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Prior studies indicate a pathogenic role of neuroinflammation in psychiatric disorders; however, there are no
accepted methods that can reliably measure low-level neuroinflammation non-invasively in these individuals.
Magnetic resonance spectroscopic imaging (MRSI) is a versatile, non-invasive neuroimaging technique that

L demonstrates sensitivity to brain inflammation. MRSI in conjunction with echo-planar spectroscopic imaging
Echo-planar spectroscopic imaging . . . . . . . . .
Metabolites (EPSI) measures brain metabolites to derive whole-brain and regional brain temperatures, which may increase in
Mood neuroinflammation. The validity of MRSI/EPSI for measurement of low level neuroinflammation was tested
using a safe experimental model of human brain inflammation — intramuscular administration of typhoid vac-
cine. Twenty healthy volunteers participated in a double-blind, placebo-controlled crossover study including
MRSI/EPSI scans before and 3 h after vaccine/placebo administration. Body temperature and mood, assessed
using the Profile of Mood States, were measured every hour up to four hours post-treatment administration. A
mixed model analysis of variance was used to test for treatment effects. A significant proportion of brain regions
(44/47) increased in temperature post-vaccine compared to post-placebo (p < 0.0001). For temperature change
in the brain as a whole, there was no significant treatment effect. Significant associations were seen between
mood scores assessed at 4 h and whole brain and regional temperatures post-treatment. Findings indicate that
regional brain temperature may be a more sensitive measure of low-level neuroinflammation than whole-brain
temperature. Future work where these measurement techniques are applied to populations with psychiatric
disorders would be of clinical interest.

Typhoid vaccine

be a useful measure of neuroinflammation (Babourina-Brooks et al.,
2014; Karaszewski et al., 2009, 2013; Mueller et al., 2020a). Brain

1. Introduction

Neuroinflammation, an inflammatory response located within the
central nervous system, is observed in a variety of psychiatric and
neurodegenerative conditions (Najjar et al., 2013; Schain and Kreisl,
2017). Understanding of neuroinflammation is currently limited, how-
ever, by the lack of non-invasive techniques. Brain temperature,
measured using magnetic resonance spectroscopic imaging (MRSI), may
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temperature is expected to increase in cases of neuroinflammation as
microglial activation increases metabolic demands, leading to produc-
tion of excess heat (Omori et al., 1997).

Increased brain temperature has been observed in previous studies of
conditions associated with neuroinflammation such as ischaemic stroke
(Karaszewski et al., 2009; Whiteley et al., 2012), brain tumours
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(Babourina-Brooks et al., 2014), and myalgic encephalomyelitis/chronic
fatigue syndrome (Mueller et al., 2020a). Very few studies have
measured brain temperature in psychiatric disorders; however, elevated
brain temperature in patients with schizophrenia has been observed
using diffusion weighted imaging (DWI) based thermometry (Ota et al.,
2014). DWI thermometry utilises the temperature dependence of the
diffusion coefficient of cerebrospinal fluid (CSF) to estimate brain tem-
perature. However, pulsatile movement, aging effects, and composition
of substrates within the CSF may affect the accuracy of temperature
results, and DWI thermometry does not provide regional information
(Sumida et al., 2016).

MRSI is a non-invasive imaging technique that uses the signal from
hydrogen protons ('H) to detect and quantify chemical shifts of
endogenous substances in the brain (Cady et al., 1995). MRSI is a
valuable tool for measuring the temperature distribution across the
brain as 'H exhibits a chemical shift dependent on temperature whilst
remaining stable with respect to other factors such as pH, enabling 'H to
act as an internal temperature probe (Cady et al., 1995; Ackerman et al.,
1969). There is an almost linear dependence of the water 'H resonance
frequency on temperature between 0 °C and 40 °C, such that the reso-
nance frequency shifts closer to a temperature independent metabolite
by approximately 0.01 ppm/°C (Cady et al., 1995; Hindman, 1966). Use
of a reference peak, such as total creatine (CR), enables a single-shot
method where temperature is calculated as a function of the chemical
shift of water relative to CR (Maudsley et al., 2017). Creatine remains
stable against various factors such as pH and also shows reduced
sensitivity to magnetic susceptibility changes at the cellular level
(Ackerman et al., 1969; Kanai et al., 2001; Govindaraju et al., 2000).

In addition to temperature measurements, MRSI is useful for
detecting inflammation-related alterations in the concentrations of
metabolites such as choline-containing compounds (CHO), N-acetylas-
partate (NAA), and myo-inositol (MI). Alterations in the metabolite
concentrations have been observed in inflammatory disorders such as
multiple sclerosis (Kirov et al., 2009), and in animal studies following
administration of an acute inflammatory stimulus (Moshkin et al.,
2014). CHO is involved in cellular turnover and membrane metabolism;
increased CHO is observed in neuroinflammatory conditions and
believed to represent membrane degradation or oedema (Chang et al.,
2013; Michaelis et al., 1993). In contrast, decreased NAA is a marker of
demyelination or axonal damage (Clark, 1998). MI is found primarily in
astrocytes and is therefore regarded as a marker of glial content (Brand
et al., 1993); higher concentrations of MI are observed in inflammatory
conditions (Kirov et al., 2009; Chang et al., 2013).

Prior MRSI studies of neuroinflammation are limited by the use of
single voxel spectroscopy, capturing only selected regions of the brain.
MRSI in conjunction with 3D echo-planar spectroscopic imaging (EPSI)
enables the capture of multi-voxel spectra, providing regional temper-
ature information from the whole brain in clinically tolerable scan times
(Sharma et al., 2020). Whole-brain measurements of brain temperature
can then be computed by averaging spectra across all regions. Moreover,
an a priori hypothesis is not required regarding the specific location of
increased inflammation because temperature across the whole brain is
investigated rather than only one or two regions. EPSI simultaneously
acquires metabolite spectra and their spatial location in the brain,
enabling shorter scan times than alternative multi-voxel techniques
(Ebel and Maudsley, 2003).

