we are unable to determine whether the association of allergy with spatial functions 
is specific to this cognitive function.

Psychological data analysis.  The psychological data were analyzed by SPSS 18.0 statistical software (SPSS 
Inc., Chicago, IL). The sex difference in demographic variables was determined by two-tailed t-tests. For each 
analysis, P < 0.05 was considered to be statistically significant. Because these were only descriptive analyses irrel-
evant to the objective of this study, no corrections were performed for multiple comparisons. The associations 
between total allergy scores and psychological measures were analyzed using multiple regression analyses, with 
age and sex as covariates. In these analyses, the results with a threshold of P < 0.05 were considered to be statis-
tically significant after correcting for the false discovery rate (FDR) using the graphically sharpened method23. 
Standardized partial regression coefficients were reported for the effect size.

Image acquisition.  The methods for MR image acquisition have been described in our previous study24. In 
brief, all MRI data acquisition was performed using a 3-T Philips Achieva Scanner. High-resolution T1-weighted 
structural images (T1WIs:240 × 240 matrix, TR = 6.5 ms, TE = 3 ms, FOV = 24 cm, slices = 162, slice thick-
ness = 1.0 mm) were collected using a magnetization-prepared rapid gradient echo sequence.

Pre-processing of structural data.  The structural data were preprocessed using Statistical Parametric 
Mapping software (SPM12; Wellcome Department of Cognitive Neurology, London, UK) implemented in 
MatLab (Mathworks Inc., Natick, MA, USA). We used the new segmentation algorithm and diffeomorphic 
anatomical registration through exponentiated Lie algebra (DARTEL) registration process implemented in 
SPM12. The T1-weighted structural images of each individual were segmented and normalized to the Montreal 
Neurological Institute (MNI) space for generating images with 1.5 × 1.5 × 1.5 mm3 voxels. Moreover, a volume 
change correction (modulation)25 was performed. Subsequently, the generated rGMV images were smoothed 
by convolving them with an isotropic Gaussian kernel of 8-mm full width at half maximum (FWHM). The full 
description of these procedures is available in the Supplemental Methods.

Whole-brain statistical analysis.  The association of rGMV with individual differences in the overall 
allergic tendency was assessed. The statistical analysis of the imaging data was performed with SPM8. In these 
analyses, a whole-brain multiple regression analysis was performed. The analyses was performed with sex, age, 
and total intracranial volume (TIV) calculated as described previously26 as confounding variables. The total 
allergy scores were used as covariates, and only voxels with an rGMV signal intensity of >0.05 were used for all 
participants.

A multiple comparison correction was performed by threshold-free cluster enhancement (TFCE)27 with ran-
domized (5,000 permutations) nonparametric testing using the TFCE toolbox (http://dbm.neuro.uni-jena.de/
tfce/). A threshold of FWE corrected at P < 0.05 was used.

http://dbm.neuro.uni-jena.de/tfce/
http://dbm.neuro.uni-jena.de/tfce/
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SPM8 was used here because of the better compatibility of the software of TFCE and the homemade script 
for analyses. As long as TFCE is used, the rationale for estimating the statistical significance is the same, and this 
would not matter to the results.

A study of voxel-wise analyses for correlations between the spatial cognitive function and rGMV was pub-
lished elsewhere28.

Post-hoc correlation analyses for assessing the variables in this study.  Next, we assessed the asso-
ciations among each allergic tendency, the total allergy score, significant rGMV correlates of the total allergy score 
in the abovementioned whole brain analysis, and significant psychological correlates of the total allergy score to 
reveal the relationship among these.

The correlations among these were assessed using simple correlation analyses, and a correlation matrix table 
was constructed.

For significant rGMV correlates of the total allergy score in the abovementioned whole brain analysis, the 
mean rGMV values of the entire part ofsignificant clusters (all voxels of significant correlations) in the abovemen-
tioned whole brain analysis were extracted using log-roi-batch v2.0 (http://www.aimfeld.ch/).

Results
Descriptive statistics.  The mean and standard deviation for age, general intelligence test score, total allergy 
score, and individual allergy scores are presented in Table 1. The distribution of the total allergy score for men and 
women in the present study are presented in Table 2.

