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Abstract: For the radiological assessment of resection of high-grade gliomas, a 72-h diagnostic
window is recommended to limit surgically induced contrast enhancements. However, such en-
hancements may occur earlier than 72 h post-surgery. This systematic review aimed to assess the
evidence on the timing of the postsurgical MRI. PubMed, Embase, Web of Science and Cochrane were
searched following Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. Only original research articles describing surgically induced contrast enhancements on
MRI after resection for high-grade gliomas were included and analysed. The frequency of different
contrast enhancement patterns on intraoperative MRI (iMRI) and early postoperative MRI (epMRI)
was recorded. The search resulted in 1443 studies after removing duplicates, and a total of 12 studies
were chosen for final review. Surgically induced contrast enhancements were reported at all time
points after surgery, including on iMRI, but their type and frequency vary. Thin linear contrast
enhancements were commonly found to be surgically induced and were less frequently recorded on
postoperative days 1 and 2. This suggests that the optimal time to scan may be at or before this time.
However, the evidence is limited, and higher-quality studies using larger and consecutively sampled
populations are needed.

Keywords: high-grade glioma; intraoperative MR early postoperative MRI; postoperative enhancement;
time window

1. Introduction

High-grade gliomas are the most common malignant brain tumours in adults and are
generally difficult to treat and have a poor prognosis [1,2]. Survival is correlated with the
extent of surgical resection, which is usually evaluated on magnetic resonance imaging
(MRI) soon after surgery [3,4]. Such an assessment is often difficult to make as both the
surgical procedure and residual tumour tissue can cause contrast enhancements on MRI [5].
Differentiating between surgically induced contrast enhancements and residual tumours
can be difficult and requires careful comparison with the preoperative and follow-up
scans [6]. Other surgically induced changes such as T1-weighted hyperintensities caused
by methaemoglobin and areas of restricted diffusion caused by ischemia can also be difficult
to distinguish from residual tumour, but are less discussed in the literature [7,8].

Today, the recommendation is to perform the early postoperative MRI (epMRI) within
72 h after surgery [9,10]. The evidence for this diagnostic window is based on only a
handful of studies from the 1990s [11-14]. Later studies found that such surgically induced
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enhancements may occur earlier than the 72-h window [15,16]. In a recent study, these
changes have been seen to develop as early as 17 h post-surgery [6]. Several studies report
benefits from performing MRI as early as in the operating theatre to maximise the gross
total resection [17-20]. However, even on intraoperative MRI (iMRI) there may be surgically
induced changes, which can complicate the assessment of the extent of resection [21,22].
The optimal window for scanning high-grade gliomas is therefore still debatable, especially
in an era with increased use of iMRI, and indeed in a time where surgery of high-grade
gliomas is performed more and more frequently [23].

We performed a systematic review of the literature on the timing of the postsurgical
MRI. The evidence of the occurrence of surgically induced contrast enhancement on MRI
at different time points during, and after, high-grade glioma surgery was investigated. To
the best of our knowledge, no previous systematic review has been done on this topic.

2. Materials and Methods

The study research question was created using the PICOS (Patient, Intervention,
Comparison, Outcome, Study type) framework [24]. Our research question was as follows:
In patients operated for high-grade glioma, which MRI examination time point is most
efficient for differentiating surgically induced contrast enhancements from a residual
tumour? The time points include intraoperative MRI, and special attention is given to the
evidence for the conventional 72-h diagnostic window.

The literature search was performed using the databases of PubMed, Embase, Web of
Science and Cochrane, with the last search taking place on 4 May 2021. The search string
was optimised for each database.

