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Alterations in 18F-FDG PET/MRI and 15O-Water PET Brain
Findings in Patients With Neurological Symptoms After

COVID-19 Vaccination
A Pilot Study
Dheeratama Siripongsatian, MD,* Anchisa Kunawudhi, MD, FANMB,*
Chetsadaporn Promteangtrong, MD, FANMB,* Peerapon Kiatkittikul, MD,* Attapon Jantarato, BSc,*
Arthita Choolam, MD,† Krongkamol Ponglikitmongkol, MD,† Taweegrit Siripongboonsitti, MD,†

Tharathorn Kaeowirun, MD,‡ and Chanisa Chotipanich, MD*
Purpose: This study aimed to investigate functional abnormalities in the
brain of patients with neurological adverse effects following COVID-19
(coronavirus disease 2019) vaccination using 18F-FDG PET/MRI and
15O-water PET.
Methods: Eight patients (1 man and 7 women, aged 26–47 years [median age,
36.5 years]) who experienced neurological symptoms after the first COVID-19
vaccination underwent CT,MRI, 18F-FDGPET/MRI, and 15O-water PETof the
brain. After 7 days, each patient underwent a follow-up 18F-FDGPET/MRI and
15O-water PETof the brain. Imaging data were analyzed using visual and semi-
quantitative analyses, which included a cluster subtraction workflow (P = 0.05).
Results: There was no evidence of vascular abnormalities, acute infarction,
or hemorrhage on the CT or MRI scans. On the 15O-water PET images, 1
patient had mildly significant decreases in perfusion in the bilateral thala-
mus and bilateral cerebellum, and another patient showed a diffuse increase
in perfusion in the cerebral white matter. The visual and semiquantitative
analyses showed hypometabolism in the bilateral parietal lobes in all 8 pa-
tients on both the first and follow-up 18F-FDG PET/MRI scans. Metabolic
changes in the bilateral cuneus were also observed during the first visit; all
patients exhibited neurological symptoms. Moreover, 6 patients showed
hypometabolism, and 2 patients showed hypermetabolism.
Conclusion: All regions of metabolic abnormality were part of the fear net-
work model that has been implicated in anxiety. Our study findings support
the concepts of and provide evidence for the immunization stress-related re-
sponse and the biopsychosocial model.
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T he coronavirus disease 2019 (COVID-19) global pandemic was
caused by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2). Several vaccines have been developed to reduce
COVID-19 disease severity and provide protection against infection.1
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To date, there have been several reports of postvaccination
adverse effects. Common adverse effects include fever, fatigue, pain
at the injection site, and neurological symptoms. Commonly reported
neurological adverse effects are dizziness, headache, muscle spasms,
myalgia, and paresthesia, which are expected to occur as acute, tran-
sient effects of vaccination.2,3 These transient neurological effects
may be associated with the immunization stress-related response
(ISRR), which occurs in response to vaccination stress, and the con-
dition is based on biological, psychological, and social factors.4,5

Nationwide vaccination using the Sinovac inactivated vac-
cine and the ChAdOx1 nCoV-19 (AstraZeneca) viral vector vaccine
against COVID-19 was initiated in Thailand in February 2021.6,7 In
Thailand, the first neurological adverse effects were reported in
April 2021. Symptoms were primarily paresthesia, weakness, speech
difficulty, and face drooping. CTand MRI data of the brain acquired
while patients experienced neurological symptoms after the first vac-
cination did not show any evidence of anatomical abnormality. Nev-
ertheless, such neurological symptoms may affect public confidence
in the COVID-19 vaccination program and become an obstacle to
reducing disease severity and spread.

The 15O-water PET scan is currently recognized as the refer-
ence standard for evaluating cerebral blood flow (CBF).8,9 This study
aimed to investigate functional abnormalities in the brain of patients
with neurological adverse effects following COVID-19 vaccination
using 18F-FDG PET/MRI and 15O-water PET.
PATIENTS AND METHODS

Patients
This retrospective study was approved by the Human Research

Ethics Committee of Chulabhorn Research Institute. Before the study,
written informed consent was obtained from all participants. Patients
who experienced neurological adverse effects after COVID-19 vacci-
nation were enrolled in the study between May 2021 and June 2021.

