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Abstract

Purpose This systematic review is aimed at synthesising the literature base to date on the frequency and topographical
distribution of neuroanatomical changes seen on imaging following COVID-19 invasion with a focus on both the acute
and chronic phases of the disease.

Methods In this study, 8 databases were systematically searched to identify relevant articles published from December
2019 to March 2022 and supplemented with a manual reference search. Data were extracted from the included studies and
narrative synthesis was employed to integrate the findings.

Results A total of 110 studies met the inclusion criteria and comprised 119,307 participants (including 31,073 acute and 143
long COVID-19 patients manifesting neurological alterations) and controls. Considerable variability in both the localisation
and nature of neuroanatomical abnormalities are noted along the continuum with a wide range of neuropathologies relating
to the cerebrovascular/neurovascular system, (sub)cortical structures (including deep grey and white matter structures),
brainstem, and predominant regional and/or global alterations in the cerebellum with varying degrees of spinal involvement.
Conclusion Structural regional alterations on neuroimaging are frequently demonstrated in both the acute and chronic
phases of SARS-CoV-2 infection, particularly prevalent across subcortical, prefrontal/frontal and cortico-limbic brain areas
as well as the cerebrovascular/neurovascular system. These findings contribute to our understanding of the acute and chronic
effects of the virus on the nervous system and has the potential to provide information on acute and long-term treatment
and neurorehabilitation decisions.
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Introduction

The typical clinical spectrum of SARS-CoV-2 (COVID-
19) infection is widespread and encompasses asymptomatic
infection, mild upper and/or lower respiratory tract illness,
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fever, severe viral pneumonia with respiratory failure and,
in some cases, death [1]. While it was initially identified
as predominantly a respiratory infection [2], COVID-19 is
now widely considered a multisystemic disease, causing
cardiovascular, renal, gastrointestinal, hepatic, haematolog-
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ical [3] and metabolic disorders [4]. Accumulating evidence
has highlighted potential relationships and involvement of
the central nervous system (CNS) in the invasion mecha-
nism of the virus [5, 6] as evidenced in large cohorts of
patients displaying neurological manifestations [7-9]. For
example, in a cohort of patients hospitalised with COVID-
19 (n=214) in Wuhan, 36.4% presented with neurolog-
ical symptoms, including dizziness, headache, impaired
consciousness, and acute cerebrovascular events. Similarly,
LaRovere et al. [10] in a large retrospective study (n=1695)
from the USA, reported several neurological complications,
including loss of taste and smell, altered awareness or con-
fusion, fatigue/weakness, headache, and seizures or status
epilepticus across a large proportion (21.5%) of the cohort.

Neuroimaging studies implicated various brain regions
including the involvement of the olfactory areas coupled
with prefrontal and cortico-limbic structures in the patho-
physiology of COVID-19 to explain these neurological
manifestations [11-13]. A recent review of several clinical
case studies also highlighted spinal involvement of COVID-
19 infections, providing valuable insights into the diagnoses
and management of affected patients [150]. Similar find-
ings were recently reported in previous systematic reviews
[7, 14, 151]; however, most of these studies are limited by
methodological heterogeneities including the inclusion of
relatively small sample studies and cases (n< 10 patients in
brain studies) and irreproducible literature search strategies.

Considering the quickly evolving nature of the pandemic
and mutations of the COVID-19, it is critical to comprehen-
sively analyse the available literature to update the whole
continuum of neuroanatomical (brain and spine) imaging
findings relating to all phases (i.e., acute and chronic) of
the disease. This systematic review aims to collate early
evidence, frequency of occurrence and topographical distri-
bution of neuroanatomical abnormalities following COVID-
19 infection with a focus on acute and chronic (including
possible long COVID) disease phases. The findings will
provide valuable insights into expected topographical neu-
roimaging features post-COVID-19 infection, and possibly
guide future neurological management of patients, while
adding to the evolving literature base on the long-term ef-
fects of COVID-19.

Methods

Protocol and Registration

The updated version of the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guide-

lines [15] was employed for this study. The study protocol
was registered with the International Prospective Register of
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Systematic Reviews (PROSPERO ID: CRD42022315428)
prior to the start of the study.

Search Strategy

The keywords required for the search were identified us-
ing the Participants, Interventions, Comparators, Outcomes,
and Study (PICOS) design framework [16, 17] to guide
the search and obtain the specific studies that are appro-
priate for the review. The terms were developed by the
research team together with an expert librarian (JH) who
confirmed it to be appropriate. The systematic search was
conducted independently by two reviewers (CK and OAI)
across key databases: PubMed (via Ovid), Scopus, Sci-
enceDirect, EMBASE (via Ovid), PsycINFO (via Ovid),
the Cochrane Library, Web of Science and CINAHL to
identify relevant articles published between December 2019
and March 2022. These timepoints were selected according
to the COVID-19 epidemiological trends to date [18]. The
search was independently updated by two reviewers (JAA
and TNA) in July 2023. The reference lists of the selected
articles were hand-searched for additional studies not iden-
tified in the initial electronic search. An iterative process
using controlled vocabulary, free text, synonyms, and re-
lated terms interconnected by Boolean operators (“AND”
and “OR” only) was employed for the query search devel-
opment. The search was conducted using the keyword com-
binations: COVID-19, neuroimaging, brain changes and
spinal changes (Table 1).