Whole-brain analyses of the correlations between overall allergic tendency and rGMV.  A 
whole-brain multiple regression analysis showed that the total allergic tendency significantly and positively cor-
related with rGMV in widespread areas involving several clusters. Areas of correlation mainly included the dorsal 
part of the cerebral neocortex, right anterior insula, and cerebellum (Fig. 1, Table 3, Supplemental Table 1). The 
same analysis showed there were no significant negative correlations between the allergy tendency and rGMV. 
Sex differences in the anatomical correlates of allergy were not the main purpose of the study; however, our 
supplemental investigation of this parameter yielded no significant results (Supplemental Methods and Results).

Psychological analyses of the correlations between overall allergic tendency and cognitive 
function.  The total allergy tendency significantly and positively correlated with spatial ability (spatial relation 
factor of the TBIT) (β (standardized partial regression coefficient) = 0.082; P = 0.005, uncorrected; and P = 0.035, 
corrected for multiple comparisons using FDR), but not the other cognitive functions that were investigated. 
The total allergy tendency positively correlated with the psychometric intelligence test that consists of subtasks 
in which the subjects have to solve as many simple problems as possible within a certain time frame (e.g., a few 
minutes) at the uncorrected level (total score of the TBIT) but not the corrected level (β = 0.065; P = 0.029, uncor-
rected; and P = 0.102, corrected). There were no significant correlations between total allergic tendency and non-
verbal reasoning ability (Raven’s advance progressive matrix test), numerical reasoning (reasoning factor of the 
TBIT), reading comprehension ability (reading comprehension test), simple processing speed (perceptual factor 
of the TBIT), or working memory (digit span). All statistical results are presented in Table 4. Sex differences in 
the correlates of allergy were not the main purpose of the study; however, our supplemental investigation of this 
parameter yielded no significant results (Supplemental Methods and Results).

Measure

Male (N = 703) Female (N = 516)

Mean SD Mean SD

Age 20.80 1.89 20.60 1.60

RAPM 28.79 3.86 28.10 3.81

Allergy total* 2.93 3.20 2.87 3.59

Hay fever-allergic rhinitis 1.58 1.66 1.35 1.63

Hay fever-allergic conjunctivitis 0.59 1.24 0.68 1.26

Asthma 0.15 0.49 0.11 0.44

Atopic dermatitis 0.3 0.81 0.34 0.86

Egg allergy 0.02 0.22 0.03 0.25

Soy allergy 0.00 0.04 0.00 0.00

Milk allergy 0.01 0.15 0.02 0.17

Table 1.  The demographics of study participants. *Sum of the allergy scores of the allergies listed in the table as 
well as other self-reported allergies.

0 1–2 3–4 5–6 7–8 9–10 11–12 13–14 15–16 17–18 19+

Male 247 134 156 66 62 21 9 3 2 3 0

Female 216 82 84 60 36 23 6 5 2 0 2

Table 2.  Distribution of total allergic tendency in men and women.

http://www.aimfeld.ch/
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Correlations among total allergy score, individual allergic tendencies, the mean rGMV of the 
entire part of significant clusters in the whole-brain analyses, and spatial function.  We also 
assessed the associations among each allergic tendency, the total allergy score, the mean rGMV of the whole part 
of aforementioned significant anatomical clusters (all voxels of significant correlations), and spatial cognition. The 
results indicated that hay fever-allergic rhinitis showed the strongest correlation with total allergic tendency, and 
only this allergy correlated with spatial function and mean rGMV of the entire part of significant clusters in the 
whole-brain analyses (Supplemental Table 2).

Discussion
In this study, the relationships between rGMV, psychological measures, and allergic tendencies were investigated. 
Partly consistent with our hypothesis, our novel findings showed that overall allergic tendencies were associated 
with a greater rGMV in extensive cortical areas, especially in the dorsal part of the cerebral neocortex, right ante-
rior insula, and cerebellum. Furthermore, allergic tendencies showed a positive correlation with spatial ability.