Procedures
All patients underwent CT, MRI, 18F-FDG PET/MRI, and

15O-water PETof the brain while experiencing neurological symptoms
after their first COVID-19 vaccination. Each patient underwent follow-
up 18F-FDG PET/MRI and 15O-water PET of the brain (median dura-
tion of 6 days; range, 4–7 days). Patients sat in a quiet room with both
eyes open without covering their ears before radiotracer administration.

15O-Water PET Brain Imaging
15O-water PET/CT of the brain was performed on a 64-slice

Siemens/Biograph vision scanner (Siemens Healthcare GmbH,
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TABLE 1. Patient Characteristics

Characteristics

Sex, n (%)
Female 7 (88%)
Male 1 (12%)

Age, y
Median 36.5
Range 26–47

Neurological symptom, n (%)
Paresthesia 6 (75%)
Weakness 4 (50%)
Headache 3 (38%)
Nausea 3 (38%)
Dizziness/drowsiness 1 (13%)
Face drooping 1 (13%)
Muscle spasms 1 (13%)
Dysesthesia 1 (13%)
Blurred vision 1 (13%)

Vaccine, n (%)
Sinovac 7 (88%)
AstraZeneca 1 (12%)

Underlying condition*
None 4 (50%)
Neuropsychological condition
Migraine 2 (25%)
Panic disorder 1 (13%)
Depressive disorder/bipolar disorder 2 (25%)

Allergic rhinitis 1 (13%)

*Underlying condition means underlying neuropsychological and other medical
conditions.
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Erlangen, Germany). 15O-water (800–1000 MBq) was injected
(Radiowater Generator; Hidex Oy, Turku, Finland) as an intravenous
bolus over 6 seconds, which was then flushed with normal saline.
Dynamic acquisition was performed for 7 minutes in 3-dimensional
(3D) mode immediately following the injection. A single low-dose
CT scan (80 mAs, 120 kV, with care dose 4D quality reference = 70)
was performed for attenuation correction. Reconstruction param-
eters were ultrahigh-definition (HD) PET (point-spread function
[PSF] + time of flight [TOF]) method with 8 iterations and 5 sub-
sets, image size 440 � 440 and all-pass filters. PET data were
separately reconstructed into 2 datasets. The dynamic dataset was
30 seconds� 1 frame, 5 seconds� 18 frames, 10 seconds� 9 frames,
15 seconds � 10 frames, and 30 seconds � 2 frames. The static
dataset was 420 seconds with one frame. Although PET with
15O-water is the criterion standard for the quantification of CBF,
it requires measuring the arterial input function, which is an inva-
sive and complicated procedure. Therefore, nonquantitative CBF
was used to solve this problem.10,11

18F-FDG PET/MRI
Following 15O-water PET brain imaging, 18F-FDG PET/MRI

was performed on a simultaneous PET/MRI 3-T scanner (Siemens
Healthcare GmbH) approximately 40 minutes after intravenous
injection of 2.59 MBq/kg of 18F-FDG. Single-bed PET dynamic
list-mode acquisition was carried out 40 to 50 minutes postinjec-
tion, simultaneously with the MRI acquisition. The DIXON high-
resolution brain sequence with a voxel size of 1.3 � 1.3 � 2.0 mm,
an echo time = 1.28/2.51 milliseconds, and a repetition time =
4.14 milliseconds. A 5-compartment segmentation (air, water, lung,
adipose tissue, and bone) postprocessing method was applied for
the MRA sequence. Various MRI sequences were applied, which
included T1 3D MPRAGE, axial diffusion-weighted imaging with
b0 and b1000, axial T2-weighted fluid-attenuated inversion recovery
with fat-suppression, 3D magnetic resonance angiography (MRA)
with the TOF technique (3D MRA-TOF) of the brain and neck,
and axial susceptibility-weighted imaging. An axial T1-weighted
(T1W) volumetric interpolated breath-hold examination was per-
formed prior to gadolinium enhancement. The dynamic contrast
enhancement MRI to assess brain perfusion was performed with
15 mL of Dotarem at an injection rate of 4 mL/s. This was followed
by an axial T1W volumetric interpolated breath-hold examination
and a sagittal T1 3D imaging with fat suppression. The brain perfu-
sion MRI dataset was analyzed using the MR Neuro Workflow of
the Syngovia workstation (Siemens Healthcare GmbH). The local
arterial input function method was used to determine mean transit
time, CBF, and cerebral blood volume and to generate a time-to-
peak perfusion map. PET data were reconstructed using the follow-
ing parameters: ordered subset expectation maximization plus PSF
(ordered subset expectation maximization + PSF of HD PET) with
6 iterations and 21 subsets, matrix size = 512 � 512, zoom = 2,
and an all-pass filter. Blood glucose of all patients was less than
140 mg/dL before 18F-FDG administration (median, 87.5 mg/dL;
range, 67–128 mg/dL).