The PubMed and Cochrane queries with MeSH terms were “magnetic resonance
imaging” [MeSH] AND “perioperative period” [MeSH] AND “time factors” [MeSH] AND
“glioblastoma” [MeSH]. The Embase query with emtree terms was: “nuclear magnetic
resonance imaging” [Emtree Terms] AND (“postoperative period” [Emtree Terms] OR
“intraoperative period” [Emtree Terms]) AND “contrast enhancement” [Emtree Terms]
AND “glioblastoma” [Emtree Terms]. Additionally, the following keywords were used in
all four databases: (“MRI” OR “magnetic resonance” OR “magnetic resonance imaging”)
AND (“postoperative” OR “intraoperative” OR “peroperative”) AND (“time” OR “timing”
OR “enhancement” OR “enhancements” OR “changes” OR “pattern” OR “patterns”) AND
(“glioblastoma” OR “high-grade glioma” OR “malignant glioma” OR “GBM” OR HGG").

Following PRISMA guidelines (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) [25], duplicates were removed and studies were screened by title
and abstract using the web-based programme Covidence. The study selection process
is summarised in Figure 1. Peer-reviewed articles of original research in English were
included if they had descriptions of surgically induced contrast enhancements on iMRI
and/or epMRI for patients with high-grade glioma. No restrictions were put on the
publication date or length of follow-up. Reviews, case reports and articles with overlapping
data were excluded. Full-text articles were assessed using the same criteria. Reasons for
excluding articles after full-text assessments are provided in Appendix A.

For the data collection, information was gathered in a spreadsheet and organised into
categories including, but not limited to, study design, study population, MRI parameters,
timing as well as methods and results for assessing surgically induced contrast enhance-
ment. Articles were independently assessed for risk of bias by two authors (A.M.R. and
J.EC.). To assess bias, modified items from the QUADAS tool (Quality Assessment of
Diagnostic Accuracy Studies) were used in an informal manner. A meta-analysis was not
suitable since we did not find sufficient data for quantitative analysis.
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Figure 1. Flow chart of the literature search following Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. * Reasons for exclusions after full-text assessment
provided in Appendix A.

3. Results
3.1. Study Characteristics

Twelve studies were included for qualitative synthesis. For details on the methodology,
please see Table 1. Six studies were retrospective studies [6,15,16,21,26,27], and six were
prospective studies [11,12,28-31]. No randomised controlled studies met the inclusion
criteria. The included studies were published between 1993 and 2020. Four studies involved
intraoperative MRI [21,28-30], while the remaining eight studies had a postoperative
focus [6,11,12,15,16,26,27,31]. Five studies recruited patients with high-grade gliomas only.
Of these five, only three solely included glioblastoma patients [6,12,26]. Six studies also
included low-grade gliomas or metastases as well as high-grade gliomas [15,21,27-30].
One of these studies specified their results for high-grade gliomas [27]. The field strengths
varied greatly in the included studies: from low field iMRI scanners using 0.2 Tesla (T) in
early studies to high-field 3 T scanners in the more recent studies.

Contrast enhancements were in most cases classified by their enhancement pattern on
MRI (10/12 studies) [6,11,12,15,16,26,27,29-31]. The enhancement pattern most frequently
associated with surgically induced changes was linear enhancement [6,11,12,15,16,26,29-31].
In studies where linear enhancement is mentioned, the frequency was recorded in all
but two studies [11,12]. These are presented in Table 2 and Figure 2. For a summary
of other enhancement patterns, please see Appendix B. In two studies, there were no
descriptions of morphology [21,28]. Instead, contrast enhancements that were not present
on the preoperative scan were described as new procedure-related enhancements.

Contrast enhancements were categorised as surgically induced, or as residual tumour,
by comparing with either preoperative imaging (4/12 studies) [21,28-30] or follow-up
imaging (8/12 studies) [6,11,12,15,16,26,27,31]. In general, the contrast enhancements that
were predominantly correlated to a residual or recurring tumour were nodular, thick linear
or frayed in appearance. Conversely, for all studies recording linear enhancement, this was
predominantly related to surgically induced contrast enhancement.
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Table 1. Methodology of the included studies.

