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INTRODUCTION: Meningiomas are the most common brain tumor in adults.1 Though the 
majority of meningiomas are benign, 20-30% are clinically aggressive and treatment refractory.2-

5 Compared to benign meningiomas, aggressive meningiomas harbour more copy number 
changes including focal deletions.2,6 In particular, homozygous deletion (homodel) of the cyclin-
dependent kinase inhibitor 2A (CDKN2A) gene on chromosome 9p21 have been associated with 
significantly shorter time to progression and is now a diagnostic criterion for grade 3 
meningiomas.7-11 However, even in cohorts enriched for high grade meningiomas, CDKN2A 
homodel is rare, reported in only 1.7-6.7% of patients and therefore requires large molecular 
datasets to effectively study.2,8,12 Furthermore, the relationship between CDKN2A mRNA 
expression and clinical outcome, particularly for meningiomas without any CDKN2A deletions, 
appears to be more complex and has yet to be studied. This prompted us to comprehensively 
examine CDKN2A alterations in meningiomas using the largest combined cohort of previously 
published and unpublished multiomics datasets.13,14 
 
METHODS: 1577 unique, clinically annotated meningiomas with matched molecular data were 
used in this study. We used 121 tumors from Toronto (Canada) with previously published 
multiplatform genomic and epigenomic data as the discovery cohort, 75 new samples from 
Tübingen (Germany) and publicly available data from recently published studies by Bayley et al. 
and Choudhury et al. comprised of 109 and 565 meningiomas as the “transcriptomic validation 
cohorts” given the availability of matched RNAseq data for these cases (N=109, N=185 in the 
Bayley et al. and Choudhury et al. respectively).13,14 567 meningiomas from the DKFZ 
(Germany) and 140 meningiomas from a separate independent institution with only DNA 
methylation data, both processed on the Illumina 450K array were included as validation cohorts 
for CDKN2A loss. 71 meningiomas from the DKFZ enriched for CDKN2A homodel (n=29/71, 
41%) were used for p16 (the CDKN2A gene product) immunohistochemistry (IHC). Processing 
of DNA methylation, RNAseq, whole exome sequencing, and proteomics data were performed 
as previously published.3 Copy number alterations were inferred from the methylation data using 
conumee.15,16 Determination of CDKN2A deletion status were through manual inspection of 
genome-wide copy number variation (CNV) plots. For meningiomas without CDKN2A deletions, 
tumors with CDKN2A expression Z-score ≥ 1 in each cohort were designated as meningiomas 
with high CDKN2A expression (CDKN2Ahigh), while the remaining were designated to have low 
expression (CDKN2Alow). IHC using p16 antibody (Purified Mouse Anti-Human p16 antibody, 
component 51-1325GR) were carried out on 5 μm paraffin sections. Positivity was recorded in a 
semiquantitative manner based on the proportion of stained neoplastic cells (nuclear and 
cytoplasmic staining): 0 (0 positive cells), +1 (1-9% positive), +2 (10-69%), and +3 (>70%) by 
two experienced neuropathologists. Functional studies were performed using primary 
meningioma cell lines: mng_20, mng_50, mng_84, mng_46 and CH157 (CH-157MN; 
RRID:CVCL_5723) and IOMM-Lee (RRID:CVCL_5779) immortalized meningioma cell lines 
treated with CDK4/6 inhibitors palbociclib and abemaciclib (InvivoChem catalogue No. V1531, 
V1547), following which, cell viability was assessed using the CellTitre-Glo assay.  
 