MIM Analysis
Subtraction Analysis

TheMIM software neuro subtraction workflow with normal-
ized whole-brain cluster analysis (P = 0.05) of FDG metabolism
and 15O-water PET brain perfusion (MIM Software Inc., Cleveland,
Ohio) was used to analyze the baseline (follow-up study) and com-
parison datasets (postvaccination study). The T1WMPRAEG image
was fused with the subtracted image for anatomical identification.
Differences were determined based on the statistical deviations from
the mean difference within the whole brain. Regional differences
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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between the follow-up and first-visit images used a threshold of
2.5 SDs.

Healthy Population Database Comparison Analysis
The healthy population database comparison workflow of

18F-FDGwas used to compare the static PET dataset of each patient
with the Chulabhorn Hospital normal database, which was gener-
ated from 64 healthy subjects. Areas of hypometabolism with a dif-
ference greater than 2.5 Z score were visualized using a stereotactic
surface projection, normalized by the cerebellum.

Generalized Anxiety Disorder Assessment
Generalized anxiety disorder assessment was performed in

all patients using the Generalized Anxiety Disorder 7-item scale
(GAD-7), which is a screening tool for anxiety disorders. The
GAD-7 score ranges from 0 to 21, and 0–9 = mild anxiety, 10–
14 = moderate anxiety, and 15–21 = severe anxiety. Responses
were examined by 2 clinical psychologists.

RESULTS

Patients
Eight patients (1man, 7women, aged 26–47 years [median age,

36.5 years]) underwent CT, MRI, 18F-FDG PET/MRI, and 15O-water
PET of the brain, except 1 patient who did not undergo 15O-water
PET because cyclotron was unavailable on the day. Table 1 summa-
rizes the demographic data of the patients.
www.nuclearmed.com e231
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FIGURE 1. An example case (patient 2) of a normal CT, MRI, MRA, MR perfusion, and 15O-water PET.
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CT and MRI
There was no evidence of vascular abnormality, acute infarc-

tion, or hemorrhage on the CT or MRI scan in any of the patients.
One patient had an old lacunar infarction on their MRI. Figure 1
presents a representative case.

15O-Water PET Brain
The 15O-water PETof the brain showed symmetrical cerebral

perfusion in all patients. After subtracting the first-visit images from
the follow-up images, there were 2 patients (patients 6 and 8) who
had significantly increased and decreased perfusion, as described in
Figure 2.

18F-FDG PET/MRI
The visual analysis showed moderate to marked decreases in

metabolism in the bilateral parietal cortex of all 8 patients (Fig. 3).
Metabolic changes in the bilateral cuneus were also observed in pa-
tients with neurological symptoms during the first visit. Decreased
FDG uptake (hypometabolism) was observed in 6 patients and in-
creased FDG uptake (hypermetabolism) was detected in 2 patients
FIGURE 2. 15O-water and cluster subtraction (P = 0.05) images o
follow-up using the MIM software. Mildly significant decreased p
cerebellum (B) in patient 6 (C, D) Mildly diffuse increased perfusio
both the 15O-water and MRI perfusion images.
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(Fig. 4). The subtraction of the first visit FDG PET/MRI scans from
the follow-up images revealed no significant change in metabolism
in the bilateral occipital region in 3 patients (Table 2), 2 patients
showed a significant increase (Table 3), and 3 patients showed a sig-
nificant decrease (Table 4). Metabolic differences were found only
in patients whose neurological symptoms had recovered. Table 5 re-
veals the semiquantitative data in the occipital region of all patients.
DISCUSSION
During the administration of a mass vaccination program, ISRRs