Authors Year Design Cases Pathology (%) Tesla Sequences epMRI Timing CE Assessments CE Comparison
iMRI and epMRI with
il o, 3 TiMRI iMRI: T1 preMRI
Miskin et al. [21] 2019 R 64 HGG (69%) 1.5/3 T epMRI epMRL: NS <72h New enhancements epMRI with iMRI and
follow-up
o, 1.5 TiMRI T1, T2, DWI,
iMRI Masuda et al. [28] 2018 p 22 HGG (95%) 1.5 T epMRI MPRAGE <24h New enhancements PreMRI
Wirtz et al. [29] 2000 p 88 HGG (70%) 02T T1, T2, FLAIR n/A Surgically induced as linear, PreMRI
intraparenchymal
Knauth et al. [30] 1999 p 48 HGG (71%) 02T T Day 1-3 Surgically induced as linear, PreMRI and epMRI
intraparenchymal
Smets et al. [26] 2013 24 GBM (100%) 3T T1, T2, DWI <2hand24-48h Linear, micronodular, frayed Follow-up MRI
. o Thin linear, thick li , thick
Ekinci et al. [15] 2003 R 50 HGG (78%) 15T T1, T2 <24h mn “}fgéarrlfo dlllrfaejr 1c Follow-up MRI
<72h o T1, FLAIR, <17 to>72h .
Bette et al. [6] 2016 R 173 GBM (100%) 3T MPRAGE in 4-h intervals Linear, nodular Follow-up MRI
Surgically induced if thin
Lescher et al. [16] 2014 R 46 HGG (100%) 3T TL T2 FLATR, 2to>ash linear Follow-up MRI
group Tumoral if bulky /nodular
Sui et al. [27] 2020 R 106 HGG (66%) 3T T1, T2, FLAIR <24 h to 30 days Enhancement ring Follow-up MRI
o Day1,3,5,7,14 Surgically induced as linear. ~
Forsyth et al. [31] 1997 p 17 HGG (100%) 1.5T(40on05T) T1, T2 and 21 Subdivided by intensity. Follow-up MRI
Day 1-5, week 2,
>72h Albert et al. [11] 1994 p 60 HGG (100%) 1T T week 4-6, then Enhancement patterns Follow-up MRI
: evaluated over time.
bimonthly
Day 1-5, week 2
. o ’ ¢ Enhancement patterns
Forsting et al. [12] 1993 r 68 GBM (100%) 1T T1 week 4-6, then evaluated over Hme. Follow-up MRI

bimonthly

Abbreviations: iMRI, intraoperative magnetic resonance imaging; epMRI, early postoperative magnetic resonance imaging; preMRI, preoperative magnetic resonance imaging; T, tesla; CE, contrast enhancement;
NS, not specified; R, retrospective; p, prospective; HGG, high-grade glioma; LGG, low-grade glioma; GBM, glioblastoma.
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Table 2. Frequency of linear enhancements.
.. o Surgically Induced
Author Timing Frequency (%) (% of Linear CE)
Wirtz et al. [29] iMRI 76.7% (66/86) NS
iMRI
Knauth et al. [30] iMRI 80.4% (41/51) NS
<2h 80%
Smets et al. [26] 2448 h 46% NS
<77 h Ekinci et al. [15] <24h 32% (16/50) 87.5% (14/16) *
<45h 24.1% (39/162) 61.5% (24/39)
Bette etal. [0] 45 h 45.5% (20/44) 75% (15,/20)
Lescher et al. [16] <72h 28.3% (13/46) NS
All grades Grade 2-3
Day 1 33.3% (5/15) * 0% (0/15) *
Day 3 46.7% (7/15) * 20% (3/15) *
Forsyth et al. [31] Day 5 46.7% (7/15) * 40% (6/15) * NS
Day 7 53.3% (8/15) * 40% (6/15) *
Day 14 53.3% (8/15) * 53.3% (8/15) *
>72h Day 21 40% (6/15) * 27% (4/15) *
Day 1-5, week 2, Did not occur before day 4, developed in
Albert et al. [11] week 4-6, then week 2 and had resolved after 2 months NS
bimonthly in most patients
Day 1-5, week 2, Did not occur before day 4, developed in
Forsting et al. [12] week 4-6, then week 2 and had resolved after 2 months NS

