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94.1% of patients (interobserver Fleiss k = 0.76). PCASL showed additional foci sug-
gestive of high-grade residual component in three patients, and a hyperperfused area
extending outside the enhancing component in one patient. Interobserver agreement
was almost perfect in the evaluation of residual tumor with the conventional
sequences (Fleiss k = 0.92) and substantial for PCASL (Fleiss k = 0.80). No significant
differences were found between pre and intraoperative CBF ratios (p = 0.578) in
patients with residual tumor (n = 7). iMRI-PCASL perfusion is feasible at 3 T and is
useful for the intraoperative assessment of residual tumor, providing in some cases

additional information to the conventional sequences.

KEYWORDS
arterial spin labeling, brain tumor, intraoperative MRI, neuro-oncology, perfusion imaging,
residual neoplasm

1 | INTRODUCTION

Gliomas are the most common primary malignant tumors of the brain, among which glioblastoma is the most frequent and malignant histologic
type, classified as Grade 4 in the WHO (World Health Organization) classification.>? The brain is also a frequent site for metastasis of non-central
nervous system tumors, most frequently from lung, breast and melanoma.® Therapeutic options are limited. Surgical resection is the treatment of
choice in high-grade tumors, when the location of the tumor does not carry a risk of causing functional deficits. In these tumors, surgery is
followed by adjuvant radiochemotherapy (Stupp protocol)* to achieve the maximal safe cytoreduction, which has been proven to lead to longer
survival times and better quality of life.>"* Complete macroscopic resection is defined as “gross total resection,” characterized by the absence of
contrast enhancement after surgery.® While there may also be non-enhancing residual tumor, some studies demonstrated an inverse correlation
between the postoperative enhancement volume and survival in high grade tumors.*>1® Nevertheless, recent studies also support the association
between the postoperative residual non-enhancing volume and a worst prognosis.**

Developments in imaging techniques now allow the evaluation of the extent of resection in real time with intraoperative MRI (iMRI), provid-
ing accurate and immediate information while minimizing the rates of reintervention and risk of damage of eloquent regions.'> 8 Its use has been
correlated with improved neurological outcomes and longer survival times.'? On the other hand, the main disadvantage of using iMRI is its high
cost and the increase of the procedure duration.?°

Currently, available iMRI units at 1.5 T and 3 T allow the implementation of advanced imaging protocols including diffusion and perfusion.2
Cerebral perfusion can be assessed using dynamic susceptibility contrast (DSC), a technique that has been evaluated intraoperatively, with prom-
ising results.??2% These previous studies showed that DSC perfusion was useful to confirm total resection and evinced residual tumor in cases of
incomplete resection even more reliably than postcontrast T1w images alone, suggesting that it could be used as a complementary tool for re-
section control. However, DSC requires the administration of an intravenous contrast agent, which limits its repeatability. Arterial spin labeling
(ASL) is a novel MRI technique that measures cerebral blood flow (CBF) non-invasively without the use of contrast media.?* In ASL, blood water is
magnetically labeled and the effects of this label in the tissue are measured after a delay time, by comparison with a control condition. If the delay
time is sufficiently long for the water spins to reach the capillary bed or tissue, ASL signal is directly proportional to CBF, and absolute CBF mea-
surements can be calculated. Studies have shown the role of ASL in neuro-oncology for the diagnosis, grading and therapy monitoring of gliomas,
with results comparable to those of conventional DSC.2>~2? However, the potential of ASL to assist in the intraoperative setting has been scarcely
explored. Two studies including small patient cohorts and performed at the same site have been reported, with results suggesting that
intraoperative ASL is feasible at 1.5 T and could provide useful information for resection control.>*3! However, the technique has not been evalu-
ated at higher field (3 T), which could in principle provide higher SNR through the combination of higher field and longer T;, but where issues
related to magnetic field inhomogeneities are exacerbated and could reduce the labeling efficiency, in turn decreasing the signal-to-noise ratio
(SNR) and compromising image quality. Moreover, iMRI is performed under anesthesia, generally achieved by intravenous infusion of propofol
and remifentanil, while a state of normocapnia is maintained by mechanical ventilation. In these conditions CBF is expected to decrease with

3233 \while arterial transit time (ATT) is expected to increase.* These changes must be con-

respect to normal values in non-anesthesia conditions,
sidered when selecting the pseudo-continuous ASL (PCASL) parameters.