may arise, which are characterized by a range of symptoms and signs
that occur after vaccination as a stress response. Stress responses are
complex and involve a combination of physiological, psychological,
and social factors, which are referred to as the biopsychosocial model.
The stress response may present with both physical and psychological
symptoms that are interconnected.12 Reports of clusters of ISRR may
generate public concern and disrupt the immunization program. The
risk factors of cluster events and the evidence used to describe these
stress responses are important for reassuring the community. Symp-
toms experienced may include vasovagal reactions and dissociative
f patients with neurological symptoms for the first visit and
erfusion in the bilateral thalamus (A) and bilateral
n in the cerebral white matter of patient 8 was also noted on
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FIGURE 3. 18F-FDG PET/CT sagittal and axial images with the same level of normalized imaging contrast during the first visit
(top) and at follow-up (bottom). Areas of hypometabolism were detected in the bilateral parietal lobes in all 8 patients in
both the first-visit and follow-up 18F-FDG PET/MRI.
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neurological symptom reactions. Dissociative neurological symp-
tom reactions are more common in women and may take minutes
to days to develop after immunization.13,14
e234 www.nuclearmed.com
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There have been reports of clusters of people with acute stroke-
like symptoms (paresthesia, weakness, speech difficulty, and face
drooping) after receiving the COVID-19 vaccine in several areas
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. MIM software output image showing the anterior, posterior, and medial 3D stereotactic surface projections
normalized by the cerebellum. The SUVr was compared with the Chulabhorn Hospital normal database for FDG uptake (63
healthy volunteers; median age, 65.97 ± 5.77 years; age range, 56–78 years). Areas with a difference of less than 2.5 Z score during
the first visit (top) and the follow-up (bottom) are indicated by the color scale. Areas of hypometabolism were detected in the
bilateral parietal lobes in all patients in both the first-visit and follow-up 18F-FDG PET/MRI.Metabolic changes in the bilateral cuneus
were also observed during the first visit, with decreased FDGuptake (hypometabolism) observed in 6 patients and increased FDG
uptake (hypermetabolism) observed in 2 patients (patients 2 and 5). These findings correspond to the raw images.
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TABLE 2. 18F-FDG PET/MRI and Cluster Subtraction (P = 0.05) Images Between the First-Visit and Follow-up Images Using the
MIM Software (FDG Examination of Patients 1, 3, and 4)

18F-FDG PET/MRI and
Subtraction Images Neurological Symptoms Vaccine Symptom Onset, min Underlying Condition GAD-7 Assessment

First visit
▪ Dizziness/drowsiness
▪ Nausea

Follow-up
▪ Dizziness/drowsiness
▪ Nausea
▪ Headache

Inactivated vaccine;
Sinovac

20 Bipolar II disorder 12 (Moderate anxiety:
10–14)

First visit
▪ Paresthesia
▪ Weakness

Follow-up
▪ Headache

Inactivated vaccine;
Sinovac

15 None 1 (Mild anxiety: 0–9)

First visit
▪ Paresthesia

Follow-up
▪ Paresthesia

Inactivated vaccine;
Sinovac

1 Panic disorder 6 (Mild anxiety: 0–9)

Top rowof each panel: subtraction images; middle row of each panel: first-visit imageswhile patients were experiencing neurological symptoms; and bottom rowof each panel:
follow-up images. Images showed no significant change between visits. All patients in this group had persistent neurological symptoms during the follow-up imaging.

Siripongsatian et al Clinical Nuclear Medicine • Volume 47, Number 3, March 2022
of Thailand. However, no anatomical abnormalities were found on
CT or MRI.

Our study is the first to report alterations in regional brain
glucose metabolism in a group of patients with neurological adverse
effects after COVID-19 vaccination. We found no evidence of vascu-
lar abnormality, acute infarction, or hemorrhage on the CT or MRI
scans. On the 15O-water PET images, 1 patient exhibited amildly sig-
nificant decrease in perfusion in the bilateral thalamus and bilateral
TABLE 3. 18F-FDG PET/MRI and Cluster Subtraction Images Betw
Showing Significantly Higher FDG Uptake in the Bilateral Cuneus

18F-FDG PET/MRI and
Subtraction Images

Neurological
Symptoms Vaccine

First visit
▪ Headache
▪ Paresthesia
▪ Weakness
▪ Muscle spasms
▪ Nausea
▪ Dysesthesia

