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Abstract

Cerebrovascular and neurological diseases exhibit sex-specific patterns in prevalence, severity, and regional specificity, some of
which are associated with altered cerebral blood flow (CBF). Females often exhibit higher resting CBF, but understanding the
impact of sex per se on CBF is hampered by study variability in age, comorbidities, medications, and control for menstrual cycle
or hormone therapies. A majority of studies report whole brain CBF without differentiating between gray and white matter or
without assessing regional CBF. Thus fundamental sex differences in regional or whole brain CBF remain unclarified. While con-
trolling for the above confounders, we tested the hypothesis that females will exhibit higher total gray and white matter perfu-
sion as well as regional gray matter perfusion. Adults 18–30 yr old (females ¼ 22 and males ¼ 26) were studied using arterial
spin labeling (ASL) magnetic resonance imaging (MRI) scans followed by computational anatomy toolbox (CAT12) analysis in sta-
tistical parametric mapping (SPM12) to quantify CBF relative to brain volume. Females displayed 40% higher perfusion globally
(females ¼ 62±9 and males ¼ 45 ± 10 mL/100 g/min, P < 0.001), gray matter (females ¼ 75 ± 11 and males ¼ 54 ± 12 mL/100 g/
min, P < 0.001), and white matter (females ¼ 44 ± 6 and males ¼ 32 ± 7 mL/100 g/min, P < 0.001). Females exhibited greater per-
fusion than males in 67 of the 68 regions tested, ranging from 14% to 66% higher. A second MRI approach (4-dimensional flow)
focused on large arteries confirmed the sex difference in global CBF. These data indicate strikingly higher basal CBF in females
at global, gray, and white matter levels and across dozens of brain regions and offer new clarity into fundamental sex differen-
ces in global and regional CBF regulation before aging or pathology.

NEW & NOTEWORTHY MRI used to measure cerebral blood flow (CBF) in gray matter, white matter, and 68 regions in healthy
men and women. This study demonstrated that CBF is 40% higher in women, the highest sex difference reported, when control-
ling for numerous important clinical confounders like age, smoking, menstrual cycle, comorbidities, and medications.

brain lobes; brain perfusion; gray matter perfusion; regional differences; sex differences

INTRODUCTION

Millions of people in the United States are impacted by
cerebrovascular, neurological, and neurodegenerative dis-
eases, many of which are associated with altered cerebral
blood flow (CBF) (1–4). Several brain pathologies also exhibit
sex differences in prevalence, prognosis, and severity. For
example, in females, lower CBF is associated with depression
severity (5), and altered CBF is associated with migraines (6).
In contrast, hypertension (7, 8), sleep apnea (9, 10), and schiz-
ophrenia (11–13) are associated with alterations in CBF that

are more prevalent in males. Collectively, these observations
suggest that sex-specific CBF patternsmay help to understand
or treat brain pathologies.

A growing number of studies in healthy adults indicate
that females display higher CBF than males (12, 14–21).
However, a clear understanding of the true magnitude of sex
differences in CBF remains difficult to establish because of
numerous factors known to influence CBF, including aging,
comorbidities, lack of control of menstrual cycle in females,
and inclusion of subjects taking medications, including hor-
mone contraceptives. First, CBF declines with age in both
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sexes (14, 21), making it difficult to separate age from age-sex
interactions. Second, subject characteristics in some prior
studies (8, 22–27) suggest obesity and/or hypertension existed,
and these and other comorbidities are linked to altered CBF.
Third, evidence suggests that CBF varies across the menstrual
cycle (20, 28, 29), and most studies do not strictly control for
this (14, 30). Similarly, hormonal contraception in females
may influence CBF, as several vascular beds, including skin
(31–33) and skeletal muscle (34), are known to be influenced
by oral contraceptive pills. Varying levels of cardiorespiratory
fitness can influence CBF (35, 36). All of these factors could
under- or overrepresent essential sex differences in cerebral
perfusion. To our knowledge, no study has tested for sex dif-
ferences in CBF while attempting to limit the impact of these
important confounding factors, leaving a gap in our under-
standing of the truemagnitude of sex differences in CBF.

Another consideration is that only a few studies have sepa-
rated gray matter (GM) from white matter (WM) CBF. This is
noteworthy as graymatter perfusion ismuch higher thanwhite
matter (37), and females may exhibit a different percentage of
gray and white matter volume (38–40), which could mask true
sex differences in CBF. Furthermore, findings are limited
because of some of the design limitations noted above (age,
obesity, and cardiovascular risk factors). Finally, some studies
only assess blood velocity (not CBF) in a single middle cerebral
artery (MCA) (15, 41–45), which does not allow for whole brain
CBFmeasures or exploration of regional differences.

Identifying sex differences in regional CBFmay be insight-
ful for preventative and diagnostic tools because several cer-
ebral regions exhibit structural and/or perfusion changes in
pathological states, but there is limited information regard-
ing this. For example, Alzheimer’s disease is associated with
decreased CBF in the hippocampus, amygdala, and parahip-
pocampus (46–48). In addition, depression (49) and anxiety
(50, 51) are associated with localized changes in CBF.
Therefore, the goal of this study was to assess CBF in multi-
ple small regions of the brain to identify sex differences that
may not be apparent in global perfusion values while con-
trolling for numerous conditions that may alter regional
CBF. The purpose of this study was to examine potential sex
differences in gray matter, white matter, and regional perfu-
sion in young, healthy adults while controlling for several
key factors known to influence CBF. We tested the hypothe-
ses that females will exhibit higher CBF in 1) the whole brain,
2) graymatter, 3) white matter, and 4) themajority of smaller
graymatter regions.