In the present study, we aimed to investigate the feasibility of MRSI/
EPSI for measurement of low level neuroinflammation, with potential
applications for psychiatric disorders. Psychiatric disorders such as
major depressive disorder (MDD) demonstrate low-level neuro-
inflammation, in contrast to medical conditions such as traumatic brain
injury, stroke, meningitis, and multiple sclerosis which incur high levels
of neuroinflammation as indicated by elevated concentrations of pro-
inflammatory cytokines (Goldsmith et al., 2016; Osimo et al., 2018).
The typhoid vaccine, containing 0.025 mg of purified Vi capsular
polysaccharide of Salmonella typhi, safely induces a low level of

Neurolmage: Clinical 35 (2022) 103053

neuroinflammation in healthy subjects 3-4 h after administration
(Strike et al., 2004; Wright et al., 2005). Peripheral inflammatory
markers suggest the level of inflammation induced by the typhoid vac-
cine is similar to that observed in MDD (Harrison et al., 2015).

We hypothesised that following the typhoid vaccine, but not placebo,
participants would demonstrate elevated brain temperature across the
whole brain and in regions associated with inflammation. We also ex-
pected to see metabolite alterations in regions of the brain consistent
with the occurrence of an inflammatory response. Mood was expected to
decline following administration of the vaccine, in agreement with prior
studies on typhoid vaccine (Strike et al., 2004; Wright et al., 2005).

2. Materials and methods
2.1. Participants

Healthy volunteers were recruited through online advertisements,
social media, and word of mouth. Volunteers between the ages of 18 to
55 were eligible to participate, unless they met any of the following
exclusion criteria: i) presence of physical or psychiatric illness; ii) cur-
rent use of anti-inflammatory medication; iii) recreational drug use
within the previous six months; iv) smoking; v) hypersensitivity or re-
action to typhoid vaccine; vi) receipt of a typhoid vaccine within the past
three years, or any vaccine within one month; vii) elevated body tem-
perature (>38 °C) or any peripheral indication of infection or illness;
and viii) contraindications for MRI scanning. Older adults were excluded
as they appear to respond to immune stimulation with an exaggerated
response compared to younger individuals (Godbout et al., 2005; Chen
etal., 2008). The first 20 eligible participants were invited to take part in
the study. Ethical approval for the study was granted by the Northern
Health and Disability Ethics Committee (19/NTB/8) and the trial was
registered at ANZCTR (ACTRN12619000738123).

2.2. Study design

Participants gave written informed consent at an initial screening
visit for eligibility. Following the screening, participants attended two
study visits each in a randomised, double-blinded, placebo-controlled,
crossover trial. Fig. 1 indicates the flow of participants through the trial
and study visit protocol. A randomization sequence was generated by
computer and an independent party allocated participants to one of two
experimental groups (vaccine first then placebo, or placebo first then
vaccine). Participants and investigators were blinded to treatment
allocation. Each participant received the vaccine or placebo on a sepa-
rate study visit. Each study visit was at least 7 days apart to allow for a
sufficient wash-out period. The dose of typhoid vaccine was 0.5 mL of
solution containing 0.025 mg of purified Vi capsular polysaccharide of
Salmonella typhi (Ty 2 strain). The placebo dose was 0.5 mL of 0.9%
saline solution. Both treatments were administered as an intramuscular
injection in the deltoid of the arm.

2.3. Mood questionnaire

The Profile of Mood States (POMS) (McNair et al., 1971) was
administered at baseline prior to treatment administration and at 1, 2, 3,
and 4 h following treatment administration. POMS was used to assess
any mood alterations associated with neuroinflammation. POMS com-
prises 65 adjectives and requires participants to rate their mood at the
moment of assessment on a five-point scale from 0 (not at all) to 4
(extremely). Mood scores were calculated according to the POMS
manual (McNair et al., 1971), culminating in 7 subscales of tension,
depression, fatigue, anger, confusion, and vigour. Total mood distur-
bance was calculated by summing the negative mood subscales (tension,
depression, fatigue, anger, confusion) and then subtracting the positive
mood subscale (vigour). Overall mood was calculated in the same way
but excluding the anger subscale (McNair et al., 1971; Wright et al.,
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Fig. 1. Flow of participants through the study. Note: Rx = treatment (placebo/vaccine).
2005). sphygmomanometer. Body temperature was measured in the right ear
(Welch Allyn Braun Pro 6000 ThermoScan).
2.4. Vital signs
2.5. Image acquisition
Heart rate, blood pressure, and body temperature were measured at
baseline and at hourly intervals until 4 h post-treatment administration. Imaging data were collected using a MAGNETOM Skyra 3 T MRI
Heart rate and blood pressure were measured using an electronic scanner (Siemens Healthcare, Erlangen, Germany) with a 32-channel
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head coil at baseline and at 3-4 h post-treatment. A T1-weighted image
was acquired for segmentation and anatomical reference using a
magnetization prepared rapid gradient echo (MPRAGE) sequence:
repetition time (TR) = 2000 ms; echo time (TE) = 2.85 ms; inversion
time (TI) = 880 ms; flip angle = 8°; 208 slices; slice thickness = 1.00
mm; field of view (FOV) = 256 x 256 mm; matrix = 256 x 256; voxel
size = 1.0 x 1.0 x 1.0 mm; acquisition time (TA) = 4 min 56 s.

