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Abstract

In recent years, 5-aminolevulinic acid (ALA)-induced protoporphyrin 1X (PplX) fluorescence
guidance has been used as a surgical adjunct to improve the extent of resection of gliomas.
Exogenous administration of ALA prior to surgery leads to the accumulation of red fluorescent
PpIX in tumor tissue that the surgeon can visualize and thereby discriminate between normal and
tumor tissue. Selective accumulation of PplX has been linked to numerous factors, of which
blood-brain barrier (BBB) breakdown has been suggested to be a key factor. To test the hypothesis
that PpIX concentration (Cppx) positively correlates with gadolinium (Gd) concentrations (Cgg),
we performed ex vivo measurements of PplX and of Gd using Inductively-Coupled Plasma Mass
Spectrometry (ICP-MS) the latter as a quantitative biomarker of BBB breakdown; this was
corroborated with immunohistochemistry of microvascular density in surgical biopsies of patients
undergoing fluorescence guided surgery for glioma .We found positive correlations between Cppx
and Cgq (r = 0.58, p < 0.0001), and between Cppx and microvascular density (r = 0.55, p <
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0.0001), suggesting a significant, yet limited association between BBB breakdown and ALA-
induced PplX fluorescence. To our knowledge, this is the first time that Gd measurements by ICP-
MS have been used in human gliomas.

Keywords

5-aminolevulinic acid; Contrast enhancement on magnetic resonance imaging; Fluorescence
guided surgery; Gadolinium; Mass spectrometry; Microvascular density; Protoporphyrin IX

INTRODUCTION

The extent of resection (EOR) has been shown to correlate with survival and quality of life
in patients treated for gliomas. Early post-operative, gadolinium (Gd)-enhanced, T1-
weighted magnetic resonance (MR) imaging is used to determine EOR in patients with high-
grade gliomas. This method has been shown to be more accurate than intraoperative surgical
estimation of EOR, and several studies have shown that removal of contrast-enhancing
tissue is a useful prognostic factor (1-4).

Another technique that shows promise for improving assessment of EOR is 5-
aminolevulinic acid (ALA)-induced protoporphyrin IX (PplX) fluorescence-guided
resection (FGR) (5-12). With this technique, the patient receives an oral dose of ALA, a
precursor in the heme biosynthetic pathway, approximately 3 hours prior to surgery.
Exogenous administration of ALA leads to selective accumulation of the fluorescent
biomarker PplX in tumor tissues. Adequate fluorescence imaging adaptations to the surgical
microscope allow the surgeon to visualize the red fluorescence from PplX that is due to
selective concentration in tumor tissue; this permits the surgeon to discriminate between
normal and tumor tissue. ALA-induced PpIX FGR provides real-time feedback on the
presence of tumor in the operating field independent of brain shift and deformation that
degrade the accuracy of pre-operative MR image-guidance (6, 13-16).

In view of the utility of T1-weighted contrast-enhanced images for image-guidance,
understanding the relationship between PplIX fluorescence and contrast enhancement is
important for optimizing the combined use of MRI and FGR for surgical guidance. In a
study of 52 patients undergoing ALA-induced PplX FGR, Stummer et al observed that 16 of
17 patients who had complete removal of strongly visible fluorescent tissue had no residual
enhancement on post-operative MR images (8). In addition, our group has shown a strong
correlation between contrast enhancement on pre-operative MR imaging and PplX
fluorescence from spatially co-registered tissue specimens (7). These findings suggest a
strong, qualitative relationship between fluorescence and contrast enhancement on MR
imaging.