bimonthly

in most patients

* Numbers calculated by authors of this review using data from the included studies. Abbreviations: iMRI, intraoperative magnetic
resonance imaging; CE, contrast enhancement; NS, not specified.
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Figure 2. Bubble chart showing the total frequency of linear enhancements (y-axis) at different time intervals during or after

surgery (x-axis), with the median of each reported time interval registered on the x-axis. The size of the bubble represents

the total number of patients who had MRI performed, up to 86 patients for Wirtz et al. [29]. Each study is presented with a
different colour as shown in the legend. Plots for Ekinci et al. [15], Lescher et al. [16] and Forsyth et al. [31] were calculated
by the authors of this review using data from each paper. All grades of linear enhancement are shown for Forsyth et al.

Abbreviations: CE, contrast enhancement.
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3.2. Results of Individual Studies
3.2.1. Studies on Intraoperative MRI

Miskin et al. and Masuda et al. reported data on iMRI compared with epMRI and
recorded surgically induced contrast enhancements as new enhancements without speci-
fying their morphology [21,28]. Miskin et al. reported new enhancements in 16% (10/64)
on iMRI. Of the patients who had an epMRI (7/10), all new enhancements recorded on
iMRI had either decreased (5/7) or resolved (2/7) on epMRI [21]. Masuda et al. reported
new enhancements as present in 36.4% (8/22) on iMRI and in 54.5% (12/22) on epMRI [28].
Wirtz et al. and Knauth et al. recorded the intraoperative frequency of surgically induced
contrast enhancements on iMRI as compared with preoperative MRI [29,30]. Wirtz et al.
found linear enhancements occurring in 76.7% (66/86) [29]. Knauth et al. included descrip-
tive comparisons with epMRI on postoperative days 1-3 but provided no data. On iMRI,
the frequency of linear enhancement along the resection margins was 80.4% (41/51), but
this decreased or resolved on epMRI [30].

3.2.2. Studies on Early Postoperative MRI within 72 h

Four studies reported data on early postoperative MRI obtained within 72 h after
surgery [6,15,16,26]. Smets et al. recorded linear enhancement in 80% within 2 h, and in
46% at 24-48 h after surgery among 24 patients, but did not reach statistical significance for
correlation with recurrence [26]. Ekinci et al. identified thin linear enhancements on epMRI
within 24 h after surgery for 16 patients (32%), and tumour recurrence did not develop
on follow-up imaging in 14 of those patients [15]. Bette et al. had linear enhancement
appear in 24.1% (39/162) before 45 h, and after 45 h in 45.5% (20/44). The study found
that reactive enhancement appeared in 17.9% (29/162) within 45 h, and in 34.1% (15/44)
after 45 h when comparing with follow-up imaging. Linear enhancement was more often
reactive (66.1%, 39/59), and nodular enhancement mostly represented residual tumour
(93.2%, 68/73) [6]. In Lescher et al., one of three patients presented with surgically induced
contrast enhancement at <24 h, 30% (9/30) of patients between 24 and 48 h, and 46% (6/13)
of patients beyond 48 h. Surgically induced contrast enhancement was seen within 72 h in
28.3% (13/46), and as early as 22:57 h after surgery [16].

