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Hematological and biochemical blood traits have been linked to brain structural characteristics in humans. However, the relationship
between these two domains has not been systematically explored in nonhuman primates,which are crucial animalmodels for under-
standing the mechanisms of brain function and developing therapeutics for various disorders. Here we investigated the associations
between hematological/biochemical parameters and the brain’s gray matter volume and white matter integrity derived from T1-
weighted and diffusion magnetic resonance imaging in 36 healthy macaques. We found that intersubject variations in basophil
count and hemoglobin levels correlated with gray matter volumes in the anterior cingulum, prefrontal cortex, and putamen. Through
interactions between these key elements, the blood parameters’ covariation network was linked with that of the brain structures,
forming overarching networks connecting blood traits with structural brain features. These networks exhibited hierarchical small-
world architecture, indicating highly effective interactions between their constituent elements. In addition, different subnetworks of
the brain areas or fiber tracts tended to correlate with unique groups of blood indices, revealing previously unknown brain structural
organization. These results provide a quantitative characterization of the interactions between blood parameters and brain structures
in macaques and may increase the understanding of the body–brain relationship and the pathogenesis of relevant disorders.
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Introduction
Hematological and biochemical parameters are useful
markers of physical health conditions in both humans
and animals. Hematological parameters, including
leukocyte, erythrocyte, and platelet measures, are
usually considered to be useful indicators of immune
responses (Curran et al. 2017). Biochemical indices
consist of a number of biochemical components and
enzyme activities and can reflect biochemical processes,
biomolecule transport, and enzyme functions (Burtis
et al. 2012). Studies have shown that blood traits, includ-
ing hematological and biochemical parameters, are
linked to the occurrence of various brain disorders such
as stroke (Harshfield et al. 2020), Alzheimer’s disease
(Mapstone et al. 2014; Nägga et al. 2018; Gokce et al.
2019), and other neurovascular and neurodegenerative
disorders (Kalay et al. 2012; Nambron et al. 2016).
Importantly, in the absence of disease or high risk, some
blood variations have also been shown to be associated

with brain structures in humans (Williams et al. 2013;
Schilling et al. 2014), suggesting profound interactions
between the body and the brain. Specifically, blood
variations have been reported as being associated with
gray matter (GM) volume (Qiu et al. 2012), white matter
(WM) integrity (Williams et al. 2013; Power et al. 2017),
and WM hyperintensity (Schilling et al. 2014). However,
the previous results in humans were inconsistent.
For instance, elevated serum cholesterol levels were
reported to be related to a decrease in total gray matter
volume (Whalley et al. 2003). This association was
found in the medial temporal regions but only in male
subjects (Qiu et al. 2012). In contrast, some studies
suggested positive correlations between cholesterol
and the medial temporal regions. For instance, medial
temporal gray matter volumes were positively correlated
with cholesterol levels in a group of heathy individuals
with low cholesterol levels (< 200 mg/dl) (Yang et al.
2020). Other studies found positive correlations between
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cholesterol and cortical thickness across the brain (Leritz
et al. 2011) or in the fronto-parietal and occipital areas
(Coutinho et al. 2017) in healthy middle-aged to older
adults, suggesting positive effects of cholesterol on brain
function. This inconsistency may possibly be related to
the impact of sample heterogeneity, such as differences
in socio-demographics, diet, lifestyle, and environmental
factors.

Although some information has become available
through human studies, systematic analyses of the
relationship between hematological and biochemical
parameters and brain structures in nonhuman primates
(NHPs) are still quite limited. NHPs are important
models for understanding the mechanisms of higher
brain function and pathology of related disorders.
Experimental NHPs are generally housed in stable
environments with standardized diets, providing unique
conditions for studying the intrinsic link between
systemic factors, e.g. hematological and biochemical
parameters and brain structure and function. The rhesus
monkey (Macaca mulatta) is a commonly used NHP
because its genetics, physiology, neural architecture,
and behaviors are strikingly similar to those of humans
(Gibbs et al. 2007). Macaques have the major advantage
of having brains with comparable neuroanatomical and
connectivity to those of humans (Van Essen et al. 2019)
and possess sensorimotor and cognitive functions that
more closely resemble those of humans (Gray and Barnes
2019). Therefore, they are preferred animal models for
unraveling the intrinsic link between blood factors and
the brain.