Thus, the purpose of this study was to evaluate the feasibility of performing ASL in the iMRI setting at 3 T, and to assess image quality and
potential to depict residual tumor. To this end, a PCASL sequence was tested in patients with brain tumors, using long labeling to improve the

SNR. We hypothesized that the use of ASL would lead to a higher rate of residual tumor depiction than using conventional sequences alone.
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2 | METHODS
21 | Patient selection

The study was approved by the local ethics committee. Between December 2020 and March 2022, 37 patients were identified as having brain
tumors, primary or metastatic, requiring surgery. Only patients undergoing iMRI for resection control were included in the study. Exclusion criteria
were the presence of cardiopulmonary or hepatorenal comorbidities, contraindications to MRI and inability to give consent. Finally, a total of

17 patients were eligible for the study. Informed consent was obtained from all patients.

2.2 | iMRI protocol

The iMRI examinations were performed on a 3 T MRI scanner (MAGNETOM Skyra, Siemens, Erlangen, Germany) using two four-channel flexible
coils (Flex Small 4 and Flex Large 4, Siemens, Erlangen, Germany) for reception. This equipment is located within the surgical area with direct
access to the operating room.

The clinical conventional protocol included precontrast 3D-T1w images (MPRAGE—magnetization prepared rapid acquisition gradient echo),
diffusion, optional 3D-T, FLAIR (fluid attenuated inversion recovery) (in patients with low-grade tumors with no enhancing component) and post-
contrast 3D-T1w images. For this study, a prototype 3D-PCASL sequence>® with a 3D gradient and spin echo (GRASE) readout with background
suppression, long labeling duration (LD = 3000 ms) and postlabeling delay (PLD = 2000 ms) was added to the protocol before contrast injection.
The sequence allowed independent planning of the imaging volume and the labeling plane, which was positioned perpendicular to the carotid and
vertebral arteries, based on an angiogram previously acquired using a 3D time of flight (3D-TOF) sequence. PCASL acquisition parameters are
detailed in Table 1.

All patients had been previously subjected to preoperative MRI in the same scanner for neuronavigation planning that included a preoperative
PCASL sequence in 14 out of the 17 patients. Preoperative PCASL parameters are included in Data S1 Section 5 (Supplementary Table 1).

2.3 | Intraoperative setting

Before surgery, patients were placed in an MRI-compatible head frame (DORO LUCENT iMRI Headrest System, Freiburg, Germany) with MRI-
compatible titanium pins, positioned according to the surgical demands in either prone, supine, or lateral position. The transfer to the MRI suite
took place during the intervention, when the neurosurgeon judged the resection to be complete or maximally safe.

During iMRI all patients except one received general anesthetics (target control infusion of propofol 2.8-3.5 pg/mL and remifentanil 0.5-
2 ng/mL). The remaining patient underwent awake craniotomy with cooperative sedation for exploration of eloquent areas, where
dexmedetomidine 0.4-0.8 pg/kg/h and remifentanil 0.5-2 ng/mL were employed. At the moment of the iMRI the patient was under deep
sedation.

TABLE 1 PCASL 3D-GRASE sequence parameters.

Readout sequence 3D GRASE
Tr/Te (ms) 6500/20.5
EPI/TSE factor/number of segments 31/16/2
In-plane voxel size (mm?) 4.0 x 4.0
Parallel imaging GRAPPA 2
Slice thickness (mm)/number of slices/SliceOS 5/26/17.5%
Field of view (mm?) 256 x 256
Number of background suppression pulses 4

Labeling duration/PLD (ms) 3000/2000
Number of label and control pairs 12

Total time (including an MO scan) 5min30s

Tr, repetition time; Tg, echo time; EPI, echo-planar imaging; TSE, turbo spin echo; OS, oversampling; MO, proton density image; GRASE, gradient and spin
echo.
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The primary objective of the iMRI study was to determine the extent of resection, assessed by a neuroradiologist in collaboration with the
neurosurgeon. Resection was considered complete, incomplete, or uncertain based on conventional sequences. In contrast-enhancing tumors the
resection was defined as complete when no residual increased signal intensity on contrast-enhanced T1w images was assessed near the surgical
margins, or when only a thin linear enhancement attributable to inflammatory reparative changes was seen. Incomplete or uncertain resection was
defined as gross, non-lineal, contrast enhancement. In non-enhancing tumors, residual tumor was assessed using T, fluid-attenuated inversion
recovery (FLAIR), as the area of increased signal intensity corresponding to the defined mass lesion, or non enhancing tumoral hypointensity on
T1w images.’ If iMRI revealed residual tumor that could be resected without damaging important structures, the surgery continued after the scan.
Otherwise, if resection was considered complete, the neurosurgeon proceeded to finish the intervention. PCASL data were not considered in the
clinical decision-making process.