METHODS

Subjects

Fifty-one young, healthy adults (22 females) voluntarily
participated in this study. Written informed consent was
obtained before participation in the study. All procedures
were approved by the University of Wisconsin-Madison
Health Sciences Institutional Review Board and were in ac-
cordance with the Declaration of Helsinki [registered in the
ClinicalTrials.gov database (ID: NCT04265053)].

All subjects completed an initial screening visit to deter-
mine eligibility. Subjects completed a medical history ques-
tionnaire, MRI safety questionnaire, venipuncture, pregnancy

test (females only), and anthropometric measurements
(height, weight, waist, and hip circumference). Brachial artery
blood pressure was measured using an automated sphygmo-
manometer (Datex Ohmeda), and the lowest of three meas-
urements was used to assess eligibility.

All subjects were 18–30 yr old with a systolic blood pres-
sure (SBP) of �125 mmHg, diastolic blood pressure (DBP) of
�80mmHg, body mass index (BMI) of �25 kg/m2, blood glu-
cose of <100 mg/dL, low-density lipoprotein (LDL) of <130
mg/dL, and triglycerides of <150 mg/dL. Exclusion criteria
included smoking; taking any cardiovascular, hormonal, or
metabolic medication; any overt cardiovascular, neurologi-
cal, depression/anxiety, autoimmune, or reproductive disor-
ders; and MRI contraindications. Females were not pregnant
or lactating, were regularly menstruating, were free of any
reproductive disorders, and were not currently taking hor-
monal contraceptives for at least 6 mo.

MRI Study Visit

Previsit procedures.
Subjects attended a single MRI visit after fasting for �8 h, as
well as abstaining from vigorous exercise, alcohol, caffeine,
and nonsteroidal anti-inflammatory drugs for �24 h. Female
subjects were tested in the early follicular phase (days 1–7) of
their menstrual cycle. Negative pregnancy status was con-
firmed again on the day of the study.
Instrumentation. MRI scanning occurred in a three-

Tesla (3-T) MRI system with a 48-channel head coil
(Discovery MR750; GE Healthcare, Waukesha, WI). Subjects
were instrumented with a respiratory gating belt, pulse ox-
imeter, and blood pressure cuff (automated sphygmoma-
nometer). Breath-by-breath end-tidal carbon dioxide (ETCO2)
was assessed via capnography.
Protocol. Subjects were instructed to lay still and awake

with their eyes closed during the MRI scans. A T1-weighted
image set, pseudocontinuous arterial spin labeling (pcASL),
and four-dimensional (4-D) phase contrast vastly under-
sampled isotropic projection reconstruction (PC-VIPR) flow
MRI scans were completed (�10 min) while the subject
breathed room air.

The study team visuallymonitored the subject’s vital signs
during the study visit (Medrad Veris MR Vital Signs Patient
Monitor; Bayer Healthcare, Whippany, NJ) and recorded
heart rate (HR) and ETCO2 every minute during the T1,
pcASL, and PC-VIPR scans. Mean arterial blood pressure
(MAP), oxygen saturation (SpO2

), and respiratory rate were
recorded during the last minute of each scan. HR and ETCO2

values within each scan were averaged.

T1 scan parameters.
A T1-weighted MRI scan was completed using an ADNI 3
protocol on a 3-T GE 750 scanner. An accelerated sagittal
three-dimensional (3-D) IR-FSPGR (inversion recovery fast
spoiled gradient echo) sequence was completed and then
used for brain structure analysis. Parameters of the scan
were flip angle ¼ 11, repetition time ¼ 7.2 ms, echo time ¼
2.9 ms, inversion time ¼ 400 ms, field of view ¼ 27 cm,
slice thickness ¼ 1 mm, matrix size ¼ 256 � 256, and num-
ber of excitations ¼ 1. All T1 images were reviewed inde-
pendently by two study team members to remove any
subjects who demonstrated motion artifacts that could
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reduce the validity of CBF measures, resulting in the re-
moval of two subjects.

Pseudocontinuous arterial spin labeling parameters.
A background (pcASL) was used to assess cerebral perfusion
and perform image registration. The pcASL sequence fea-
tured a 3-D fast spin-echo spiral readout using a stack of vari-
able-density 5-ms readout and eight interleaves. Parameters
of the scan were flip angle ¼ 111, repetition time ¼ 6,031 ms,
echo time ¼ 64.8 ms, inversion time ¼ 1,000 ms, field of
view ¼ 240 mm, slice thickness ¼ 4-mm no gap, matrix
size ¼ 128 � 128, number of excitations ¼ 1, and labeling
radiofrequency amplitude ¼ 0.24 mG. The postlabeling
delay was 2,025 ms. During the same imaging sequence/
image slab location as the pcASL, we acquired a fluid-sup-
pressed proton density (PD) scan but without radiofre-
quency labeling preparation.
Four-dimensional flowmagnetic resonance imaging.