NHP neuroimaging is a noninvasive technique that can
characterize brain organization and function and can
be used in comparative and translational neuroscience
(Rilling 2014; Vanduffel et al. 2014; Xu et al. 2018; Xu et al.
2020). Subtle morphometric changes can be captured by
T1-weighted images, which have been used to examine
total and regional volumetric changes during both devel-
opment (Scott et al. 2016) and aging (Alexander et al.
2008; Chen et al. 2013). Diffusion magnetic resonance
imaging (dMRI) quantifies microstructural information
about white matter integrity and coherence by assessing
fractional anisotropy (FA), which represents the degree
of directed water diffusion and may reflect myelination
(Sampaio-Baptista et al. 2013) and fiber geometry (Tuch
et al. 2005). Evidence has shown increased FA with age
during development (Kim et al. 2020) and reduced FA
in aging rhesus monkeys (Makris et al. 2007). Although
previous studies have reported a relationship between a
few blood indices andMRI features inmacaques (Willette
et al. 2012), comprehensive analyses of the relationship
between these 2 domains are largely missing, and these
are much needed to facilitate using NHPs as disease
models in translational neuroscience.

To address this issue in the present study,we leveraged
T1-weighted and dMRI imaging of macaques to inves-
tigate associations between blood parameters and gray
matter volumes and white matter integrity, respectively.

Graph-theoretical analyses were applied to uncover the
relationship between the covariation networks of these 2
domains.We further described novel structural organiza-
tions that depended on the similarity of diverse associa-
tions between the hematologic/biochemical parameters
and the gray/white matter properties. This study may
provide baseline reference indices for macaque models
focusing on the central nervous system, give insights into
the interactions between blood traits and the brain, and
enable neurobiological comparisons between species.

Materials and methods
Animals
The study included a total of 36 healthy macaques
(M. mulatta) (all males; age: 4–15 years old; weight:
4.1–11.7 kg). The monkeys were housed individually
in stainless steel cages in animal rooms in an 18–26
◦C environment and 40–70% relative humidity. Fresh
air and daily light–dark cycles were maintained in the
animal rooms. The animals were fed formula food for
experimental monkeys and fresh fruits and had freely
available drinking water. All the animals were negative
for Mycobacterium tuberculosis, Salmonella Typhi, Shigella
dysenteriae, pathogenic dermatophytes, and herpes B virus.
The monkeys were divided into three age groups in
the present study: young adults, 4–6 years old (n=12);
adults, 8–9 years old (n= 12); and middle-aged adults,
14–15 years old (n=12). This study was approved by the
Institutional Review Board/Ethics Committee of Capital
Medical University (No. AEEI-2019-077).

Blood sample collection and preparation
After overnight fasting (around 14 h), awake monkeys
were restrained by experienced animal care technicians,
and 5 mL blood samples were collected from the upper
forearm. About 2 ml were transferred into ethylene-
diaminetetraacetic acid-potassium (EDTA-K2) tubes for
hematological analysis. The remaining 3 mL aliquots
were stored in plastic tubes without anticoagulants for
biochemical analysis. The latter aliquots were allowed
to clot at room temperature for 30 min, and the serum
was separated by centrifugation at 1600 g for 15 min and
analyzed immediately. Blood collections were performed
twice at an interval of 17–20 days.

Hematological and biochemical analyses
The hematological analysis was performed using a
DxH 800 automated hematology analyzer (Beckman
Coulter, Miami, FL). A total of 20 parameters were
included in the hematological analysis: basophil count
(BASO#), basophilic leukocyte percentage (BASO%),
eosinophil count (EO#), eosinophil percentage (EO%),
hematocrit (HCT), hemoglobin (HGB), lymphocyte count
(LYMPH#), lymphocyte percentage (LYMPH%), mean
corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular
volume (MCV), mean platelet volume (MPV), monocyte
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count (MONO#), monocyte percentage (MONO%), neu-
trophil count (NEUT#), neutrophil percentage (NEUT%),
platelets (PLT), red blood cell number (RBC), red blood
cell volume distribution width (RDW), and white blood
cell number (WBC).

Serum biochemical analysis was conducted using an
AU5831 chemistry analyzer (Beckman Coulter, Miami,
FL). Biochemical parameters included 32 parameters,
including alanine aminotransferase (ALT), albumin
(ALB), albumin/globulin (A/G), alkaline phosphatase
(ALP), aspartate aminotransferase (AST), AST/ALT,
apolipoprotein A1 (ApoA-1), apolipoprotein B (ApoB),
blood urea nitrogen (BUN), creatine kinase (CK), creatine
kinase myocardial band (CK-MB), creatinine (CREA),
direct bilirubin (DBIL), free fatty acids (FFA), gamma
glutamyl transferase (GGT), globulin (GLB), glucose
(GLU), high-density lipoprotein-cholesterol (HDL-C),
homocysteine (HCY), hypersensitive C-reactive protein
(hs-CRP), indirect bilirubin (IDBIL), lactate dehydrogenase
(LDH), lipoprotein a (LPa), low-density lipoprotein-
cholesterol (LDL-C), phospholipids (PLIP), total bile acid
(TBA), total bilirubin (TBIL), total cholesterol (TC), total
protein (TP), triglycerides (TG), uric acid (UA), and small
dense low-density lipoprotein-cholesterol (sdLDL-C).