Postoperative MRI evaluation was performed within 24-72 h to confirm the extent of resection, using the clinical conventional protocol only.

Neoplastic grading was assigned by histopathology according to the WHO classification updated in 2021.2

The configuration of receiver coils, stereotactic frame and fixation screws employed in the iMRI was evaluated in three healthy volunteers
outside the surgical setting. For detailed methods and results see Data S1 Section 4.

24 | Postprocessing

|36

CBF maps were calculated at the scanner after subtraction of labeled and control images, according to Buxton's model®® and equations from

Alsop et al.2*
Images were transferred to a workstation equipped with commercially available postprocessing software (syngo.via VB30A, Siemens
Healthcare), MRIcron (Neuroimaging Tools and Resources Collaboratory) and MATLAB (2020) (Version 9.9.0 (R2020b), MathWorks, Natick, MA,

USA).

2.5 | Image quality of PCASL images

For the purpose of the study, visual quality control was conducted for the detection of clinically usable and non-usable CBF maps by three neuro-
radiologists (PDE, RGE and MCI, with 2, 7 and 2 years of experience evaluating ASL data, respectively) independently. A four-point Likert scale
was used, following previous published examples by Ferro et al.,>” considering Score 4, good quality (maps with good tissue perfusion and without
vascular contrast), Score 3, acceptable (minor vascular contrast and reasonable tissue perfusion), Score 2, angiogram (predominantly vascular con-
trast, low tissue perfusion) and Score 1, uninterpretable (very low signal, likely due to labeling error or severe susceptibility artifacts). The results

were discussed a posteriori, and in cases of disagreement a consensus was reached. Scores 2-4 were considered of diagnostic quality.

2.6 | Resection control

Datasets of diagnostic quality were evaluated by the same observers to assess the presence of residual tumor. Two scores were obtained, the first
one with information on the conventional sequences alone, and the second one according to the PCASL perfusion maps overlaid on the post-
contrast T, (which was needed for proper evaluation of CBF near the surgical margins, in order to exclude confounders such as vascular struc-

tures), using a three-point rating scale as described in Table 2. In cases of disagreement, a consensus was reached a posteriori.

TABLE 2 Three-point rating scale criteria to evaluate the presence of residual tumor in conventional sequences and PCASL.

Score  Conventional sequences PCASL

0 No visible increased signal intensity on contrast-enhanced T1w MR images No visible areas of high CBF
near the surgical margins, or only a thin linear enhancement attributable
to inflammatory reparative changes

1 Gross, non-lineal, contrast enhancement on T1w, or non-enhancing Presence of a clearly defined area of elevated CBF
hypointensity on T1w or hyperintensity on FLAIR, suggestive of low- surrounding the surgical cavity (not corresponding to a
grade component vascular structure)

X Unclear lesion Unclear lesion

85UB017 SUOWIWIOD BA11E1D) 8[eal|dde 8Ly Ag peusenob a2 sajoie YO 8sN JO SaInJ 10} ARIq1T 8UIUO AB|IM UO (SUOIPUOD-PUE-SWSIL0 A8 | im Ake.q 1 pul|Uo//:Say) SUONIPUOD pue SWLB | 8U 89S *[£202/60/02] Uo AeigTauljuo A|(IM elleneN ap pepsieAlun Ad 8867WAU/Z00T OT/I0p/W0 A8 | Aeiq Ul juo's eunoeous 10s [ea A feuey/sdny ol pepeojumoq ‘6 ‘€202 ‘26vT660T



CALVO-IMIRIZALDU ET AL. NM .
INBIOMEDICINE— WV LEY-[2o®

2.7 | CBF ratio calculation

Measurements of perilesional CBF were performed in the preoperative PCASL scan (if available) and in the intraoperative scan for each patient.

Even though ASL provides absolute CBF values, we computed normalized CBF using the contralateral gray matter CBF value as reference, to
avoid possible intraindividual changes in CBF due to anesthetic conditions in the comparison of preoperative and intraoperative data.