To date, these FGR studies with ALA-induced PplX have reported on the qualitative
appearance of PplX fluorescence in tissues. However, it is well known in biomedical optics
that the intrinsic light absorption and scattering properties of tissue can affect the observed
fluorescence, making visual assessment of PplX fluorescence prone to subjectivity (16-19).
We have recently developed a highly sensitive and quantitative method for determining
PplIX concentrations in vivo that is based on point fluorescence and diffuse reflectance
spectroscopy in which the latter is used to correct for the light attenuation in tissue. We
showed that tumor with 2 to 3 orders of magnitude more PplX than surrounding normal
brain may not display visible fluorescence using current surgical microscope fluorescence
instruments, and that, as expected, visible fluorescence and accumulated levels of PpIX do
not follow a linear trend (16).
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Gd complexes are used as contrast agents for MR imaging and have been used in models of
many conditions including stroke, meningitis and brain tumors in the evaluation of blood-
brain barrier (BBB) breakdown (20-25). Selective accumulation of PpIX after ALA
administration is likely due to multiple factors (e.g. tumor cell metabolic rate, availability of
ferrochelatase enzyme to convert PpIX to heme) in addition to ALA penetration into tumor
due to BBB breakdown. Hence, in an effort to quantify the relationship between the BBB
breakdown and PplIX levels, we performed ex vivo measurements of PpIX and Gd
concentrations in surgical biopsies of patients undergoing FGR for glioma to test the
hypothesis that Cppx correlates with Gd concentrations (Cgq) .Measurements of Cgq by
Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) were used as a quantitative
biomarker of BBB breakdown and were corroborated with immunohistochemical
assessment of microvascular density (MVD) and tumor cell density/grade. To the best of our
knowledge, no study has performed ex vivo assessment of Gd concentrations in human brain
tumors. We used concentrations of Gd measured using ICP-MS as a metric of BBB
breakdown to quantify the relationship between BBB breakdown and increased absolute
levels of PplX (26-37).

MATERIALS AND METHODS

Patient Selection

Individuals aged 18 and older with a preoperative diagnosis of presumed low- or high-grade
glioma, and who had tumor judged to be suitable for open cranial resection based on
preoperative imaging (as assessed by the study surgeon) were eligible for trial participation.
Exclusion criteria included the following: pregnancy or breast feeding, history of cutaneous
photosensitivity, hypersensitivity to porphyrins, photodermatosis, exfoliative dermatitis,
history of liver disease within the last 12 months, ALT, AST, ALP, or bilirubin levels
greater than 2.5 times the normal limit at any time during the previous 2 months, plasma
creatinine in excess of 180 mmol/L, inability to comply with the photosensitivity
precautions associated with the study, serious associated psychiatric illness, and inability to
give informed consent. The FGR protocol was approved by the Dartmouth-Hitchcock
Medical Center Committee for the Protection of Human Subjects.

Surgical Procedure

Pre-operative T1-weighted, Gd-enhanced, and/or T2-weighted MR-axial images were
obtained for each patient. Approximately 3 hours before induction of anesthesia, patients
were administered a 20 mg/kg body weight oral dose of ALA (DUSA Pharmaceuticals,
Tarrytown, NY) dissolved in 100 mL water. Surgery was performed using a microscope
equipped for fluorescence-guided resection (Zeiss OPMI Pentero®) and neuronavigation
was provided via a Medtronic StealthStation® Treon® (Medtronic, Louisville, CO).

Conventional neurosurgical technique with white light illumination and neuronavigational
assistance was used. At various times throughout the procedure, the surgeon switched from
white light to blue light in order to visualize fluorescence prior to tissue resection (Video,
Supplemental Digital Content 1, http://links.lww.com/NEN/A363). Biopsy sites were
assigned a fluorescence intensity score by the study surgeon of 0 = no fluorescence, 1 = low
fluorescence, 2 = moderate fluorescence, or 3 = high fluorescence. The small (2 — 10 mm in
greatest dimension) excised tissue biopsies were then immediately separated into 3 equal
parts. The first part was placed into formalin; the second part was placed in a cryogenic vial
and snap frozen in liquid N»; the third part was placed in Optimal Cutting Temperature
compound and also stored in liquid N». At no point was tissue resected based solely on
fluorescence levels (i.e. pre-operatively planned MR imaging features and/or anatomical
landmarks and gross appearance of tissue dictated resectable regions). The resection was
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considered complete when the surgeon judged that no more tumor tissue was present that
could safely be resected using both the microscope and neuronavigation.