Eligibility Criteria

In accordance with the PICOS framework, the eligibility
criteria are detailed:

i)  Study design: case-control studies, observational cohort
studies (retrospective and prospective studies), and ran-
domised controlled trials (RCTs) were included. Case
studies/series that specifically focused on the brain were
included if they had a sample size > 10. Considering the
rarity of studies focusing on spinal changes, studies of
sample size =5 were included.

ii) Participants: the participants were patients with acute
(or current) and long (or post) COVID-19 disease.
There were no restrictions regarding age, sex, ethnicity
and/or disease risk groups with a COVID-19 infection.
Studies reporting on patients with COVID-19 without
neuroimaging and/or neurological data were excluded.

iii) Interventions: interventional and/or follow-up studies
reporting structural and functional neuroanatomical
changes using neuroimaging i.e., magnetic resonance
imaging (MRI) and computed tomography (CT) in
COVID-19 patients were included.
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Table 1 Strategy employed for searching relevant articles

Search term Related keywords or terms

COVID-19 COVID-19 OR coronavirus OR 2019-ncov OR sars-cov-2 OR cov-19 OR covid OR HCoV OR severe acute respiratory
syndrome coronavirus 2 OR C-19 OR coronavirus disease 2019

Neuroimaging Neuroanatom* OR neuro-anatom* OR Neuroradiolog* OR Neuro-radiolog* OR neuroimag* OR neuro-imag* OR MRI

OR magnetic resonance imag* OR CT OR comput* tomography OR medical imag*

Brain changes
Spinal changes

Neurolog* OR brain OR central nervous system OR CNS OR encephalo* OR abnormal* OR anomal* OR deform*
Neurolog* OR spine OR central nervous system OR CNS OR myelitis* OR abnormal* OR anomal* OR deform*

iv) Comparators: studies reporting associations between
clinical symptomatology and observed neuroanatomi-
cal changes were included.

v) Outcomes: studies were eligible whose main out-
comes were localisation of structural and functional
neuroanatomical changes in patients with COVID-19,
measured using neuroimaging methods, such as MRI
and CT scans, and clinical symptomatology (including
neurological and/or psychological measures) in the pa-
tients. Studies reporting changes in the brain and the
spine (and associated structures) measured via CT scan,
structural and/or functional magnetic resonance imag-
ing (fMRI) scan, and hybrid imaging (e.g., positron
emission tomography-computed tomography (PET-
CT) after COVID-19 infection were included. Studies
were also considered if they reported multiple diag-
noses (e.g., both brain, spinal and other related clinical
conditions), but data on the changes in brain and spinal
structure or activity were explicitly collected and anal-
ysed separately. Studies employing other neuroimaging
modalities, such as electroencephalogram (EEG), were
excluded as the study focussed on structural measures
of neuroanatomy.

In addition to the PICOS framework requirements, in-
clusion was limited to only articles published in English.
Review articles, pictorial essays, letters to the editor, cor-
respondence, postscript and research letters, unpublished
data, commentaries, opinion papers, thesis/dissertations,
conference abstracts, and other topical proceedings were
excluded.

Study Selection

In the first phase of screening, two reviewers (CK and OAI)
independently screened the titles and abstracts to exclude
articles that were irrelevant to the systematic review. The
second phase related to independent full text screening of
the remaining articles that met the inclusion criteria. Dis-
agreements were resolved by consensus and/or by consul-
tation with the principal investigator (TNA). The screening
process was undertaken using the web-based version of the
Rayyan software [19].

Data Extraction

Data were collected manually via a tabular template for rel-
evant information and recorded in Microsoft Excel 365 (Mi-
crosoft Inc, Redmond, WA, USA). The following character-
istics were extracted: references and country of origin, study
type, total number of participants, total number of acute
and long COVID-19 patients, neuroimaging modality, neu-
roanatomical regions involved, and clinical findings. Two
reviewers (CK and OAI) independently extracted data from
the included studies and disagreements were resolved in
a consensus meeting with the principal investigator (TNA).

Risk of Bias and Quality Assessment

Bias of the included studies was assessed by two inde-
pendent reviewers (CK and OAI) using the Risk of Bias
Assessment Tool for Nonrandomised Studies (RoBANS)
[20]. Data were extracted and input into a Microsoft Ex-
cel spreadsheet by each reviewer and classified into three
grades: low risk, high risk, or unclear. The outcome was
evaluated by a third reviewer (JAA) and the reported dis-
crepancies were resolved through discussion or through
consultation with the research team in a consensus meeting.

Results
Literature Search Outcome and Management

A PRISMA flowchart briefly describing the article identifi-
cation, screening, and selection process is detailed (Fig. 1).
A total of 8788 articles were identified through database
searches. Of these, a total of 4907 remained after removal
of duplicates at the end of the identification phase. Follow-
ing the application of the inclusion and exclusion criteria
during full text check, 4797 articles were excluded. Addi-
tional searches on ResearchGate and Google Scholar were
performed for a complete list and 1 additional article was
identified. The updated search included 9 relevant articles.
A total of 110 articles were eligible and included for this
review (Fig. 1).

@ Springer



16

C. Kiyak et al.

=
2
=
©
L2
=
=
=
o}
3

[ Identification of studies via databases and registers ]

Identification of studies via other methods ]

Records identified from:
Databases (n = 8788)
Registers (n = 0)

Records removed before
screening:
Duplicate records removed
(n =3694)
Records marked as ineligible
by automation tools (n = 187)
Records removed for other
reasons (n = 0)

Records identified from:
Websites (n = 1)
Organisations (n = 0)
Citation searching (n = 0)
etc.

l

Records screened
@ »| Records excluded
(n = 4907) (n=0)
! !
Reports sought for retrieval »| Reports not retrieved Reports sought for retrieval > Reports not retrieved
(n =4907) (n=0) (n=1) (n=0)
=]
=
=
@
2
1}
2]
A
Reports excluded: (n = 4797) .
Reports assessed for eligibility . Not COVID-19 related (n = 237) Reports assessed for eligibility N RSEO"tS not retrieved
(n =4907) No full text (n = 9) (n=1) > (n=0)
No neuroimaging data (n = 12)
Sample size < 10 (n = 768)
— Wrong outcome (n = 2995)
Wrong publishing type (n = 776)
Y
T 3
Studies included in the review
3 (n=110)
s
E Initial Database search (n = 100) [~
= Updated Database search (n = 9)
Websites (n = 1)

Fig.1 PRISMA flowchart showing study identification, screening, selection process, and eligibility criteria for the included articles

Characteristics of the Included Studies

Characteristics of the included studies are briefly pre-
sented in Table 2 and in supplementary material 1. Of the
110 included studies, 76 (69.09%) were retrospective, 20
(18.18%) were prospective, 8 (7.27%) were cross-sectional,
and 5 (4.55%) were observational.