In addition to ASL MRI, we used a second method to verify
differences in global CBF using 4-D flow MRI. 4-D flow MRI
was obtained with PC-VIPR to quantify blood flow concur-
rently in 11 separate cerebral conduit arteries. For this pro-
ject, we focused on CBF through the left and right internal
carotid arteries combined with the basilar artery. PC-VIPR
(52, 53) is a validated MRI sequence (54, 55) that simultane-
ously assesses cerebrovascular flow and vessel lumens in
multiple vessels and is used in various applications,
including Alzheimer’s disease (56), insulin resistance (57),
and hypoxia challenges (42). The following scan parame-
ters were used imaging volume ¼ 22� 22 � 22 cm3,
acquired isotropic spatial resolution ¼ (0.69 mm3), scan
time ¼ 5 min 38 s, velocity encoding (Venc) ¼ 100 cm/s, flip
angle ¼ 8�, and repetition time/echo time ¼ 6.7/2.8 ms (20
reconstructed cardiac time frames using retrospective car-
diac gating and temporal view sharing) (58). All PC-VIPR
images were reviewed independently to remove any sub-
jects who demonstrated motion artifacts that could reduce
the validity of CBF measures, resulting in the removal of
three subjects (2 females).

Data Processing

pcASL analysis.
Cerebral T1-weighted and pcASL perfusion images were ana-
lyzed in MATLAB (The Mathworks, Natick, MA) using the
Computational Anatomy Toolbox (CAT12) for Statistical
Parametric Mapping version 12 (SPM12). CAT12 data were
provided for use in the MICCAI 2012 Grand Challenge and
Workshop on Multi-Atlas Labeling (B. Landman and S.
Warfield, MICCAI 2012 workshop on multiatlas labeling, in
MICCAI Grand Challenge and Workshop on Multi-Atlas
Labeling, CreateSpace Independent Publishing Platform,
Nice, France, 2012). The data were released under the crea-
tive commons attribution-noncommercial license (CCBY-
NC) with no end date. Original MRI scans were from OASIS
(https://www.oasis-brains.org/). Labelings were provided by
Neuromorphometrics, Inc. (http://Neuromorphometrics.
com/) under academic subscription (59).

First, pcASL images were transit time corrected. T1-
weighted digital imaging and communications in medicine
(DICOM) and pcASL DICOM images were converted into
Neuroimaging Informatics Technology Initiative (NIfTI) files

and then uploaded into MATLAB. CAT12 was used to opti-
mally resample T1-weighted scans and correct for noise,
bias, and global intensities. T1-weighted scans were then seg-
mented to obtain partial graymatter and white mattermasks
in native space (threshold ¼ 0.8). T1-weighted scans were
also regionally segmented relative to the neuromorphomet-
rics atlas in MNI152NLin2009cAsym space (MNI; Montreal
Neurological Institute) (59). The partial gray matter masks
were coregistered to the ASL scans using an affine transfor-
mation and smoothed using a 7-mm full width at half-maxi-
mum Gaussian kernel. Total gray matter and total white
matter perfusion were assessed in native space relative to
the coregistered images. Regional perfusion was assessed rel-
ative to the neuromorphometrics atlas (59). Scan quality was
assessed by CAT12 quality control parameters, and two
authors independently completed a visual analysis of T1 and
ASL scans. ASL data were excluded if either author identified
any of the following conditions: motion artifact, improper
fitting of the brain to normalizedMNI space, or inhomogene-
ity artifact. Two subjects were removed because of poor scan
quality.
Flow (PC-VIPR) analysis. PC-VIPR data were processed

using custom in-house centerline processing software devel-
oped in MATLAB (Mathworks, Natick, MA), which provides
a reliable measurement of cerebral artery blood flow (54).
Centerline processing software segments individual vessels
in a plane perpendicular to the vessel path, one voxel in
width (0.69 mm). At each voxel plane, multiple measure-
ments, including time-averaged velocity, cross-sectional
area (CSA), and flow measures for the vessel, are collected.
For each vessel segment, three to five consecutive cross sec-
tions were analyzed and averaged for measures of flow, ve-
locity, and CSA. Three cerebral conduit arteries were
assessed for 20 female and 25 male subjects to provide total
CBF: the left and right internal carotid arteries and the basi-
lar artery. The following standardized locations were used to
ensure laminar flow and obtain reliable measurements: in-
ternal carotid arteries were measured in the middle straight
portion of the C4 segment (60), and the basilar artery was
measured 4–7 mm (�5–10 voxels) from the junction with
the vertebral artery. Total CBF was calculated as the sum
of the left and right internal carotid arteries and the basilar
artery. 4-D PC-VPIR scan quality was assessed by two
authors independently. Scans were reviewed to determine
if the data contained poor T1-weighted image quality, poor
vessel visualization (as indicated by an absence of voxels),
or significant flow inversion indicated by three of five con-
secutive voxels. No subjects were removed.