Our findings showed that dorsal part of the cerebral neocortex was associated with overall allergic tendency, 
and we speculate that this may be related to the increased spatial ability in subjects with allergies. The posterior 
part of the inferior parietal region is important for spatial attention and spatial function29, and the posterior 
parietal cortex represents the mental representation of the visual world30. The PFC can regulate the focusing of 
attention to different parts of space29 and is suggested to dissociate and manipulate visuospatial information31. 
The posterior part of the inferior parietal region and the PFC are connected through the superior longitudinal 
fasciculus29, and they may work together during visuospatial functions. Through these regions, increased allergic 
tendencies may be associated with the increased visuospatial ability observed in subjects with increased allergies. 
Partly consistent with this notion, one of our recent studies28 showed that the spatial factor positively correlated 
with allergic tendencies in widespread brain areas when the total intracranial volume was not regressed out, 
including areas where rGMV and allergy tendency were significantly correlated. A similar finding was observed 
in another study that showed a positive correlation between spatial intelligence and rGMV of widespread brain 
areas,including dorsal frontal and parietal areas that showed significant correlation between rGMV and allergy 
tendency10. In addition, another previous study showed that the visuospatial cognitive ability that is independent 
of general intelligence, is positively correlated with parietal volume8.

Figure 1.  The positive rGMV correlates of overall allergic tendency. (a,b, and c) The results were obtained 
using a threshold of threshold-free cluster enhancement (TFCE) of P < 0.05 based on 5,000 permutations. 
The results were corrected at the whole-brain level. (a) Regions with significant correlations are projected on a 
rendered SPM8 image. Significant positive correlations with rGMV were observed in extensive cortical areas, 
especially in the dorsal part of the cerebral neocortex. (b) Regions with significant correlations are overlaid on 
a “single subject” T1 image from SPM8. Significant positive correlations with rGMV were observed across the 
widespread areas. Color bar represents TFCE score.
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It is difficult to conclude larger rGMV is better in young adults. rGMV is just a volume and like greater body 
volume does not always mean healthy or adaptive state, multiple mechanisms (lack of adaptive developmental 
pruning, adaptive increase in neural tissues such as glia, or less damage or degeneration of neural tissues) can 
underline greater rGMV. While greater rGMV is associated with greater brain size, which, in turn, is associated 
with greater intelligence32 (greater cognitive competence may be associated with greater rGMV in this case), dur-
ing the adolescence development is associated with advanced cortical thinning and superior intelligence is shown 
to be associated with greater cortical thinning(greater cognitive competence may beassociated with reduced 
rGMV in this aspect)33. Previously, using a data of a huge sample, we have shown greater general intelligence is 
associated with larger rGMV in widespread areas28 (greater cognitive competence may be associated with greater 
rGMV in this case), but on the other hand, smaller rGMV was shown to be associated with greater empathizing34 
(greater socioemotional competence is likely to be associated with less rGMV in this case). These data suggest 
that it is difficult to assume greater rGMV or that less rGMV reflects cognitive or neural competence from rGMV 
alone. Here we interpreted allergy tendency’s association with greater rGMV is associated with better functioning 
of the relevant regions based on the data that allergic tendency is associated with greater spatial ability.

We cannot determine the causal relationship or micro-level mechanisms of the observed associations between 
rGMV and allergies from the cross-sectional macro-level neuroimaging studies. However, for reference, we pro-
vide one possible speculative mechanism. A traditional model to explain the empirical link among certain cogni-
tive abilities, allergy, and other variables assumed that fetal testosterone plays a key role in forming associations 
among variables5. In this model, fetal testosterone leads to the development of the brain, which is associated 
with greater spatial and mathematical ability, and the retardation of the immune system, which leads to immune 
disorders including allergy5. Thus, this model may explain the present findings of the associations among allergy, 

Included gray matter areas*(number of significant voxels in left and right side of 
each anatomical area) x y z

TFCE 
value

Corrected p 
value (FWE)

Cluster size 
(voxel)

1

Angular gyrus (L:1186, R:915)/Calcarine Cortex (R:254)/Anterior cingulum (L:238, 
R:82)/Middle cingulum (L:1803, R:2011)/Posterior cingulum (L:376, R:24)/Cuneus 
(L:27, R:120)/Inferior frontal operculum (L:74, R:319)/Inferior frontal triangular 
(L:6)/Middle frontal medial area (L:209)/Middle frontal other areas (L:2968, R:1877)/
Superior frontal medial area (L:1737, R:997)/Superior frontal orbital area (L:125)/
Superior frontal other areas (L:3724, R:1448)/Fusiform gyrus (R:10)/Lingual gyrus 
(R:109)/Inferior occipital lobe (R:589)/Middle occipital lobe (L:409, R:2031)/Superior 
occipital lobe (R:298)/Paracentral lobule (L:1056, R:357)/Inferior parietal lobule 
(L:4156, R:1075)/Superior parietal lobule (L:1546, R:1540)/Postcentral gyrus (L:3695, 
R:2229)/Precentral gyrus (L:2613, R:3594)/Precuneus (L:3870, R:1716)/Rectus 
gyrus (L:4)/Supplemental motor area (L:1845, R:1818)/Supramarginal gyrus (L:713, 
R:1385)/Middle temporal gyrus (L:323, R:304)/Superior temporal gyrus (R:1)/

