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Abstract

Purpose Monitoring disease activity in patients with large vessel vasculitis (LVV) can be challenging. [18F]JFDG-PET/CT is
increasingly used to evaluate treatment response in LVV. In this systematic review and meta-analysis, we aimed to summarize the
current evidence on the value of [IS8F]FDG-PET/CT for treatment monitoring in LVV.

Methods PubMed/MEDLINE and the Cochrane library database were searched from inception through October 21, 2020.
Studies containing patients with LVV (i.e. giant cell arteritis, Takayasu arteritis and isolated aortitis) that received treatment
and underwent [18F]FDG-PET/CT were included. Screening, full-text review and data extraction were performed by 2 inves-
tigators. The risk of bias was examined with the QUADAS-2 tool. Meta-analysis of proportions and diagnostic test accuracy was
performed by a random-effects model and bivariate model, respectively.

Results Twenty-one studies were included in the systematic review, of which 8 studies were eligible for meta-analysis. Arterial
[18F]FDG uptake decreased upon clinical remission in longitudinal studies. High heterogeneity (* statistic 94%) precluded
meta-analysis of the proportion of patients in which the scan normalized during clinical remission. Meta-analysis of cross-
sectional studies indicated that [ 18F]JFDG-PET/CT may detect relapsing/refractory disease with a sensitivity of 77% (95%CI
57-90%) and specificity of 71% (95%CI 47-87%). Substantial heterogeneity was observed among the cross-sectional studies.
Both variation in clinical aspects and imaging procedures contributed to the heterogeneity.

Conclusion Treatment of LVV leads to reduction of arterial [ I8F]FDG uptake during clinical remission. [ ISF[FDG-PET/CT has
moderate diagnostic accuracy for detecting active LVV. [18F]FDG-PET/CT may aid treatment monitoring in LVV, but its
findings should be interpreted in the context of the clinical suspicion of disease activity. This study underlines the relevance
of published procedural recommendations for the use of [18F]JFDG-PET/CT in LVV.

Keywords Large vessel vasculitis - Giant cell arteritis - Takayasu arteritis - Aortitis - Positron emission tomography computed
tomography - Fluorodeoxyglucose F18
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Introduction

Giant cell arteritis (GCA), Takayasu arteritis (TAK) and
isolated (non-infectious) aortitis are the main forms of large
vessel vasculitis (LVV) [1, 2]. GCA is frequently associat-
ed with cranial symptoms, such as headache and jaw clau-
dication [3], whereas limb claudication and loss of periph-
eral pulsations are more common in patients with TAK [4].
Constitutional symptoms can be observed in all three forms
of LVV. Arterial occlusion in LVV may lead to ischaemic
damage of end organs (eye, brain, internal organs), whereas
progressive aortic dilatation poses the risk of aortic dissec-
tion. The erythrocyte sedimentation rate (ESR) and C-
reactive protein (CRP) level are frequently elevated at di-
agnosis [3]. LVV is typically treated with high-dose gluco-
corticoids but biological disease-modifying anti-rheumatic
drugs are increasingly used in the management of LVV.
Anti-interleukin(IL)-6 receptor therapy is effective as
maintenance therapy for GCA [5], whereas anti-tumour ne-
crosis factor (TNF)« therapy is widely used in TAK [6].
Monitoring disease activity during treatment can be chal-
lenging since none of the clinical symptoms and laboratory
markers are entirely specific for LVV. The ESR and CRP
levels may remain normal during relapse [7, 8]. Moreover,
anti-IL-6 receptor therapy precludes a rise of inflammatory
markers by direct interference with the acute phase re-
sponse. Therefore, additional modalities for the assessment
of disease activity are warranted.

Imaging tools are increasingly applied in treatment
monitoring of patients with LVV. Ultrasonography of tem-
poral and axillary arteries is recommended as a first-line
diagnostic test in patients with suspected GCA [9, 10]. The
characteristic halo sign in the temporal arteries appears to
gradually disappear upon treatment, whereas this abnor-
mality may persist in the axillary arteries during clinical
remission [11]. Magnetic resonance angiography (MRA)
and computed tomography angiography (CTA) are exten-
sively used in the diagnostic work-up of GCA, but little is
known about their use to monitor treatment response [12].
These imaging modalities are also used for monitoring dis-
ease activity in TAK and aortitis, although evidence is
even more scarce [13].