Cerebrovascular conductance and cerebral delivery of
oxygen calculations.
Cerebrovascular conductance was calculated as CVC¼ (CBF/
MAP) � 100. Cerebral delivery of oxygen was calculated as
CDO2 ¼ blood flow (BF) � CaO2 , whereas BF (mL/min) ¼ neu-
ronal density � matter volume � CBF. A neuronal density of
1.05 g/cm3 (gray matter) and 1.04 g/cm3 (white matter) was
assumed based on reported averages (61). CaO2 ¼ (1.34 mL
O2/gHb � [Hb] � SpO2

) þ (PaO2 � 0.003 mL O2/mL blood/
mmHg), where Hb is hemoglobin and an arterial partial pres-
sure of oxygen (PaO2) of 100 mmHg arterial O2 pressure was
assumed.
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Statistical Analysis

Data were assessed with Shapiro-Wilk normality tests
and Brown–Forsythe variance tests, then unpaired, one-
tailed Student’s t tests were used to evaluate differences
between sexes using Sigma-Plot 13.0 (Systat Software,
Point Richmond, CA). All regional data are averages of
left and right perfusion values. Significance was set at
P < 0.05.

Significant differences between groups (male vs. female)
were assessed using an unpaired t test, and Shaffer’s
method (62, 63) was used to control the error rate for mul-
tiple comparisons. The study has a two-group (sex) design
across 68 brain regions. Its multivariate nature was accom-
modated by forming summary measures. For example, six
CBF totals (CBFtotal) were calculated for six lobes/larger
regions (brainstem/cerebellum, subcortical, frontal, tem-
poral, parietal, and occipital), each comprising the sum of
6–19 brain regions per lobe (e.g., hippocampus within the
temporal lobe). All the regions within a lobe are anatomi-
cally related and likely rely on similar blood supply. The
analysis was based on differences between sexes of the
summary measures as dependent variables, and the anal-
ysis proceeded in a sequential fashion as described by
Shaffer’s method, with the most significant of the con-
stituent tests being assigned a ¼ 0.05/6¼0.0083. Of the
remaining five brain regions in that lobe, assigned a ¼
0.05/5¼0.01, then 0.05/4¼0.0125, and so on until finally
0.05/1. In the present study, all the composite tests were
significant, and therefore, we conducted the Shaffer se-
quential method within each lobe. An example is the pa-
rietal lobe, which has eight regions. Since the composite
test was significant, the most significant of the constitu-
ent tests was assigned a/(n-1) ¼ 0.05/7¼0.0071. Of the
remaining seven brain regions in that lobe, assigned
a/(n-1) ¼ 0.05/7¼0.0071, then a/(n-2) ¼ 0.05/6¼0.0083,
and so on until finally a/(n-7) ¼ 0.05/1. If any of the sub-
sequent tests are nonsignificant, the sequence will be
halted.

Table 1. Subject characteristics

Female Male P Value

n 22 26
Age, yr 22 ±3 23 ± 4 0.28
Height, cm 166 ±6 177 ± 8� <0.01
Weight, kg 60 ±6 71 ± 6� <0.01
BMI, kg/cm2 21.8 ± 1.6 22.5 ± 1.5 0.06
SBP, mmHg 107 ± 7 114 ± 8� <0.01
DBP, mmHg 66 ± 7 68 ±5 0.11
MAP, mmHg 80±7 83 ±5� 0.02
Glucose, mg/dL 76 ±8 81 ± 14 0.06
Cholesterol, mg/dL
Total 150 ±30 138 ± 32 0.09
HDL 67 ± 18 55 ± 12� <0.01
LDL 72 ±24 70 ±25 0.4

Triglycerides, mg/dL 59 ± 10 68 ±20� 0.02
Hemoglobin, g/dL 12 ±2 15 ± 2� <0.01

Values are means ± SD. BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; MAP, mean arterial
blood pressure; HDL, high-density lipoprotein; LDL, low-density
lipoprotein. Hemoglobin, n ¼ 15 females and 17 males. �P < 0.05,
significant difference between female and male participants, using
unpaired t tests.

Figure 1.Whole brain magnetic resonance imaging (MRI) perfusion images for 1 male and 1 female subject that are representative of the group mean. A: core-
gistered pseudocontinuous arterial spin labeling (pcASL) and T1 scans normalized to the Montreal Neurological Institute (MNI) space. Yellow-to-red coloring
represents more blood flow (mL/min/100 g) to the region, and green-to-blue coloring represents less blood flow to that region. B: representative image from 4-
dimensional (4-D) flow analysis [phase contrast vastly undersampled isotropic projection reconstruction (PC-VIPR); see METHODS]. Yellow-to-green coloring rep-
resents more blood flow (mL/s) to the vessel, and purple-to-blue coloring represents less blood flow to that vessel. Images are lateral perspectives.
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Student’s t tests were used to assess sex differences in sub-
ject characteristics and hemodynamic parameters. All data
are expressed asmeans ± SD.

RESULTS

Subject Characteristics

Subject characteristics are summarized in Table 1. By
design, all subjects had a healthy BMI, normotensive blood
pressure, as well as glucose and lipid levels associated with
low cardiovascular or cerebrovascular disease risk. Males
exhibited higher SBP (P< 0.01) andMAP (P¼ 0.02), but both
sexes were normotensive (<125/85 mmHg). Finally, females
had significantly higher levels of HDL cholesterol (P < 0.01),
whereas males had higher triglyceride (P ¼ 0.02) and hemo-
globin concentrations (P< 0.01).