Histopathology

Formalin-fixed paraffin-embedded biopsy tissue was processed for hematoxylin and eosin
(H&E) staining. A single neuropathologist (B.T.H.) analyzed the H&E-stained specimens
blinded to the pathological diagnosis derived from the main surgical specimen. Three
histological parameters were measured for each specimen: histopathological score, tumor
burden, and necrotic burden (7, 12). The histopathological score was determined on each
section using current World Health Organization grading criteria with modification, as
follows: (0) = normal and fully necrotic tissue with no viable tumor cells observed; (I) = low
number of infiltrating tumor cells (reserved for specific types of glial or glioneuronal
neoplasms such as pilocytic astrocytomas, dysembryoplastic neuroepithelial tumors, and
gangliogliomas); (I1) = higher numbers of infiltrating, pleomorphic cells and no observable
necrosis, mitotic figures, or endothelial cell proliferation; (111) = highly pleomorphic tumor
cells with mitotic figures, increased neoplastic cell density and no observable necrosis or
endothelial cell proliferation, (1) = highly pleomorphic tumor cells with mitotic figures,
increased neoplastic cell density, and either observable necrosis and/or endothelial cell
proliferation). Tumor burden (0-111) was determined by comparing the area of tumor tissue
with non-tumor tissue on H&E-stained sections with the following criteria used for scoring:
0, normal or fully necrotic tissue section with no observable or viable tumor cells; I, >0%
and <33% viable tumor; 11, >33% and <67% viable tumor; and 111, >67% viable tumor.
Necrotic burden was similarly determined with the following criteria used for scoring: 0, no
observable necrosis; I, >0% and <33% necrosis; 11, >33% and <67% necrosis; and I11, >67%
necrosis. A total of 9 patients with 69 biopsy sites were analyzed with diagnoses from the
main surgical specimens as follows: 2 dysembryoplastic neuroepithelial tumors (Grade 1); 1
diffuse astrocytoma (Grade I1); 4 glioblastoma (Grade 1V); and 2 recurrent glioblastoma
(Grade 1V).

Immunohistochemistry

For all specimens, 4-um-tissue sections adjacent to tissue processed for H&E were
immunostained for CD-31, a pan-endothelial cell marker. In brief, sections were
deparaffinized in xylene, rehydrated through graded ethanol solutions to distilled water, and
then washed in phosphate-buffered saline. Antigens were retrieved at 125°C using Citra Plus
Antigen Retrieval solution (Biogenex, San Ramon, CA) in a pressure cooker for 15 minutes.
Endogenous peroxidase activity was quenched using a 3% H,05 block (Biogenex) for 10
minutes. Endogenous avidin binding sites, biotin, and biotin receptors were blocked using
avidin and biotin blocking solutions (Biogenex), each for 15 minutes. Non-specific binding
sites were blocked using Power Block solution (Biogenex). Tissue sections were incubated
overnight at 4°C with mouse monoclonal antibody against CD-31 (clone JC70A, 1:40,
Dako, Carpinteria, CA). The following day, tissue sections were incubated with biotinylated
goat anti-immunoglobulins (Biogenex) for 30 minutes, followed by horseradish peroxidase-
conjugated streptavidin (Biogenex) for 30 minutes. Slides were then developed for 12
minutes with liquid 3-3”-diaminobenzidine substrate (Biogenex), counterstained with
hematoxylin, mounted and coverslipped. Appropriate negative controls were routinely
obtained by substitution of the primary antibody with phosphate-buffered saline.