Total participants reported in the included studies
amounted to 119,307 (individual study sample sizes ranged
from 10 to 18,407) including 31,073 acute and 143 long
COVID-19 (patients manifesting neurological alterations)
and controls. There was an uneven geographical distri-
bution of the included studies in relation to study sites
with 31.19% (n=34) from United States research cen-
tres (supplementary material S1); however, no differences
in neuroanatomical distribution of findings in relation to
the geographical sites where the included studies were
conducted were found.

Of the included articles, a proportion of studies utilised
the following neuroimaging modalities: 45 (40.90%) com-
bined brain MRI and CT, 44 (40.00%) MRI only, 17
(15.45%) CT only, 1 (0.91%) PET/MR, 1 (0.91%) PET/CT
and PET/resting state functional magnetic resonance imag-
ing (rsfMRI), and 1 (0.91%) for 18F-fluorodeoxyglucose
positron emission tomography-computed tomography scan
(*® FDG-PET/CT). Of note, 16.36% (n=18) of studies
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comprehensively explored both the spine and the brain
simultaneously (Table 2; supplementary material S1).

Risk of Bias and Quality Assessment

Figure 2 provides an overview of the six domain outcome
summaries from the risk of bias assessment. The domain
relating to the selection of participants in the included stud-
ies reported 59 (53.64%) studies to be of high risk of bias
and 50 (45.45%) at low risk. The domain relating to con-
founding variables highlighted 63 (57.27%) studies as low
risk of bias. Most studies (n=84, 76.36%) recorded low
risk for measurement of exposure. Of note, most studies
(n=69, 62.73%) were considered high risk for blinding
of outcome assessment. For incomplete outcome data, 92
(83.64%) studies were scored as low risk of bias. For se-
lective outcome reporting, 73 (66.36%) studies were a low
risk of bias, and the risk was unclear for 36 (32.72) articles
(See Table S2).

Neuroanatomical Changes from Acute Effects of
SARS-CoV-2 Infection

There was considerable variability in both the localisation
and nature of brain abnormalities, resulting in a wide range
of neuropathologies. The commonly reported abnormalities



17

Topographical Distribution of Neuroanatomical Abnormalities Following COVID-19 Invasion

RN lecl vsn
X X X pue 1D VIN 91 PSI Sy ‘120T T8 9 uIpjuo) 61
[8¢] oouv1g
X X X X NN VIN €L 9LIT SO ‘020€ “Te 10 1eSnoy) 81
[Lg] 2our1y
X X NIN 61 48! 411 Sy ‘120 “[e 19 sewwreyd L1
N [9¢] Auewron
X pue 1D VIN e S9¢ Sy ‘120T “e 19 Jounng 91
[s¢] AL,
X X NIN VIN €T €T Sy 2T0T e 10 Aepning St
[p¢] Auewron
X X X X X X RIN VIN 0S 0$ SO ‘TT0T “[e 10 B1oquadung 14!
leel
X X 1D VIN 4! Cl Sq VSN ‘120T “Te 19 on1g €l
RN [cel
X X pue 15 VIN 0L6 00ST Sy 1439 “120T e 10 quzy cl
[1€] koymy,
X X TN VIN OLT 9L1 SO “TT0T “v 39 38[04-BOUY I
RN [oel vsn
X X X X X X pue 1D VIN o1 01 Sa ‘120T “1e 19 BopurIy 01
RIN [6z] nzerg
X X X X X pue 1D VIN (4% [4%4 Sy ‘120 “e 10 oesery 6
[8z] nzerg
X X X X X X 1D VIN LT 6C Sy 120T “18 19 SAY 8
[L2] &L
X X NIN VIN 9¢ 911 Sy 120T “Te 19 YIsiumy L
RNIN [9z] e1qery pneg
X X X pue 1D VIN 9 9 Sy ‘120T I 19 1zRUOlY 9
NIN [szlvsn
X X pue 1D VIN 00S¢€T 00S€Tl Sy 120T 18 19 NNV S
vzl vsn
X X RIN VIN 1T (1394 Sa 120T I8 10 [eMIeS Y 4
ezl vsn
X X X X X RIN VIN STI SIT Sa ‘0T0T e 10 [EMIeSY €
RN [cz] ureds ‘020z
X X pue 1D VIN 0¢ ¥ Sq T8 19 BOp[IqY -eZUSqY 4
[12]1d43g
X X 1D VIN Sel Sel Sq “TTOT “1v 39 19YRZIpPqV I
L
wo)s  wnjRq pue e[ep K101
-uelg 01D og -Sfwy om0 WO 10 L d oS OW T 14O sjuan
-ed g1 syued
wns -AIAOD sjuan -1on
wasAs sjoen -0[[ed 3 d ; . m
Te[nosea RElTe) sndio) suorSaI [eanioogng suorgar [eonio) suel a6l e
-oInau } ) i ) jo -aIA0D jo
/01g0190) IopEW ATYA Janew K210y Anepow 1q nde Jo 1oq
sagueyd SurSewnr -wnu JIoquinu -wnu adfy uoneso| pue