−42 −36 57 2769.96 0.002 62788

2 Lingual gyrus (L:3, R:30)/Thalamus (L:1185, R:1094)/ 7.5 −49.5 −10.5 1978.17 0.011 4252

3
Amygdala (R:6)/Inferior frontal operculum (R:136)/Inferior frontal orbital area 
(R:170)/Inferior frontal triangular (R:1)/Superior frontal orbital area (R:1)/Insula 
(R:1087)/Parahippocampal gyrus (R:31)/Putamen (R:76)/Temporal pole (R:36)/

39 13.5 12 1546.18 0.025 2056

4 Inferior frontal orbital area (L:17)/Insula (L:16)/Temporal pole (L:216)/ −36 18 −24 1372.64 0.039 271

5 Superior frontal orbital area (L:2, R:6)/Rectus gyrus (L:63, R:107)/ 6 27 −27 1363.41 0.039 480

6 Inferior frontal operculum (L:1)/ 18 −43.5 58.5 1327.97 0.044 6

7 Inferior frontal orbital area (L:4)/Middle frontal orbital area (L:166)/Superior frontal 
orbital area (L:7)/ −30 49.5 −7.5 1310.14 0.047 169

8 Superior parietal lobule (R:1)/Postcentral gyrus (R:4)/ −37.5 0 22.5 1286.30 0.050 4

Table 3.  Brain regions that exhibited a significant positive correlation between total allergic tendency and 
rGMV. *Labelings of the anatomical regions of gray matter were based on the WFU PickAtlas Tool (http://
www.fmri.wfubmc.edu/cms/software#PickAtlas/)43,44 and on the PickAtlas automated anatomical labeling atlas 
option45. Temporal pole areas included all subregions in the areas of this atlas.

Dependent variables N β t

Allergic tendency

p (FDR)p (uncorrected)

Digit span 1213 0.017 0.593 0.553 0.806

Perception speed factor of TBITb 1095 0.054 1.774 0.076 0.177

Total intelligence score of TBIT 1095 0.065 2.185 0.029 0.102

Spatial relation factor of TBIT 1101 0.082 2.788 0.005 0.035

Reasoning factor of TBIT 1101 −0.006 −0.195 0.845 0.845

RAPMc 1219 −0.015 −0.512 0.608 0.806

Reading comprehension 1034 0.012 0.398 0.691 0.806

Table 4.  Statistical results (beta value (standardized partial regression coefficient), t-value, uncorrected p-
values, p-value corrected for FDRa) for the multiple regression analyses performed using psychological variables 
and the covariates of age, sex, and allergic tendency as dependent variables. aFalse discovery rate. bTanaka 
B-type intelligence test, cRaven’s advanced progressive matrices (a general intelligence task).