Digital images from vascular ‘hot spots’ in 3 representative areas of each immunostained
biopsy specimen were captured at 400x magnification using a bright field microscope
(Olympus BX2) connected to a digital camera by an investigator (Z.M.), who was blinded to
the diagnosis. The images were examined using software (ImagePro Plus 6.2, Bethesda,
MD) setup to apply chromogen masks for high-chromogenic staining (brown threshold) and
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counterstaining (blue threshold). A vessel density percentage was digitally obtained for each
image by calculating the area percentage of stained blood vessels occupying the area of
counterstained tissue. The 3 values for each biopsy were averaged to obtain MVD. Figure 1
demonstrates 2 illustrative examples of areas representing high MVD and low MVD, with
their corresponding MR and intraoperative blue light images.

Ex Vivo PpIX Fluorometry

Tissue samples (n = 69) were stored in a cryogenic vial at -80°C prior to PpIX
quantification. The tissue was combined with 1 ml of Solvable (Dupont-Biotechnology
Systems, Boston, MA) and placed in an undulating water bath at 50°C for 1 hour, following
a modified protocol from Lilge et al (33). The material was then homogenized with a Tissue
Tearor tool in the original vial. The homogenate (500 pL) was then combined with 1.125 ml
of distilled water and 0.375 ml of Solvable. After incubation in a 50°C water bath for 1 hour,
a spectrophotometer was used to ensure an optical density of less than 0.1. The solution was
transferred to a quartz cuvette and was analyzed with a spectrofluorometer using an
excitation wavelength of 401 nm. A look-up curve for quantification of PplX was generated
using known serial dilutions of PplX.

Total tissue fluorescence was modeled as a linear combination of contributions from PplX,
its photoproducts (23), and tissue autofluorescence (24). Several fluorescent components
known to exist in brain, including nicotinamide adenine dinucleotide, flavin adenine
dinucleotide and lipofuscin, were combined in a linear model to reflect tissue
autofluorescence. A pseudoinverse calculation was used to extract the contribution from
each product and determine the Cppx in each tissue (12).

Gd ICP-MS Assay and Contrast-Enhanced MR imaging

Tissue samples (n = 69) stored at -80°C were used for ICP-MS quantification of Gd.
Samples ranging from 1 to 40 mg in weight were dissolved in 0.5 ml of nitric acid (60 M)
and 100 ml of 30% H,05 by heating in a water bath for 30 minutes and allowed to cool
down. The resulting solution was then mixed with 4.5 ml of deionized water. The samples
were then analyzed for Gd concentration (Cgq) by ICP-MS (7500cx, Agilent, Santa Clara,
CA ) at the Dartmouth Trace Element Analysis Core.

Post-injection Gd enhancement on T1-weighted images was assessed for each specimen.
MR image coordinates for each specimen were determined using the StealthStation
navigation coordinates, and each specimen was assessed for enhancement or no
enhancement on MR imaging.

Statistical Analysis

All data were assessed for normality of distribution with Kolmogorov-Smirnov analyses.
Correlations between parametric and non-parametric variables were analyzed using
Pearson’s and Spearman’s-rank correlation tests, respectively. Wilcoxon-rank sum (Mann-
Whitney) tests were used to determine significant differences between groups. To account
for multiple samples from each patient, a clustered data analysis of variance was performed.
Differences in visible fluorescence and Cppx, Cgg, or MVD were summarized with
medians and interquartile ranges. Results were considered statistically significant for p <
0.05. Data were processed with MATLAB software (Version 2010a, The Mathworks, Inc.,
Natick, MA). Statistical analyses were carried out using STATA 11.0 (Stata Corporation,
College Station, TX).