If a presumed residual enhancing lesion was present, a circular region of interest (ROI), of approximately 0.4-0.6 cm?, was manually posi-
tioned in a single slice, over the highest CBF area within the region of suspected residual tumor, avoiding the regions of vessels, hemorrhage and
necrosis, using the platform MRIcron. When no residual enhancing tumor was visible, the ROl was positioned in the non-enhancing component
(if present), or in the border of the surgical cavity, according to the neuroradiologist criteria. Gray matter masks were obtained by segmenting the
precontrast T1w anatomical images with MATLAB using SPM12. Once the segmentation was obtained an intensity filter with a threshold of 0.9
was applied, generating binary masks. Then the contralateral gray matter was selected only for the slice where the tumor ROl was positioned.
Mean CBF values of this mask were obtained (MRIcron). An example can be found in Figure 1.

Finally, the maximum value of tumor ROI was divided by the mean value of contralateral normal gray matter ROl to estimate CBF
ratios.2?:38:3
We did not have preoperative PCASL data for Patients 6, 7 and 11.

(uw/BooL/w)490

0

P

77.86/65.76/8.90(max/mean/SD)

FIGURE 1 Measurements of CBF ratios. Example in an 81-year-old woman with a right frontotemporal oligodendroglioma IDH mutant and
1p/19q co-deleted, Grade 3 (additional images from this patient are included in Figure 5). (A), Intraoperative postcontrast T1w image showed
faint enhancing residual component in the medial aspect of the surgical cavity. (B), The CBF map from the intraoperative PCASL sequence at the
same slice showed high CBF in the residual lesion. The ROl was manually positioned in the highest CBF area within the region of suspected
residual tumor, avoiding the regions of vessels, hemorrhage and necrosis, as shown in D. (C), A gray matter mask was segmented from precontrast
T1w images with SPM12; the gray matter mask is shown at the slice of the tumor. (D), Representation of the tumor ROl and contralateral gray
matter mask over the anatomical T1w image, with the CBF values obtained (expressed in units of mL/100 g/min). The CBF ratio was calculated
by dividing the maximum value of tumor ROI by the mean value of contralateral normal gray matter ROI; in this case, CBF

ratio = 77.86/14.83 = 5.25.
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2.8 | Statistical analysis

Interobserver agreement for image quality and residual tumor was assessed with kappa statistics (k), using the Fleiss kappa correlation coefficient
for three raters (R package “stats,” Version 2.15.3). For image quality three categories were considered: scores 4 + 3, score 2 and score 1. k values
were interpreted according to the criteria of Landis and Koch*® for agreement: <0, poor; 0.10-0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate;
0.61-0.80, substantial; 0.81-1.00, almost perfect.

Wilcoxon's test was performed to test differences in intraoperative CBF ratio and that of the preoperative tumor, for each patient. Two sub-
groups were analyzed separately, one including patients with suspected residual tumor, and the other including patients with complete radiologi-
cal resection, according to the conventional sequences.

A chi-square test was performed to evaluate the association between the results of residual tumor detection performed with conventional
sequences and PCASL (IBM SPSS Statistics Version 22.0). p < 0.05 was considered statistically significant.

3 | RESULTS
3.1 | Patients

17 patients met the inclusion criteria (9 men, mean age 56 + 16.6 years). 15 patients had high-grade primary brain tumors, one patient had low-
grade astrocytoma and one patient had brain metastasis from lung carcinoma. Patient characteristics and tumor histopathological details are
detailed in Table 3.

3.2 | Quality assessment of PCASL images

Interobserver agreement for image quality was substantial (Fleiss k = 0.76).

According to the consensus score reached a posteriori, diagnostic image quality was observed in 94.1% of the patients (16/17). Image quality
was good (Score 4) in 9/17 maps (53%) and acceptable (Score 3) in 4/17 maps (24%). An angiogram-like rating (Score 2) was determined in 3/17
maps (18%) and uninterpretable (Score 1) was found in 1/17 map (5%) (see Table 4). Figure 2 shows examples of good, acceptable, angiogram-like
and uninterpretable CBF maps. Acquired imaging data on the three patients with angiogram-like PCASL images (Nos. 1, 5 and 12 in Table 4) are
presented in Data S1 Section 1. The patient with uninterpretable image quality (no 17) was excluded from subsequent analysis. Available data on
this patient are included in Data S1 Section 2.