http://www.fmri.wfubmc.edu/cms/software#PickAtlas/
http://www.fmri.wfubmc.edu/cms/software#PickAtlas/
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spatial ability, and rGMV. It is a hypothetical model, and though famous, it has received criticism35. Further, the 
model assumes that fetal testosterone leads to increased growth of the posterior side of the right hemisphere 
of the brain and delayed growth of the posterior side of the left hemisphere of the brain, both of which are 
assumed to lead to greater spatial ability5. However, a previous study has shown that fetal testosterone exposure 
level is positively correlated with rGMV of the bilateral lateral prefrontal cortex and parietal areas36, which is 
partly incongruent with the abovementioned traditional model. Consistent with the abovementioned model are 
recent studies that have provided evidence that the fetal testosterone level is associated with some visuospatial 
abilities37–39. Considering these, one speculative mechanism to explain the observed associations among rGMV, 
allergy, and spatial ability is that (a) a higher fetal testosterone level is associated with greater rGMV in the frontal 
and parietal areas, spatial abilities, and allergic tendencies and (b) this, in turn, forms the associations among 
greater rGMV in the frontal and parietal areas, greater spatial abilities, and increased allergic tendencies. In this 
case, even if the association of allergy with rGMV is related to association of allergy with spatial ability, it does 
not necessarily mean that allergy is good for the brain. The associations could be caused by a fourth factor (fetal 
testosterone level in this hypothetical model) affecting allergic tendency, spatial abilities, and rGMV. On the other 
hand, the immune aspect of the model, which assumed that fetal testosterone exposure leads to retardation of the 
immune system and leads to allergy and atopic diseases, has been criticized as it is not congruent with consequent 
physiological findings40. Therefore, to the best of our knowledge, to date, the exact mechanisms that can clearly 
explain the present findings well are not clear. Our present study did not gather data of fetal testosterone exposure 
because of limited research resources. Future studies need to be conducted to reveal this mechanism.

Our findings showed that somatosensory areas (postcentral gyrus and anterior insula) were associated with 
overall allergic tendency, and we speculate that this may be relevant to the differences in somatosensory neural 
mechanisms observed in subjects with allergic tendencies. The postcentral gyrus is involved in the processing of 
sensory information, and the anterior insula and ACC are involved in the affective processing of pain and dis-
gust41. Furthermore, the rGMV of these areas is related to pain disorders41. In addition, although the cerebellum 
has multiple functions, including somatosensory and pain-related functions42, it is suggested to be involved in 
emotional aspects of pain, anticipation of pain, the inhibition of nocifensive behaviors, and others42. Thus, one 
can speculate that sensitivity in these processes may lead to allergies or that sensory experiences related to aller-
gies may lead to an increase in the gray matter volume of these areas. However, we did not gather these measures 
in our current cross-sectional study. Thus, we are unable to confirm these speculations.

In conclusion, greater allergic tendencies were associated with a greater rGMV in areas related to higher 
order cognition and improved spatial abilities. A substantial number of people in the modern world suffer from 
allergies. These results suggest the link among allergic tendencies, larger rGMV, and the better spatial ability in 
healthy, educated young adults. Future studies are needed to determine the mechanisms underlying the observed 
associations.
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Supplemental Methods 

Subjects. The present study, which is a part of an ongoing project to investigate the 

association between brain imaging, cognitive function, and aging, included 1219 

healthy, right-handed individuals (703 men and 516 women) for whom relevant allergy-

related measures and structural imaging data were collected. The mean (± standard 

deviation, SD) age of the subjects was 20.7 ± 1.8 years (age range, 18–27 years). The 

following descriptions were mostly reproduced from another study of ours from the 

same project using the exactly same methods regarding these issues 1. Psychological 

tests and MRI scans not described in this study were performed together with those 

described in this study. All subjects were university students, postgraduates, or 

university graduates of less than one year’s standing. All subjects had normal vision and 

none had a history of neurological or psychiatric illness.  

Handedness was evaluated using the Edinburgh Handedness Inventory 2. We 

can say we used a score > 0 as the cutoff value. However, because the right-handed 

subjects were recruited through recruit informations of the bulletin board for the job and 

the email, almost all the left-handed subjects were removed in that process. Regardless, 

the previous VBM study with a large sample size failed to find any handedness effects 

on the regional morphology 3; thus, the effects of handedness on the regional 

morphology remain elusive. 

Written informed consent was obtained from each subject. For nonadult 

subjects, written informed consent was obtained from their parents (guardians). This 

study was approved by the Ethics Committee of Tohoku University. 

Subjects were instructed to get sufficient sleep, maintain their conditions, eat 

sufficient breakfast, and to consume their normal amounts of caffeinated foods and 
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drinks in the day of cognitive tests and MRI scans. In addition, subjects were instructed 

to avoid alcohol the night before the assessment.  

 

Rationale for the use of self-reported measures to assess allergic tendencies 

When assessing allergies, it is difficult to obtain doctors’ diagnoses because it is 

unlikely that people who suffer from common allergies, such as hay fever, go to the 

hospital. Furthermore, to our knowledge, there are no established psychological 

measures to assess allergies in Japan.  