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Valdés et al. Page 6

RESULTS

Relationship Between Intraoperative Visible Fluorescence Levels, Cppx, Cgg and MVD

Wilcoxon rank sum tests with subsequent validation using a clustered data analysis of
variance to account for multiple samples from each patient were used to determine whether
there were significant differences between fluorescing and non-fluorescing tissue and levels
of Cppix, Cad, and MVD. We observed highly statistically significant differences (p <
0.0001) with increased Cgg, Cppix and MVD in visibly compared to non-visibly fluorescent
tissues (Fig. 2). Further, we have previously shown a significant correlation between visual
fluorescence and Cppx. In the present study, using a non-parametric Spearman’s rank
analysis, we tested whether a significant correlation exists between levels of visible
fluorescence (0-3) and the 3 quantitative variables — Cppjx Cgq and MVD. We found a
strong correlation between increasing levels of intraoperative visible fluorescence and Cppjx
(r=0.64, p <0.0001), Cgq (r=0.56, p <0.0001) and MVD (r = 0.61, p < 0.0001).

Relationship Between Cppx, Cgq and MVD

We assessed the levels of MVD as an immunohistochemical marker of neovascularization
and concomitant BBB breakdown (38-41). The range for Cppx in the biopsy samples was
0.01 pg/ml to 30.94 pg/ml (mean = 1.62 pg/ml). The range for Cgq in the samples was 0.03
po/g to 19.83 pg/g (mean = 2.97 pg/g). The range for MVD in samples was 0.07 % to 29.10
% (mean = 5.52%) (Table). Kruskal-Wallis analysis with a Dunn’s post-test showed high
statistical significance for increasing histopathological scores and Cgq (p = 0.0010), and
between increasing histopathological scores and MVD (p < 0.0001) (Fig. 3). We also found
a significant correlation between Cgq and histopathological score (r = 0.59, p < 0.0001), as
well as between MVD and histopathological score (r = 0.71, p < 0.0001). These results
indicate that Cgq and MVD increase with increasing tissue histopathological grade.

Using a Pearson’s correlation analysis to assess the role of BBB breakdown and
accumulation of PpIX in tissue at a quantitative level, we assessed the correlation (on a log-
log scale) between Cgg and CPpIX and between MVD and Cppx. We found similar
significant correlations between Cgq and CPpIX (r = 0.58, p < 0.0001) and between MVD
and Cppx (r = 0.55, p < 0.0001), suggesting increasing levels of PpIX with increasing levels
of Gd and microvasculature density in tissue. We also found a strong correlation (on a log-
log scale) between Cgq and MVD (r = 0.71 p < 0.0001), reflecting the higher levels of BBB
breakdown with increasing levels of brain tumor microvasculature. The strong correlation
between Cgq and MVD suggests that Cgq can be used as a valid surrogate marker of BBB
breakdown (Fig. 4).

Relationship Between Cgq and Gd Enhancement on T1-weighted MR Imaging

We assessed the relationship between concentrations of Gd and the surgeon’s intraoperative
assessment of Gd enhancement on T1-weighted MR images for each specimen. We found a
significant difference with increased levels of Cppx (p = 0.0013), Cgq (p < 0.0001) and
MVD (p < 0.0001) in enhancing compared to non-enhancing tissue using a Wilcoxon rank
sum test, with subsequent verification of these results with clustered data analysis. In this
analysis, despite the fact that there was no correction for intraoperative brain shift and
deformation, we still observed a highly statistically significant difference in levels of PplX,
Gd, and MVD in MR-enhancing tissue (Fig. 5).

DISCUSSION

We performed a quantitative assessment of ex vivo measurements of Gd and protoporphyrin
IX to determine the relationship between BBB breakdown and PplX accumulation in 9
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patients undergoing FGR for gliomas. Previous studies were limited by intraoperative brain
shift and deformation, which hinders the one-to-one association and accuracy in relating
intraoperative PplX fluorescence and contrast enhancement on pre- or post-MR imaging (7,
8, 13-15, 42, 43).