Whole-brain MRSI data were acquired using a 3D EPSI sequence: TR
for metabolite data (TR1) = 1551 ms; TR for interleaved water reference
data (TR2) = 511 ms; TE = 17.6 ms; lipid inversion nulling with TI =
198 ms; spin-echo excitation with selection of 140 mm axial slab
covering the cerebrum; flip angle = 71°; FOV = 280 x 280 x 180 mm;
matrix = 50 x 50 x 18; generalised autocalibrating parallel acquisitions
factor (GRAPPA) factor = 1.3; voxel size = 5.6 x 5.6 x 10 mm; TA =15
min 17 s. Interpolation was performed in the slice direction, yielding 32
slices of 5 mm thickness. The imaging FOV was acquired in a foot to
head orientation and positioned to cover the whole brain. The metab-
olite and water reference signal datasets were obtained using the
appropriate TR: the metabolite data were obtained using TR1 and the
water reference data were obtained using TR2. An interleaved acquisi-
tion without water suppression was used to acquire the water reference
signal (TE = 3.8 ms). The sequence included 1000 readout periods, each
comprising 100 sample points (2x oversampling), and a spectral band-
width of 9.8 ppm. Following reconstruction to correct for oversampling
and the combination of odd and even echoes, the spectral bandwidth
was reduced by half.

Prior to data acquisition, a 3D automatic shim was performed fol-
lowed by an interactive shim where required to achieve an ideal full
width at half maximum < 30 Hz. A regional saturation band was also
placed over the eyes to suppress signal from the eyes and sinuses, and
off-resonance frequency correction was performed to correct for fre-
quency drift.

2.6. Image processing

The Metabolite Imaging and Data Analysis System (MIDAS) software
package (http://mrir.med.miami.edu) was used to process the MRSI
data through a fully automated processing pipeline (Maudsley et al.,
2009) including image reconstruction, correction for spatially-
dependent BO shifts, spatial registration to Montreal Neurological
Institute space at 2 mm isotropic voxel resolution, interpolation to 64 x
64 x 32 points, and smoothing with a Gaussian kernel (5 mm in plane; 7
mm through plane). The effective voxel volume after spatial smoothing
was 1.5 mL. FSL/FAST was used to segment the T1-weighted MRI im-
ages into white matter, grey matter, and CSF (Zhang et al., 2001).
Resultant tissue maps were then registered to high-resolution structural
images. The FITT2 module within MIDAS was used to carry out auto-
mated spectral fitting using Gaussian line shapes for all resonances,
followed by normalization to institutional units using water as a refer-
ence. The water reference was acquired using a non-water-suppressed
acquisition interleaved with the metabolite measurement. Whole brain
temperature was determined using a voxel-wise approach, where the
difference in chemical shift between the CR and water resonances were
calculated according to the equation T = —102.6 X Ayater - cr + 206.1
(Maudsley et al., 2017). The whole brain MRSI temperature maps were
then spatially registered to MNI space for delineation of 47 regions of
interest (ROIs) using a modified version of the Automated Anatomical
Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002). The ROI-based
approach was chosen due to the improved signal-to-noise ratio and
reduced number of statistical tests (and false positives) required in
comparison to a voxel-wise approach.

2.7. Data analysis

The Project Review and Analysis (PRANA) module and Map Inte-
grated Spectrum (MINT) modules within MIDAS were used to analyse
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the MRSI data before statistical testing. An inverse spatial trans-
formation algorithm within PRANA was used to convert the AAL-
delineated regions into subject space. Spectral averaging was then
completed in MINT in order to obtain average values of each metabolite
(CR, CHO, MI, NAA) concentration, metabolite ratios, and brain tem-
perature within each ROI. Voxels were excluded from spectral averaging
based on the following quality criteria: i) fitted metabolite linewidth >
13 Hz; ii) having an outlying value >2.5 times the standard deviation of
all valid voxels over the image; iii) a Cramér-Rao Lower Bound for fitting
of CR of >20%; and iv) >30% CSF contribution to the voxel volume.
Data quality was assessed post-processing based on the number (%) of
accepted voxels. Representative spectra from a single voxel in a single
subject are shown in Fig. 2.

To enable comparison with other studies, metabolites were
expressed as ratios to CR. Data are available at Mendeley Data; https://
doi.org/10.17632/tk2bthtvky.1.

2.8. Statistical analysis

Analysis was performed using a linear mixed model including group,
period, brain region, and treatment as fixed factors, and patient (nested
in group) as a random factor (Senn, 2002). Follow-up analysis excluded
the fixed factor of brain region to test for treatment effects on each in-
dividual ROL Later analysis included hemisphere as a fixed factor to test
for hemispheric differences between regions. All mixed models were
adjusted for baseline. The two-stage step-up method of Benjamini and
Yekutieli (2001) was used to control the False Discovery Rate (FDR =
0.05) and correct p-values for multiple tests. Values of the dependent
variable were visually examined for approximate normality and homo-
scedasticity. Z tests for comparisons of proportions were performed.
Whole-brain temperature, regional brain temperatures, and regional
metabolite ratios were tested for associations with body temperature
and mood scores using Spearman’s correlation coefficient (r). Results
were considered statistically significant if p < 0.05. Analyses were
performed using SAS 9.4 (SAS Institute, Cary NC). Data are presented as
means + standard error (SEM) unless otherwise specified.

3. Results
3.1. Participants

Two participants (Group 1) were excluded from analysis of the sec-
ond period data due to pregnancy during washout period (n = 1) and
consumption of anti-inflammatory medications (n = 1). A further
participant (Group 1) was excluded from analysis of second period MRI
data due to movement during acquisition. Participant characteristics at
randomisation are detailed in Table 1.