[euids paeopduwy suo3ar uterg -0InaN ®0L, @0, ®0L, Apmg 1eak T0yINy NIS

SOIPN)S PAPNTOUT AY) JO SONSLIDJOBIRYD ATewrwing ¢ d|qej

pnnger

A's



C. Kiyak et al.

18

RN [LS] ureds “120T
X X X X pue 1D VIN 1ce €€T 40 “[e 19 U0z -epIeD 8¢
[CN]
X X RN VIN 81 81 Nel VSN ‘120T " 10 eo1eD LE
[sslvsn
X X RN VIN [ 078C SY 120T e 19 uewaaly 9¢
RN [rslvsn
X X X pue 1D VIN o1 o1 a0 ‘00T “'[e 19 1ydsaduel] Se
RN [€6] oorxoy
X X pue 1D VIN €91 TLot Sd “120T & 19 BA[IS-S210[] 143
[z6] uopamg
X X X X TN VIN 61 [ Sd “120T “1e 39 Tewe] €€
RN [1slvsn
X pue LD VIN 186 1Ly S¥ ‘120T “1e 39 Jepueysg [43
TN [0g] @oue1g
X pue 1D VIN Cl 4! Sd ‘00T 18 19 pIejedsg [£3
RIN [6%] Auewiron
X X X X pue LD VIN 39 €S Sd “120T “1e 39 stuug 0¢
[8%] 0onxaly
X X X X TN VIN Ly 187 Sy ‘120T “[e 32 opuozig 6C
[L¥]
X X 1D VIN 8¢ 0zl d0 VSN ‘120T “[e 19 ueng 8T
[11]
X X X RN VIN 1ot S8L S 3N ‘720z T8 19 pnenoq LT
[ov]
X 1D VIN o1 o1 SY VSN ‘120T “18 1@ ppod 9T
1521
X RN VIN o1 0¢ SY 3N ‘020T 18 19 uoxiq Y4
[yt foymy,
RN VIN 8¢ 0€ST SY 120T 18 W@ 1R_qIIa T
[¢] @ouerg
X X X TN VIN 574 6L61 S¥ “120T “e 39 duiopRg €T
RN [zy]
X X X pue LD VIN 33 SLOT S¥ AV 120T “18 19 92 [44
TN [1v] &rear
X X X pue LD VIN ST LT a0 ‘020T “Te 12 dr0wy . 1T
(warnow
-150d) [o¥] wnidjog
X X RN VIN 61 9 Sd ‘00T I8 19 usjoo) 0T
L
pue e[ep
og -8fwy O T4 1O sjuen
-ed g1 syued
wns -AIAOD sjuan -1o1)
E_M_:oo“n\“ o M:mu 3 s Suop -ed g1 -red
1Y) sndio SuoI3aI [eanI00qN, suo13a1 [eonIo
o Lte) o] 1501 [eonI00qNg 1501 [82010D) 10 -QIAOD 10
/0199100 J9)RW YA Jonew Ko1n) Kipepowr Ioq omoe jo 1oq
saSueyd SurSeun -wnu Joquinu -wnu adKy Uoneso[ pue
eurdg paeondur suorSar urelg -0INON e101, e101, e101, Apmg 1eak ‘royiny N/S

(ponunuo)) gajqer

pringer

A's



19

Topographical Distribution of Neuroanatomical Abnormalities Following COVID-19 Invasion

RN [9211d43g
X X X X X X pue 1D VIN Sy (334 Sy ‘120T 18 19 1payy| LS
AN [sLlvsn
X X X X X X X X pue 1D VIN 89 1L9 Sy 120T T8 19 yos[y 9s
[yl
X X X NIN VIN 8 43 Sd 3N ‘020T “T 19 19[Y Sy
NIN leL]
X pue 1D VIN 98 68¢ Sy VSN ‘020T "8 10 Z1ey S
[zL] weay
X 1D VIN o1 80S Sy 120T “Te 10 ysSiamey] €S
[1L] &L
X X X RIN VIN €T €T Sd ‘120T T8 19 THIwapuey| [49
NN [0L] erpur
X X X X X X X X X X X pue 1D VIN 08 08 Sy 120T “1e 39 1e3jerey 59
[69] Auewion 1z0g
X X X RIN C 4! ! Sa “[ 12 BuLIOpUOY-udsUAL 0S
RIN [89] epeue) ‘720T
X X X X X X pue 15 VIN €01 (444 Sq [ 10 UBIeMsdYIRSaL 6f
[£9]
X X 1D VIN 1454 81ce Sd VSN ‘0T0T “Te 19 uref 8t
AN [99]
X pue 1D VIN St SI Sy Te1eQ) [20C e 12 [eqby LY
[s9] ureds ‘020z
X X X 1D VIN 4] €891 Sy ‘ZOPUBWLIS-Z3PUBUIDH 9t
[+9] uopamg
X X X X NIN VIN Se eL 40 “120T e 12 uI3[[oH St
NIN
X X X X X X pue 1D VIN €T €T Sy [€9] 31N “120T “vezzey a4
A [29] &L,
X X X X X X pue 1D VIN PS¢ 18¢ Sy ‘120z “Te 12 Kaqunn 134
A [19] wnispog
X X X pue 1D VIN St (23 Sd “120T “Ie 12 30W[IND w
DNIN [09] vsn
X X X X X X X pue 15 VIN 081 SL98 Sq “120T '8 1 Aemuoain |84
[66] Aoxan,
X X 1D VIN w €601 Sa ‘120T “I¢ 12 nnsi0n or
[86] eruewoy
X X X X X 1D VIN 101 9981 Sd ‘120T “[e 12 n3on 6¢
L
wo)s  wnjRq pue e[ep K101
-uelg 01D og -Sfwy om0 WO 10 L d oS OW T 14O sjuan
-ed g1 syued
wns -dIAOD sjuan -1
wsAs sjoen -o[[ed K 6 wed
Te[nosea RElTe) sndio) suorSaI [eanioogng suorgar [eonio) suel a6l e
-oInau } ) i ) jo -aIA0D jo
/01g0190) IopEW ATYA Janew K210y Anepow 1q nde Jo 1oq
sagueyd SurSewnr -wnu JIoquinu -wnu adfy uoneso| pue
reurdg paeariduir suoi3ar urerg -0INAN e101, e101, ®101, Apmg IeA ‘TOyINy N/S