Imaging with 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG) positron emission tomography combined with
low-dose computed tomography ([18F]JFDG-PET/CT) is a
valuable diagnostic tool in LVV [9, 14]. [18F]FDG accumu-
lates in metabolically active immune cells and stromal cells
via the glucose transporter. A growing number of studies have
evaluated [18F]FDG-PET/CT during treatment in patients
with LVV, but its clinical value remains unclear. In this sys-
tematic review and meta-analysis, we aimed to summarize
current evidence on the role of [18F]JFDG-PET/CT for treat-
ment monitoring in patients with LVV.

@ Springer

Methods

This study is reported in agreement with the Preferred
Reporting Items for a Systematic Review and Meta-Analysis
(PRISMA) statement. No ethical approval or informed con-
sent was required.

Search strategy

A comprehensive search of records through the PubMed/
MEDLINE and Cochrane Library databases was carried out
(date of the last search: October 21, 2020). Search terms
included ‘giant cell arteritis’, ‘Takayasu arteritis’, ‘aortitis’,
‘FDG’, ‘PET’, ‘positron emission tomography’, ‘follow-
up’ and ‘response’. A detailed overview of the full search
strategy is provided in Supplemental Table 1. The search
was restricted to English language articles. In order to
achieve a more comprehensive search, the references of
the selected articles were screened manually by two inves-
tigators (OG, RS).

Study selection

Two reviewers (KG, GT) independently screened the titles
and abstracts. Predefined inclusion criteria were original arti-
cles performing [18F]FDG-PET/CT for monitoring treatment
response in patients with large vessel vasculitis (i.e. GCA,
TAK or non-infectious aortitis). Exclusion criteria were (a)
review articles, letters, comments, editorials, study protocols;
(b) case reports or small case series (less than 10 patients with
data of interest); (c) articles not available in English and (d)
articles outside the scope of the current review (e.g. articles
reporting [ I8F]FDG-PET without CT, animal studies, studies
applying other tracers than [18F]FDG and studies related to
infectious aortitis). The following studies were selected for the
meta-analysis: (a) studies reporting sufficient data to evaluate
the proportion of patients in which [18F]FDG-PET/CT
remained positive during clinical remission following an ini-
tially positive [ I8F]FDG-PET/CT at baseline reflecting active
disease; (b) studies reporting sufficient data to evaluate the
diagnostic accuracy of [18F]FDG-PET/CT to discriminate be-
tween clinical relapse and remission; (c) studies in which at
least 90% of patients received treatment at the time of the
treatment monitoring scan. In case of potential overlap be-
tween studies from the same centre, only data from the largest
study was used in the meta-analysis. Disagreements were
solved through consensus between the reviewers.

Data extraction
All data extraction was performed by two independent re-

viewers. The following data was collected: authors, year of
publication, country, study design (prospective,
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retrospective), LVV population, reference standard for LVV,
number of scans, age and sex (FJ, OG); hybrid imaging mo-
dality, [18F]FDG injected activity, time interval between
[18F]FDG injection and image acquisition, scan coverage,
image analysis and definition of positive findings (OG; RS);
arterial regions examined (AG, MS); additional study design
(longitudinal, cross sectional), disease stage, disease duration,
reference standard for disease activity, treatment, main find-
ings related to [18F]FDG uptake during treatment (KG, RS).
The authors were not contacted to retrieve unpublished data.

Quality assessment

The revised ‘Quality Assessment of Diagnostic Accuracy
Studies’ tool (QUADAS-2) was used to evaluated the quality
of all studies in the systematic review. The latter was used to
assess the risk of bias for the following criteria: patient selec-
tion, index test, reference test and flow/timing, whereas appli-
cability concerns were assessed for patient selection, index
and reference test.