RESULTS: Overall CDKN2A deletion was rare, present in only 108 of 1506 patients (7.1%, 
excluding the IHC cohort) (Fig 1a-d). Three different patterns of CDKN2A loss were noted in 
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both the homodel and heterodel groups: 1) focal loss of the CDKN2A locus without loss of 9p, 2) 
loss of CDKN2A locus and a segment of 9p, and 3) loss of the entire 9p including the CDKN2A 
locus (Fig 1b-e). The degree of associated 9p loss did not appear to significantly alter the 
outcomes of meningiomas with CDKN2A homodel or heterodel (Fig 1f,g). Meningiomas with 
CDKN2A deletions appeared to have worse outcomes than CDKN2A intact/wt meningiomas in 
each molecular group (MG) except for MG4 (Fig 1h). When present, CDKN2A deletions 
(homodel and heterodel) were associated with significantly poorer PFS compared to CDKN2A 
intact/wt meningiomas (Fig 1i-l). There were no significant differences in the PFS of patients 
whose meningiomas had CDKN2A/B homodel vs heterodel in any cohort (Fig j-l).  
 As CDKN2A and CDKN2B mRNA expression highly correlated with one another 
(Pearson correlation R=0.79, p=8.4x10-27; R=0.68, p=3.0x10-34), we focused our subsequent 
analysis on CDKN2A expression (Fig 1m,n). Meningiomas with CDKN2A homodel had 
significantly lower CDKN2A mRNA expression compared to CDKN2A intact cases (Figure 1o, 
p). Meningiomas with CDKN2A heterodel had a more heterogenous level of mRNA expression. 
 As most meningiomas do not have any CDKN2A/B deletions, to facilitate between group 
comparisons within this cohort, we dichotomized CDKN2A intact meningiomas into 2 
transcriptomic groups in each cohort based on their CDKN2A mRNA expression (Fig 2a), 
hereafter referred to as CDKN2Ahigh and CDKN2Alow. On KM survival analysis, CDKN2Alow 
meningiomas had the longest PFS, significantly better than both CDKN2A homo/heterodel and 
CDKN2Ahigh meningiomas (Fig 2b,c). This finding also appeared to hold true within each WHO 
grade (Fig 2d). When controlling for other covariates, we found that higher CDKN2A mRNA 
expression was independently associated with poorer PFS (HR 1.25, 95% CI 1.04-1.49, p = 
0.015) on multivariable Cox regression analysis. When meningiomas were classified into 
different molecular (MG) or methylation groups (MenG, MethG), regardless of group designation, 
CDKN2A mRNA expression increased with increasing biological aggressiveness of the groups 
as well as with increasing WHO grade (Fig 2e-h). When differential RNAseq analysis was 
performed comparing CDKN2Ahigh to CDKN2Alow meningiomas, there was significant 
upregulation of pathways involved in mitoses, cell cycling, cell cycle control (particularly at the 
G1-S transition), and apoptosis in CDKN2Ahigh meningiomas consistent across all cohorts (Fig 
2i-l). Although CDKN2Ahigh meningiomas and meningiomas with CDKN2A deletions 
(homodel/heterodel) were mutually exclusive groups in our study, meningiomas with either 
alteration had poorer clinical outcomes. Therefore, we wanted to determine whether similar 
transcriptomic pathways may underlie this shared biological aggressiveness. Indeed, we saw 
significant up-regulation of nearly analogous cell cycle pathways in meningiomas with CDKN2A 
deletions as we observed in CDKN2Ahigh meningiomas except these pathways generally 
centered around the G2M checkpoint/transition (Fig 2m-o). 
 In investigating whether DNA methylation changes could be associated with changes in 
CDKN2A mRNA expression, we found that CDKN2A promoter methylation was not significantly 
different between CDKN2Ahigh and CDKN2Alow meningiomas. However, there was 
hypermethylation of the CDKN2A gene, particularly at the gene body and 3’ untranslated region 
(UTR) of CDKN2Ahigh meningiomas compared to CDKN2Alow tumors across all cohorts. Whether 
this represents a regulatory mechanism or is simply a passenger event in the context of global 
hypermethylation routinely seen in more biologically aggressive meningiomas is uncertain. To 
determine whether elevated CDKN2A could be related to copy number amplification at these 
gene loci, we generated and inspected genome-wide copy number profiles for each case. There 
were no CDKN2Ahigh meningiomas with copy number gain of 9p at the chromosomal arm level or 
at the CDKN2A gene. When we correlated known meningioma driver mutations with CDKN2A 
deletions, TERT promoter (TERTp), ARID1A, and PTEN mutations were all associated with 
increased odds of having a CDKN2A deletion, although the latter two mutations are exceedingly 
rare in meningiomas. In the cohort of only CDKN2A intact/wt meningiomas, although having a 
SMARCB1 or RB1 mutation appeared to be associated with increased odds of having a 
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CDKN2Ahigh meningioma, these did not reach statistical significance and may be confounded by 
the relative rarity of particularly RB1 mutations in our cohort (and in meningiomas in general). 

As the final step in the central dogma, we wanted to determine whether changes in gene 
expression of CDKN2A translated to differences in protein abundance. Overall p16 (the gene 
product of CDKN2A) levels appeared to increase with more aggressive MG, with MG4 
meningiomas having the highest levels (Fig 3a), concordant with our mRNA expression data. 
When meningiomas were stratified by WHO grade, p16 also appeared to increase with higher 
WHO grade. p16 protein levels also showed a significant positive correlation with CDKN2A 
mRNA expression (Fig 3d). When p16 IHC were performed to confirm these findings, although 
the majority of meningiomas with CDKN2A homodel had minimal positivity (64%), there were still 
a large proportion of tumors with clear p16 immunoreactivity (36%, Fig 3f,g). This suggests that 
loss of p16 may not be a reliable IHC marker of CDKN2A loss. We did see however, that all 
CDKN2A intact meningiomas that highly expressed CDKN2A mRNA had strong p16 positivity, 
and that the degree of p16 positivity may increase with WHO grade (when CDKN2A deleted 
meningiomas are excluded), similar to what we observed with CDKN2A mRNA levels (Fig 3h,i).  

Lastly, as phosphorylation of Rb is a key downstream nidus of control for cell cycle 
progression in the CDKN2A pathway, we wanted to assess its phosphorylation status in 
meningiomas from each CDKN2A group. Rb protein was present in all meningiomas with 
CDKN2A deletion and were hyperphosphorylated at both key regulatory serine sites in all tumors 
(S780, S807/811, Figure 3e) leading to its inactivation. In CDKN2Alow meningiomas, Rb was 
present in all samples, but only hyperphosphorylated at both sites in 3/17 (17%) tumors. In 
CDKN2Ahigh meningiomas, 58% of samples (N=7/12) were Rb-deficient and in the remaining 5 
Rb-intact samples, 3 (60%) had clear Rb hyperphosphorylation. This suggests that Rb-
deficiency may be more common in CDKN2Ahigh meningiomas, and those that are Rb-intact, 
may behave like meningiomas with CDKN2A deletions due to Rb hyperphosphorylation.  

RNAseq of primary (mng_50, mng_20, mng_84, mng_46) and established meningioma 
cell lines (IOMM-Lee, CH157) demonstrated increased CDKN2A expression in mng_46 and 
mng_84 cell lines and decreased RB1 expression (Fig 3j). pRB western blot confirmed that 
these cell lines were Rb-deficient (Fig 3k). All 4 primary meningioma cell lines clustered together 
with clinical meningioma samples from the DKFZ classifier (v11.4) and the Toronto cohort based 
on DNA methylation (Fig 3l). Cell viability assay demonstrated that the Rb-deficient cell lines 
were resistant to treatment with selective CDK4/6 inhibitors abemaciclib and palbociclib but not 
the meningioma cell lines with CDKN2A deletion (p16-deficient) (Fig 3m). 
 