MRI data acquisition
The in vivo MRI scans for macaques were acquired from
a Siemens Prisma 3 T MR scanner (Erlangen, Germany).
Each animal underwent MRI imaging before the first
blood collection. The monkeys were anesthetized with
an intramuscular injection of Zoletil 50 (10mg/kg) before
scanning and were maintained under anesthesia using
0.5% isoflurane in oxygen during image acquisition. The
animals were placed in a sphinx position during the scan,
with an MRI-compatible stereotaxic frame optimized for
the NHP head. A custom manufactured coil (Shanghai
Chenguang Medical Technology) for primates was used.
T1-weighted scans were obtained with a magnetization-
prepared rapid gradient-echo (MPRAGE) pulse sequence
using the following optimized parameters: repetition
time (TR)/echo time (TE)=2200/3.68 ms, flip angle=8◦,
matrix size= 256× 256, and slice thickness= 0.5 mm
with no inter-slice gap, yielding 0.5× 0.5×0.5 isotropic
voxels. The acquisition parameters for the dMRI data
included: TR/TE= 3,780/66 ms, flip angle= 180◦, matrix
size= 82× 90, voxel size=1.3× 1.3× 1.43 mm3. For each
subject, a total of 65 volume were acquired, including
1 nondiffusion-weighted volume (b=0 s/mm2) and 64
noncollinear gradient directions (b= 1,000 s/mm2).

MRI data analyses
The T1-weighted MR data were preprocessed using
Advanced Normalization Tools (ANTS, http://stnava.
github.io/ANTs) to automatically remove the noise
(DenoiseImage) and then correct intensity inhomo-
geneity artifacts (N4BiasFieldCorrection). To ensure
accurate brain masks and anatomical registration for
macaques, the T1-weighted images were first processed

with AFNI @animal_warper pipeline (Jung et al. 2021)
and then manually edited using ITK-SNAP (http://
www.itksnap.org/pmwiki/pmwiki.php). Different tissue
maps, including GM, WM, and cerebrospinal fluid (CSF)
images in native space, were segmented using Statistical
Parametric Mapping (SPM12, Wellcome Department
of Imaging Neuroscience, London, UK; http://www.fil.
ion.ucl.ac.uk/spm/). Since the tissue probability maps
(TPMs) implemented in SPM12 were for humans,we used
the macaque TPMs provided by Rohlfing et al. (2012).
The TPMs represent the probabilities of finding GM,
WM, and CSF at each voxel and are suitable for tissue
segmentation because the age range of the animals used
for their TPM constructions is similar to those of the
samples used in our study. In addition, we calculated the
contrast to noise ratio and GM/WM data homogeneity
and found no group differences in the contrast to noise
ratio or the GM/WM data homogeneity based on age
(Supplementary Fig. S1).

The dMRI data were preprocessed using MRtrix3
(Tournier et al. 2012). First, the noise and Gibb’s ringing
artifacts were removed. The images were then corrected
for motion and eddy current distortions. Diffusion
tensors were fitted to the dMRI data, enabling the
computation of an FA image for each subject. To ensure
accurate anatomical registration, the skull-stripped T1-
weighted image was aligned with the b0 volume and
diffusion images. The diffusion-weighted data for each
subject were visually inspected to ensure there were
no apparent artifacts arising from the acquisition or
processing procedures.

We also extracted the regions of interest (ROIs) in
the GM and FA images based on the macaque brain
atlas (Feng et al. 2017) and included parcellations of
the cerebral cortex, subcortical regions, and white mat-
ter tracts. The ROIs in the left and right hemispheres
were combined. These resulted in a total of 43 GM and
38 WM regions across the whole brain (Supplementary
Fig. S2 and Table S1). We used the ANTS registration
tool to transform the atlas in standard space to each
subject’s anatomical image, providing a parcellation of
each macaque brain in native space. The sum of the GM
volumetric values and the average of the FA in each ROI
were calculated for each subject.

Correlation analyses
Statistical analyses were conducted with Python 3.9
using the Pingouin package (v.0.3.11, https://pingouin-
stats.org/index.html). Values that were 3 SD above or
below the means were outliers and were removed.
The demographic, hematological, and biochemical
characteristics of the young adult, adult, and middle-
aged adult macaques were compared using analysis of
variance.