Statistical analysis

A meta-analysis of the proportion of patients in which the
[18F]FDG-PET/CT remained positive during clinical remis-
sion was performed by the Stuart-Ord (inverse double arcsine
square root) method and a DerSimonian-Laird (random ef-
fects) model. Heterogeneity was evaluated and a I statistic
> 75% precluded evaluation of the pooled proportion. A bi-
variate model was used to assess the summary estimates of
sensitivity, specificity, diagnostic odds ratio (DOR), positive
likelihood ratio (LR+) and negative likelihood ratio (LR-).
Pooled data were given with 95% confidence intervals (95%
CI) and displayed using forest plots and hierarchical summary
receiver operating characteristics (HSROC) plots. Likelihood
ratios of more than 2.00 or less than 0.50 with 95% CI not
including 1.00 were considered statistically significant.
Publication bias was evaluated with an effective sample size
(ESS) funnel plot and the associated regression test of asym-
metry [15]. A threshold effect was evaluated: (a) by compar-
ing the sensitivity and specificity as determined by the bivar-
iate model to those obtained by a univariate random-effects
model (DerSimonian-Laird method) and (b) by evaluating
Spearman’s correlation coefficient of the logit of sensitivity
and logit of 1-specifity. Proportion meta-analysis and the as-
sociated /* statistic were evaluated with StatsDirect 3.2.109.
Bivariate model analysis, HSROC plot and evaluation of fun-
nel plot asymmetry were performed with STATA version 15.1
(metandi and midas commands). Forest plots were construct-
ed in Review Manager version 5.3 and StatsDirect 3.2.109.
Assessment of the threshold effect was performed with
MetaDiSc 1.4. No additional sub-analyses were performed.

Results
Literature search

A comprehensive database search yielded a total of 444
unique records (Fig. 1). The earliest reference is dated from
July 1987. Title and abstract screening led to exclusion of 381
records. A further 42 articles were excluded following full-
text assessment. Eventually, 21 studies were selected for the
qualitative analysis (systematic review) [16, 17, 18-36]. Eight
studies were included in the meta-analysis since these reports
contained sufficient data to either evaluate the accuracy of
[18F]FDG-PET/CT for discriminating between active disease
and remission during treatment [19, 23, 25, 33] or to evaluate
the proportion of patients in which the scan normalized during
clinical remission in patients on treatment [17, 20, 22, 36].

Qualitative analysis (systematic review)
Study and patient characteristics

Table 1 summarizes the main characteristics of the 21 includ-
ed studies. All articles have been published in the last decade
with 16 (76%) being published in the past 5 years. Eleven
studies (51%) were performed in Europe, 5 studies (24%)
in Asia, 4 studies (19%) in the USA and 1 study in
Australia. Studies with a retro- or prospective design were
equally distributed (10 studies each), whilst one study
consisted of a retrospective subgroup analysis of a large
European prospective trial. Eleven studies (52%) reported
data on serial [18F]FDG-PET/CT scans in patients with
LVV, 8 studies (38%) reported cross-sectional data, where-
as 2 studies (10%) contained both longitudinal and cross-
sectional data. The vast majority of studies used the ACR
criteria 1990 for GCA or TAK as a reference standard for
LVV [37, 38]. All studies reporting gender distribution and
age showed a female predominance for both vasculitis
types and an overall lower mean/median age for patients
with TA compared to patients with GCA. However, several
studies reported a mean/median age > 40 years for patients
with TA.

Technical aspects

The technical aspects of [18F]FDG-PET/CT in the 21 studies
are summarized in Table 2. [18F]FDG-PET scanning was
performed together with low-dose CT except for one study
in which part of the scans (65%) was performed without CT
[34]. Contrast-enhanced CT was performed in two studies.
Four studies from the same centre reported that [18F]FDG-
PET/MRI was applied in paediatric patients, whereas the
adult patients underwent [18F]FDG-PET/CT [16, 21, 29,
31]. The injected [18F]FDG activity was quite

@ Springer
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Fig. 1 PRISMA flow diagram
c
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heterogeneous and included both weight-based and fixed
activities. The [18F]FDG uptake time was 60 min in 13
studies (62%), < 60 min in 2 studies (10%) and 120—
180 min in 4 studies (19%). Two studies (10%) did not
report this technical aspect. The vast majority of scans
covered the skull (either from the vertex or skull base)
to the thigh region, including the (middle)large arteries,
whilst some studies also included the feet. Reconstruction
algorithms or adherence to EARL was not always speci-
fied. [18F]FDG-PET/CT image interpretation was primar-
ily performed by visual analysis in 11 studies (52%) and a
combination of visual analysis and semi-quantitative anal-
ysis using the maximum standardized uptake value (SUV)
in 7 studies (33%). In 8 studies (38%), a target-to-
background ratio (TBR) was used: 5 studies (24%) ap-
plied a target-to-liver ratio and 5 studies (24%) used the
blood pool activity as background. The definition of pos-
itive [18F]FDG uptake was different among the included
studies, but the majority of studies used the liver as the