CONCLUSION: Although CDKN2A copy number loss has been established as a biomarker of 
aggressive biology in meningiomas, its rarity as an alteration limits its use for the majority 
(~95%) of meningiomas clinically. Using a large repository of multiomic data, we have 
demonstrated the following in meningiomas for the first time: 1) CDKN2A deletion confers poor 
outcome regardless of homodel, heterodel, or the associated degree of 9p deletion, 2) CDKN2A 
mRNA expression is independently predictive of outcome and is a reproducible biomarker of 
clinically aggressive meningiomas regardless of cohort and classification method, 3) 
meningiomas with CDKN2A deletion and high mRNA expression (CDKN2Ahigh) both have 
deregulated cell cycling, but while the former is associated with loss of the tumor suppressor 
action of p16, leading to evasion of the G1/S checkpoint, the latter may be associated with Rb 
deficiency or Rb-hyperphosphorylation leading to compensatory CDKN2A expression in a futile 
effort to halt cell cycle progression at the G2M checkpoint, 4) p16 IHC may not be a reliable 
marker of CDKN2A deletion but may be a better marker of CDKN2A mRNA expression level, 
and 5) CDKN2Ahigh meningiomas are associated with Rb deficiency and lack of response to 
CDK4/6 inhibitors, which have been a proposed therapeutic strategy for some clinically 
aggressive meningiomas.  
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FIGURES & FIGURE LEGENDS:  

 
Figure 1. a, proportion of cases in each cohort with CDKN2A deletion stratified based on 
CDKN2A deletion type (homodel or heterodel) and by degree of associated 1p loss (focal, 
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segmental, or broad). b, proportional of cases in all cohorts combined stratified by CDKN2A 
deletion type (homodel or heterodel) and degree of associated 1p loss (focal, segmental, or 
broad). c, left, representative genome-wide copy number variation (CNV) plots of cases binned 
as CDKN2A/B homozygous deletion and the associated type of 9p loss, right, CNV plot of 
chromosome 9 from the same representative cases demonstrating the depth of CDKN2A/B loss 
relative to the rest of chr 9. d, left representative genome-wide CNV plots of cases binned as 
CDKN2A/B heterozygous deletion and the associated degree of 9p loss, right, chromosome 9 of 
the same representative cases. e, barplot demonstrating the associated degree of 9p loss 
(binned in segments of 5% of the chromosomal arm) in each CDKN2A deletion group. f, KM 
survival curve demonstrating PFS associated with CDKN2A deletions and their respective 
associated 9p loss. g, PFS associated with CDKN2A deletions when segmental and broad 9p 
deletions are grouped together vs focal CDKN2A deletions. h, PFS of meningiomas with 
CDKN2A homodel, heterodel, and intact/wt in each respective molecular group (MG). i, 
proportion of meningiomas in each cohort with CDKN2A homodel and heterodel. j-l, PFS of 
meningiomas in the Toronto discovery cohort, transcriptomic validation cohort, and DKFZ and 
450k cohorts respectively stratified by CDKN2A homodel, heterodel, and intact/wt group. m-n, 
correlation plot of CDKN2A vs CDKN2B mRNA expression in the Toronto discovery cohort and 
transcriptomic validation cohort respectively. o-p, CDKN2A mRNA expression stratified by 
CDKN2A deletion group in the Toronto discovery cohort and transcriptomic validation cohort 
respectively.  
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Figure 2. a, representative schematic of tumor assignment into different CDKN2A groups in the 
Toronto discovery cohort and the proportion of tumors in each group as a percentage of the 
entire cohort. b, c, Kaplan Meier (KM) survival plot denoting progression-free survival (PFS) 
probability of meningiomas in the Toronto discovery cohort and the combined validation cohort 
respectively based on CDKN2A copy number status and CDKN2A transcriptomic group (for 
meningiomas without any CDKN2A deletion). d, KM survival plot of meningiomas from all 
cohorts faceted by WHO grade. e-g, For each respective molecular classification indicated: left, 
stacked barplot showing the proportion of meningiomas belonging to each group coloured by 
CDKN2A status. Right, CDKN2A mRNA expression counts as a continuous variable in each 
group of tumors in each respective group. h, proportion of meningiomas belonging to each 
CDKN2A group and CDKN2A mRNA expression based on WHO grade in the combined cohort. 
i, Top 15 up-regulated pathways on GSEA of CDKN2Ahigh vs CDKN2Alow meningiomas that were 
significant (adj. P <0.05) in at least 2 or more cohorts. j, Top 15-down regulated pathways on 
GSEA of CDKN2Ahigh vs CDKN2Alow meningiomas that were significant (P<0.01) in at least 2 or 
more cohorts. k, Pathway enrichment analysis of significant pathways in CDKN2Ahigh vs 
CDKN2Alow meningiomas (adj. P < 0.05) in the Toronto vs. Tubingen cohorts. l, Pathway 
enrichment analysis of significant pathways in CDKN2Ahigh vs CDKN2Alow meningiomas (adj. P < 
0.05) in the Toronto vs. combined Bayley and Choudhury cohorts. m-n, Top 15 significantly up- 
(adj. P <0.05) and down-regulated pathways (P<0.01) from GSEA in each respective cohort. o, 
Pathway enrichment analysis of common up- and down-regulated pathways (adj. P<0.05) in the 
Toronto and the combined Bayley and Choudhury cohorts.  
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Figure 3. Protein data from the Toronto cohort. Boxplot of p16 protein abundance with a, 
molecular group (MG), b, WHO grade, c, CDKN2A status (homozygous deletion, heterozygous 
deletion, CDKN2Ahigh, CDKN2Alow). d, Correlation plot of p16 protein levels vs CDKN2A protein 
levels. e, Western blot of Rb phosphorylation at S780 and S807/811 in representative samples 
from each CDKN2A group. f, Representative p16 IHC images from meningiomas within each 
CDKN2A group. g, proportion of meningiomas with each degree of p16 positivity in CDKN2A 
deleted vs intact meningiomas. h, proportion of meningiomas with each degree of p16 positivity 
in CDKN2Ahigh vs CDKN2Alow meningiomas. i, proportion of meningiomas with p16 positivity in 
each WHO grade with and without the inclusions of CDKN2A deleted tumors. j, heatmap of 
mRNA expression of primary and established meningioma cell lines of cell cycling genes. k, pRB 
western blot in representative cell lines. l, panel from tSNE of DNA methylation of primary 
meningioma cell lines along with DKFZ classifier (v11.4) reference meningioma cases and 
Toronto clinical meningioma samples. m, cell viability assay at increasing doses of CDK4/6 
inhibitors abemaciclib and palbociclib in primary and established meningioma cell lines.  Adj. P 
from Kruskal Wallis test and post-hoc Dunn multiple comparisons test or two-sample test for 
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equality of proportions, and for cell viability data from two-way ANOVA and post-hoc Tukey’s 
multiple comparisons test.  *P<0.05; **P<0.01; ***P<0.001.  
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1. INTRODUCTION 
 