3.3 | Resection control

According to the consensus evaluation, the assessment with conventional sequences determined complete resection in seven patients, where
PCASL also determined complete removal (Nos. 3, 5, 7, 8, 9, 13 and 15). Ten patients had residual tumor according to the conventional sequences,
including the patient with low-quality PCASL data (No. 17, who was not included in the analysis). In 5 of these 10 patients the surgery continued
based on the information provided by iMRI. In the other 5 patients it was not possible to continue the resection, as it carried risk of damaging elo-
quent areas due to the location of the residual tumor.

Of the nine patients included in the analysis that showed residual component in the conventional sequences, six presented enhancing compo-
nent (Nos. 2, 10, 11, 12, 14 and 16) and three had a non-enhancing lesion (Nos. 1, 4 and 6). PCASL maps displayed residual hyperperfused compo-
nent in five of the six patients with enhancing component (Nos. 2, 10, 11, 12, 14). In one of these patients PCASL revealed additional
hyperperfused suspicious components located far from the contrast enhancement (No. 2), and in another patient PCASL showed very high CBF
that appeared to extend outside the enhancing component (No. 10) (Table 4). In Patient 16, residual tumor with contrast enhancement was
observed in the conventional sequences; however, no hyperperfusion was found in PCASL CBF maps.

In two of the three patients judged to have non-enhancing residual tumor based on conventional imaging, PCASL showed a hyperperfused
focal lesion within the non-enhancing tissue (Nos. 1 and 6). In the remaining patient (No. 4), no hyperperfusion was observed.

The four cases in which PCASL provided information that was not present in the conventional sequences are presented. Figure 3 shows a
patient presenting a nodular contrast enhancing component (No. 2) that had an additional spot of high CBF on the PCASL maps relatively remote
from the enhancing mass, suggestive of another residual tumoral component that was not depicted in T1w postcontrast images. Follow-up rev-
ealed likely residual tumor as supported by subsequent tumor growth in this region. Another patient (No. 1, Figure 4) had non-enhancing residual

tumor, but showed an area of high CBF on PCASL maps within this lesion. 11C-methionine-PET performed one month postsurgery revealed
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TABLE 3 Patient demographic and clinical characteristics.

Characteristic Value

Number of patients

Total 17
Men 9
Women 8
Age (yr: mean (range; SD)) 56 (11-81; 16.7)
First surgery (%) 94
WHO grade®
1 0
2
3 4
4 11
Metastasis 1
Histological entities Primarily enhancing Primarily non-enhancing
Glioblastoma WHO Grade 4 11
Astrocytoma WHO Grade 3 3
Oligodendroglioma WHO Grade 3 1
Astrocytoma WHO Grade 2 1
Lung metastasis 1

2Applied to primary (glial) tumors (fifth edition of the WHO Classification of Tumors of the Central Nervous System?).

increased metabolic activity in the same location, supporting the presence of residual tumor. Patient No. 10 (Figure 5) had a highly vascularized
right frontotemporal lesion in the preoperative MRI evaluation that could not be completely resected due to close proximity to white matter
tracts. The iMRI showed markedly high CBF on PCASL maps surrounding the anterior and medial border of the surgical cavity that extended
beyond the enhancing lesion depicted by the conventional sequences. Patient No. 6 had a diffuse astrocytoma Grade 2, which showed high areas
of CBF values within the non-enhancing component on PCASL maps compared with the contralateral side. Surgery was not continued in this case,
because of the location of the lesion (Wernicke's area) and considering that the tumor was low grade without fluorescent signal.

Finally, in Patient No. 4 non-enhancing residual tumor was found with the conventional sequences, without visible elevation of CBF values
on PCASL maps.

3.4 | Interobserver agreement for resection control

Interobserver agreement among the three readers was almost perfect in the evaluation of the conventional sequences (Fleiss k = 0.92), and sub-

stantial in the depiction of residual tumor with the PCASL maps (Fleiss k = 0.80).

35 | CBFratio

Patients 6, 7 and 11 were not eligible for this evaluation. Considering this, intraoperative CBF ratios were compared with preoperative CBF ratios
of the homologous region in two subgroups: patients with residual tumor (n = 7) and patients with complete resection (n = 6) (Table 4).

In the total sample, preoperative CBF ratios varied from 1.43 to 6.75, while intraoperative CBF ratios varied from 0.32 to 5.25.