Whole Brain Volume and Perfusion

Examples of pcASL and 4-D flow analyses are dis-
played in Fig. 1. The MRI scans for one male and one
female were selected because their results most similarly
represent the mean value for each method and provide
the best representation of mean sex differences. Males
exhibited larger global (P < 0.001), gray matter (P <
0.001), and white matter volumes (P < 0.001) (Table 2).
However, there was no significant sex difference in the
ratio of gray matter volume to white matter volume (P ¼
0.44) (Table 2). Data from pcASL scans indicated that
females exhibited �40% higher global brain perfusion,

global gray matter perfusion, and global white matter
perfusion than males (Table 2; Fig. 2). Volumetric flow
(4-D flow) data indicated CBF was 56 ± 9 mL/min in
females and 45 ± 7 mL/min in males (P < 0.001), and
when normalized to individual total brain volume,
females still displayed 21% higher relative flow (Table 2;
Fig. 2).

Regional Perfusion

Regional perfusion values for 68 regions are presented
in Table 3 with a subsample presented in Fig. 3. On aver-
age, females exhibited 40% higher perfusion in brain
regions tested (range: 14%–66%; Fig. 4). Sixty-seven of
the 68 regions displayed higher perfusion in females
(Table 3).

Respiratory and Hemodynamic Values

Hemodynamic values are presented in Supplemental
Table S1 (all Supplemental material is available at https://
doi.org/10.6084/m9.figshare.26383753). Average heart rate
during the pcASL scan was not different between sexes (P ¼
0.05). However, average ETCO2 (P < 0.001) and mean arterial
pressure (P ¼ 0.01) were significantly higher in males during
the pcASL scan. Since MAP was different between sexes, we
also calculated cerebrovascular conductance (CVC, where
CVC ¼ CBF/MAP) (Supplemental Table S2). All global values
and regions showed significantly higher CVC in females
(P < 0.001). Total cerebral delivery of oxygen (CDO2) was
not significantly different between sexes, as cerebral arte-
rial oxygen content (CaO2 ) was higher in males, but CBF
(measured via 4-D flow) was greater in females (Supplemental
Table S3).

DISCUSSION

Current findings support the hypothesis that healthy
younger females exhibit substantially higher resting per-
fusion in gray matter, white matter, and all small regions
of the brain compared with males. This sex difference is
notable due to the rigorous control of confounding factors
that might influence CBF either directly or indirectly via a
sex- or comorbid-specific vascular mechanism. The pres-
ent data plainly identify large fundamental sex differences
in CBF across the entire brain, which could be useful in
understanding the pathophysiology of various brain con-
ditions known to exhibit sex-specific and region-specific
pathophysiology.

Table 2. Whole brain characteristics

Female Male P Value

n 22 26
Volume, cm3

Total 1,193 ± 103 1,326 ± 79� <0.001
GM 708 ±58 786 ±51� <0.001
WM 486 ±51 541 ± 41� <0.001

GM/WM ratio 1.5 ± 0.1 1.46 ±0.1 0.44
Perfusion, mL/100 g/min
GM 75 ± 11 54 ± 12� <0.001
WM 44 ±6 32 ± 7� <0.001
ASL total 62 ± 9 45 ± 10� <0.001
4-D flow 56±9 45 ± 7� <0.001

Values are means ± SD. GM, gray matter; WM, white matter;
ASL, arterial spin labeling; 4-D, 4-dimensional. �P < 0.05, signifi-
cant difference between female and male participants, using
unpaired t tests.

Figure 2. Whole brain perfusion. A: gray matter perfusion. B: white matter perfusion. C: total arterial spin labeling (ASL) perfusion. D: total perfusion by
4-dimensional (4-D) flow. Open circles represent individual data points for males (n¼ 26) and females (n¼ 22). �P< 0.05, significant difference between
males and females, using unpaired t tests.
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Present mean gray and white matter perfusion levels for
both sexes were higher than most previously reported CBF
values, and the magnitude of the difference between sexes
was higher compared with several previous studies (14, 16,
21, 64) but similar to one study (65), which had a more com-
parable age population and similar exclusion criteria, sug-
gesting even middle age is linked to reduced perfusion. The
higher CBF values of the present data may be a product of
the relatively young age of the study population. Age is asso-
ciated with reduced cerebral blood flow (14, 21, 66) as well as
reduced rate of oxygen consumption by the brain [cerebral
metabolic rate of oxygen (CMRO2)], which is directly associ-
ated with CBF (66). In addition, females show a steeper slope
of CBF decline with age, suggesting the sex differences are
attenuated in older age (14). Consistent with this idea, all of
the previously mentioned studies that reported lower CBF
values assessed sex differences in groups with large age
ranges (14, 16, 21, 64), and data in Fig. 2 and Table 2 suggest
that sex differences in CBF are actually larger when age is
limited to adults between 18 and 30 yr old.