(penunuo)) zajqer

pnnger

A's



C. Kiyak et al.

20

[¢6] wnidog

X X X X YN-Lad VIN [t 4! Sd ‘120T “T8 19 UIsAIN oL
[26] Aueuriony
X X X 1D VIN 81 81 SY ‘00T I8 19 1qeaeN SL
[16] uteds ‘10T
1D VIN 001 61 SY “[e 19 uipneg-[eAeN YL
[06] 14435
RN VIN €9 €9 Nel TT0T T8 10 A[emIa N €L
[68] @ouery
X X X RN VIN 01 e S 120 “Te 10 [erddoy L
N [88]1d43g
X X pue 1D VIN 419 T8¢ Sd TTOT I8 10 AMexpjoiN 1L
[£8] eneo1d
X RN VIN 6¢ sS Nel ‘120T “1e 19 oI 0L
N [98] vsn “120T
X X X X X pue LD VIN Sel cL1 Sy “Ie 39 Ipawweye N 69
[s8]
X X X X X RN 09 09 66 Sd eulyd ‘0z0T ‘eI N 89
NN 78] vsn
X X X X X X X pue LD VIN 8¢ (44 S¥ “120T “1e 39 uepury L9
NN [es]
X X pue 1D VIN 8LT 50T SY VSN ‘020T “Te 19 ury 99
[z8] Pour1g
X X RN VIN 61 08 SY 120T “Te 19 As1o] S9
RN o1l vsn
X X X X 101D VIN S691 8LI SY “120T T8 19 219809 ] 9
[18] @ouery
X X X X RN VIN 9 TL Sy ‘120 “Te 12 boaiqurer €9
[08] erpur
X X RN VIN 6 01 SY ‘TT0T e 19 e[y 9
[8] @ouelgy
X X X X X X RN VIN ¥9 9 S¥ ‘00T T8 19 Jowary 19
RN [6L] uopamsg
X X X X pue 1D VIN S81 119C S¥ ‘00T “'[e 39 sowouoIy 09
RINIsT
/Lad pue [8] puerreyy,
X X 1D/1dd €l VIN €l S TTOT 1B 9 [mymepery 65
N [£211d43g
X X pue 1D VIN (334 (334 SY “120T 18 19 1payy 8S
L
wnjeq pue e[ep K10}
-010D) og -8fwy  -ovj|0 O T O sjuon
-ed g1 syued
wns -AIAOD sjuan -1o1)
1Y) sndio SU0I3a1 [BONI00qN, suo13a1 [eonIo
o Lte) o] 1501 [eonI00qNg 1501 [82010D) 10 -QIAOD 10
/0199100 J9)RW YA Jonew Ko1n) Kipepowr Ioq omoe jo 1oq
saSueyd SurSeun -wnu Joquinu -wnu adKy Uoneso[ pue
eurdg paeondur suorSar urelg -0INON e101, e101, e101, Apmg 1eak ‘royiny N/S

(ponunuo)) gajqer

pringer



21

Topographical Distribution of Neuroanatomical Abnormalities Following COVID-19 Invasion

[z11lvsn
X X X N VIN cl [t B ‘00T T8 19 ssneng S6
1D/1dd
-DAad [rrrl
X X X X [481] €l VIN €l Sd A[ea 10T I8 30 1Ifjos 6
[or1l vsn
X X 1D VIN LT LT Sd ‘00T 18 19 ud[nog €6
N [eo1]
X X X X pue 1D VIN 991 £0ve ! 3N “120T “1e 190 uepaeg 6
N (8011 21D
X X X X pue 1D VIN €l 06 N “120T ' 9 [eaopues 16
[L0111d43g
X X RIN VIN 0L oL Sd ‘10T ‘ueqeyg pue yajes 06
[901] ueay
X 1D VIN SI LOV81 B “120T “[e 10 uekeqes 68
[So1] Souw1y
X X RIN VIN €1 €l Sd 0T0T T 1 Joknoy 88
RN [vor]
X X pue LD VIN LET 09L1 Sd ApeI 10T “[8 30 ouyry L8
[€01] puepoziimg
X X N VIN 0T 84 Sd “I20T “Te 19 Alreny 98
RN [zo1l vsn
X X pue 15 VIN 81 81 Sd 120T “e 19 isway S8
N [torl vsn
X X X X pue 1D VIN 91 91 B 120T T8 19 tuewyay 8
[oo1] vSn
X X N VIN LT ovIL Sd ‘120 “Te 12 ourfedey €8
N [66] vSn
X pue 1D VIN wi 199¢ B ‘0T0T “Tv 32 ysauewpey 8
[86]
X X X RN VIN s IS Ne) BUIYD “120T I8 19 W) 18
RN [L6] ureds “0z0T
X X X pue 1D VIN €01 6¥CC Ne) “[e 19 BpOdSg-suoq 08
RN [96] 31N
X X X X X X X X pue 1D VIN a4 & B ‘0T0T 18 32 uosidjeq 6L
N [S6] &xn,
X X X X X X pue 1D VIN 54 54 B 120T “1e 1 1A1qeed 8L
[v6] vSn
X N VIN 0T Isey Sd ‘120T “e 19 uBWIQ LL
L
wo)s  wnjeq pue e[ep K10}
-urerg -1) og -8fwy  -ovj|0 (6] 10 L 1d oS O 14 140 sian
-ed g1 syued
umns -dIAOD sjuan -1om
ks . . Sjuat Tor
) sndlo; SU0I3a1 [BONI00qN, SUOI3a1 [RONIO,
oo LUe] D Ioal [eonlosqng 1521 [ednion J0 -AIAOD J0
/0199100 J9)RW YA Jonew Ko1n) Kipepowr Ioq omoe jo 1oq
sagueyd SurSeur -wnu Ioqunu -wnu adKy uoneso[ pue
eurdg paeondur suorSar urelg -0INdN e, re0L, e, Apmg 1eak ‘royiny NIS