3.2.3. Studies on Postoperative MRI beyond 72 h

Four studies reported data that included postoperative MRI performed beyond
72 h[11,12,27,31]. While Sui et al. provided no data for the different time intervals, the
overall incidence of surgically induced contrast enhancement was 52.9% (37/70) for pa-
tients with high-grade gliomas, with the most significant enhancement seen 6-30 days after
surgery [27]. Forsyth et al. recorded linear enhancement graded 2-3 in intensity occurred in
0% (0/15) on day 1, 20% (3/15) on day 3, 40% (6/15) on day 5, 40% (6/15) on day 7, 53.3%
(8/15) on day 14, and 27% (4/15) on day 21, with the highest frequency recorded on days 5
to 14 [31]. Albert et al. [11] and Forsting et al. [12] did not record any data for surgically
induced contrast enhancements. Instead, observations were done descriptively. Albert
et al. reported linear enhancement occasionally appearing on day 4 but not before that [11].
Beginning in the second postoperative week, both studies recorded widespread linear
enhancement, which evolved rapidly after that time and persisted for up to 2 months.

3.3. Bias Assessment

There is limited information on blinding in the included studies. Three studies made
use of two or more independent interpreters, where agreement was reached by discussion
or majority [11,21,28]. In the remaining studies, there was either one interpreter [26,31], no
blinding between interpreters [6,15,16,29] or no information on interpreters [12,27,30]. In
two studies, interpreters were blinded to the results of follow-up imaging [16,26], and in
one study, interpreters were blinded to the time between surgery and imaging [6]. A lack
of blinding could increase the risk of bias, in particular for observational studies with sub-
jective outcomes, such as when interpreting images. This variability could lead to observer
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bias. Finally, in eight of the 12 included studies it is not clear whether patients were consec-
utively sampled, in which case selection bias cannot be ruled out [11,12,15,16,26,27,30,31].

4. Discussion

The studies presented in this review show that surgically induced contrast enhance-
ment can appear at all time points after surgery, as well as on intraoperative MRI (iMRI),
but their type and frequency vary. Thin linear contrast enhancements are often surgically
induced and seem to occur less frequently on postoperative days 1 and 2, suggesting that
the optimal time to scan could be at or before this time.

The evidence provided for the 72-h window is based on studies from the
1990s [11,13,14]. Albert et al. were the first to mention a “diagnostic window” which
exists 3 days after surgery, after which surgically induced contrast enhancement would
develop and could remain present for weeks [11]. Some of these early studies recruited
patients with non-neoplastic conditions that do not enhance on MRI [13,14]. Enhancement
appeared predominantly as thin linear on days 0 to 5, changing to predominantly thick
linear or nodular enhancement from day 6, making it increasingly difficult to differenti-
ate from residual tumour. Based on these early studies, current guidelines recommend
performing the postoperative MRI between 24 and 48 h after surgery, and no later than
72 h after surgery [9]. Similarly, a recent study analysed the postoperative window in
association with survival using image processing and radiomics. Postoperative enhance-
ment thickness correlated with survival on scans performed between 24 and 72 h after
surgery [32].

Since the frequency and severity of surgically induced enhancements increase with
time, pre-radiotherapy MRI (prMRI) performed 2 to 8 weeks after surgery is generally
not used to assess the extent of resection. However, recent studies have suggested that
PrMRI could serve as a more accurate baseline for later follow-up imaging, in particular
for predicting overall survival [33,34].

The early postoperative MRI mainly serves two purposes. One is to determine the
extent of resection following surgery, and the other is as a baseline for future assessments
of recurrence. For both purposes, recognising when contrast enhancements are caused by
residual tumours or induced by surgery can be difficult and is the main diagnostic challenge
addressed in this review. However, surgically induced contrast enhancements do not
appear as easily detected predefined types of enhancements. Instead, careful comparisons
with preoperative and follow-up imaging are needed for clear differentiations.

In most of the included studies, surgically induced contrast enhancements were
described as linear. In two of the included studies, linear enhancements were found to be
surgically induced in between 61.5% and 87.5% of the cases [6,15]. The overall frequency of
linear enhancement varies greatly between the studies, as Table 2 and Figure 2 demonstrate.
Linear enhancements seems to be more frequent during and immediately after surgery
(<2 h) with a frequency of up to 80.4% [26,29,30]. Bette et al. included most patients and
found linear enhancement to be less frequent before 45 h after surgery (24.1%) as opposed
to beyond 45 h (45.5%) [6].