The values of hematological/biochemical param-
eters, GM volume, and WM integrity were z-scored
for correlation analyses. Partial Pearson’s correlations
were used to assess the relationships between each
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hematological/biochemical variable and age (adjusted
for body weight and total intracranial volume (TIV)),
TIV (adjusted for age and body weight), and total and
ROI-based gray and white matter features (adjusted for
age and TIV), separately. To determine the reliability
between the two repeated measurements for each blood
parameter, paired t tests were performed across the
animals by age group to detect changes in mean values.
The parameters showing no variations in the first and
second measurements were retained and the average
of the two measurements for these stable parameters
were used in the correlation analyses. To test whether
the blood parameters showed a greater correlation with
age or neuroimaging features than expected by chance,
10,000 permutations were performed for each of them. A
permutation test is a type of nonparametric statistical
significance test that does not require making any
assumptions about the sample distribution. Specifically,
we first computed the partial Pearson’s correlation (real
correlation coefficient) for variables X and Y. Variable X
was then permuted for 10,000 times, and we calculated
the partial Pearson’s correlations for each permutated X
and Y. The two-sided P value was calculated by counting
the proportion of the permutated data whose correlation
coefficient was at least as great as the real correlation
coefficient. To correct for multiple comparisons, a false
discovery rate (FDR) approach with a threshold of
P< 0.05 was used to identify significant correlations
between biochemical/hematological parameters and the
structural features of the brain.

We also conducted graph-theoretical analyses of sev-
eral covariation networks to explore the overview asso-
ciations between the blood traits and brain structures.
Specifically, the blood module was constructed by pair-
wise correlations between blood parameters and then
thresholded by P< 0.01 to produce a binary subnetwork.
The brain module was constructed using pairwise corre-
lations between gray/whitematter ROIs and then thresh-
olded by P< 0.01 to generate a binary subnetwork. Sig-
nificant correlations (P< 0.05) between blood parameters
and brain structures were deemed to be connections
between the two modules. Degree centrality, defined as
the fraction of nodes towhich it is connected,was used to
identify the hubs for each module. The edge density (ED)
and small-world propertywere calculated for each graph.
ED was defined as the number of actual connections
divided by the total number of possible connections. To
measure small-worldness, we calculated the coefficients
σ as follows:

σ = C/Crand

L/Lrand
, (1)

where C and L are the average clustering coefficient and
average shortest path length of the original network,
respectively. Crand and Lrand are the corresponding values
for an equivalent random network. A network has small-
world property if σ > 1.

Blood clustering by covariation with GM and WM
Similarity matrices between the covariation patterns of
all the blood parameters with the ROI-based GM/FA were
calculated and used for automatic clustering. Specifi-
cally, we calculated the correlations between blood traits
and the ROI-based GM/FA across all subjects (corrected
for age and TIV). Information about the correlation was
stored in an M-by-N matrix, where M denotes the num-
ber of blood parameters and N denotes the number of
ROIs. The correlationmatrix was then r-to-z transformed
(Fisher transformation). Then, the similarity in the cor-
relation profiles between each pair of blood traits was
quantified using the η2 coefficient (Cohen et al. 2008),
resulting in an M-by-M symmetric matrix. A spectral
clustering algorithm was used to automatically cluster
(Ng et al. 2001) hematological and biochemical param-
eters separately. Spectral clustering is an unsupervised
machine learning algorithm that groups variables that
share similar correlations. The optimal number of clus-
ters was evaluated by the Calinski–Harabasz (CH) index
(Caliński and Harabasz 1974), which calculates the ratio
of the between-cluster (A) to the within-cluster variance
(B): CH= (A/B)× (N – k)/(k – 1), where N is the number of
observations and k is the number of clusters. Generally,
the optimal number was chosen as the one that maxi-
mizes the CH index, that is,whenA is large and B is small.
The higher the score the denser and better separated the
clusters. The correlation profile of an individual blood
parameter is defined as the spatial pattern of correlation
coefficients between this parameter and the structural
features of the GM/WM across the whole brain. The
correlation profiles of parameters in the same cluster
were averaged to obtain the correlation profile for each
cluster.

Based on the results of the clustering, the reordered
similaritymatrices with respect to the cluster labels were
converted to graphs for network analyses. Specifically,we
converted each similarity matrix into a graph composed
ofmodules that corresponded to clusters. Afterwards,we
searched for the optimal threshold that maximized the
graph modularity. Binary networks were then produced
with the optimal threshold. We also calculated the ED
and small-world property for each graph.

The network analyses in the present study were
conducted using the Networkx package (v2.5, https://
networkx.org), and graph plotting was conducted using
Gephi (v0.9.2, https://gephi.org).

Results
Characteristics of the rhesus monkeys
The characteristics of the young adult, adult, andmiddle-
aged adult macaques are presented in Table 1. There
were significant differences between each pair of groups
with respect to age and body weight. The young adults
had significantly smaller TIVs than the middle-aged
group. Both the young adults and adults had smaller
WM volumes than the middle-aged group. There was no
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Table 1. Demographic and neuroanatomical characteristics of macaques in this studya.