Because gray matter (GM) exhibits higher perfusion than
white matter (WM), larger gray matter volume in females
could explain higher relative total brain blood flow in
females; however, present results indicate no sex differences
in the whole brain GM/WM ratio. Previous studies indicate
females exhibit a higher percentage of gray matter (40) and
the GM/WM ratio was higher compared with males (38).
However, their results may be due to the hormonal
impacts, such as menstrual cycle and oral contraception,
on gray matter volume (38, 67, 68). Numerous regional
gray matter volumes are significantly lower in naturally
cycling females when compared with females on oral con-
traceptives (67). Therefore, the exclusion of females using
oral contraceptives may decrease the observed GM/WM
differences. Additionally, high aerobic fitness is associated
with greater gray matter volumes in young and older adults
(69–71), so alterations in fitness may impact volumetric out-
comes. The present study collected relative peak oxygen

Table 3. Regional perfusion of regions

Region Female Male P Value

n 22 26
Brain stem/cerebellum
Brain stem 42 ±6 31 ± 7 <0.0001
Cerebellum exterior 66 ± 10 44 ± 10 <0.0001
Cerebellum white matter 44 ± 6 30 ± 7 <0.0001
Cerebellar vermal lobules
I–V

46± 11 29 ± 10 <0.0001

Cerebellar vermal lobules
VI–VII

53 ± 11 32 ± 11 <0.0001

Cerebellar vermal lobules
VIII–X

59± 11 40 ± 10 <0.0001

Subcortical regions
Amygdala 54 ± 8 44 ±9 <0.0001
Thalamus 56 ±9 39 ±9 <0.0001
Ventral diencephalon 45 ± 7 34 ± 7 <0.0001
Optic chiasm 43 ±9 38 ±9 0.026
Anterior cingulate gyrus 90 ± 12 71 ± 13 <0.0001
Middle cingulate gyrus 85 ± 13 64 ± 12 <0.0001
Posterior cingulate gyrus 80 ± 14 55 ± 13 <0.0001
Subcallosal area 68 ± 10 56 ± 10 0.0001
Accumbens 70 ± 10 59 ± 10 0.0001
Caudate 57 ± 8 47 ± 7 <0.0001
Pallidum 42 ±6 36 ±6 0.0003
Putamen 62 ±9 52 ±8 <0.0001

Frontal lobe
Basal forebrain 63 ± 8 53 ± 10 0.0001
Anterior orbital gyrus 86 ± 13 66 ± 14 <0.0001
Central operculum 80 ± 11 65 ± 12 <0.0001
Frontal operculum 90± 13 72 ± 14 <0.0001
Frontal pole 91 ± 16 72 ± 15 <0.0001
Gyrus rectus 89 ± 12 72 ± 13 <0.0001
Lateral orbital gyrus 87 ± 13 69 ± 14 <0.0001
Medial frontal cortex 94 ± 13 75 ± 12 <0.0001
Middle frontal gyrus 86 ± 16 63 ± 15 <0.0001
Medial orbital gyrus 80 ± 10 66 ± 11 <0.0001
Precentral gyrus medial
segment

73 ± 14 51 ± 12 <0.0001

Superior frontal gyrus
medial segment

95 ± 16 73 ± 14 <0.0001

Opercular part of the infe-
rior frontal gyrus

92 ± 15 72 ± 15 <0.0001

Orbital part of the inferior
frontal gyrus

88 ± 14 72 ± 14 0.0002

Posterior orbital gyrus 88 ± 11 71 ± 13 <0.0001
Precentral gyrus 71 ± 13 52 ± 12 <0.0001
Superior frontal gyrus 78 ± 16 57 ± 14 <0.0001
Supplementary motor
cortex

88 ± 15 65 ± 13 <0.0001

Triangular part of the infe-
rior frontal gyrus

92 ± 16 73 ± 14 <0.0001

Temporal lobe
Hippocampus 64 ±9 47 ± 8 <0.0001
Anterior insula 80 ± 10 66 ± 12 <0.0001
Central operculum 80 ± 11 65 ± 12 <0.0001
Entorhinal area 57 ± 8 44 ± 8 <0.0001
Fusiform gyrus 62 ± 10 43 ± 10 <0.0001
Inferior temporal gyrus 69 ± 13 47 ± 12 <0.0001
Middle temporal gyrus 83 ± 14 60 ± 13 <0.0001
Parahippocampal gyrus 58 ±9 43 ± 8 <0.0001
Posterior insula 76 ± 10 62 ± 11 <0.0001
Planum polare 79 ± 10 65 ± 11 <0.0001
Planum temporale 87 ± 12 69 ± 13 <0.0001
Superior temporal gyrus 83 ± 12 62 ± 12 <0.0001
Temporal pole 67 ± 10 51 ± 12 <0.0001
Transverse temporal
gyrus

88 ± 11 72 ± 13 <0.0001

Parietal lobe
Angular gyrus 83 ± 15 58 ± 14 <0.0001
Central operculum 80 ± 11 65 ± 12 <0.0001

Continued

Table 3.— Continued

Region Female Male P Value

Postcentral gyrus medial
segment

65 ± 14 44 ± 12 <0.0001

Precuneus 79 ± 16 52 ± 12 <0.0001
Parietal operculum 82 ± 12 65 ± 12 <0.0001
Postcentral gyrus 64 ± 12 45 ± 11 <0.0001
Supramarginal gyrus 83 ± 14 60 ± 13 <0.0001
Superior parietal lobule 62 ± 14 40 ± 12 <0.0001