With the rise in prevalence of obesity in Canada, there is a disproportionate burden of the 
obesity epidemic and its related medical comorbidities(1). As of 2018, approximately one in four 
Canadian adults (over 7 million people) are considered to have obesity. By 2031, the 
prevalence of obesity among Canadian adults is projected to hit more than 33% of the 
population(1). As the 5th leading cause of death worldwide, obesity is a major risk factor for 
multiple long-term comorbidities and lower life expectancy(2). However, studies have reported 
that in cases of acute stress, such as critical illness or surgery(3–7), patients with obesity appear 
to have better outcomes than normal-weight counterparts, a phenomenon known as the obesity 
paradox(8). Currently, it is unknown whether this paradox extends to patients with severe 
comorbidities and high-risk surgery. With a growing population of surgical patients with obesity, 
at risk of increased morbidity and mortality, a better understanding of this relationship is needed 
to meet the specific needs of this patient population.  
 
2. METHODS 
 
2.1 Study Design and Setting 
We performed an observational study of adult patients who underwent surgery using the 2016-
2019 American College of Surgeons National Surgical Quality Improvement Program (ACS-
NSQIP) database to evaluate the relationship between Body Mass Index (BMI) and 30-day 
postoperative mortality. ACS-NSQIP is a nationally validated, risk-adjusted, outcome-based 
program that collects data from multiple hospital institutions about patient demographics, 
preoperative patient characteristics, and 30-day postoperative outcomes(9,10). 
 
2.2 Study Cohort & Stratification 
We analyzed the data from the NSQIP Participant Use Data Files, containing 4,126,058 adult 
patients who underwent major surgery between 2016 and 2019, in over 650 hospitals 
throughout the United States(11). After excluding patients for missing values for height and/or 
weight, demographic factors, and preoperative data, the remaining 3,085,582 patients were 
analyzed as our final study population.  
 
We then constructed sub-cohorts stratified by patient comorbidity severity and procedural 
complexity. To assess patient comorbidity load, the NSQIP probability of 30-day mortality risk 
score and a modified Charlson comorbidity index (mCCI) was used. The NSQIP-derived 
mortality risk scores are calculated values that use preoperative characteristics to predict 
expected mortality rates for each patient based on risk models created from the entire NSQIP 
database(12,13). High comorbidity load was defined as patients with top 3% mortality 
probabilities.  
 
Severity of comorbid disease was also calculated using the Charlson comorbidity index (CCI), 
modified (mCCI) to fit the available data and patient population(14). Previous studies have shown 
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that modified versions of the CCIs have been similar in efficiency and prognosis to the original 
CCI(15–17). The comorbidities available in the NSQIP dataset used to determine the mCCI 
included (followed by corresponding point values):  chronic obstructive pulmonary disease 
(COPD) (1), congestive heart failure (CHF) (1), diabetes mellitus (2), dialysis or end stage renal 
disease (2), ascites or end stage liver disease (3) and metastatic cancer (6). The point values 
were calculated and summed for a total mCCI score, according to the scoring system 
established by Charlson et al.(14). Scores were then stratified into three groups: low, with mCCI 
scores of 0-2, moderate, with mCCI scores of 3-7 and high, with mCCI scores of ≥8. 
 
In general, classification of high and low-risk surgery is not well defined as procedures can vary 
in terms of patient and operation-specific factors. Moreover, there is no comprehensive, 
universally validated list for high and low-risk surgical procedures. Therefore, for this study, high 
and low-risk surgery was classified by using Current Procedural Terminology (CPT) codes from 
previous studies that stratify procedure risk based on mortality(18,19) and blood transfusion 
risk(20). Published guidelines and classification criteria including the Johns Hopkins Surgical 
Classification System(21) and the National Institute for Clinical Excellence (NICE) Specific 
Surgery Grades(22) were also used. Additionally, clinical judgment from three practicing 
surgeons, who independently examined the procedure-specific risk categorization, were used to 
stratify the procedures. Low risk procedures included certain laparoscopic cases, hernia repair 
and knee arthroscopy etc. High risk procedures included cases of abdominal aortic aneurysm 
repair, craniectomy and total colectomy etc. 
 
2.3 Study Variables and Outcomes 
The primary outcome of the study was 30-day postoperative mortality for patients undergoing 
major surgical procedures in both the inpatient and outpatient setting. BMI was calculated using 
the patient’s weight, height, and the following non-metric conversion formula: BMI = [(weight in 
pounds / (height in inches)2] x 703. BMI was further stratified into the World Health Organization 
(WHO) specific categories(23): underweight (BMI <18.5 kg/m2), normal (BMI 18.5-24.9 kg/m2), 
overweight (BMI 25-29.9 kg/m2), obesity class I (BMI 30-34.9 kg/m2), class II (BMI 35-39.9 
kg/m2), and class III (BMI ≥ 40 kg/m2). 
 