All
n=36

Young adults
n=12

Adults
n=12

Middle-aged adults
n=12

Statisticsb

F p

Age, y 9.42 (4.02) 5.25 (0.75) 8.33 (0.49) 14.67 (0.49) 811.08 < 0.001
Age range, y 4–15 4–6 8–9 14–15
Body weight, kg 7.62 (2.04) 5.30 (0.66) 8.03 (0.79) 9.53 (1.48) 64.25 < 0.001
TIV, cm3 108.71 (11.16) 102.82 (9.42) 107.86 (11.47) 115.45 (9.35) 5.33 .02
GM, cm3 47.25 (3.59) 46.28 (4.05) 47.39 (3.98) 48.08 (2.65) 0.81 n.s.
WM, cm3 37.30 (5.45) 33.49 (3.46) 36.33 (5.23) 42.08 (3.68) 17.04 < 0.001

GM, gray matter volume; TIV, total intracranial volume; WM, white matter volume. Mean and SD are reported unless otherwise specified. aAll macaques
were male. bStatistical analyses were performed between the young adults, adults, and middle-aged adults using analyses of variance. Post hoc tests revealed
significant differences between each pair of groups for age and body weight; significantly smaller TIVs for the young adults than for the middle-aged adults;
and significantly smaller WM for both the young adults and adults than for the middle-aged adults.

statistically significant difference in GM volume between
the groups.

Characteristics of biochemical and hematological
parameters
The distributions and box plots of the biochemical and
hematological parameters for blood measurements are
reported in Supplementary Figures S3–S6.We found that
16 out of 52 parameters showed significant differences
between age groups (for details refer to Supplementary
Tables S2 and S3). Bar plots of the first, second, and
average of the 2 blood measurements are shown in Sup-
plementary Figures S7 and S8. Paired t tests between
the two blood measurements showed that most of the
parameters remained similar from the first sampling
time to the second, but a few parameters fluctuated
in the young (5 out of 52 parameters) or middle-aged
group (4 out of 52 parameters, Supplementary Table S4).
The reason that most of the blood parameters were
stable may be because we used a relatively short interval
between the first and second blood sampling, and each
sampling was under relatively the same conditions and
at the same time of day. The average of first and second
measurements for 43 stable parameters were used in
correlation analyses.

Correlations between blood parameters
and brain structures
To identify robust associations between blood parame-
ters and brain tissues, we computed the average of 2
blood measurements for correlation analyses and infer-
ences were made using a FDR approach with a threshold
at P< 0.05. Correlations of the significant biochemical
parameters against age are shown in Supplementary
Figure S9.We found that ALP (r=−0.60) and HCY (r=0.61)
changed with age, but we did not find significant corre-
lations between other blood parameters and age or TIV.
For the hematological parameters, significant positive
associations were found between BASO and GM volumes
in the anterior cingulum, the inferior, middle, and supe-
rior frontal gyri, and the superior temporal gyrus. HGB
had negative correlationswith putamen volume (Fig. 1A).

Detailed correlation results are shown in Supplemen-
tary Table S5. Although correlations between biochem-
ical parameters and GM volumes or WM integrity did
not survive after multiple comparison corrections, we
observed a trend that GGT and TC showed inverse cor-
relations with the entorhinal and inferior temporal GM
volumes, respectively, and GLU positively correlated with
FA in the forceps major (Supplementary Fig. S9).

To gain panoramic information about the relationship
between blood indices and the brain, covariation net-
works describing connectionswithin the (1) blood param-
eters and (2) different brain structures as well as interac-
tions between these 2 domains were reconstructed. The
entire network consists of two modules. The blood mod-
ule was constructed by pairwise correlations between
each pair of hematological parameters. The brain struc-
tural module was constructed by pairwise correlations
between each pair of gray or white matter ROIs (adjusted
for age and TIV). Each module was binarized by P<0.01.
Correlations between the hematological measures and
brain structures that had been FDR corrected P<0.05
were deemed to be connections between these 2 mod-
ules. Nodes with degree centrality in the top one third of
all nodes were identified as the high degree hubs for each
module. We observed that the high-degree hubs of the
hematological and brain structural modules have con-
nections with each other, suggesting that blood param-
eters have complex interactions with brain structures
(Fig. 1B). The networks of hematological parameters and
GM demonstrated small-world properties (σ =1.80). We
observed higher interconnectivitywithin individualmod-
ules (ED=0.1 and 0.18 for the hematological and GM
modules, respectively) than that between the different
modules (ED=0.026, Supplementary Table S6).