(ponunuo)) gajqer

pnnger

A's



C. Kiyak et al.

22

[e11d1900 70 *2q0] [BIUOIJONQIO T./O ‘[RUONLAIISQO g ‘AydeiSowo) uoissiwa uonisod 774 ‘2qof [eiatred 74 Qs

BOLIDWY JO SAJRIS PAIUN VS “‘WOPSUIY] paiu) /) ‘SAleIuy qely paup 7y,) ‘9qof [eioduw) 77 ‘Xa1109 KI0SUas ) ‘7 SIIARUOIOD SWOIPUAS K101e1dsal a1noe a10Ads 7-A0D-SYVS ‘oAnoadsona sy ‘oandadsord §g ‘suorsal 1010 YO 9qof
2AR JOU Y/A ‘SurSewt 90uruosal anouSe [y ‘X110 10j0w Dy 9qo] [eyuoij 7.4 ‘AydeiSowo) pandwos 7)) Teuonses-ssord ) ‘snwerey pue erSues [eseq 10g

TIN
pue 1D VIN (4434 (4434 Sd [¥S1] €20T "2 19 0TRg [UN]
[eg1] Auew
X X X X JRIAN VIN 0z 0c Sd 19D ‘TT0T “Te 30 ney 601
[cs1] Auewion
JRIAN |59 VIN Ie Sd ‘TT0T I8 10 Buissaiq 801
l6v1] vSn
X NIN VIN 6 6 Sy ‘020 “1e 19 ueydI LOT
AN [8¢11 A1l “0z0T
X X X X X X X X pue 1D VIN 801 801 Sy T8 19 Ipawweye A 901
[Ly1lvsn
X NIN S VIN S Sd 120T "¢ 19 swelqy Sot1
[ov1lvsn
X 1D VIN LE LE Sy ‘020€ “Te 12 anymarddy P01
[sy1l
X X X X X X X X NIN VIN 4! 4! Sd VSN ‘€T0T 18 19 BlIAY €01
[pp1]
X X X X X X X JRIAN VIN S S Sd VSN TTOT “Te 1 ey <01
NIN (8111
X X X X X pue 1D VIN 0S1 19 Sa VSN ‘070T “[e 39 u0ox 101
TIN [L11]
X pue 1D VIN 0s €el Sd RBIPU] “TTOT “[8 12 AvpRA 00T
[911] vuryd
X X X 1D VIN L16 L16 Sd ‘0T0T “[e 1 Suory 66
[ST1] puepozimvg
X JRIAN VIN Ie LOL Sq “120T “Te 10 1UIS 86
[v11]
X 1D VIN 99 0oCLT Sy [1ze1g ‘70T “[e 19 pwny, L6
lert]
X X X NIN VIN [43 LLL Sy VSN ‘120T e 10 AeLi, 96
L
wals  wnjjoq pue e[ep K10}
-uplg  R) g -SAwy om0 ¥O0 1O L d oS OW T O suan
-ed g1 syued
wns -dIAOD sjuan -1n
" ; Sjuat Tor
HM“MMNM o MEU 3. 3 Buop -ed 61 -red
100) sndio, suorga1 [eonIooqn suor3ax [eoNIo,
e Lte) 9] 1521 [ed1I00qng 1591 [ed110D) Jo -dIAOD 10
/01q0100) 19N YA Jonew Aa10) Apepow Ioq Qmoe jo Ioq
soSueyd SurSewnr -umnu JTquinu -wnu adKy Uoned0[ pue
reurdg paeondur suo3ar utelg -0INAN e101, e101, e101, Apmg IeA ‘TOyINy N/S

(ponunuoD) zajqer

pringer

A's



Topographical Distribution of Neuroanatomical Abnormalities Following

COVID-19 Invasion 23

Fig.2 Risk of bias diagram

depicting the proportion of Selective outcome reporting
studies with low, high, or unclear
assessment across domains Incomplete outcome data

Blinding of outcome assessment
Measurement of exposure
Confounding variables

Selection of participants

identified on neuroimaging included cerebral ischemia, in
the form of acute, subacute or chronic infarction, haem-
orrhage, acute strokes and persistent microhaemorrhages,
cerebral venous sinus thrombosis, and supratentorial and
infratentorial white matter changes.

Regional brain changes were reported in all the in-
cluded studies. Of the included studies, a high incidence of
neuropathology was identified in the cerebellum (41.6%),
cerebrovascular/neurovascular system (39.6%), basal gan-
glia and thalamus (18.6%), corpus callosum (35.6%),
frontal lobe (35.6%), parietal lobe (29.7%) and occipital
lobe (29.7%). Other implicated regions included the motor
cortex, orbitofrontal cortex, sensory cortex, temporal lobe,
brainstem, amygdala, and several white matter tracts (i.e.,
deep/subcortical and/or nonspecific). Of note, alterations of
the primary olfactory cortices were observed across almost
all studies that reported on the acute effects of the infection.

Almost all (94.44%, n=17/18) studies that reported on
the spine highlighted several degrees of spinal cord involve-
ment in the acute phase, especially in non-critical patients.
However, MRI studies have reported enhancement and hy-
perintensity involvement in the cauda equina fibres, central
cord, and nerve roots among some patients [61, 68, 70, 75,
76, 79, 86, 88, 95, 96, 104, 108, 144—146, 148, 149].

Regional Neuroanatomical Changes in Long COVID-
19

Regional brain alterations appear to persist postinfection
[37, 69, 78, 85, 111]. For example, Sollini et al. [111],
in an 'F-FDG-PET/CT study (total sample, n=13 adult
long COVID-19 patients), reported alterations in multiple
regional brain networks including the primary olfactory
networks (5 patients, 41.7%), involving the occipital lobe
(5 patients, 41.7%), and the thalamic network (1 patient,
8.3%). In a similar ®F-FDG-PET/CT study (total sample,
n=13 post-acute COVID-19 patients), Kiatkittikul et al.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

OLow mHigh OUnclear

[78] reported hypometabolism in the parietal lobe (11 pa-
tients, 91.7%), temporal lobe (11 patients, 91.7%), frontal
lobe (5 patients, 41.7%), occipital lobe (5 patients, 41.7%),
and thalamus (1 patient, 8.3%) with general recovery and/or
preservation of other regional neuroanatomical structures.
In contrast to these findings, Dressing et al. [152] observed
no distinct pathological findings of hypermetabolic predom-
inance.