The analyzed preoperative variables included patient demographics, comorbid conditions, and 
intraoperative variables. Three patient demographic factors including age as a continuous 
variable, sex (female or male) and race (Asian, White, African American, American Indian, 
Pacific Islander) were examined. Nineteen comorbid conditions were also analyzed including, 
functional status, sepsis or septic shock, history of diabetes mellitus, dyspnea, preoperative 
transfusions, American Society of Anesthesiology (ASA) class, smoking status, ventilator 
dependence, steroid use, preoperative weight loss of >10%, bleeding disorder, severe COPD, 
history of CHF, ascites, hypertension, currently requiring or on dialysis, disseminated cancer, 
and open wound infection. Lastly, three intra-operative variables including work relative value 
units, emergency case status, and operative time were examined. 
 
2.4 Statistical Analysis 
Continuous variables were summarized in terms of mean with standard deviation (SD) or 
median with interquartile range (IQR), whereas categorical variables were described in terms of 
frequency (%). We used χ2 tests (categorical variables) or Kruskal-Wallis H tests (continuous 
variables) to test for significant differences among the BMI classes. 
 
Multivariable logistic regression analysis was used to evaluate the relationship between BMI 
and 30-day postoperative mortality in the total study cohort and stratified subgroups. Risk 
adjustment for confounders considered significant on univariate analysis were included in the 
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regression models. The effects of BMI on mortality were calculated as odds ratios (OR) and 
corresponding 95% confidence intervals (CI) with normal BMI class as the reference.  
 
Non-linear modeling for continuous BMI specification was done using fully adjusted restricted 
cubic spline models to characterize the dose-response relationship of BMI and mortality. 
Optimization of the number of knots was based on the Akaike information criteria (AIC), with 
ultimately 7 knots placed at equidistant percentiles(24) over the range of the BMI variable.  
 
All analyses were performed using RStudio Version 2022.07.1+554. Statistical significance was 
indicated by P < 0.05. 
 
3. RESULTS  
Table 1 provides the baseline demographic and clinical characteristics of the total patient 
population included in the study. A total of 3,085,582 patients were included in our study, of 
whom 47.0% were patients with obesity (BMI ≥ 30 kg/m2). The BMI distribution proportions were 
1.4% (BMI <18.5 kg/m2), 21.2% (BMI 18.5-24.9 kg/m2), 30.4% (BMI 25-29.9 kg/m2), 23.0% (BMI 
30-34.9 kg/m2), 12.8% (BMI 35-39.9 kg/m2), 11.2% (BMI ≥ 40 kg/m2). Most patients in this study 
were female (57.3%). Female patients showed a greater tendency to be underweight or obese. 
Patients with higher BMIs tended to be younger than patients with lower BMI. Majority of the 
patients in the study were Caucasians and compared to other racial groups, there was a higher 
prevalence of patients with obesity in the African American population. 
 
In terms of comorbidities, diabetes and hypertension existed in significantly higher rates with 
increasing BMI, whereas, smoking, COPD, ascites and disseminated cancer were lower in 
patients with obesity. Mean operative time decreased with increasing BMI. The mean Work 
RVU of the total study population was 16.63 ± 8.74 units, which increased with higher BMI 
levels. Majority of the operations were elective cases (93.3%), and underweight patients were 
significantly more likely to undergo emergency cases (12.8%) compared to patients with obesity 
(5.8%). 
 
Risk-adjusted multivariable logistic regression analysis was done to examine the relationship 
between BMI and 30-day postoperative. Figure 1 shows that in the total study population, there 
was a reverse J-shaped relationship between BMI and mortality, with highest and lowest odds in 
the underweight (OR 1.58 95%-CI 1.47-1.70) and obesity class II categories (OR 0.69 95%-CI 
0.65-0.73), respectively, confirming the obesity paradox. Subgroup analysis was performed with 
the cohorts stratified by patient comorbidity severity and procedural complexity. Obesity status 
was no longer protective against mortality for patients who underwent high-risk procedures (BMI 
30-34.9: OR 0.93 95%-CI 0.86-1.01; BMI 35-39.9: OR 0.92 95%-CI 0.83-1.03; BMI ≥ 40: OR 
0.94 95%-CI 0.83-1.07), those with high comorbidity severity of mCCI ≥8 (BMI 30-34.9: OR 0.95 
95%-CI 0.77-1.16; BMI 35-39.9: OR 0.78 95%-CI 0.60-1.02; BMI ≥ 40: OR 0.84 95%-CI 0.63-
1.12) and with top 3% mortality probability (BMI 30-34.9: OR 0.96, 95%-CI 0.90-1.02; BMI ≥ 40: 
OR 0.94, 95%-CI 0.86-1.01).  
 