3.2. Main results

Data from three MRI scans were excluded from statistical analysis
due to poor data quality, indicated by < 30% of voxels accepted across
the whole brain. The excluded MRI scans were all from period one: a
baseline scan and post-treatment scan from Group 2, and a post-
treatment scan from Group 1. Supplementary Figs. 1 and 2 show evi-
dence of data quality. The average numbers and percentages of voxels
accepted for analysis, alongside the average whole brain temperatures,
are shown in Supplementary Table 1. There were no systematic differ-
ences in data quality observed between vaccine and placebo. There was
no significant effect of treatment on whole brain temperature (p = 0.18).
Initial mixed model analysis indicated a significant effect of treatment
(p < 0.0001), brain region (p < 0.0001), and baseline brain temperature
(p < 0.0001) on post-treatment brain temperature.

A significant proportion of brain regions (44/47) were at a higher
temperature post-vaccine compared to post-placebo (p < 0.0001) as
shown in Fig. 3. Mixed models for the 47 regional brain temperatures
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Fig. 2. Representative spectra from single voxel in a single subject post-vaccine and post-placebo administration. Note: Post-placebo ratios for NAA/CR and CHO/CR
are 1.418 and 0.266 respectively; post-vaccine ratios for NAA/CR and CHO/CR are 1.337 and 0.297 respectively.

Table 1
Participant demographics and clinical characteristics at randomisation.

All participants (n = 20)

Age 34 (18-44)
Sex (M/F) 10/10
Ethnicity

European 8

Asian 8

Latin American 3

Middle Eastern 1

Weight (kg) 68.80 + 14.08
Body temperature (°C) 36.20 + 0.35
Heart rate (bpm) 62.38 + 9.35
Systolic blood pressure (mmHg) 116.1 +13.3
Diastolic blood pressure (mmHg) 72.53 + 7.65

Data are presented as median (range), number of participants, or mean =+
standard deviation.

found a significant effect of treatment on the right anterior cingulum (p
= 0.03), and left occipital lobe (p < 0.01). Right anterior cingulum
temperature was higher post-vaccine (36.86 + 0.14) than post placebo
(36.41 £ 0.12), a difference of 0.46 (95% CI: 0.05, 0.86)°C. Left oc-
cipital lobe temperature was also higher post-vaccine (37.03 + 0.12)
than post-placebo (36.79 + 0.11), a difference of 0.24 (95% CL: 0.08,
0.40)°C. The mixed models did not reveal any further regions of sig-
nificance. The effects of treatment in the two brain regions did not
remain significant following corrections for multiple tests. The average
temperature in each brain region post-vaccine and post-placebo are
provided in Supplementary Table 3.

There was a significant effect of hemisphere on temperature in the
precentral region (p < 0.0001), frontal lobe (p < 0.0001), calcarine (p <
0.01), postcentral region (p < 0.0001), putamen (p = 0.01) and caudate
(p = 0.03). The confidence intervals are provided in Supplementary
Table 2. Temperature was higher in the left hemisphere in all five re-
gions. The effect of hemisphere remained significant following correc-
tions for multiple tests in the precentral region (p < 0.001), frontal lobe
(p < 0.001), calcarine (p = 0.01) and postcentral region (p < 0.001). On
average, post-vaccine temperature was slightly higher in the left

hemisphere (37.26 + 0.08) than the right (37.13 + 0.09).

3.3. Secondary results

3.3.1. Metabolites

Significant effects of treatment on the metabolite ratios are shown in
Table 2. The effects of treatment did not remain significant following
corrections for multiple tests. There were no significant treatment effects
observed for metabolite ratios LAC/CR or NAA/CR in the 47 AAL atlas
brain regions.

3.3.2. Body temperature

There were no significant correlations between whole brain tem-
perature and body temperature post-vaccine. There were, however,
several significant correlations identified between body temperature
and whole brain temperature pre-vaccine, pre-placebo, and post-
placebo as shown in Table 3 and in Supplementary Table 5. Mixed
model analysis did not find any significant effect of treatment on body
temperature. Average body temperatures post-vaccine and post-placebo
are shown in Supplementary Table 4.

3.3.3. Mood

There was no significant effect of treatment on any of the seven mood
subscales. Average mood scores post-vaccine and post-placebo are
shown in Supplementary Table 6. The overall mood trajectories
following placebo and vaccine are shown in Fig. 3. Significant correla-
tions were found between post-vaccine whole brain temperature and
total mood disturbance (rs = 0.492, p = 0.038), tension (rs = 0.629, p =
0.005), and confusion (rs = 0.491, p = 0.0038) measured at 4 h, as
shown in Supplementary Table 7. There were 80 (out of a possible 329)
significant correlations between mood subscales and regional brain
temperatures at 3 h post-vaccine and 37 at 4 h post-vaccine; a selection
of these are shown in Supplementary Fig. 3. There were seven (out of
329) significant correlations between mood subscales and regional brain
temperatures at 3 h post-placebo, and eight at 4 h post-placebo. All
correlations between regional brain temperatures and mood subscales
are shown in Supplementary Tables 8 and 9.
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Fig. 3. Mean difference in temperature (post-vaccine — post-placebo) across forty-seven brain regions (A) and colour map of brain regions higher in temperature post-
vaccine than post-placebo superimposed on T1-weighted image (B). Note: A) Error bars represent standard error. B) 44 regions hand-drawn on T1-weighted MNI
standard image using FSL. Temperature increases post-vaccine are represented on a color scale extending from dark red (0.01 °C) to bright red (0.30 °C). The smallest
average temperature increase is 0.01 °C in the left mid cingulum and the largest average temperature increase is 0.29 °C in the right anterior cingulum. The three
regions that did not increase in temperature post-vaccine (right frontal lobe, left anterior cingulum, and left paracentral lobule) are shown in grey.