Here we show that Cgq, used as a surrogate biomarker of BBB breakdown, accumulates in
significantly higher levels in visibly fluorescent compared to non-visibly fluorescent tissue,
and in tissue with higher grade histopathological features. These results support the idea that
BBB breakdown plays a significant role in intraoperative levels of accumulated PpIX
fluorescence, although it is likely not the only or the major factor. In addition, the significant
correlation between Cppx and Cgq (r = 0.58, p < 0.0001) suggests that this relationship
holds even beyond the ability for the human eye to detect intraoperative visible
fluorescence. More importantly, the results show a quantitative relationship between levels
of accumulated PplIX in tissue and Gd that are not confounded by the influence of
intraoperative brain shift and deformation. To corroborate these results, we analyzed
samples that did not show visible fluorescence and found a similarly strong correlation
between low Cppx and low Cgqg (n = 50, r = 0.40, p = 0.0041) (data not shown). Further, the
significant, yet modest correlation (r = 0.58) also highlights the fact that BBB breakdown is
not the sole cause of PpIX accumulation but that additional factors likely play a key role in
this complex phenomenon.

To validate the use of Cgq as a surrogate marker of BBB breakdown, we performed CD31
immunohistochemical staining and assessed tissue MVD (38-41). As expected, Cgq showed
a strong correlation with MVD (r = 0.71 p < 0.0001). In addition, the similar correlations
between Cpp)x and Cgq (r = 0.58, p < 0.0001) and between Cppjx and MVD (r = 0.55, p <
0.0001) further suggest the validity of using Cgq as a surrogate biomarker of BBB
breakdown. The highly statistically significant difference with increasing levels of Gd and
MVD observed in contrast enhancing vs. non-contrast enhancing tissue on MR imaging
further substantiate these conclusions.

There was a stronger correlation between MVD and Gd concentrations (r = 0.71) in tissue
compared to the correlation between PplX levels and our surrogate markers of BBB
breakdown, MVD and Cgq (r = 0.55 and 0.58, respectively). We hypothesized that Gd
accumulation depends mostly on BBB breakdown, and thus a stronger correlation for MVD
and Gd concentrations was expected. We have previously shown that PpIX accumulation
displays a strong correlation on factors intrinsic to tumor growth (e.g. cellular proliferation)
in addition to increased supply of ALA from BBB breakdown. Previously, Ennis et al
demonstrated the limited, diffusion dependent availability of ALA to normal brain tissues
(44). Ishihara et al found a significant correlation, comparable to our correlation between
absolute levels of PplX ex vivo and MVD, between spectroscopic measurements of PplX
fluorescence and microvasculature density using CD-31 IHC (45). This indicates the
importance of microvasculature status in high PplX levels found in tumors.

Here we observed 2 seemingly distinct, but complementary trends in PpIX accumulation in
tumors: an exponential growth trend starting at high Cgq (~31.9/g) and peaking at Cppjx ~10
pg/ml, and an exponential growth trend starting at lower MVD (~0.1%) and saturating at
Cppix ~10 pg/ml. The former trend might suggest that PpIX accumulates at smaller
concentrations, in part due to decreased ALA delivery to tissues, i.e. tissue with a lower
level of BBB breakdown (as measured by low Cgq), but reaches a peak intracellular level of
PplX at ~ 10 pg/ml, irrespective of ALA availability. Meanwhile, the latter trend at low
MVD further points towards a complementary saturation effect, namely that intracellular
PplX accumulation reaches a saturation concentration at ~10 pg/ml.
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We previously showed that because PplIX is the main fluorophore in intracranial tissues,
visibly fluorescing tissue accumulates a high Cppx (12, 16). However, tissue optical
absorption and scattering attenuate the fluorescence intensity and distort the fluorescence
emission spectra; therefore, the actual PplX concentration and qualitative visible
fluorescence do not follow a strictly linear relationship (16-18, 46). Quantitative
measurements of Cppx provide an objective measure of the fluorescent biomarker in tissue,
and thus a more accurate assessment of the presence of tumor. Here we compared both the
subjective assessments of PpIX fluorescence and quantitative measurements of PplX,
together with quantitative metrics of BBB breakdown, to obtain a more comprehensive and
accurate understanding of the relationship between PplX fluorescence and the role of the
BBB.