Clustering of biochemical
and hematological parameters
Clustering was performed to automatically categorize
blood indices such that indices with similar correlation
profiles with whole brain were assigned to a common
cluster, and indices with dissimilar correlation profiles
with the whole brain were assigned to different clusters.
As shown in Supplementary Figure S10, a cluster number
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Fig. 1. Correlations between blood parameters and brain structures. (A) Scatter plots and the best linear fit displaying the correlations between
hematological parameters and gray matter volumes of differrent areas. Shaded area represents the 95% confidence interval. False discovery rate
corrected p < 0.05. BASO#, basophil count; BASO%, basophilic leukocyte percentage; HGB, hemoglobin. (B) Covariation networks showing the interactions
between hematological parameters and gray matter volumes. Red lines indicate pairwise hematological correlations with P<0.01. Purple lines indicate
pairwise brain structural correlations with P<0.01. Orange lines are correlations between hematological and structural correlations with P<0.01. Blue
lines show hematological and structural correlations with FDR corrected P<0.05. These correlations are scatter plotted in A. The size of the nodes is
proportioned according to the degree in each module. The width of the lines is proportioned according to the absolute correlation r. The blue nodes are
high-degree network hubs with interdomain connections.

of 2 was optimal for clustering both the biochemical and
hematological parameters.

The biochemical analyses revealed that liver enzyme
activities (ALB, ALT, ALP, GGT, GLB, and TP), kidney func-
tion (CREA and UA), glucose, and lipid fractions (TG
and HDL-C) were grouped together (Cluster 1) and were
found to be positively correlated to the GM in the frontal
cortex, insula, and superior temporal gyrus and were
negatively correlated with GM in the inferior temporal
gyrus, cuneus, and visual regions. Lipid fractions (TC and
LDL-C) and liver enzymes activities (AST, DBIL, IDBIL,
and TBIL) were in another cluster (Cluster 2) that was
negatively associated with the frontal regions, inferior
temporal gyrus, and amygdala volumes (Fig. 2A–D). The
network similarity matrix derived from the biochemical
measures and GM had a small-world property (σ =2.33),
suggesting highly effective interactions among seem-
ingly different modules of blood traits. We observed that
the ED was smaller between the clusters (ED=0.07) than
within each of 2 clusters (ED=0.37 for Cluster 1 and 0.30
for Cluster 2).Thus, the networks have dense connections
between the nodes within each modules but sparse con-
nections between nodes belonging to different modules.
Biochemical clustering based on correlations with FA

revealed that lipid fractions (TC, TG, LDL-C, and HDL-
C), kidney function (BUN, CREA, and UA), and glucose
were classified into Cluster 1, which was positively cor-
related with the dorsal posterior corona radiata, forceps
major, and cerebellum and that liver function indices
(ALT, ALB, A/G, ALP, AST, DBIL, GGT, IDBIL, and TBIL) were
categorized into Cluster 2 and were associated adversely
with superior fronto-occipital fasciculus white matter
integrity. (Fig. 2E–H). Similarly, the network reconstructed
by the similarity matrix also had small-world properties
(σ =1.30), with EDs much smaller between the clusters
(0.13) than within each of 2 clusters (0.6 for Cluster 1 and
0.32 for Cluster 2).

The same analyses were applied to the hemato-
logic parameters. The hematologic clustering analysis
revealed that erythrocyte and platelets had homoge-
neous association profiles with GM or FA and that these
indices were negatively correlated with the frontal,
inferior temporal, entorhinal, lingual, and visual GM
volumes. The cluster that included erythrocytes and
platelets showed inverse correlationswith FA in the supe-
rior fronto-occipital fasciculus and positive correlations
with FA in the anterior corona radiata. We observed that
the leukocytes showed extensive positive correlations
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Fig. 2. Clustering of biochemical parameters based on their covariation with gray matter (A-D) and white matter structures (E-H) across the brain.
A, Correlation profiles of randomly chosen 8 biochemical parameters with gray matter volume. B, The re-ordered similarity matrix with respect to
the cluster labels. C, Average correlation profile with gray matter volume of each cluster. D, Network visualizing the correlations of the biochemical
parameters. E, Correlation profiles of randomly chosen 8 biochemical parameter with the white matter integrity. F, The re-ordered similarity matrix
with respect to the cluster labels. G, Average correlation profile with white matter integrity of each cluster. H, Network visualizing the correlations of
biochemical parameters. Cluster 1 is shown as the red module and cluster 2 is shown as the purple module. Yellow lines show the connections between
the 2 modules. The size of each node is proportional to the number of its connections (i.e., degree). The edge density within each cluster and between
clusters is shown at the bottom of the graph.

with GM across widespread brain regions, including the
frontal, temporal, insula, and precuneus regions and
positive associations with FA in the forceps, superior
fronto-occipital fasciculus, cingulum, and cerebellar
peduncles (Fig. 3). Similar to the results obtained for the
biochemical parameters, the networks of the similarity
matrix derived from the hematological measures and
GM/FA demonstrated the small-world property (σ =1.41
and 1.47, respectively), with higher interconnectivity
with individual modules (ED=0.42 and 0.3 for Cluster1;
ED=0.6 and 0.75 for Cluster 2) than that between
different modules (ED=0.11 and 0.19).