Table 2
Brain regions with significant effect of treatment observed on metabolite ratios.
ROI Metabolite Vaccine Placebo Difference P
ratio (95% CI)
vaccine-
placebo
Paracentral MI/CR 0.293 + 0.343 + —0.050 0.037
lobule R 0.020 0.018 (-0.097,
—0.004)
Temporal R MI/CR 0.486 + 0.508 + —0.022 0.031
0.018 0.017 (-0.002,
—0.041)
Calcarine L MI/CR 0.511 + 0.547 + —0.037 0.013
0.011 0.010 (-0.009,
—0.064)
Lingual L MI/CR 0.462 + 0.489 + —0.027 0.003
0.032 0.032 (-0.011,
—0.043).
Caudate R CHO/CR 0.247 + 0.263 + —0.016 0.047
0.006 0.006 (-0.000,
—0.031)
Frontal L CHO/CR 0.214 + 0.209 + 0.005 (0.000, 0.042
0.005 0.005 0.010).

ROI = region of interest; L = left; R = right.

There were several significant correlations between metabolite ratios
and mood scores. The most significant post-vaccine mood associations
(p < 0.01) were with CHO/CR in the left posterior cingulum and NAA/
CR in the right hippocampus, right anterior cingulum, cerebellum, and
right and left thalamus, as shown in Supplementary Fig. 4. The most
significant post-placebo mood associations (p < 0.001) were with NAA/
CR in the left hippocampus, left middle cingulum, and left parietal lobe
and MI/CR in the right and left precuneus, as shown in Supplementary
Fig. 5. Correlations between metabolite ratios and mood at 3 h are

Table 3
Correlations between body temperature and whole brain temperature at base-
line and 3-4 h post-treatment.

Timepoint
Baseline Oh 3h 4h
Treatment Placebo 0.574, 0.355, 0.550, 0.638,
0.008* 0.124 0.015* 0.003*
Vaccine  0.555, 0.539, 0.436, 0.344,
0.026* 0.031* 0.070 0.162

Data are presented as Spearman rank correlation coefficient, p value. Baseline
and 0 h timepoints: whole brain temperature assessed at baseline correlated with
body temperature at baseline (pre-scan) and 0 h (post-scan, immediately after
treatment administration). 3 h and 4 h timepoints: whole brain temperature
assessed post-treatment (3-4 h) correlated with body temperature at 3 h (pre-
scan) and at 4 h (post-scan).

detailed in Supplementary Tables 10-12.
4. Discussion
4.1. Brain temperature

The present study is the first to investigate the effect of an acute
inflammatory stimulus on brain temperature and metabolite ratios in
healthy volunteers. More than 90% of 47 brain regions investigated
showed an elevation in temperature post-vaccine compared to post-
placebo; whole brain temperature, however, did not increase. It is un-
surprising that analysis of whole brain temperature did not find an
increased temperature post-vaccine given that 1) the regional increases
in temperature were very small, and 2) three brain regions decreased in
temperature post-vaccine including the right frontal lobe, which is a
relatively large region contributing a substantial number of voxels to the
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whole brain analysis.

Whole brain temperature elevations have been observed in condi-
tions of high-level inflammation, such as following acute ischaemic
stroke (Karaszewski et al., 2009). In conditions of low-level inflamma-
tion such as chronic fatigue/myalgic encephalomyelitis, whole brain
temperature elevation was not observed; only regional brain tempera-
ture elevations were significant (Mueller et al., 2020a). Typhoid vaccine
is a mild acute inflammatory stimulus, a more potent inflammatory
stimulus such as lipopolysaccharide (LPS) might elicit a greater whole
brain temperature difference (Bahador and Cross, 2016) than observed
in the present study. It is important to note also that shim imperfections
in the frontal and temporal regions compromise the whole brain tem-
perature measurement, perhaps resulting in underestimation. Under-
sampling occurred (as shown in Supplementary Figs. 1 and 2)
particularly in the frontal lobe where a drop in temperature post-vaccine
was observed in the right hemisphere. A quality shim is vital for accurate
whole brain temperature computation, as discussed further below.

The regions of increased temperature post-vaccine included a variety
of both cortical and subcortical regions. The increased temperature in a
large number of regions is suggestive of an inflammatory response
occurring widely across the brain in response to the vaccine. In a small
sample of non-human primates given LPS, an increase in activated
microglia was observed in nine brain regions using positron emission
tomography (PET) scans one and four hours after administration
(Hannestad et al., 2012). The activated microglia were observed in a
variety of regions across the brain including the frontal lobe, pallidum,
putamen, caudate, brainstem, and insula (Hannestad et al., 2012).
Although we did not use LPS in our study, typhoid vaccine produces a
similar (though more mild) immune response (Schedlowski et al., 2014).
It appears that, like LPS, typhoid vaccine results in widespread inflam-
matory activity across the brain rather than only in one specific region.

The left occipital lobe and right anterior cingulum showed the
greatest increases in brain temperature post-vaccine compared to post-
placebo, suggesting heightened microglial activation in these regions.
Elevated microglial activation has been observed in the occipital lobe in
neuroinflammatory conditions such as traumatic brain injury (Tzourio-
Mazoyer et al., 2002) and HIV (Senn, 2002) and in the anterior cingulate
in major depressive disorder (Benjamini and Yekutieli, 2001; Bahador
and Cross, 2016; Hannestad et al., 2012). The previous experimental
study using PET found increased microglial expression in the occipital
cortex and cingulate of non-human primates 4 h after endotoxin
administration (Schedlowski et al., 2014). In human volunteers, altered
glucose metabolism has been observed in the right anterior cingulate
following injection of endotoxin (Hannestad et al., 2012); inflammatory
cytokines are thought to be involved in impaired brain glucose uptake
(Harrison et al., 2009). Our results and prior research strongly indicate a
role of the right anterior cingulum and occipital lobe in neuro-
inflammation; however, reasons for the exacerbated inflammatory
response in these regions are unknown. Elevated inflammation in the
cingulate, a region linked to both emotional and cognitive processing,
may serve to elicit protective ‘sickness behaviour’, although this be-
comes a maladaptive mechanism in MDD (Harrison et al., 2009).