4. CONCLUSION 
 
The result of this study suggests that for the vast majority of adult patients undergoing major 
surgery, obesity status was associated with lower postoperative mortality. However, the obesity 
paradox did not hold true for patients with high comorbidity severity or those undergoing high-
complexity cases. Associations between BMI and mortality varied by patient and procedure-
specific factors suggesting that further analysis is needed to explore obesity as a determinant of 
health and evaluate risk factors that affect surgical outcomes in patients with obesity. 
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Table 1: Patient Characteristics of the Study Population 
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Table 2: Adjusted Odds Ratios for Mortality in the Total Study Population and Sub-Cohorts Stratified by 
Patient Comorbidity Severity and Procedural Complexity 
 BMI  

< 18.5 
BMI  

18.5-24.9 
BMI  

25-29.9 
BMI  

30-34.9 
BMI  

35-39.9 
BMI  
≥ 40 

Total Study Population 
High Risk Procedures 
Top 3% Mortality Probability 
mCCI ≥8 

1.58* 
1.44* 
1.17* 
1.50* 

(Ref = 1) 
(Ref = 1) 
(Ref = 1) 
(Ref = 1) 

0.78* 
0.84* 
0.96 
0.97 

0.73* 
0.93 
0.96 
0.95 

0.69* 
0.92 
0.89* 
0.78 

0.75* 
0.94 
0.94 
0.84 

*P < 0.05 
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Introduction 
Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue sarcoma (STS)1. The most 
common subtype of pediatric RMS is embryonal RMS (ERMS)2,3. RMS treatment includes 
chemotherapy, radiation, and/or surgical resection. The current chemotherapeutic standard of 
care in North America is a combination of vincristine, actinomycin D, and cyclophosphamide4. In 
patients with recurrent or metastatic disease, the 5-year survival rate following aggressive 
treatment remains poor and variable at about 30%5. In these cases of recurrent or advanced 
RMS, alternate lines of chemotherapy include doxorubicin which, although effective, is 
associated with dose-limiting cardiotoxicity4. This demonstrates a need for novel therapies that 
are more efficacious and cause less systemic toxicity. 
Immunotherapy has proven to be an effective treatment strategy in many types of 
solid tumours such as melanoma, but success in STS does not seem to be as robust6. The 
characterization of STS through immune profiling can be challenging due the heterogeneity of 
this disease. This data varies widely between the different types of STS7. Immune profiling data 
specific to RMS is sparse because it is often grouped in an “other” subtype category. Thus, this 
research seeks to better understand the immune profile of RMS, in particular following treatment 
with hyperthermia (HT) in combination with thermosensitive liposomal doxorubicin (TLD). 
TLD consists of doxorubicin encapsulated in a thermosensitive liposome. The doxorubicin is 
released from the liposome at an elevated temperature of approximately 40°C8. To heat the drug 
in vivo, magnetic resonance-guided high intensity focused ultrasound (MRgHIFU) combines MRI 
and ultrasound to produce targeted and controlled HT9,10. The Gladdy lab has previously shown 
that tumour targeted HT in combination with TLD resulted in improved survival in an 
immunocompetent ERMS mouse model8. The HT+TLD treatment group also had the slowest 
tumour growth and had significantly lower levels of doxorubicin in the heart and liver compared 
to the free doxorubicin treatment group, which could suggest reduced toxicity11.  
Furthermore, HT can modulate the immune response through the increased release of immune 
stimulatory agents such as heat shock proteins and immunogenic targets from tumor cells12-16. 
Recent data suggests that the efficacy of immune checkpoint inhibitors (ICIs) can also be 
enhanced by tumour-localized HT therapy17. Therefore, if the HT from this already promising 
HT+TLD treatment is stimulating the immune system, immunotherapy in combination with 
HT+TLD treatment may be an even more effective treatment option. 
 
Objectives and Hypothesis 
The purpose of this project is to characterize the immune profile of a murine model of ERMS by 
investigating the quantity and location of immune cells within tumours, to determine what effect 
chemotherapy and HT have on immune infiltrates, and to analyze the immune response over 
time. We expect to see an increased immune response in HT treatment groups as HT has been 
shown to modulate the immune response12. Furthermore, we expect to see fewer B cells, and a 
higher macrophage population consistent with a previous study18.  
 
Methods 
A syngeneic, immunocompetent ERMS mouse model previously developed by the Gladdy lab 
was employed19. p53 heterozygous mice were intramuscularly injected with ~104 p53 null, 
FGFR4V550E mutant murine myoblast cells into the right hind limb at 4-8 weeks of age. Mice were 
divided into 2 groups: HT vs. normothermia (NT). The HT group underwent localized heating of 
tumours via MRgHIFU at 40°C for 20 minutes, while the NT group received no heat treatment. 
Intravenous chemotherapy of either free doxorubicin (FD), vincristine (VINC) or TLD was 
administered 1.5 minutes into MRgHIFU treatment for the HT group, and at the desired time of 
treatment for the NT group. This resulted in 8 experimental groups: control (untreated), FD, 
VINC, TLD, HT, HT+FD, HT+VINC, and HT+TLD. Tumours were collected via necropsy at 24 
and 168 hours (h) post-treatment and immunohistochemistry was performed on tumour sections 
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with antibodies against CD11b (macrophages, monocytes, natural killer cells, granulocytes), 
CD3 (T lymphocytes), and B220 (B lymphocytes). Positively stained cells in whole tumour 
sections were quantified using HALO image analysis software and sample tumour sections were 
manually counted and verified by sarcoma pathologist Dr. Elizabeth Demicco. Hyperion Imaging 
Mass Cytometry (IMC) was performed at the Centre for Advanced Single Cell Analysis at the 
Hospital for Sick Children under the supervision of Dr. Cynthia Guidos on a subset of OCT 
embedded tumour cross sections for two 1mm2 regions of interest in each tumour sample. This 
panel of markers consisted of CD45, gp38, MHC2, aSMA, CD11b, CD22, CD8a, CD11c, 
FOXP3, Sirpa, CD3, CD31, Ly6G, CD64, CD4, B220, and DNA.  
 