The analysis in the subgroup of patients with residual tumor found no significant differences (p = 0.578) between the preoperative tumoral
CBEF ratios and intraoperative CBF ratios in the presumed residual tumor.

On the other hand, significant differences existed between preoperative and intraoperative CBF ratios in those patients with complete tumor
removal (p = 0.031).
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TABLE 4 Consensus evaluation of resection control assessed with the conventional protocol and with the PCASL sequence, correlated to
normalized CBF ratios obtained from preoperative and intraoperative PCASL data.

Image Resection
Patient Histologic diagnosis quality Resection control by control Preoperative Intraoperative
(No./sex/age) and WHO grade (consensus)  conventional protocol by PCASL CBF ratio CBF ratio
1/M/47 Astrocytoma WHO Grade 3 2 1 (no enhancement) 1° 1.98 2.9
2/M/52 Glioblastoma WHO Grade 4 4 1 1° 2.94 4.77
3/F/52 Astrocytoma WHO Grade 3 4 0 0 2.53 1.28
4/M/51 Glioblastoma WHO Grade 4 3 1 (no enhancement) 0 1.73 0.95
5/M/54 Astrocytoma WHO Grade 3 2 0 0 246 0.97
6/M/76 Astrocytoma WHO Grade 2 4 1 (no enhancement) 1° NA 1.09
7/F/59 Glioblastoma WHO Grade 4 4 0 0 NA 0.41
8/M/11 Glioblastoma WHO Grade 4 4 0 143 0.83
9/F/38 Glioblastoma WHO Grade 4 4 0 1.51 0.32
10/F/81 Oligodendroglioma WHO 3 1 i€ 6.75 5.25
Grade 3
11/F/45 Glioblastoma WHO Grade 4 4 1 1 NA 121
12/M/70 Glioblastoma WHO Grade 4 2 1 1 6.46 1.27
13/F/63 Glioblastoma WHO Grade 4 4 0 0 244 1.08
14/M/72 Glioblastoma WHO Grade 4 3 1 1 3.45 2.70
15/F/53 Glioblastoma WHO Grade 4 4 0 (0] 2.83 0.51
16/F/48 Lung metastasis 3 1 0 1.87 1.50
17/M/70 Glioblastoma WHO Grade 4 1 1 NA 248 NA
(excluded)
Mean * SD 251+140 1.69 +1.48

M, male; F, female; O, complete resection; 1, tumor remaining; 1 ?, hyperperfused residual lesion identified with PCASL within non-enhancing lesion; 1
b, additional residual lesion identified with PCASL only; 1 €, very high-CBF area extending outside the enhancing component. NA, not available.

3.6 | Association between conventional sequences and PCASL

The chi-square test determined a significant relationship between the evaluation of residual tumor using conventional sequences and PCASL
(p = 0.001).

4 | DISCUSSION

Our study proves the feasibility of obtaining PCASL data intraoperatively in a 3 T scanner using flexible coils. We used a 3D-GRASE PCASL
sequence that offered greater immunity against susceptibility artifacts and better SNR than the previously employed EPI sequence. Moreover,
data were acquired using a single PLD and long labeling time (LT). The long LT was chosen to increase the SNR, as the ASL signal increases with

2441 1t also had the effect of increasing the delay time for the spins that were labeled earlier, resulting in more sensitivity for perfu-

label duration.
sion with a longer transit time and contributing to reduced artifacts from long arrival times.*?

In terms of image quality, we obtained diagnostic image quality in 94.1% of the patients, while in one patient the PCASL data were
uninterpretable. This was likely due to ineffective labeling caused by off-resonance effects at the labeling plane. However, the data obtained dur-
ing the examination did not provide any conclusive proof, because B, maps were not acquired at the labeling plane. The TOF angiogram was of
good quality; however, the TOF magnitude images showed some artifacts that could also be due to off-resonance frequencies (see Data S1
Section 2). The tumor in this patient was located in the right temporo-occipital lobe so the surgical cavity was closer to the labeling plane than in
other cases, and the presence of air in the cavity could have exacerbated the off-resonance effects.