Discussion
This study investigated the associations between hema-
tological/biochemical parameters and the brain’s gray
matter volume and white matter integrity derived from
T1-weighted and diffusion MRI in rhesus monkeys. We
found that intersubject variations in BASO and HGB lev-
els were correlated with brain morphology. Specifically,
BASO count was positively associated with GM volumes
in the anterior cingulate, lateral frontal, and superior

temporal regions and that levels of HGB were inversely
correlated with volumes in the putamen. Blood parame-
ters tended to cluster into discrete groups in their corre-
lations with various structures across the brain. Specif-
ically, through intricate interactions between a num-
ber of key elements, the covariation network of both
the hematological/biochemical parameters and the brain
structures were linked to form a network with a hier-
archical small-world property, suggesting that sophisti-
cated yet highly effective interactions may exist between
these domains. Furthermore, we found a variety of sub-
networks of brain areas or fiber tracts that tended to
interact with unique groups of blood indices, suggesting
previously unknown interactions between physiological
parameters of the body and the structural organization
of the brain. Because many blood variables are risk fac-
tors for cerebrovascular and neurodegenerative diseases
(Gokce et al. 2019; Harshfield et al. 2020), this study
may have important implications for understanding the
mechanisms connecting the physiological parameters of
the body and the structural organization of the brain.

The reference ranges of most of the hematologic and
serum biochemical values that we established were
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Fig. 3. Clustering of hematological parameters based on their covariation with gray matter (A-D) and white matter structures (E-H) across the brain.
A, Correlation profiles of randomly chosen 8 hematological parameters with gray matter volume. B, The re-ordered similarity matrix with respect to
the cluster labels. C, Average correlation profile with gray matter volume of each cluster. D, Network visualizing the correlations of the hematological
parameters. E, Correlation profiles of randomly chosen 8 hematological parameter with the white matter integrity. F, The re-ordered similarity matrix
with respect to the cluster labels. G, Average correlation profile with white matter integrity of each cluster. H, Network visualizing the correlations
of hematological parameters. Cluster 1 is shown as the red module and cluster 2 is shown as the purple module. Yellow lines show the connections
between the 2 modules. The size of each node is proportional to the number of its connections (i.e., degree). The edge density within each cluster and
between clusters is shown at the bottom of the graph.

quantitatively similar to previous reports for macaques
(Yu et al. 2019); the exceptions were LYMPH#, NEUT#,
WBC, and UA. The discrepancies may be partially
because of the geographic and environmental hetero-
geneity of the monkeys included in the 2 studies. Some
physiologic variables changed with age in the NHPs. We
observed apparent age-related changes in ALP and HCY.
ALP is amarker for osteoblastic activity. The higher levels
of ALP in young macaques are likely due to active bone
formation. A similar effect of age on ALP levels has been
found in cynomolgus (Xie et al. 2013), Tibetan (Wu et al.
2014), and vervet (Sato et al. 2005) monkeys.We observed
that HCY levels increased with age, a finding which has
also been reported in studies involving humans (Marlatt
et al. 2008).

The present study identified associations between
blood traits and brain structures and analyzed them from
a network perspective. Specifically, the BASO count was
positively associated with GM volumes in the anterior
cingulate, lateral prefrontal, and superior temporal
regions, and the levels of HGB were inversely correlated
with volumes in the putamen. Basophils play a role in
allergic inflammations and release histamine in allergic

reactions. The histamine system is involved in various
biological functions, such as emotion, memory, anxiety,
and reward (Dere et al. 2010). The link between BASO
and the brain has scarcely been investigated. Previous
studies reported that elevated BASO was associated
with increased fluid intelligence scores (Klinedinst et al.
2019) and that reduced BASO had a negative effect that
is associated with mood disorders (Baek et al. 2016).
However, the underlying mechanisms between BASO
and behaviors or brain health are not well elucidated.
The anterior cingulate cortex lies in the medial wall of
the cortex with extensive connections with the limbic
system and prefrontal cortex, which are known to be
important for emotion, memory, and cognitive process-
ing (Bush et al. 2000; Stevens et al. 2011). The prefrontal
cortex is a critical region for emotion, cognition, and
emotion–cognition integration (Gray et al. 2002). The
present study identified a link between BASO and the
anterior cingulate, prefrontal, and temporal GM volumes,
suggesting that these regions may act as physiologic
substrates for the associations between BASO and brain
health/behaviors. HGB is the iron-containing oxygen-
transport metalloprotein in erythrocytes. Human studies