@ Springer

Longitudinal (n=4)
Cross-sectional (n=4)

reference organ. In 6 studies (29%), visual uptake equal or
higher to the liver was considered positive whilst uptake
higher than the liver (either visual or semi-quantitatively)
was defined as positive in 3 studies (14%). One study
(5%) used different cutoff points for visual uptake at dif-
ferent arterial regions [33]. Six studies (29%) did not re-
port any specific definition of positive [18F]FDG-PET/CT
finding.

Methodological quality of studies

Patient selection and the reference standard were the main
sources of bias in the 21 studies (Fig. 2 and Supplemental
Figure 1). Concerns regarding the applicability of the findings
were related to the reference standard in studies applying in-
struments (i.e. NIH criteria, BVAS or ITAS2010) that have
not been thoroughly validated for treatment monitoring of
patients with LVV [12, 39].
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Yes

Not reported

Not reported

80 (62) including 52

ACR criteria 1990 and imaging

TAK,

Germany Retrospective Cross sectional

Schramm et al.

FDG-PET/CT scans

without CT
39 (39) with 29 (29) in-

GCA

(2019)

Yes

10

30

ACR criteria 1990 and guideline

TAK

Retrospective Cross sectional

Tezuka et al. (2012) Japan

cluded in a systematic

review

for the management of

vasculitis

syndrome (Japanese circulation

society 2008)
ACR criteria 1990

Yes

33

69*

24 (12)

GCA

Retrospective Longitudinal

Vitiello et al. (2018) TItaly

GCA, giant cell arteritis; LVV, large vessel vasculitis; TAK, Takayasu arteritis; * mean age is provided rather than median age.

* mean age is provided rather than median age

Main findings of qualitative assessment

Five longitudinal studies (24%) only contained patients
with newly diagnosed LVV, whereas the other longitudi-
nal studies also included patients with relapsing and/or
refractory disease (Supplemental Table 2). The median
disease duration in the latter studies ranged from 6 months
to 4.8 years. The cross-sectional studies mostly contained
patients on treatment with a disease duration ranging
from 2.0-6.9 years (Table 3). Four cross-sectional studies
(19%) also contained patients with newly diagnosed
LVV:in 1 study, at least 90% of all scans were performed
during treatment [34], whereas this was unclear (at least
54%) in the other 3 studies [21, 29, 31]. Clinical disease
activity was determined according to standardized instru-
ments (i.e. NIH criteria, BVAS or ITAS2010) in 6 studies
(29%). Physician’s clinical assessment (i.e. symptoms,
physical signs, with/without inflammation markers) was
used as the reference standard for disease activity in the
other 15 studies (71%). [18F]FDG-PET/CT findings were
involved in the reference standard for disease activity in 2
studies (10%). Treatment included glucocorticoid thera-
py, conventional synthetic disease-modifying anti-rheu-
matic drugs (DMARDs) and/or biological DMARDs.
Several studies investigated a specific DMARD: anti-
IL-6R therapy (i.e. tocilizumab) (n=3) [16, 30, 36],
anti-TNF« therapy (i.e. infliximab) (n=2) [16, 28] and
cyclophosphamide (n=1) [22].