Only three regions were not at higher temperature post-vaccine
compared to post-placebo. The right frontal lobe, left anterior
cingulum, and left paracentral lobule were lower in temperature,
although not significantly. It seems unlikely that these regions are
exempt from inflammatory activity, given the previous reports that
indicate neuroinflammation in these regions (Mueller et al., 2020a; Qiu
et al., 2014).

Regions at the edge of the brain, such as the paracentral lobule and
frontal lobe, are subject to greater variability than inner regions of the
brain (Maudsley et al., 2017). The temperature mapped images in the
supplementary material show that the frontal lobes were undersampled
relative to the inner regions due to the strict voxel exclusion criteria. A
previous report indicated that the brain edges are susceptible to lipid
contamination, spatial normalization errors, and increased line-
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broadening (Maudsley et al., 2017). The frontal lobe is particularly
susceptible to missing voxels also because of the 3D rectangular satu-
ration band placed to cover the eyes of each participant (Sharma et al.,
2020). The band is a fixed structure and unable to be curved to match
the particular structural anatomy of the participant’s brain, so the band
may ‘cut off” a portion of the frontal lobe in some cases.

The anterior cingulum is located near the sinuses; this positioning
creates an air-tissue interface, so a good shim is vital to avoid signal
dropout due to an inhomogeneous BO magnetic field. A consensus report
used a 3D EPSI sequence to demonstrate that signal dropout may occur
in the anterior cingulum if the shimming is inadequate (Wilson et al.,
2019). Although the 3D EPSI sequence enables relatively fast MRSI of
the whole-brain, a homogeneous BO field is extremely difficult to obtain
across all brain regions at the same time with only second-order shim
coils (Wilson et al., 2019). The present study used first- and second-order
coils, but recent recommendations suggest higher-order (3 or above) are
needed to attain a homogeneous BO particularly at a 3T field strength
and above (Stockmann and Wald, 2018). The average percentage of
voxels accepted in the left anterior cingulum was 46%; an improved
shim may be needed to avoid signal dropout and therefore capture a
larger percentage of voxels in this region.

Higher temperature in the left hemisphere than the right was noted
in the paracentral lobule, postcentral lobule, calcarine, caudate, puta-
men, and frontal lobe. A slightly higher temperature in the left hemi-
sphere relative to the right, as well as a difference in frontal lobe
temperature between hemispheres, has been previously noted (Mauds-
ley et al., 2017). Variations in regional and hemispheric temperature is
not unusual and has been observed in a number of previous MRSI studies
(Maudsley et al., 2017; Zhang et al., 2020). It is unclear whether
hemispheric temperature asymmetries are due to physiological differ-
ences, or magnetic susceptibility-induced frequency shifts.

4.2. Metabolite ratios

CHO/CR is used in MRSI studies of neuroinflammation as a marker
for glial density; considerably higher concentrations of CHO are found in
glial cells compared to neurons (Chang et al., 2013). The CHO peak
reflects the concentration of water-soluble CHO-containing compounds,
including phosphochloline and glycerophosphochloline (Miller et al.,
1996). CHO is involved in cellular turnover and cell membrane meta-
bolism (Michaelis et al., 1993) and increased CHO is thought to reflect
membrane degradation, oedema, or energy failure (Chang et al., 2013;
Quarantelli, 2015). The observed increase in CHO/CR in the left frontal
lobe post-vaccine is consistent with prior studies of neuroinflammatory
conditions; increased CHO has also been reported in multiple sclerosis
(Tartaglia et al., 2002), hepatitis C (Forton et al., 2001), and HIV
infection (Lentz et al., 2011). Both increased and decreased CHO/CR
have been observed in the frontal lobe of patients with depression (Riley
and Renshaw, 2018).

Reduced CHO/CR, observed in the present study in the right caudate,
may represent decreased membrane turnover, abnormalities in the
function and structure of glial cells and myelination (Glitz et al., 2002;
Moore and Bulletin, 2002; Zhang et al., 2015). Decreased CHO has been
observed in the right caudate head of patients with bipolar disorder
(Port et al., 2008). The literature on CHO/CR in psychiatric disorders,
particularly in MDD, are inconsistent, with some studies reporting in-
creases and others decreases in CHO/CR. Nevertheless, the observed
alterations in CHO/CR are suggestive of an effect of the inflammatory
stimulus at the cellular level, although the precise mechanism remains
unknown.

NAA is an abundant amino acid located in the cytoplasm of neurons
following its production in the mitochondria from L-aspartate and
acetyl-coenzyme-A (Homer, 1967). NAA is involved in a variety of
processes including protein synthesis, osmotic regulation and ATP
metabolism (Homer, 1967; Birken and Oldendorf, 1989). Decreased
NAA is thought to reflect neuronal or axonal damage and has been
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observed in bipolar disorder (Winsberg et al., 2000), multiple sclerosis
(Caramanos et al., 2005) and Alzheimer’s disease (Adalsteinsson et al.,
2000). A recent diffusion weighted MRS study found no change in NAA
levels in their chosen ROI (the thalamus) following administration of
LPS (De Marco et al., 2022), consistent with ex vivo studies that show no
effect of LPS on NAA (Chang et al., 2005). Since the typhoid vaccine
activates a very similar transient immune response, it is not surprising
that we did not observe any change in NAA/CR in our study. The lack of
NAA/CR alteration post-vaccine suggests that, like LPS, typhoid vaccine
does not affect neuronal morphology. The absence of a treatment effect
on NAA/CR is consistent with studies of MDD, where normal neuronal
cell numbers were observed and there was no significant alteration in
NAA (Yildiz-Yesiloglu and Ankerst, 2006). The metabolite alterations in
CHO/CR and MI/CR, and absence of a change in NAA/CR, suggests that
typhoid vaccine may elicit a similar inflammatory response to that
observed in MDD.