Results 
There were distinct differences in the quantity of CD11b, CD3, and B220 positive cells in 
tumours. CD11b positive cells were the most abundant (0-50% of tissue area), followed by CD3 
positive cells (0-5000/mm2), and very few B220 cells (0-140/mm2) (Figure 1). This indicates that 
the most prevalent immune cells in the tumours are macrophages/monocytes/natural killer 
cells/granulocytes, while B cells are sparse.  
There was significantly more CD11b positive staining in the HT+TLD group compared to the 
TLD group at 24 hours post-treatment (p= 0.0025, Figure 1). Furthermore, there were more 
B220 positive cells in the HT treated tumours at 168 hours post-treatment when compared to the 
untreated tumours (p=0.0125, Figure 1). However, it should be noted that not all of the HT 
treated tumours had significantly different immune cell counts when compared to their respective 
control. Moreover, at 24 hours post treatment, the HT+FD treated tumours had significantly 
fewer CD3 positive cells when compared to the FD treated group alone. However, this is likely 
due to the small sample size of n=4 and the large variability observed in the FD group.    
When observing immune cell counts irrespective of drug treatment, there was a significantly 
higher number of B220 positive cells in HT treated tumours when compared to NT tumours at 
168 hours post treatment (Figure 2).  
Comparison of tumour peripheral and central CD11b, CD3, and B220 staining revealed there 
were significantly more positively stained cells in the tumour periphery compared to the centre 
across all three markers (data not shown). The tumour periphery was defined as 1mm from the 
edge of tumours, and the centre was defined as any part of the tumour further than 1mm from 
the edge.  
IMC was conducted on 4 samples for preliminary analysis: one untreated tumour, one HT 24h 
tumour, and one HT 168h tumour, and one spleen as a positive control. The most abundant 
markers expressed across all samples (excluding DNA) were aSMA, MHC2, gp38, Sirpa, 
CD11b, and CD64 (Figure 3A). The least abundant markers from the IMC panel were FOXP3, 
CD8a, B220, CD22, and Ly6G (Figure 3A).  
When examining treatment specific differences in markers between IMC images, there seemed 
to be a higher number of CD64 positive cells in the tumour periphery in the HT 24 hour post-
treatment tumour compared to untreated or HT 168h (Figure 3B). However, it should be noted 
that these results have not yet been quantified to confirm significance. 
 
Discussion 
B cell tumour expression has been correlated with significantly increased overall survival in soft 
tissue sarcoma20. The fact that this mouse model of ERMS is exhibiting low levels of B cells 
could suggest that this could contribute to the immunologically cold nature of 
these tumours. Tumour associated macrophages (TAMs) usually make up the majority of the 
immune infiltrate, and often increase tumour pathogenesis, blood vessel development, immune 
suppression, and metastasis21. Though CD11b is not a marker of the macrophage population 
alone, the high number in comparison to CD3 and B220 is consistent with the literature in 
sarcoma21.  
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To more accurately characterize the subpopulations of immune cells within tumours and gain a 
more complete picture of the tumour microenvironment (TME), we employed IMC. There were 
high levels of myofibroblasts/perycites (aSMA) and fibroblasts/mesenchymal cells (gp38). This is 
expected in RMS, which generally originates from skeletal muscle. The combination of high 
MHC2, Sirpa, CD11b, and CD64 suggests a macrophage dominated TME, consistent with the 
literature21. Additionally, binding of CD47 on tumour cells to Sirpa on macrophages and dendritic 
cells incites a “don’t eat me signal”, allowing for tumour evasion, which could contribute to the 
immunologically cold nature of these tumours7. The combination of low FOXP3, CD8a, B220, 
CD22, and Ly6G indicated that there were few B cells and granulocytes in the TME, and that the 
majority of T cells present were CD4 helper T cells (due to low levels of cytotoxic and regulatory 
T cells).  
Increased CD11b positive staining in the HT+TLD group compared to the TLD group at 24h 
post-treatment, increased B cells in the HT treated tumours at 168h post-treatment when 
compared to the untreated tumours, and a general increase in B cells in all HT treated tumours 
compared to NT tumours at 168h post treatment supports the hypothesis that HT could be 
increasing immune infiltrate through the release of heat shock proteins and immunogenic targets 
from cancer cells12-16. This antigen presentation modulates the immune response in a number 
of different ways, such as increased antigen presentation to T lymphocytes and increased 
natural killer (NK) cell activity at temperatures around 40 degrees Celsius (but below 42 degrees 
Celsius)12-16. Moreover, CD64 is a marker of macrophages and monocytes, and preliminary IMC 
results also indicate that CD64 positive cells are being recruited to the tumour periphery at 24h 
following HT treatment. However, it should be noted that the IMC images have not been 
quantified and each group currently only has a sample size of n=1. For this reason, these results 
are only speculation for the time being. The time periods associated with these results also align 
with the faster acting innate immune system (example: macrophages), for which significance 
was observed at 24h post treatment, and the adaptive immune system (B and T cells) which can 
take up to a week to mount a full response, with significance observed at 168h post treatment. 
However, not all HT groups had significantly different immune cell counts when compared to 
their respective NT control, suggesting that treatment with different chemotherapies can affect 
HT induced immune stimulation.  
 
Significance and Future Directions 
By characterizing the immune infiltrate in the tumours of an immunocompetent mouse model of 
ERMS, we will be able to understand the location and presence of immune cell populations 
in tumours over time to identify future immunotherapeutic targets. We conclude that the relative 
density of CD11b and B220 positive cells was similar to that of macrophages and B cells in 
human RMS indicating that this murine model is capable of modeling the human immune 
response. We will expand our mouse cohort for further characterization of immune infiltrate in 
this murine ERMS model with a goal of n=10 in each treatment group. Current results indicate 
potential for HT mediated immune stimulation at certain time points, but further data is needed to 
increase study power. 
This research will allow us to understand whether we can harness HT-related immune 
stimulation from an already promising therapy (HT + TLD) to create an even greater synergistic 
effect with immune checkpoint inhibitors (ICIs) while maintaining reduced toxicity. Ultimately, the 
use of this data to inform the selection of an optimal time point and ICI to be administered in 
potential combination with HT+ drug will allow clinicians to develop a protocol that could be 
translated into a Phase 2 trial for pediatric patients with this devastating cancer.  
  