Longitudinal studies indicated that the enhanced arte-
rial [18F]FDG uptake at baseline decreases upon
treatment-induced remission of LVV (Supplemental
Table 2). A representative example of serial [18F]FDG-
PET/CT scans in a patient with LVV is shown in Fig. 3a.
In the longitudinal studies, the number of arterial seg-
ments with positive [18F]FDG uptake, composite
[I8F]FDG-PET/CT scores and especially target-to-
background ratios (SUVartery/SUVliver) improved when
patients were scanned during clinical remission (Fig. 3b
and c). Two longitudinal studies indicated that [18F]FDG
uptake remains high in patients with a relapsing or refrac-
tory disease on treatment (Supplemental Table 2) [19, 24].
Three studies reported complete normalization of the
scans during long-term follow-up, whereas few scans be-
came normal during remission in another study (Fig. 4).
One longitudinal study investigated early [18F]FDG-
PET/CT changes after initiation of high-dose glucocorti-
coid treatment [27]. This study showed that pathological,
arterial FDG uptake disappears in 64% of patients within
10 days after the start of treatment, whereas the scans still
showed pathological FDG uptake after only 3 days of
treatment. In essence, the cross-sectional studies indicated
that [18F]FDG uptake is higher during clinically active
disease than during clinical remission (Table 3).
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Fig. 2 Overall summary of
QUADAS-2 items. Risk of bias
and concern of applicability was
assessed for 21 studies in the sys-
tematic review

Risk of bias

Applicability
concern

Quantitative analysis (meta-analysis)

Four longitudinal studies (n = 57 patients) provided sufficient
data to determine how often the [18F]FDG-PET/CT remained
positive during clinical remission. The pooled proportion of
patients with a positive follow-up scan during clinical remis-
sion was 25.4% (95% C1 0.0 to 77.1). However, marked het-
erogeneity was observed in the forest plot (Supplemental
Figure 2). The I statistic was 94.1% (95% CI 88.5-96.3)
indicating that pooling of proportions is not appropriate due
to high heterogeneity.

Four cross-sectional studies (n=111 patients with 136
scans) allowed to evaluate the ability of [18F]FDG-PET/
CT to distinguish the active disease from clinical remission
in patients on treatment. [18F][FDG-PET/CT showed a
moderate diagnostic accuracy for detecting active disease
with a pooled sensitivity of 77% (95%CI 57-90%) and
specificity of 71% (95%CI1 47-87%) according to the bi-
variate model (Table 4). Substantial between-study hetero-
geneity was observed in the forest and HSROC plots
(Fig. 5a and b). Funnel plot analysis was not suggestive
of publication bias (Fig. 5c). A threshold effect did explain
the heterogeneity in the studies since meta-analysis with a
univariate model (Supplemental Table 3) provided similar
estimates of sensitivity and specificity as the bivariate
model, and no positive correlation was found between the
logit of sensitivity and logit of 1 specificity (Spearman
correlation coefficient — 0.40, p value = 0.600).

Discussion
Main findings

The current systematic review and meta-analysis provide a
comprehensive overview on the value of [18F][FDG-PET/CT
for treatment monitoring in patients with LVV. The majority
of studies indicates that arterial [1SF]FDG uptake improves
upon clinical remission in patients treated for LVV. It remains

Reference standard

Flow and timing

Patient selection

Reference standard

Patient selection = L(?W
B2 High
Index test i | Unclear_
Not applicable

Index test

T 1
0 20 40 60 80 100

to be elucidated, however, to what extent [ 18F]JFDG-PET/CT
completely normalizes during clinical remission. Overall,
[18F]FDG-PET/CT has moderate diagnostic accuracy to dis-
criminate between patients with active disease and those in
clinical remission. Differences in technical aspects and inter-
pretation of [ ISF]JFDG-PET/CT, as well as clinical differences
among the included patients, may have contributed to marked
between-study heterogeneity.

Current data indicate that [I8F]JFDG-PET/CT may aid in
monitoring treatment response in patients with LVV, but its
findings need to be interpreted in the context of other clin-
ical findings. Careful evaluation of symptoms and labora-
tory markers remains a critical step in the assessment of
disease activity. Due to its moderate diagnostic accuracy
in patients on treatment (sensitivity 77%, specificity
71%), a [18F]FDG-PET/CT scan by itself cannot rule in
or rule out disease activity. Prior recommendations on im-
aging in LVV have recognized the potential role of FDG-
PET/CT for monitoring treatment response [9]. Despite the
paucity of evidence, other imaging methods such as ultra-
sonography, MRA and CTA are also often applied to mon-
itor treatment in LVV [12, 13]. Although [18F]FDG-PET/
CT has various drawbacks including high cost and radiation
exposure, it has several advantages. [18F]FDG-PET/CT is
inherently a whole-body imaging method and allows for a
comprehensive evaluation of all relevant large arteries in a
single scan. Even temporal arteries might be evaluated due
to improved resolution on newer camera systems [40, 41].
[18F]FDG-PET/CT also allows evaluation of concomitant
PMR in patients with GCA [42]. Contrast-induced ne-
phropathy is not an issue for [18F]FDG-PET/CT as no con-
trast is needed. Since [18F]FDG-PET/CT detects metabolic
activity in the arterial wall, it could also provide comple-
mentary information to other imaging methods. For in-
stance, persistence or gradually worsening of arterial wall
thickening in the absence of [18F]FDG uptake might sug-
gests ‘burnt out fibrotic disease’ [43]. Further studies are
needed to firmly establish a role for [18F]FDG-PET/CT
and other imaging methods in the management of LVV.