MI is considered a marker of glial content as it is found primarily
within astrocytes (Brand et al., 1993). MI is an osmolyte that maintains
the integrity of glial cells. MI is also involved in the metabolism of
membrane-bound phospholipids and acts as a precursor for secondary
messengers to various neuronal signalling systems (Pouwels and Frahm,
1998). An increase in MI/CR may occur due to astrocytosis, gliosis, or
breakdown of myelin. Conversely a decrease in MI/CR, as observed in
several regions in the present study, could occur due to glial cell loss.
Reduced MI/CR has been reported in MDD; the authors noted that the
mechanism behind the decrease is ambiguous, but likely reflects glial
cell dysfunction or loss (Coupland et al., 2005). Research on MI/CR in
psychiatric disorders such as MDD and bipolar disorder is highly vari-
able, both increases and decreases in MI/CR in the frontal regions have
been observed and these studies are often underpowered (Yildiz-Yesi-
loglu and Ankerst, 2006). In alternative low-level neuroinflammatory
conditions such as rheumatoid arthritis and ME/CFS, alterations to MI/
CR were non-existent or very minimal (Mueller et al., 2020a, Mueller
et al., 2020b). Further investigations with larger sample sizes are needed
to validate findings suggestive of MI/CR alterations in low-level neu-
roinflammatory conditions.

4.3. Body temperature

The absence of post-vaccine body temperature changes and lack of
association with brain temperature confirmed that brain temperature
was not elevated because of an increase in body temperature. Our results
are consistent with prior research in which body temperature was not
increased following administration of the typhoid vaccine, despite an
inflammatory response occurring throughout the body as shown by
elevated peripheral inflammatory markers (Strike et al., 2004; Harrison
et al., 2015; Wright et al., 2005). Furthermore, a dissociation between
brain and body temperature has been noted when injury or trauma oc-
curs to the brain, whereas temperature in the healthy brain tends to
correlate with body temperature (Karaszewski et al., 2013; Childs et al.,
2007). The absence of association between body temperature and whole
brain temperature after the vaccine may indicate that neuro-
inflammation has occurred, particularly since brain and body tempera-
ture were correlated at other timepoints including post-placebo.

4.4. Mood

We did not observe a significant drop in mood following adminis-
tration of the vaccine. Prior work noted a small but significant decrease
in mood between two and four hours post-vaccine that was not present
post-placebo (Strike et al., 2004; Maudsley et al., 2009; Harrison et al.,
2009). In the present study, the overall mood trajectories following
placebo and vaccine were similar; although of note is that mood
increased at 2 h following placebo but decreased at 2 h following the
vaccine (Fig. 4). The difference was too small to reach significance,
however the trend is towards that shown in previous work. The methods
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Fig. 4. Trajectory of overall mood (mean + SEM) following vaccine (dashed
line) and placebo (solid line) administration.

in our study are very similar to previous investigations, so the absence of
any significant effect of treatment on mood was unexpected. A possible
reason is that the characteristics of our sample may have differed from
those in prior studies. Previous studies showed that the inflammatory
response of the typhoid vaccine was modulated by stress and loneliness,
and that financial strain was associated with worse mood following the
vaccine (Brydon et al., 2009a, Brydon et al., 2009b). We did not spe-
cifically investigate these factors; however, the baseline POMS scores
suggest that our sample is similar to those in prior studies so this pos-
sibility seems unlikely. The observed decrease in mood in the earlier
studies was modest, and other factors we had not considered may have
influenced the mood responses in our study.

The number of significant associations between regional brain tem-
peratures and mood subscales was considerably higher post-vaccine
compared to post-placebo at both the 3 h and 4 h time points. These
results indicated a relationship between neuroinflammation and mood,
though we are unable to determine any cause and effect. The most likely
hypothesis is that the inflammatory activity leads to increased regional
brain temperature, which then results in associated negative mood
changes. This hypothesis would also account for the mood changes
observed in inflammatory mood disorders such as MDD. Prior research
hypothesises a link between brain temperature and mood disorders,
such that therapeutic modification of brain temperature may be a key
factor involved in the resolution of mood disturbances (Crespi, 2018;
Salerian et al., 2008).

We cannot determine from the present study whether brain tem-
perature is linked directly to mood, or if there is another factor involved
in the neuroinflammation that causes the observed associations.
Metabolite alterations are likely involved in the relationship between
brain temperature and mood, as indicated by the associations observed
in the present study. It is of note, however, that we observed a much
larger number of associations between brain temperature and mood
than between metabolite ratios and mood indicating that inflammation-
related brain temperatures are associated with mood, even without al-
terations to the metabolite ratios. Microglial activation, hypothesised to
cause elevated brain temperature, does not always co-occur with
metabolite alterations; the inflammatory processes are somewhat
distinct. Metabolite alterations are therefore unlikely to be a key factor
causing the associations between brain temperature and mood.