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/33/2/247/6543016 by Tsinghua U

niversity user on 01 February 2023



Yue Cui et al. | 255

have demonstrated that low levels of HGB (anemia)
are associated with adverse health conditions (Wolters
et al. 2019). In addition, studies of the full range of HGB
found that high levels of HGB were also associated with
increased risk of dementia (Shah et al. 2011; Wolters
et al. 2019) and cardiovascular disease (Gotoh et al. 2015;
Wolters et al. 2019), suggesting that high levels of HGB
may be deleterious (Wolters et al. 2019). The present
study found that the HGB levels were inversely correlated
with the volumes of the putamen. The putamen is part of
the basal ganglia nucleus and supports a variety ofmotor
and cognitive functions. Previous studies showed that
the putamen is involved in the degeneration of neurons
in neurodegenerative diseases, including dementia (de
Jong et al. 2008) and Parkinson’s disease (Playford et al.
1992). Our finding suggested that the putamen may be
a potential key area for understanding the associations
between high levels of HGB and brain health.

In addition to the above-mentioned specific corre-
lations, another contribution of the present work is
that it used network analysis to provide a panoramic
picture of the relationship between multiple blood
parameters and brain structural features. We found
that HGB was identified as a high-degree hematological
network hub and was closely connected with the brain
structural network; from the brain perspective, the
cingulum and prefrontal cortex were high-degree hubs
in the brain structural network and were connected
with the hematological domain. As a result, the system
exhibits a strong small-world property, suggesting that
interactions can propagate through the entire network
in a highly effective manner, thereby connecting the
seemingly different domains of blood traits and brain
structures.

The investigation into covariation in brain structures
based on their associations with blood traits revealed
various patterns of brain organization in macaques,
suggesting that brain structures may have complex
interactions with the variations in blood traits in normal
subjects. This is the first systematic study of the relation-
ship between hematologic and chemistry parameters
and brain macro- and micro-structures in macaques
from a network perspective. We identified clusters of
blood parameters that interact with largely different
sets of brain regions. Specifically, for the biochemical
parameters, Cluster 1 consisted of liver enzyme activities
(ALB, ALT, ALP, GGT, GLB, and TP), kidney function (CREA
and UA), glucose, and lipid fractions (TG and HDL-C),
and these parameters positively correlated with GM
volumes in the prefrontal cortex, insula, and superior
temporal gyrus, and negatively correlated with GM in
the inferior temporal gyrus, cuneus, and visual cortex.
Cluster 2 included lipid fractions (TC and LDL-C) and liver
enzymes activities (AST, DBIL, IDBIL, and TBIL), which
were inversely associated with the prefrontal cortex,
inferior temporal gyrus, and amygdala volumes. These
results reveal a previously unknown brain structural
organization in which specific groups of brain areas are

possibly affected by different physiological processes.
We acknowledge that the causal relationships between
these blood indices and the brain are still unclear,
and future work with animal models may provide the
capacity to demonstrate causal links between these two
domains.

The network analyses demonstrated that the blood
networks had small-world properties. Small-world net-
works are formed by strong clustering with similar corre-
lation profiles within modules and by a small number of
interactions that bridge the groups of distinct correlation
patterns. Small-world architectures have been found in
many complex systems, including brain networks (Yu
et al. 2008; Bullmore and Sporns 2009), and have been
widely considered as an essential design for increas-
ing the efficiency of network interactions at both the
local and global scales. Here we demonstrated that the
overarching network connecting the blood traits and the
brain exhibited a hierarchical small-world architecture
and was manifested between (1) 2 domains of the blood
indices and the brain structural features, and (2) the
2 subdomains of the blood indices. This implies that
there are sophisticated links between blood traits and
brain structural features. With a high global and local
efficiency of interactions, the networks we revealed here
allow changes in the status of individual nodes (e.g. blood
traits or brain structural features) to propagate through
the whole network, potentially leading to a system-wide
adaptive reconfiguration.

A limitation of the present study is that the number of
macaques included in the analysis was relatively small
compared with human studies. Future work with a larger
sample size would be helpful for further investigating the
relationship between blood traits and brain structure.

In conclusion, the present study provides in vivo evi-
dence that biochemical and hematological parameters
link brain macro- and micro-structures in macaques.
Novel and diverse brain structural organizations were
revealed by blood traits that correlated with brain struc-
tures. This comprehensive analysis of the relationship
between blood indices and tissues throughout the whole
brain suggests complex interactions between these two
domains. The present study established comprehensive
baseline reference indices for rhesus monkeys that
correlate with brain structural features, suggesting that
the surveillance or control of blood indicators may be
indispensable when constructing and evaluating various
central nervous system disease models using NHPs. In
addition, the relationships between blood traits and brain
structural features in NHPs revealed here can contribute
to a better understanding of the interaction between
physiologic variables of the body and the brain across
species.
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