Stummer et al studied cell density, MIB-1 labeling index and capillary density in 141
biopsies from patients operated for malignant glioma and found a positive correlation
between the qualitative intraoperative fluorescence and MIB-1 labeling index and vascular
density (11). Although we did not quantify cellular proliferation here, we previously found a
correlation between labeling index and intraoperative fluorescence (7, 16). The correlation
of Cgqg and Cppx With intraoperative fluorescence most likely reflects alterations in vessel
structures that lead to leakiness and Gd or PPIX accumulation, respectively. Stummer et al
also found a significant yet limited relationship between MVD and PplX visual fluorescence
intensity scores and concluded that BBB breakdown is one of several factors involved in
fluorescence accumulation (11). Currently there is no gold standard by which to measure
BBB breakdown with ex vivo tissue slices in humans. Our results are encouraging in that we
measured a surrogate of BBB breakdown (i.e. Cgg) rather than intact microvasculature as
reflected in the correlation between MVD and Gd concentration (Fig. 4C). Overall, our
results are consistent with the report of Stummer et al and suggest that use of ex vivo
measurements of Gd in tissue can be used as a surrogate biomarker of BBB breakdown.

We also observed a correlation between increasing histopathologic score and Gd
concentrations (Fig. 3) that most likely reflects the enhanced neovascularization and
accompanying BBB breakdown in regions of increased malignancy. Further, pre-operative
post-contrast injection T1-weighted MR images showed that regions of enhancement were
highly associated with increased Cgq VS. non-enhancing regions, despite the confounding
effects of intraoperative changes. The strong association between co-registered, preoperative
MR image enhancement and tissue levels of Gd further corroborate the ICP-MS
measurements.

The limitations of this study include the diversity and numbers of glioma patients studied.
Nevertheless, Cgg Was consistently associated with both visible levels of fluorescence and
PplIX concentrations in tissue. Future work will investigate a larger population of patients
and tumor types. Sampling error at the time of sample separation is also a possible limitation
of this study. One other limitation includes the use of tissue Cggs, which are known to
decrease rapidly following contrast administration. All samples were obtained within
approximately a 4- to 8-hour period from the time of contrast administration to the moment
of tissue collection and previous reports suggest that relative changes in concentrations of
Gd in tissue should be minimal during this period (30, 37). Previous imaging literature also
suggests that Gd is rapidly cleared from blood and because the tissue was obtained a
minimum of 4 hours after the administration of Gd, we surmise that Gd present
predominantly accumulated in the extravascular space (47, 48). Finally, it is possible that a
decrease in the fluorescence signal from PplX as a result of organic degradation processes
could have occurred, but not so for Gd, which is a stable metal. Nevertheless, given the
extremely low temperature and light conditions we expect this effect to be minimal. In
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addition, the systematic nature of this effect across all specimens, would not affect the
overall conclusions regarding strong correlations between PplX and MVD or Cgg.

In summary, we performed a quantitative assessment of Gd concentrations in tissue as a
surrogate marker of BBB breakdown. We found a significant correlation between Gd and
PplIX concentrations in patients undergoing FGR for glioma. Further, we validated the use of
ex vivo Gd concentrations as a marker of BBB breakdown using a metric of
microvasculature density. Our quantitative results further support the significant yet limited
impact of BBB breakdown on increased PpIX fluorescence, meanwhile also highlighting the
need to understand this complex mechanism and the additional factors that contribute to this
phenomenon. This work highlights the relationships of BBB status and quantitative
assessments of PpIX in ALA-induced PpIX FGR.

Supplementary Material
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Figurel.