Occipital lobe
Calcarine cortex 71 ± 13 47 ± 11 <0.0001
Cuneus 73 ± 15 47 ± 13 <0.0001
Fusiform gyrus 62 ± 10 43 ± 10 <0.0001
Inferior occipital gyrus 69 ± 14 46 ± 14 <0.0001
Lingual gyrus 67 ± 12 46 ± 12 <0.0001
Middle occipital gyrus 75 ± 15 52 ± 14 <0.0001
Occipital pole 71 ± 15 43 ± 14 <0.0001
Occipital fusiform gyrus 62 ± 11 42 ± 13 <0.0001
Superior occipital gyrus 62 ± 13 41 ± 13 <0.0001

Values are means ± SD. Perfusion is reported (in mL/100 g/min)
via pseudocontinuous arterial spin labeling (pcASL) and T1 mag-
netic resonancer imaging (MRI) scans. Regional analysis by com-
putational analysis toolbox (CAT, v.12). Regions normalized to
Montreal Neurological Institute (MNI).
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consumption (V_ O2peak) from 32 subjects (females, n ¼ 12,
V_ O2peak ¼ 43±8 mL/kg/min; males, n ¼ 20, V_ O2peak ¼ 53± 10
mL/kg/min) using a graded treadmill test. Based on the
American College of Sports Medicine’s (ACSM) fitness cate-
gories, the average of both sexes is of moderate to high fit-
ness (females, 75th percentile, males, 85th percentile),
suggesting a range of cardiorespiratory fitness is unlikely to
heavily influence the present sex differences of GM/WM
ratios and subsequently in CBF.

Limiting study visits in females to menstrual cycle to days
1–7 was aimed to minimize sex steroid differences between
men and women, allowing a better understanding of sex dif-
ferences per se in controlling CBF. Specifically, dehydroe-
piandrosterone sulfate (DHEAS) is found in both sexes but
typically is greater in males, and DHEAS is negatively corre-
lated with cerebral perfusion (16). Testosterone is negatively
correlated with CBF in females but not in males (16).
Additionally, estrogen receptors in the cerebral vasculature
modulate the synthesis and release of endothelial-derived
vasodilators [such as endothelial-derived nitrogen oxide syn-
thase (eNOS) (72)], which may increase vasodilation (73). In
support of this, Doppler studies assessing the carotid arteries
suggest estrogen is associated with decreased cerebrovascular
resistance (74, 75), but studies assessing cerebral perfusion

conclude estrogen is not significantly correlated (16) or weakly
correlated (76) with CBF. Alternatively, there is a strong nega-
tive correlation between progesterone and CBF in young,
healthy females (76). However, higher MCA velocity is seen
during the luteal phase when progesterone and estrogen are
both elevated (16, 20, 29). The present study design was aimed
at minimizing sex hormone differences while still highlight-
ing fundamental sex differences in CBF, consistent with the
concept that nonhormonal mechanisms may be more influ-
ential on sex differences in CBF.

Two other factors known to influence CBF are arterial CO2

and blood pressure, which were assessed as ETCO2 and MAP,
respectively (Supplemental Table S1). Females exhibited 3
mmHg lower resting ETCO2 on average than males (Table 3).
Since increasing ETCO2 is positively correlated with CBF
(77, 78), a lower ETCO2 in females may slightly underesti-
mate sex differences in CBF. Similarly, lower MAP in
females (Table 3) would be expected to drive lower perfu-
sion. When accounting for MAP [cerebrovascular conduct-
ance (CVC)], CVC exhibited an even larger relative sex
difference than CBF (Supplemental Table S2). In sum, the
current sex differences between ETCO2 and MAP may
slightly underestimate the observed sex differences in cer-
ebral vasodilation.

Figure 3. Perfusion of the lobes and ana-
tomical regions for males (n ¼ 26) and
females (n ¼ 22). �P < 0.05, significant
difference between males and females,
using Shaffer’s sequential method.
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Metabolic activity and oxygen-carrying capacity could
impact sex differences in CBF as increases in CMRO2 are
associated with increases in CBF (79). However, previously,
no sex differences have been found in CMRO2 (64, 80, 81). If
CMRO2 is similar between sexes, then differences in oxygen-
carrying capacity could account for sex differences in CBF.
In this study, males had significantly higher hemoglobin
than females, and hemoglobin was negatively correlated
with CBF (r ¼ 	0.68; P < 0.001). Females exhibit lower arte-
rial oxygen content (CaO2) but higher CDO2 in both gray and
white matter (Supplemental Table S3). Therefore, present
data support the concept that higher CBF in females may be
necessary to achieve similar CMRO2, presuming similar O2

diffusion.
Several previsit procedures and exclusion criteria may

affect perfusion. To limit these potential impacts, our study
design included withholding caffeine to avoid reduced CBF,
sometimes by as much as 27% (82, 83). Previous work indi-
cates meal ingestion (84) or insulin infusions (85) can alter
perfusion, so a minimum of 8 h of fasting was employed.
Using medical history questionnaires, this study excluded
subjects who experienced manymedical conditions/diseases
that may have directly impacted cerebral blood flow or indi-
rectly via cardiovascular influences. First, we excluded sub-
jects who had a history of cardiovascular risk factors such as
hypertension, obesity, diabetes, smoking, elevated BMI, and
high blood concentrations of lipids and glucose since all of
these are linked to cardiovascular disease, which might
directly or indirectly impact CBF. Second, since several sex-
predominant brain disorders are linked to CBF alterations,
we excluded subjects with self-reported depression and anxi-
ety as well as cardiovascular, inflammatory, and neurologi-
cal disorders. CBF is reduced in depression (5), smoking (27),

hypertension (86), diabetes (25), obesity (87), and hyperlipid-
emia (88). Therefore, the striking sex differences in perfusion
observed presently are likely not influenced by these condi-
tions or comorbidities.