Even though the majority of patients had good and acceptable scores, three studies were rated as angiogram like, which could possibly be
explained by long ATT. In older patients or in patients under general anesthesia, blood velocity might be reduced (see Data S1 Section 3),
leading to long ATT, thus causing labeled blood to remain inside the major intracranial arteries at the time of readout, without reaching

the capillary bed, and generating images with low parenchymal perfusion potentially leading to misinterpretation.®**® In this study, we used the
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Good (score 4) Acceptable (score 3)  Angiogram-like (score 2)  Uninterpretable (score 1)

FIGURE 2 Rating of PCASL image quality, with example representations for good, acceptable, angiogram-like and uninterpretable image
quality scores of CBF maps. The figure demonstrates the different image qualities observed in our sample.

FIGURE 3 62-year-old male (No. 2 in Table 4). (A), Preoperative postcontrast T1w image and PCASL perfusion map overlaid on the
postcontrast T4, showing a high-grade tumoral lesion with peripheral irregular nodular components surrounding necrosis (cytology confirmed a
WHO Grade 4 glioblastoma, IDH 1 wildtype). (B), Intraoperative postcontrast T1w image and PCASL perfusion map overlaid on T,. On the
superior slice PCASL evidenced a high-CBF area (yellow arrowhead) that did not present enhancing component on T, (white arrowhead) and did
not correspond to a vascular structure, which was suggestive of residual tumor. On the inferior slice, the postcontrast T1w image showed a
thickened contrast enhancing component within the posterior wall of the cavity that was recommended to review (white arrows). At this location
the PCASL CBF map showed no hyperperfusion (yellow arrow). (C), Six-month follow-up postcontrast T1w image showing progression of the
tumor in the cavity margins (red arrows). Two different slices are shown in the two rows.

PLD recommended for adult clinical patients in the brain ASL consensus paper?* and a long LT, which effectively prolonged the delay time for the
blood spins that were labeled earlier. Despite this, in these three patients the perfusion images displayed intravascular artifacts and low parenchy-
mal perfusion, while one of the patients (70 years old) presented intravascular artifacts in the presurgery CBF maps as well. Nonetheless the neu-
roradiologists considered that these images had sufficient information to allow detection of residual tumor and found that, in two of the three
patients, the CBF maps revealed possible hyperperfused residual component in the periphery of the surgical cavity (for details see Data S1
Section 1). This high perfusion signal could be due to abnormal blood vessels generated in the tumoral and peritumoral area, where neoangiogenic
phenomena can occur.**

Nevertheless, to reduce ATT artifacts there are more sophisticated models for CBF quantification, which can be applied to multiple PLD
acquisitions. Multi-PLD ASL could be of interest in iMRI, as it enables the quantification of both CBF and ATT, providing additional information
about the hemodynamics in each individual. However, as more parameters are introduced, more measurements and processing are needed, and
this is an ongoing topic of research to be considered in future studies.

|.,31

Consistent with the work of Lindner et a in this study PCASL proved to be a reliable tool to assess brain perfusion intraoperatively, arising

as a complement to the anatomical sequences for the evaluation of residual tumor. In one patient of our cohort ASL depicted an additional area
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FIGURE 4 47-year-old patient (No. 1 in Table 4). (A), A preoperative postcontrast T1w image showed an expansive lesion in the left
precentral gyrus with a small enhancing component, suggestive of anaplastic degeneration of a primary glial tumor (cytology confirmed a WHO
Grade 3 astrocytoma). (B), An intraoperative postcontrast T1w image showed complete resection of the enhancing component with residual non-
enhancing low-grade component in the medial aspect of the surgical cavity (white arrow). Neurosurgeons were aware that this component, also
fluorescent with 5-ALA, was close to the corticospinal tract. Surgery continued and the residual component was resected up to 3 mm distance
from the tract. (C), An intraoperative PCASL CBF map (overlaid on the postcontrast T1w image for anatomical reference) showed a spot of high
CBF in the non-enhancing residual tumor (white arrowhead). (D), An early postoperative postcontrast T1w image revealed no enhancing residual
components. (E), 11C-methionine-PET performed one month postsurgery revealed increased metabolic activity in the medial border of the
surgical cavity (yellow arrow). (F), Six-month follow-up postcontrast T1w image showing growth of the enhancing component, which together
with other images suggested progression.

of high CBF that was not visible with the conventional sequences, as shown in Figure 3, and in two patients areas of hyperperfusion were found
within non-enhancing residual tumor (Figure 4). These areas indicated neovascularization, known to be correlated with higher-grade component.
Our findings highlight the additional value of this technique in the iMRI setting to achieve maximal safe resection of as much contrast enhancing
component and hyperperfused tissue as possible. In the follow-up of those patients, these components grew rapidly, consistent with tumor
progression.