Like other researches involving the association between allergy, asthma and cognition, 

the vast majority of relevant studies (the associations between hay fever, allergy, and 

cancer etc) have been performed with self-reported questionnaires 4. Another study 5 

developed and assessed a different type of questionnaire to measure allergic rhinitis. 

Using a specialist’s diagnosis of allergic rhinitis together with a positive skin prick test, 

they found 74% sensitivity and 83% specificity for their questionnaire. Our questionnaire 

is different; however, we have no reason to believe that the difference between the present 

questionnaire and a positive skin prick test affected the significant findings in such a way 

that they form false significant associations. 

 

 

Pre-processing of structural data. Preprocessing of the structural data was performed 

using Statistical Parametric Mapping software (SPM12; Wellcome Department of 

Cognitive Neurology, London, UK) implemented in Matlab (Mathworks Inc., Natick, 

MA, USA). Using the new segmentation algorithm implemented in SPM12, T1-

weighted structural images of each individual were segmented into 6 tissues. In this new 
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segmentation process, default parameters were used, except that the Thorough Clean 

option was used to eliminate any odd voxel, affine regularization was performed with 

the International Consortium for Brain Mapping template for East Asian brains, and the 

sampling distance was set at 1 mm. We then proceeded to the diffeomorphic anatomical 

registration through exponentiated lie algebra (DARTEL) registration process 

implemented in SPM12. We used DARTEL import images of the 2 TPMs from the 

abovementioned new segmentation process. First, the template for the DARTEL 

procedures was created using imaging data from 800 participants (400 males and 400 

females). The following methods were the same as in our previous study and 

descriptions were reproduced from our previous study 6 (These subjects were the first 

400 male and 400 female subjects in this project). Next, using this existing template, the 

DARTEL procedures were performed for all of the subjects in the present study. In these 

procedures, default parameter settings were used. The resulting images were spatially 

normalized to the Montreal Neurological Institute (MNI) space to give images with 

1.5 1.5  1.5 mm3 voxels. In addition, we performed a volume change correction 

(modulation) by modulating each voxel with the Jacobian determinants derived from 

spatial normalization, which allowed us to determine regional differences in the 

absolute amount of brain tissue 7. Subsequently, all images were smoothed by 

convolving them with an isotropic Gaussian kernel of 8 mm full width at half maximum 

(FWHM). 

 

The effects of an interaction between sex and allergic tendency on cognitive 

function and rGMV 

 To investigate if the psychological and anatomical correlates of allergic tendency 
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differ between sexes, we performed an analysis of covariance (ANCOVA). Psychological 

analyses were performed in PASW Statistics 22 (SPSS Inc.). The dependent variables in 

these analyses were same as those used in the multiple regression analysis for 

investigation of the correlation with total allergic tendency across sexes. In the ANCOVA, 

sex was a fixed factor, and age, overall allergic tendency, and the interaction between sex 

and overall allergic tendency were added to the model.  

To investigate the interaction effects of sex and individual overall allergic 

tendencies in a whole-brain analysis, we used a voxel-wise analysis of covariance 

(ANCOVA) in which sex difference was a group factor (using the full factorial option in 

SPM8). In this analysis, age, total intracranial volume, and overall allergic tendency were 

covariates, and age and overall allergic tendency were modeled to enable unique 

relationships with rGMV (using the interactions option in SPM8) for each sex. Total 

intracranial volume was modeled so that it has a common relationship with rGMV across 

sexes. The interaction effects between sex and overall allergic tendency were assessed 

using t-contrasts. A correction for multiple comparisons was performed with the same 

method used for the whole-brain multiple regression analysis.  

 

 

Supplemental Results 

The effects of an interaction between sex and allergic tendency on cognitive 

function and rGMV 

There were no significant effects of interaction between sex and allergic tendency in the 

psychological or whole-brain analyses.  
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Supplemental Discussion 

Limitations of this study 

The present study had some limitations. Subjects in this study were young and 

healthy and consisted of mostly undergraduate or postgraduate students. This kind of 

limited sampling is a common hazard for studies using college students 8. Thus, whether 

the present findings can be applied to the full population should be determined in future 

studies. However, for the purpose of this study, focusing on subjects with relatively high 

psychometric intelligence was important. This is because testosterone levels were 

previously described as relevant to allergic tendencies, and poor and high cognitive 

functioning are associated with higher testosterone levels 9-11. Thus, studying a more 

educated, and perhaps more intelligent 12, group was necessary for a simple and 

sensitive analysis. However, the average RAPM score, which was measured using a 

time limit of 30 min, was >28. This score is much >18, which was the score for the 50 

percentile of a normative sample of Poland’s 19 year olds published in 1991 13 [notably, 

the normative sample’s general intelligence increased as time passed (Flynn effect) 13]. 