Follow-up
▪ Recovered

Inactivated vaccine
Sinovac

First visit
▪ Paresthesia

Follow-up
▪ Recovered

Inactivated vaccine
Sinovac

Top rowof each panel: subtraction images; middle row of each panel: first-visit imagesw
follow-up images.
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cerebellum, and another patient showed a diffuse increase in perfusion
in the cerebral white matter. These 2 patients showed the greatest
change in brain glucose metabolism. The patient with a mildly sig-
nificant decrease in perfusion in the bilateral thalamus and bilateral
cerebellum on the 15O-water PET did not show any abnormalities
on their MRI perfusion image, which may indicate minor perfusion
changes or nonspecific findings, although thalamus connectome
data have suggested an association with anxiety.15,16 However, the
een the First-Visit and Follow-up Images in Patients 2 and 5
During the First Visit Compared With Follow-up

Symptom
Onset, min

Underlying
Condition GAD-7 Assessment

; 5 Depression 3 (Mild anxiety: 0–9)

; 10 Migraine;
Allergic rhinitis

3 (Mild anxiety: 0–9)

hile patients were experiencing neurological symptoms; and bottom rowof each panel:
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TABLE 4. 18F-FDG PET/MRI and Cluster Subtraction Images Between the First-Visit and Follow-up Images in Patients 2 and 5
Showing Significantly Higher FDG Uptake in the Bilateral Cuneus During the First Visit Compared With Follow-up

18F-FDG PET/MRI and
Subtraction Images Neurological Symptoms Vaccine

Symptom
Onset, min

Underlying
Condition GAD-7 Assessment

First visit
▪ Paresthesia

Follow-up
▪ Recovered

Inactivated vaccine;
Sinovac

5 None 9 (Mild anxiety: 0–9)

First visit
▪ Headache
▪ Weakness
▪ Blurred vision

Follow-up
▪ Recovered

ChAdOx1 nCoV-19;
AstraZeneca

5 None 0

First visit
▪ Paresthesia
▪ Weakness
▪ Nausea
▪ Face drooping

Follow-up
▪ Recovered

ChAdOx1 nCoV-19;
AstraZeneca

None 0

Top rowof each panel: subtraction images; middle rowof each panel: first-visit imageswhile patients were experiencing neurological symptoms; and bottom rowof each panel:
follow-up images.
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diffuse increase in perfusion in the cerebral white matter was observed
on both the 15O-water PET and MRI perfusion images. Previous
studies have shown that increased cerebral blood volume and CBF
can be detected in normal-appearing white matter in patients with
inflammatory conditions, such as multiple sclerosis.17

The visual and semiquantitative analyses (i.e., the MIM software
analysis) showed lower glucose metabolism in the bilateral parietal
lobes in all patients compared with that in the normal population
during both the first-visit and follow-up 18F-FDG PET/MRI. Meta-
bolic changes in the bilateral cuneus were also observed during the
first visit while patients were experiencing neurological symptoms.
TABLE 5. Semiquantitative Data

ID
SUVmean
First Visit

SUVmean
Follow-up %Change

TLG
First Visit

T
Fol

1 No cluster
2 14.4 9.05 59.12 47.4
3 No cluster
4 No cluster
5 11.28 7.73 45.92 78.25
6 6.62 12.48 46.96 165.53 3
7 14.77 18.02 18.04 79.46
8 5.76 8.57 32.79 113.74 1
Median 11.28 9.05 45.92 79.46
SD 4.23 4.23 15.67 44.99 1

The median %change of the SUVmean and %change of the SUVmean in the occipita
between the first visit and follow-up were 45.92% ± 15.67% and 45.88% ± 15.52%, respec
by cluster volume, was 174.28 ± 287.53. These values confirm the significant difference in

PCNT, PET autonormalized value subtraction.
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Decreased FDG uptake (hypometabolism) was observed in 6 pa-
tients, and increased FDG uptake (hypermetabolism) was ob-
served in 2 patients.