Examples of co-registered fluorescence-guided resection, pre-operative gadolinium
magnetic resonance (MR) imaging, and histopathology in 2 patients with glioblastoma. (A-
F) Image space coordinates for 2 specimens on pre-operative post-contrast gadolinium
injection T1-weighted MR axial images showing a region of contrast enhancing tissue from
patient 1 with a high Cgq = 19.830 eg/g (A) and contrast non-enhancing tissue from patient
2 with low Cgq = 0.340 pg/g (D). Corresponding intra-operative fluorescence images for
patient 1 show visible fluorescence and high Cppx = 2.084 pg/ml (B); for patient 2 there is
no visible fluorescence and a low Cppx = 0.081 pg/ml (E). Corresponding
immunohistochemistry images for patient 1 show high levels of CD31 immunostaining with
MVD = 29.10% (C); for patient 2 there are low levels of CD-31 staining with a MVD =
0.99%. (F). Cgg, gadolinium concentration; Cppjx = protoporphyrin IX concentration;
MVD, microvascular density.
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Figure2.

Protoporphyrin IX (PpIX), gadolinium, MVD and intraoperative visible fluorescence.
Median and interquartiles ranges of Cppx (A), Cgq (B) and MVD (C), in tissues with no
visible fluorescence, (-F), or positive visible fluorescence, (+F). Wilcoxon-rank sum (Mann-
Whitney) tests were used to determine significant differences between groups, validate these
results and account for multiple samples from each patient. A clustered data analysis of
variance was additonally performed to validate the results and account for multiple samples
from each patient. Cppx (p < 0.0001), Cgq (p < 0.0001), and MVD (p < 0.0001) were all
significantly higher in +F vs. —F tissue. CGd, gadolinium concentration; CPpIX

= ;protoporphyrin 1X concentration; MVD, microvascular density.
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Figure 3.

Increasing gadolinium concentrations and microvasculature density in tissues with higher
histopthological scores. Kruskal-Wallis analysis with a Dunn’s post-test showed high
statistical significance for increasing histopathological scores and Cgq as observed in the
scatter plot of Cgq vs. histopathological scores (p = 0.0010) as well as increasing
histopathological scores and MVD (p < 0.0001). Cgg, gadolinium concentration; Cppjx

= ;protoporphyrin IX concentration; MVD, microvascular density. Scoring criteria are
described in Materials and Methods.
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Figure4.

Blood-brain barrier breakdown and protoporphyrin IX (PplX) concentrations. Pearson’s
correlation analysis of scatter plot of log Cgq vs. log Cppix (1 = 0.58, p < 0.0001) (A),
scatter plot of log MVD vs. log Cppx (r = 0.55, p < 0.0001) (B), and scatter plot of log
MVD vs. log Cgq (r = 0.71, p < 0.0001) (C). Cppx, X Vivo PpIX concentration; Cgg, €X
vivo gadolinium concentration; MV D, microvasculature density using CD31
immunohistochemical staining.
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Figureb5.

Contrast-enhanced T1-weighted magnetic resonance (MR) imaging relationships with
protoporphyrin IX (PplX) concentrations, gadolinium concentrations, and microvascular
density (MVD). Median and interquartiles ranges of Cppx (A), Cgq (B) and MVD (C) in
non-enhancing, [(-) GdE], or enhancing, [(+) GdE] tissue on post-contrast injection T1-
weighted MR imaging. Wilcoxon-rank sum (Mann-Whitney) tests were used to determine
significant differences between groups. A clustered data analysis of variance was performed
to validate these results and to account for multiple samples for each patient: Cppx (p =
0.0013), Cgq (p < 0.0001), and MVD (p < 0.0001) were all significantly higher in (+) GdE
vs. (=) GdE tissue. Cgg, gadolinium concentration; Cppx = ;protoporphyrin IX
concentration; MVD, microvascular density.
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Table

Protoporphyrin IX, Gadolinium, and Microvascular Density Ex Vivo Measurements

Crpix (kg/ml)  Cod (RG/Y)  MVD (%)

Minimum 0.013 0.031 0.07
Average 1.616 2.965 5.52
Maximum 30.936 19.830 29.10

CpplX , protoporyphyrin IX concentration; CGd, gadolinium concentration; MVD, microvascular density.
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