We observed several correlations between regional metabolite al-
terations and mood scores both post-vaccine and post-placebo. Different
brain regions were involved post-vaccine versus post-placebo,
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suggesting that different brain regions are involved in mood regulation
during neuroinflammation compared to the healthy brain. In the healthy
brain, we found new evidence that metabolite alterations in the left mid
cingulum, left parietal lobe, left hippocampus, and precuneus were
linked to mood. It is important to note, however, that at least two-thirds
of the post-placebo correlations appeared to be driven largely by outliers
(see Supplementary Fig. 5), whereas the post-vaccine correlations
appeared more evenly distributed and robust. In the inflamed brain,
alterations in CHO/CR in the left posterior cingulum and NAA/CR in the
right hippocampus, right anterior cingulum, cerebellum, and right and
left thalamus appeared to impact mood. These findings are supported by
studies of mood disorders; alterations of CHO/CR and NAA/CR in the
same regions have been implicated to varying levels in bipolar disorder
(Lietal., 2016; Lai et al., 2019) and schizophrenia (Ende et al., 2003).
Reduced symptomatology of mood disorders has been observed along-
side post-treatment alterations of NAA/CR and CHO/CR (Soeiro-de-
Souza et al., 2021; Gonul et al., 2006); the anti-inflammatory effects of
treatment on NAA/CR and CHO/CR may assist in improving mood,
particularly if these metabolite alterations occur in regions with emotion
regulation functions. Further MRSI investigations on patients with mood
disorders are needed to better understand the links between metabolite
ratios, neuroinflammation, and mood.

5. Strengths and limitations

The primary strength of this study is the novelty of the investigation;
we examined for the first time the impact of an acute inflammatory
stimulus on brain temperature and metabolite ratios, as well as links
between mood and brain temperature, in healthy volunteers. An addi-
tional strength of the study is the use of state-of-the-art magnetic reso-
nance spectroscopy for measurement of brain temperature. While the
sample size is small given that this study is essentially a proof-of-
concept, the use of a crossover design with each participant acting as
their own control allows fewer participants than would be required for a
parallel groups design to achieve the same statistical power. Blinding of
the participants and investigators to the treatment allocations is also a
strength. Double-blinding was used to avoid biased mood assessments as
well as potential neurobiological effects which may have impacted the
brain temperature and metabolite ratios; both self-report and more
supposedly objective measures such as brain scans may be impacted by
participant and/or investigator expectations (Ropper et al., 2020).

Spatial inhomogeneities are a critical limitation of all MRSI data so a
good shim is essential. First and second order shim coils were used as
recommended in conjunction with an interactive shimming procedure;
however, undersampling remains an issue particularly in the frontal-
temporal regions where spectra may be contaminated by lipids. 3D
EPSI was used because of the good consistency and high-quality spectra
evident from previous studies, in addition to the fast and clinically
viable scan times. However, magnetic inhomogeneity is a problem in
whole brain MRSI as it is virtually impossible to achieve a homogenous
magnetic field across the whole brain simultaneously. Strict quality
criteria were implemented during processing to minimise the impact of
inhomogeneities on the data.

Frequency drift from instrumentation factors, such as heating of the
gradient coil, or patient motion may have impacted the data obtained.
However, the metabolite and water reference data should be equally
affected due to the interleaved sequence used for acquisition. Further-
more, a frequency drift correction was applied during data processing
which has been shown to improve accuracy (Ebel and Maudsley, 2005).
Frequency shifts due to magnetic susceptibility and those due to spatial
variations in temperature cannot be separated, so it is important to
emphasise that temperatures are estimations rather than exact. Addi-
tionally, the water and metabolite datasets were collected using
different TE lengths, resulting in eddy currents that cannot be fully
compensated and therefore may compromise the accuracy of the tem-
perature estimates. Although this aspect creates a source of bias, it is not

Neurolmage: Clinical 35 (2022) 103053

intervention-dependent so is of limited importance. Furthermore, prior
MRSI-derived brain temperatures demonstrate good reliability across
studies and correlate well with measurements from phantoms (Thrip-
pleton et al., 2014).

Metabolites were quantified as ratios to enable comparison with
other similar studies; however, it has been suggested that total metab-
olite quantification may be a more reliable measure (Jansen et al.,
2006). Furthermore, CR was used as the reference metabolite due to its
stability across grey and white matter, and uniform distribution. How-
ever, some evidence suggests using CR ratios can be misleading (Li et al.,
2003). Variation in creatine concentrations have been observed in mood
disorders such as schizophrenia (Ongiir et al., 2009), so an alternative
reference metabolite or total metabolite quantification may be a pref-
erable option for future studies using MRSI on clinical populations.

Finally, there are a number of other factors that may have impacted
the brain temperature observed in the present study. Time of day,
physical activity, and hormonal fluctuations may have influenced the
brain temperature estimates. The crossover design provided benefit in
this regard with participants acting as their own controls. However,
considering the clinical viability of brain temperature as a screening or
diagnostic tool there is undoubted merit in data which are based on
sample characteristics which are not unrealistically homogeneous. Such
data are essential to fully understand the reliability and potential
application of MRSI temperature estimations.

6. Conclusion

The present study is the first investigation of the effect of an acute
inflammatory stimulus on brain temperature and metabolite ratios in
healthy volunteers. The results show a mild inflammatory effect in the
brain, as indicated by alterations to regional brain temperature. The
greater proportion of brain regions at a higher temperature post-vaccine
compared to placebo indicates a small but noticeable effect of inflam-
mation on brain temperature. The findings of this study may apply to
measurement of low-level neuroinflammation in individuals with psy-
chiatric disorders such as MDD. Few studies have so far been conducted
using the novel MRSI/EPSI techniques utilised in the present study.
Further research using these techniques will provide greater under-
standing of the pathophysiology and consequences of
neuroinflammation.
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