The higher psychometric intelligence in our present group may weaken the association 

between allergic tendency and psychometric intelligence observed in previous studies. 

In addition, we did not measure circulating or prenatal testosterone levels. This was 

because of the limited research resources from multiple perspectives, and omission of 

this measurement did not hinder our fulfillment of the study’s purpose. However, 

determining the association between testosterone levels and the variables used in the 

study, which were described in previous studies and outlined in the Introduction section, 

could enrich our study.  
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Supplemental table 1. 

Anatomical classifications of the peaks and subpeaks of brain regions that exhibited a significant positive correlation between total 

allergic tendency and rGMV 

 Anatomical classificationa x y z 

TFCE 

value 

Corrected p 

value 

(FWE) 

Cluster 

size 

(voxel) 

cluster 1 Left Postcentral gyrus -42 -36 57 2769.957 0.0016 62788 

 Left inferior parietal lobule -48 -48 46.5 2654.722 0.002  

 Left Inferior parietal lobule -46.5 -51 49.5 2648.363 0.002  

 Left Inferior parietal lobule -51 -43.5 49.5 2632.026 0.002  

 Left Inferior parietal lobule -43.5 -49.5 54 2624.337 0.002  

 NA -21 -46.5 49.5 2562.941 0.002  

 Left Inferior parietal lobule -25.5 -46.5 51 2560.338 0.002  

 Left Inferior parietal lobule -30 -45 51 2560.338 0.002  

 Left Inferior parietal lobule -30 -52.5 51 2551.763 0.002  
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 Left Precuneus -4.5 -64.5 61.5 2537.269 0.002  

 Right Superior parietal lobule 16.5 -66 58.5 2505.312 0.0024  

 Right Superior parietal lobule 13.5 -60 57 2489.336 0.0024  

 Left Superior parietal lobule -16.5 -64.5 61.5 2460.843 0.0026  

 Left Superior parietal lobule -21 -61.5 61.5 2450.186 0.0026  

 Right Precuneus 4.5 -64.5 55.5 2439.724 0.0028  

 NA -19.5 -45 43.5 2438.653 0.0028  

 NA -19.5 -51 45 2437.297 0.0028  

 Right Superior parietal lobule 28.5 -61.5 61.5 2408.321 0.0028  

 Left Supramarginal gyrus -58.5 -24 42 2387.508 0.0032  

 Left Postcentral gyrus -36 -40.5 66 2386.6 0.0032  

 Left Precuneus -10.5 -66 49.5 2374.591 0.0032  

 Left Precuneus -10.5 -67.5 54 2372.277 0.0032  

 Left Inferior parietal lobule -43.5 -36 40.5 2369.675 0.0032  

 Left Postcentral gyrus -48 -33 45 2366.587 0.0032  
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 Right Middle frontal other areas 27 28.5 46.5 2336.849 0.0038  

 Right Supplemental motor area 6 19.5 52.5 2320.917 0.0038  

 Right Superior frontal other areas 16.5 30 34.5 2317.427 0.0038  

 Right Superior frontal other areas 16.5 12 49.5 2302.388 0.0044  

 NA -60 -42 42 2300.896 0.0044  

 Left Angular gyrus -42 -64.5 46.5 2300.33 0.0044  

 Right Superior frontal other areas 16.5 22.5 39 2300.166 0.0044  

 Right Superior frontal other areas 16.5 21 45 2296.092 0.0046  

cluster 2 Right Thalamus 7.5 -49.5 -10.5 1978.167 0.011 4252 

 Vermis -3 -55.5 -10.5 1871.597 0.0142  

 Right Thalamus 9 -63 -15 1603.92 0.0234  

 Vermis 6 -66 -16.5 1582.001 0.0242  

 Vermis 1.5 -67.5 -16.5 1559.814 0.0246  

 Left Thalamus -6 -66 -10.5 1446.588 0.0322  

 NA -7.5 -64.5 -28.5 1379.706 0.0386  
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 Vermis -3 -66 -27 1379.706 0.0386  