The observed regions of metabolic abnormality were part of
the fear networkmodel (FNM) andmay be related to the hyperactivation
of the parietal and occipital regions and the reduced functional connectiv-
ity of the parietofrontolimbic regions in electroencephalography-based
and task MRI-based networks reported in anxiety disorder patients.18–22

Hypometabolism in the precuneus and cuneus detected using FDG
PET/MRI is thought to represent decreased functional connectivity
or synaptic dysfunction, which may interfere with the processing
LG
low-up %Change PCNTmean Integral PCNT Volume

29.8 59.06 20.74 68.3 3.29

53.64 45.88 25.11 174.28 6.94
12.51 47.03 29.91 748.83 25.02
97.37 18.39 22.53 121.73 5.38
69.25 32.80 23.86 471.46 19.76
97.37 45.88 23.86 174.28 6.94
13.75 15.52 3.47 287.53 9.68

l region in patients who showed a significant difference in FDG uptake in this region
tively. The median integral PCNT, which was calculated by the PCNTmean multiplied
occipital FDG uptake detected by visual analysis.
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and integration of sensory perception information from the somato-
sensory and visual cortices to the frontolimbic network.18,23 The
subtraction images showed significantly lower FDG uptake in the
bilateral cuneus in 3 patients, whereas 2 patients exhibited significantly
higher FDG uptake in the bilateral cuneus compared with the first-
visit study.

Previous data have revealed that regional cerebral hyperme-
tabolism can be observed in hyperactivated patients, but they need
not have dysconnectivity.22,24 Moreover, the FNM is associated
with disturbances of the autonomic nervous system, which may ex-
plain the vasovagal reaction in patients with ISRR.25

The patient characteristics of this study showed that most pa-
tientswerewomen (88% [7/8]) and had underlying neuropsychological
conditions (50% [4/8]). According to the ISRR synopsis proposed by
theWorld Health Organization, sex is a biological factor facilitating a
vasovagal reaction after immunization. Particularly, females are more
predisposed thanmales.Moreover, the prevalence of anxiety disorder
in female is significantly with a greater risk than male.26 Overall, our
study findings support the concept of and evidence for the ISRR and
the biopsychosocial model. In addition, previous studies have shown
that underlying neuropsychological conditions are associated with
immunity,27–30 which may upregulate or downregulate ISRRs. A compre-
hensive assessment of immune status and ISRRwill provide further
insight into this issue.

A recent study on the association between 18F-FDG PET/CT
of the brain and neuronal function effects in COVID-19 patients
found that the covariance pattern of brain metabolism (a prominent
decrease in cortical FDG uptake) correlates strongly with cognitive
performance. All COVID-19 vaccines are composed of a part of the
virus (SARS-CoV-2), which may be an important factor that influ-
ences the alteration of the brain following vaccination.31

We hypothesized that vaccination is a stress, which causes
neuroimmunological alteration in the brain. The stress may affect
patients' sensory perception via somatosensory and visual cortices
located at precuneus and cuneus. The alteration of FDG uptake in
the brain detected by FDG PET/MRI is believed to represent abnor-
mal functional connectivity or synaptic dysfunction, depending on
the neuroimmunological status. In the meantime, the observed re-
gions of metabolic abnormality are part of the FNM, which could
be explained by the copathway between FNM and ISRR networks.
The underlying neuropsychological conditions and sex (female) are
factors facilitating ISRRs. Therefore, our overall findings in this
study support the concept of biopsychosocial model.

Our study was limited by the small number of subjects. In ad-
dition, the neurological symptoms after COVID-19 vaccination and
the follow-up duration varied across individuals. Nevertheless, our
preliminary study results were statistically significant. Furthermore,
despite these limitations, our findings suggested that significant meta-
bolic alterations can be detected using 18F-FDGPET/MRI and cerebral
perfusion with 15O-water PET of the brain following COVID-19
vaccination, which may be related to neurological symptoms or the
ISRR via the FNM and the anxiety network. Further studies in a
larger population are needed to confirm the relationship between
metabolic and cerebral perfusion changes in this patient group.
CONCLUSION
This study is the first to describe alterations in regional brain

glucose metabolism and cerebral perfusion on 15O-water PET images
in patients with neurological adverse effects following COVID-19
vaccination. Our semiquantitative and visual analyses revealed
significant metabolic changes in bilateral parietal and occipital re-
gions. All regions of metabolic abnormality were part of the FNM
that has been implicated in anxiety.
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