@ Springer
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Fig. 3 Modulation of quantitative [18F]FDG-PET/CT measures upon
clinical remission in longitudinal studies. Per scan data or per patient
data at baseline and during serial scans were obtained, if the disease
activity during the scans was clearly defined in the studies. a
Representative [18F]FDG-PET/CT scans of a patients with giant cell
arteritis (GCA). Scans were performed at diagnosis and during

Factors related to [18F]FDG-PET/CT scanning and inter-
pretation might have contributed to the between-study

a
Castellani et al. 2016| 7
) { \ median
\ ) 1 de Boysson et al. 2017 (IQR)
; ! ]
median
8 Lee et al. 2012 (range)
] " { ) /-,
! Regola et al. 2020 fixed follow g
time point
Baseline scan Scan during relapse Scan during remission
at diagnosis GCA at 28m after diagnosis at 40m after diagnosis o
Rimland et al. 2020 mlern
ESR 70 mm/hr ESR 34 mm/hr ESR 2 mm/hr (IQR)
CRP 113 mg/L CRP 13 mg/L CRP 0.7 mg/L
T T T 1
No treat t PRED 2.5 dail MTX 10 kI 0 S 10 15 20
o treatmen .5 mg daily mg weekly i .
MTX 10 mg weekly TCZ 162 mg fortnightly Follow-up scan, months after baseline
C
» de Boysson etal. 2017 @ Lee et al. 2012
o
E 1 =25 E 15 »
© n=25 s | n=
o 4 o 10
2 2
= median s n=8 median
82 (IQR) 8 s (range)
a o
L3 -
o o
‘z’ Baseline Remission 2 Baseline Remission
Castellani et al. 2016 Regola et al. 2020 Rimland et al. 2020
o 40 309 n=6 30
] n=12 scans o o n=22-29?
@ S 8 n=22-29?
® n=20 scans o 2 n=6 o 20
22 median 2 median 2 median
s (range) > 10 (10-90th Z o (IQR)
= E percentile) W
5 o &
- o r T o : : o : :
Baseline Remission Baseline Remission Baseline Remission
Castellani et al. 2016 Lee et al. 2012 Regola et al. 2020
T 12, N=12scans 525 n=8 =207 pn=6
2 _ 2 2
% o' n=20 scans 5 2.0 Ss E
l:né%os %gts 8 di ggw n=6 di
e W mean n= medadian meaian
Fs (+/-2SD) mgne | | (range) i == 090
§ 03 305 2 0.5 percentile
)
£ o0 r v 2L, : . 240 : :
Baseline Remission Baseline Remission Baseline Remission

immunosuppressive treatment. b Timing of follow-up scans and ¢ quan-
titative PET measures (including no. of positive arteries, composite PET
scores, target to background ratio (TBRs) in the included, longitudinal
studies. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate;
MTX, methotrexate; PRED, prednisolone; TCZ, tocilizumab (anti-IL-6
receptor therapy)

heterogeneity as observed in the current analysis.
Differences in methodological aspects of [18F]FDG-PET/
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Fig. 4 The proportion of patients with a positive [18F]JFDG-PET/CT
during clinical remission in longitudinal studies. Per scan data or per
patient data at baseline and during serial scans were obtained, if the

CT scan (e.g. administered activity, time interval between
[I8F]FDG injection and camera acquisition, scan systems
and reconstruction algorithms) could lead to such heterogene-
ity. Scans were partly performed with a [18F]FDG-PET sys-
tem in one study, which precluded inclusion in our meta-
analysis [34]. Moreover, variation in scoring systems was ob-
served across the included s