Findings relating to the spine were mostly of either de-
generative character with other observations including de-
myelinated plaques, and spinal lesions while others re-
mained unremarkable despite persistence of clinical symp-
toms [108, 147].

Clinical Symptomologies of Neurological Relevance
Reported Across Studies and Disease Phases

Clinical findings were reported across 94 of the 101 in-
cluded studies. Headache, a commonly reported neurolog-
ical symptom of COVID-19 infection, was reported by
53 out of 101 (56.3%) of the included studies, followed less
commonly by seizure (43.6%), encephalopathy (28.7%),
(haemorrhage (23.6%), ischaemic infarcts (13.8%)) and as-
sociated strokes (23.4%) (Table 3).

Other clinical findings which were less frequently re-
ported across the included studies are summarised (see S1
Table).

Discussion

The findings revealed considerable variability in both the
localisation and nature of abnormalities detected on neu-
roimaging, encompassing a wide range of neuropathologies
affecting the cerebrovascular/neurovascular system, basal
ganglia and thalamus, corpus callosum, motor cortex, or-
bitofrontal lobe, sensory cortex, temporal lobe, brainstem,
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Table 3 Prevalence ranking of clinical symptomatologies across disease phases

Clinical Acute Long/chronic % of included stud- Commentary

symptomolo- phase disease phase ies reporting inci-

gies dence

Headache v v 56.3 Headaches were reported across multiples studies over the entire
course (acute and chronic) of the disease

Seizures v X 43.6 These sudden and mostly uncontrollable episodes were mostly asso-
ciated with the acute phase of the disease

Encephalopathy v X 28.7 Encompass a series of brain dysfunctions and pathologies includ-
ing altered mental state which was majorly reported across studies
reporting on the acute phase of the disease

Stroke v X 23.4 The COVID-related strokes reported are majorly of two types,

haemorrhagic and ischaemic and were mostly associated with the
acute phase of the disease

v =present, X = absent/not reported

amygdala and predominant regional and/or global alter-
ations in the cerebellum. Of note, alterations of the primary
olfactory cortex were observed across almost all studies
that reported on the acute effects of the infection. Olfactory
brain network hypometabolism in long COVID-19 patients
has also been noted. Along the neuroanatomical continuum
to the spine, transverse myelitis, meningoencephalitis, and
various degrees of inflammatory reaction along the spinal
cord were noted especially in the acute phase of the disease.

Neuroanatomical Changes in the Acute Phase of the
Disease

Of the included participants in the reported studies, 23%
had acute COVID-19, presenting with neurological mani-
festations, and underwent either brain CT or MR imaging.
SARS-CoV-2 was associated with structural neuroanatom-
ical [40] and intensity abnormalities [29, 79, 83, 112] in
the olfactory bulb/tract. These deficits consisted of altered
cortical volume [85], thickness [119] and hypometabolism
[111, 120, 121]. Additional alterations of the primary ol-
factory cortex and related networks were observed across
almost all studies that reported on the acute effects of the
infection [11, 34, 40, 56, 93, 111, 112]. These findings un-
derscore the importance of the olfactory system as a unique
anatomical element that provides an optimal conduit for
neuroinvasion [13]. In terms of symptomatology, the pri-
mary involvement of the olfactory system in the pathophys-
iology of the COVID-19 infection explains anosmia and in
some cohorts headaches as an early marker of the SARS-
CoV-2 infection [122].

Surprisingly, the cerebellum was found to be affected
in the acute stages of the disease and across most studies
and case studies [8, 23, 24, 28-30, 39, 42, 47, 48, 50, 52,
54-56, 59, 60, 62, 67, 69, 70, 74-76, 79-81, 84-86, 89,
92, 93, 95-97, 100, 102, 108-110, 118], mostly present-
ing as cerebellar ataxia (for example, see [123, 124]). This
was characterised by accentuation of atrophy in the cere-

@ Springer

bellum and its corresponding neural connections. SARS-
CoV-2 affects the cerebellum via direct viral invasion, but
even more so through its effects on immune, haematolog-
ical, and metabolic pathways [125]. The involvement of
the cerebellum in the pathophysiology of COVID-19 is not
fully understood; however, our findings highlight a high
prevalence of involvement of this structure and calls for fur-
ther investigation. Other neuroanatomical alterations were
reported in acute COVID-19 across the cerebrovascular/
neurovascular system, basal ganglia and thalamus, corpus
callosum, regional frontal lobe, parietal lobe, and occipital
lobe. The medial temporal lobe appears particularly vulner-
able in the pathophysiology of COVID-19, thus resulting in
cognitive deficits leading to language and memory impair-
ments [126].

White matter abnormalities along the tracts of the olfac-
tory cortex were among the most frequent neuroimaging
abnormalities reported in patients with COVID-19 [8, 10,
23, 29, 32, 34, 36-39, 41-43, 45, 4749, 52, 54, 55, 57,
58, 60, 62-64, 66-70, 75, 79, 81-86, 95, 96, 98-101, 103,
107-109, 113, 115]. This finding corroborates the observa-
tions of previous studies [13, 127, 128]. Other neuroimag-
ing findings included ischaemic or haemorrhagic stroke [37,
56, 81], cerebral venous sinus thrombosis [21, 88, 105], and
acute or subacute infarction [54, 68, 107]. Of note, Ntaios et
al. demonstrated that patients with ischaemic stroke related
to COVID-19 had worse functional outcomes and higher
mortality than patients with ischaemic stroke and without
COVID-19 [129].