Mechanistic Insight

This study did not test specific mechanisms, which
may explain these large sex differences. The literature
provides many promising directions, although some are
challenging to test in humans because of safety consider-
ations. Nitric oxide is not a likely candidate as recent
work suggests NOS inhibition only reduces CBF by 4%–

10% (89, 90). Cyclooxygenase inhibition can markedly
reduce resting CBF in healthy adults and our prior trans-
cranial Doppler (TCD) work indicates no sex differences
in basal CBF (91), although indomethacin did abolish
higher CBF during late follicular phase compared with
early phase of menstrual cycle (20), but this difference
would not explain current findings. Importantly, the
tightly controlled experimental variables discussed above
also provide strong evidence for mechanisms that do not
explain sex differences, which allows future research to
focus on other promising avenues.

Physiological versus Clinical Relevance

Physiologically, the higher CBF in females appears nec-
essary to meet O2 delivery demands (Supplemental Table
S2). On the other hand, the full clinical relevance of our
findings remains unclear. A reasonable hypothesis is
higher CBF serves as a protective mechanism, given the
relationships between lower/reduced CBF and poor brain
outcomes including dementia and Alzheimer’s disease
(92). In particular, the risk of these conditions generally
increases as CBF declines, and risk appears lower in
women at least until menopause when sex differences in
CBF tend to be reduced.

Limitations

Present findings may not directly translate to �25% of the
American female population (aged 18–44 yr old) who report
using hormonal contraception (93). Similarly, we chose to
study females during the early follicular menstrual phase, so
our results do not test the important question of how CBF
changes over the menstrual cycle). Sex hormones analysis
was not performed, but given cycle tracking, it is likely blood
hormone levels would be similar to other studies comparing
males to females in the early follicular phase with the goal of
minimizing sex hormone differences (16, 20). Insight on CBF
from a full hormone data set may be limited as previous
studies show relatively weak correlations between sex hor-
mone levels and CBF (16, 20, 76).

Another potential factor influencing female CBF relates to
parity, time since last pregnancy, or if any pregnancies
included a history of preeclampsia or gestational diabetes as
these conditions may increase cardiovascular disease risk
(94). Additionally, some female subjects may have taken oral
contraceptives for some unknown amount of time 6 mo
before starting the study. We did not collect this information
and therefore cannot rule out their unknown influence on
the present data.

Figure 4. Representative selections highlighting the range in differences
between sexes in regional perfusion. Regions selected depict the least
different (left) to most different (right) based on relative sex difference.
Optic chiasm (14%), accumbens (19%), entorhinal area (29%), parietal
operculum (28%), cuneus (55%), and occipital pole (66%). See Table 3 for
the complete regional analysis for males (n ¼ 26) and females (n ¼ 22).
�P < 0.05, significant difference between female and male participants,
using Shaffer’s sequential method.

SEX DIFFERENCES IN BRAIN PERFUSION IN YOUNG, HEALTHY ADULTS

H854 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00341.2024 � www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Natl Univ Ireland Maynooth (149.157.061.177) on October 20, 2025.

http://www.ajpheart.org


We did not control the time of day in which scans were
taken, which has been suggested to influence resting CBF
(95). However, a Pearson correlation showed no significance
between time of day and CBF in gray matter (females, r ¼
	0.10, P ¼ 0.66; males, r ¼ 0.16, P ¼ 0.43) or white matter
(females, r¼ 	0.06, P¼ 0.79; males, r¼ 0.26, P¼ 0.20) in ei-
ther sex. A recent study using TCD indicates basal MCA ve-
locity also does not vary diurnally (96).

Conclusions

This study presents detailed MRI analyses and rigorous
experimental controls, highlighting substantial fundamental
sex differences in global and regional cerebral blood flow in
18- to 30-yr-old adults. These data confirm prior MRI brain
studies of greater perfusion in females and extend the con-
ceptual framework by separating gray from white matter
and delineating a wide range of sex differences in dozens of
brain regions. Females exhibited �40% higher CBF globally
and in gray and white matter, ranging from 14% to 66% in
the 67 of the 68 brain regions studied. Likely due to the
young age and strict exclusion criteria, the CBF values col-
lected in this study were higher than other previous studies
that included wider age ranges and did not limit confound-
ing factors. Because healthy blood flow in young adults is so
markedly different between the sexes, future research in this
area is necessary to uncover the mechanisms behind the
sex difference. In the context of the exclusion criteria
employed here, these data may serve as a robust baseline
for future comparisons exploring the impacts of menstrual
cycle, contraception, and the systematic addition of aging
and confounders like obesity, hypertension, etc., which
may aid in the development of diagnostic and therapeutic
tools to treat complex sex-specific brain pathologies.
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