Figure 5 demonstrates how in some highly vascularized tumors PCASL has the potential to better delineate residual tumor than conventional
sequences. In this sense, in a tumor with scarce vascularization performing this sequence will probably not be of much use.

In the quantitative evaluation of CBF ratios, pre- and intraoperative PCASL values were comparable in the presumed residual tumor of the
patients with incomplete resection. On the other hand, statistical differences were found in patients with gross total resection of the enhancing
and hyperperfused components, as expected. In agreement with previous studies, CBF ratios in our sample matched the grades of gliomas deter-
mined by histopathology.?®4>4> The only patient with low-grade astrocytoma (No. 6) had an intraoperative CBF ratio of 1.09 (Table 4)
(no preoperative PCASL data were available). In the patients with high-grade tumors preoperative values varied from 1.43 to 6.75. A previous
study by Weber et al.* set a cut-off for CBF ratio greater than 1.6 to achieve high diagnostic performance in the differentiation between low-
and high-grade gliomas (94% sensitivity, 78% specificity, 94% positive predictive value and 78% negative predictive value). In our study, two

1.#7 referred also cases of patients

patients with glioblastoma Grade 4 (Nos. 8 and 9) had lower values of 1.43 and 1.51, respectively. Wolf et a
whose measurements appeared to be different than expected. In their study they established the cut-off as 1.3 for the high-grade group. We only
have one patient with metastasis, which can have variable CBF values (this patient presented a CBF ratio of 1.87).

In our cohort, interobserver agreement for image quality of PCASL CBF maps was substantial (Fleiss k = 0.76). Agreement for the depiction
of residual tumor with the PCASL sequences (Fleiss k = 0.80) was only slightly lower than that of the evaluation of the conventional sequences
(Fleiss k = 0.92), which was almost perfect. Similar results were reported by Lindner et al.*! It must be noted that we evaluated the agreement

among three readers, which is not very common and may slightly underestimate the results.
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FIGURE 5 81-year-old patient (No. 10 in Table 4). (A), Preoperative postcontrast T1w image showing a right frontotemporal solid mass with
faint enhancing component and no necrosis, suggestive of primary glial tumor (cytology confirmed a WHO Grade 3 oligodendroglioma). (B), A
preoperative PCASL sequence showed very high CBF that appeared to extend outside the enhancing component, typical of glial tumors. (C),
Intraoperative postcontrast T1w showed resection of the majority of the mass with residual faint enhancing component in the medial aspect of
the surgical cavity (orange arrows). (D), An intraoperative PCASL map showed high CBF in the anterior and medial aspect of the surgical cavity,
also extending beyond the enhancing lesion (white arrow). Neurosurgeons were aware of this component, but further resection could not be
performed due to closeness to tract fibers.

Even though according to the purpose of this study the analysis was conducted at a second stage to assess the feasibility of this technique, it
would be possible to carry out the visual analysis of CBF maps in real time to support the clinical decision-making.

4.1 | Limitations

One limitation of this study is that it has been performed in one center, and our results may not be extrapolated for general purposes. Also, the
relatively small sample size could be viewed as a drawback, but it was limited by the number of brain tumor patients referred for surgery in our
center. The order in which the images were scored can also be considered a limitation, because the PCASL images were first assessed to score
image quality, and this could have influenced the subsequent scoring of residual tumor. This was minimized by defining strict criteria for scoring;
nonetheless, the effect cannot be completely ruled out. Finally, tissue resected in the second resection was not separately evaluated histologically
and could not be used to confirm residual tumor.

In conclusion, intraoperative PCASL is feasible at 3 T and shows potential for the assessment of residual tumor, providing additional informa-
tion to the conventional sequences in some cases. Further work is warranted to provide conclusive evidence of its clinical utility by conducting a
prospective clinical trial with a predefined gold standard for residual tumor (such as for example, targeted biopsy).

The CBEF ratio, in addition to the qualitative information given by the contrast-enhanced T1w images, could be a useful tool in the evaluation
of the histopathologic grade of the residual component, outlining components that could be beneficial to resect; however, further work is needed
to investigate this point.

Furthermore intraoperative PCASL could also be of interest in patients where contrast media is contraindicated or in non-enhancing tumors,
where contrast administration is not helpful in the evaluation of resection, providing additional information to T,-weighted images.
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