Spinal cord involvement in the acute phase presented
unremarkable features, especially in non-critical patients.
Comprehensive MRI studies have reported hyperintense
enhancement with spinal cord involvement across several
cases of transverse myelitis, meningoencephalitis, and other
acute inflammatory changes, characterised by oedema of
the central cord and paraspinal musculature. This finding
is consistent with a recent review of case studies of spinal
involvement in COVID-19 infection [150].
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Neuroanatomical Changes in the Chronic Phase of
the Disease

In patients with long COVID-19, the basal ganglia and tha-
lamus were predominately implicated, with hypometabolism
reported regionally across the frontal, parietal and occipital
lobes and related impairments emanating from the temporal
lobe. Notably, neuroimaging investigations have evidenced
spinal cord degenerative changes, demyelinated plaques,
and spinal lesions observed among patients with persistent
symptoms or long COVID [108, 147]. The persistence of
symptomologies of neurological relevance in long COVID-
19 patients relate to residual genetic material (i.e., ribonu-
cleic acid) of SARS-COV-2 in the central nervous system
after the acute phase of the disease, which potentially
results in neuronal loss and/or a delayed restoration of
neuroanatomy [130]. Additionally, systemic inflammation
following the active acute phase of the COVID-19 infec-
tion may potentially cause system level endotheliitis and
consequently disrupt the blood-brain barrier [131, 132].
Moreover, it is known that systemic hyperinflammation
is a leading cause of neurodegeneration and cognitive
decline following regional brain alterations [133, 134].
In relation to the pathophysiology and underlying mech-
anism(s) of long COVID-19, Baig [135] suggested that
oxidative stress and inflammation leads to weakened im-
munological response and incomplete virus eradication [3,
135], which explains the relative hypometabolism reported
across regional cortices following clinical recovery from
acute COVID-19.

It is somewhat surprising that out of 101 included stud-
ies, only 5 studies (4.95%) reported on long COVID-19 pa-
tients with persisting brain changes postrecovery. To the
best of our knowledge, our review revealed a large clini-
cal gap related to the lack of literature on long COVID-
19 patients.

Locally, incidental neuroimaging changes were uncov-
ered in patients with concurrent, recent or previous COVID-
19 infection. These included acute ischaemic infarcts, pre-
sumed microhaemorrhages, atrophic changes, and white
matter foci (supplement 1). While these changes were anec-
dotal and cannot be proven as a direct or indirect result
of SARS-Cov-2 infection, clinicians globally are likely to
have seen similar nonspecific topographical changes on
neuroimaging in conjunction with COVID-19, in turn com-
plicating both accurate diagnosis and subsequent patient
management. Further research to compare the incidence of
these neuroimaging changes, and similar, in patients af-
fected by COVID-19 (acute and chronic) and those unaf-
fected would add important insight to this discussion.

Strengths and Limitations

This review used an extensive search strategy to collect
relevant available evidence on associated abnormal brain
and spinal regions on neuroimaging following COVID-19
infection, highlighting the clinicoradiologic findings based
on neurological symptoms and neuroimaging modalities.
Similarly, the study followed a rigorous method for article
screening, and data extraction, and employed a standardised
risk of bias assessment tool appropriate to the study designs
that influenced the discussions and recommendations.

This study has some limitations that need to be consid-
ered. Firstly, by only including studies published in English,
we may have excluded some valuable studies published
in other languages. Secondly, in relation to the quality of
the included studies, a large percentage had a high risk of
bias in participant selection and blinding of outcome assess-
ment, a low risk of bias due to incomplete outcome data,
and an unclear risk of selective outcome reporting; how-
ever, the geographic distribution of the included studies is
diverse and represent generalisable demographics. Thirdly,
the quality of our included studies did not allow for a meta-
analysis due to disparity in the findings for acute and long
COVID-19 studies and the heterogeneity of the method-
ological designs of the included studies. Our findings should
therefore be interpreted with caution considering the rela-
tively low number of studies relating to long COVID-19.

Implications for Future Research, Policy, and Practice

A plethora of studies highlighting neuroanatomical changes
following acute COVID-19, albeit little evidence is cur-
rently available in relation to long COVID-19 patients. The
lack of studies on regional neuroanatomical changes in long
COVID-19 requires further research to bridge this gap. Re-
cent studies have demonstrated the need to focus a new lens
on the COVID-19 pandemic and pay attention to long-term
impacts of SARS-Cov-2 infection of the brain [11, 136] in
accordance with the WHO action plan to better understand
the disease [137]. Drawing upon the Global Health 50/50,
the African Population and Health Research Centre and the
International Centre for Research on Women Statement on
Global Tracking of COVID-19 [138], an in-depth under-
standing of how biological sex affects COVID-19 will have
important implications for clinical management and miti-
gating strategies for this disease.

Further longitudinal studies with longer follow-ups are
needed to evaluate clinical consequences (e.g., initial in-
fection vs. reinfection, prevaccination vs. postvaccination
COVID infection) and neuroabnormalities [139, 140] as
well as other regional implications of neurological rele-
vance (e.g., spinal involvement). Studies have reported the
increasing adoption of machine learning techniques in the
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medical field due to their high accuracy [141, 142]. There-
fore, future work should include machine learning algo-
rithms to predict the impact of COVID-19 on affected brain
and spinal regions [143]. As research in this area increases,
future studies will be able to draw more complete neu-
roanatomical conclusions in patients with both acute and
long COVID-19.

Conclusion

This systematic review presents evidence relating to the fre-
quency of occurrence and topographical distribution of neu-
roanatomical abnormalities seen on brain and spinal imag-
ing following COVID-19 infection across the acute and
longer term phases of the disease. These findings contribute
to our understanding of the acute and chronic effects of the
virus on the brain and has the potential to inform acute and
long-term treatment and neurorehabilitation decisions.
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doi.org/10.1007/s00062-023-01344-5) contains supplementary mate-
rial, which is available to authorized users.
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