 NA 10.5 -64.5 -27 1355.977 0.0404  

 Left Thalamus -4.5 -75 -15 1333.444 0.0432  

clulster 

3 

Right Inferior frontal operculum 39 13.5 12 1546.177 0.0252 2056 

 Right Insula 36 16.5 -15 1541.962 0.0258  

 Right Insula 39 13.5 0 1527.153 0.0262  

 Right olfactory bulb 27 9 -21 1481.739 0.0296  

 Right Insula 31.5 12 -19.5 1480.567 0.0296  

 NA 22.5 24 -10.5 1356.547 0.0404  

 Right Inferior frontal orbital area 28.5 22.5 -15 1353.75 0.0404  

cluster 4 Left Temporal pole -36 18 -24 1372.636 0.039 271 

 Left Temporal pole -37.5 15 -19.5 1371.128 0.039  

cluster 5 Right Rectus gyrus 6 27 -27 1363.406 0.0394 480 

 NA -10.5 25.5 -33 1339.005 0.0424  
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 Left Rectus gyrus -3 31.5 -25.5 1327.964 0.044  

cluster 6 Right Superior parietal lobule 18 -43.5 58.5 1327.967 0.044 6 

 Right Postcentral gyrus 18 -43.5 63 1327.967 0.044  

cluster 7 Left Middle frontal orbital area  -30 49.5 -7.5 1310.144 0.0468 169 

 Left Middle frontal orbital area  -25.5 54 -10.5 1302.107 0.0478  

cluster 8 Left Inferior frontal operculum -37.5 0 22.5 1286.303 0.0496 4 

*Labelings of the anatomical regions of gray matter were based on the WFU PickAtlas Tool 

(http://www.fmri.wfubmc.edu/cms/software#PickAtlas/) 14, 15 and on the PickAtlas automated anatomical labeling atlas option 16. 

Temporal pole areas included all subregions in the areas of this atlas. 

  

http://www.fmri.wfubmc.edu/cms/software#PickAtlas/
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Supplemental Table 2. Simple correlation coefficients and p-values for the associations between each allergy score and the significant 

allergy correlates in this study. 

 1 2 3 4 5 6 7 8 9 10 

1 Allergy total -  * ** ***      

2 Hay fever-allergic 

rhinitis 

0.790, 

9.17*10−261***  

-         

3 Hay fever-allergic 

conjunctivitis 

0.724, 

2.16*10−198*** 

0.589, 

9.26*10−115*** 

-        

4 Bronchial asthma 0.304, 

1.91*10−27*** 

0.119, 

3.00*10−5*** 

0.052, 

0.071 

-       

5 Atopic dermatitis 0.377, 

1.80*10−42*** 

0.072,  

0.012* 

0.037, 

0.193 

0.193, 

1.11*10−11*** 

-      

6 Egg allergy 0.206, 

3.70*10−13*** 

0.015,  

0.593 

0.009, 

0.751 

0.051, 

0.076 

0.195, 

6.66*10−12*** 

-     

7 Soy allergy 0.094,  −0.026,  −0.014, −0.008, 0.126, 0.496, -    
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0.001** 0.370 0.614 0.780 9.81*10−6*** 7.87*10−77*** 

8 Milk allergy 0.114, 

6.30*10−5*** 

0.009,  

0.760 

0.005, 

0.854 

0.030, 

0.288 

0.096, 

0.001** 

0.417, 

1.34*10−52*** 

−0.003, 

0.930 

-   

9 Mean rGMV of all 

significant clusters  

0.105, 

2.51*10−4*** 

0.115, 

5.79*10−5 *** 

0.044, 

0.123 

0.047,  

0.099 

0.029,  

0.315 

0.001,  

0.095 

0.001, 

0.094 

0.013, 

0.651 

-  

10 Spatial factor of 

TBIT 

0.087,  

0.004** 

0.072,  

0.017* 

−0.025, 

0.410 

0.001,  

0.098 

0.035,  

0.248 

0.030, 

0.065 

0.042, 

0.160 

0.035, 

0.242 

0.161, 

8.09*10−8*** 

- 

*p < 0.05, ** p < 0.01, *** p < 0.001
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