Few studies are available on the use of iMRI for limiting surgically induced contrast
enhancement. The studies in this review present diverging results. For example, Miskin
et al. and Masuda et al. [21,28] reported a much lower frequency of surgically induced
contrast enhancements than Knauth et al. and Wirtz et al. did [29,30], but these contrast
enhancements generally seemed to decrease or resolve on epMRI performed beyond 24 h
after surgery. While iMRI-guided resection has been shown to improve the extent of
resection [20,35], the results presented here suggest that further studies should investigate
whether iMRI can be considered a replacement for epMRI.

4.1. Limitations of Included Studies

A major limitation of the included studies lies in their heterogeneity. While all studies
included in this review dealt with the presence of surgically induced contrast enhance-
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ments in some form, they varied in several ways. Significant differences were seen in the
number of patients, field strengths and methods for assessing morphology. It is not always
clear what changes are reported as surgically induced, and findings on MRI could poten-
tially be interpreted differently by different authors as either surgically induced contrast
enhancements, residual tumour or something else. While some of these differences could
be due to the widely differing publication years of the included studies, this heterogeneity
makes any comparisons between the studies difficult.

4.2. Limitations of This Review

The study populations all included, but were not limited to, high-grade gliomas. Most
studies did not provide separate results for high-grade gliomas, and due to the limited
number of available articles, results consisting of both high- and low-grade gliomas were
included in this review. Since there are substantial differences in morphology and patient
survival between different grades of gliomas, this can be problematic for the interpretation
of the results. However, most patients had high-grade gliomas (87%), while a smaller
proportion (13%) had low-grade gliomas.

Assessing risk of bias using modified items from the QUADAS tool in an informal
manner is a further limitation of this review. However, for the nonrandomised and nonin-
terventional observational studies in this review, there is no universally accepted standard
for assessing the risk of bias [36]. Consequently, there is a significant risk of bias in the
included studies.

5. Conclusions

In conclusion, surgically induced contrast enhancements can occur at all time points
after surgery, and as early as on intraoperative MRI (iMRI), but their type and frequency
vary. Thin linear enhancements seem to occur less frequently on postoperative days 1 and
2, suggesting that the optimal time to scan may be at or before this time. However, due to
the heterogeneity of the studies, results presented in this review are not conclusive. For this,
higher-quality studies using larger and consecutively sampled populations are needed.
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Appendix A

Table A1l. Reasons for exclusions after full-text assessment.

Author Reason for Exclusion
Aprile et al., (2008) [37] Only perfusion MRI
Belhawi et al., (2010) [8] Only T2-weighted /FLAIR MRI
Boyett et al., (2019) [38] Conference abstract
Brochado et al., (2012) [39] Conference abstract
Colen et al., (2012) [40] Abstract only
Fei et al., (2020) [41] Only diffusion/perfusion MRI
Finck et al., (2020) [42] Only black-blood MRI sequence
Florez et al., (2020) [43] Conference abstract
Garcia-Ruiz et al., (2021) [32] No data for patterns of contrast enhancements
Heflelmann et al., (2017) [44] No data for patterns of contrast enhancements
Lescher et al., (2016) [45] Only FLAIR MRI
Lescher et al., (2014) [46] Conference abstract
Majos et al., (2016) [5] No data for patterns of contrast enhancements
Martin et al., (2000) [47] No data for patterns of contrast enhancements
Ozduman et al., (2014) [48] Only dynamic contrast enhanced (DCE)-MRI

Appendix B

Table A2. Other patterns of contrast enhancements.

Authors Enhancement Patterns
Meningeal Increased Choroid Plexus Intraparenchymal Enhancement Ring Nodular Frayed
Wirtz et al. [29] X X X
Knauth et al. [30] X X X
Smets et al. [26] X X
Ekinci et al. [15] X
Bette et al. [6] X X
Lescher et al. [16] X
Sui et al. [27] X X
Forsyth et al. [31] X
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