Translational Research 

 5 

Figures 

 
Figure 1. Quantification of CD11b, CD3, and B220 staining of whole cross sections of treated 
tumors (HT-hyperthermia, FD- doxorubicin, VINC-vincristine, TLD-temperature-sensitive 
liposomal doxorubicin). Scale bars vary between graphs. Total n=99. Error bars: mean  SEM. * 
indicates significance with a p value < 0.05, ** indicates significance with a p value < 0.01. 
CD11b 24h TLD/HT+TLD: p=0.0025. CD3 24h FD/HT+FD: p=0.0336. B220 168h untreated/HT: 
p=0.0125. 
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Figure 2. Quantification of B220, CD3 and CD11b staining of whole cross sections of treated 
tumors (NT-normothermia, HT-hyperthermia). Scale bars vary between graphs. n=99. Error 
bars: mean  SEM. ** indicates significance with a p value < 0.01. B220 168h p=0.0042. 
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Figure 3. A) Imaging mass cytometry of one region of interest in the periphery of an untreated 
tumour. For information on the panel of markers used see table 4. Scale bar applies to all 
images. B) Imaging mass cytometry of MHC2 (blue), CD64 (red), and CD11c (green) markers of 
central and peripheral tumour regions of interest. HT = hyperthermia. Periphery: an ROI within 
1mm of the tumour’s edge. Centre: an ROI further than 1mm from the tumour’s edge. Scale bars 
for tumour cross sections are all the same. 
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Purpose and hypothesis: Elements of the tumor microenvironment (TME), such as tumor 
associated innate immune cells, can have a variety of impacts both on cancer development as 
well as treatment response. As such, preclinical models that incorporate these elements are of 
critical importance in developing novel treatment strategies (1).  Here we use a novel screening 
approach using a zebrafish (ZF) tumor xenograft model, which integrates many of the benefits 
of both in vitro and in vivo screening platforms. The model facilitates examination of treatment 
efficacy and mechanism of action in a biologically relevant context (2), while realizing the 
efficiencies of in vitro approaches to screening. We sought to assess the effect of immune-
modulating combination therapies on colorectal tumors using this platform. We hypothesized 
that the ZF model could be used to select chemotherapeutic agents for use in combination with 
the viral mimic and immune modulator poly I:C, and that these combination treatments could 
improve the anti-tumor effects of chemotherapy alone through their impacts on components of 
the TME. 
 

Methods: Using MC38 murine colon cancer cells, we evaluated 30 FDA-approved 
chemotherapeutics including antimetabolite and alkylating compounds, hormonal agents, and 
targeted therapies such as anti-vascular drugs and multi-kinase inhibitors. The anti-tumor, anti-
vascular, and immunomodulatory effects of these drugs combined with poly I:C were compared 
to poly I:C, compound, and vehicle alone groups using a streamlined approach with confocal 
fluorescent microscopy. Tumor cells were labeled with the Qtracker™ 585 Cell Labeling Kit 
(ThermoFisher Scientific, MA, USA). Cells were injected into the perivitalline space of ZF 
embryos 2 days post fertilization (DPF), which are transparent and allow in vivo confocal 
fluorescent imaging. Following 24 hours of tumor establishment to allow for neovascularization 
and immune cell infiltration, baseline tumor volumes were estimated using confocal microscopy 
and image analysis software and embryos were randomly assigned to treatment groups 
consisting of either vehicle bath, chemotherapeutic bath alone (based on dosing determined 
from toxicity studies), or chemotherapeutic bath combined with poly I:C intravascular injections. 
Tumors were then re-evaluated on 6 dpf, and ZF strains with endothelial and innate immune cell 
fluorescent reporter lines were used to assess blood vessels, neutrophils, and macrophages 
within the TME. Finally, an MTS assay was used to compare in vivo results obtained using the 
ZF model with treatment group impact on tumor cell viability in vitro, in order to evaluate the role 
that components of the TME such as vasculature and immune cells may be playing. 
 

Results: After initially confirming that our screening approach was able to detect differences in 
chemotherapeutic effect consistent with the known clinical efficacy of these drugs (data not 
shown), we demonstrated variable anti-tumor efficacy across our 60 screened treatment groups. 
9 out of 60 screened groups demonstrated partial tumor response by RECIST criteria, with the 
majority of these candidate treatments being combination therapy including poly I:C (figure 1). 
The treatment group displaying the most substantial percent decrease in tumor size was 
methotrexate + poly I:C, demonstrating a 53.7 percent decrease in tumor size (figure 1). Other 
groups with partial response when combined with poly I:C included doxorubicin, imiquimod, 
celecoxib, gefitinib, osimertinib, and erlotinib. Finally, osimertinib and doxorubicin achieved 
partial response in the screen when given alone. Xenografts treated with alectinib, apalutamide, 
tamoxifen + poly I:C, crizotinib, and niraparib all demonstrated progressive disease (figure 1). 
 
As with anti-tumor response, tumor-associated macrophage (TAM) density varied widely 
between treatment groups. TAM infiltration into tumors followed a bimodal pattern, with a subset 
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of groups being associated with a substantial increase in macrophage density, while other 
groups saw very little tumor infiltration or even a decrease (figure 2). The imiquimod 
monotherapy and thioguanine combined with poly I:C groups showed the largest increase in 
TAM density, whereas niraparib and tamoxifen monotherapies were associated with the lowest 
densities. Treatment groups including poly I:C were associated with greater TAM infiltration as 
well as greater anti-tumor response. Unlike with TAM response, tumor associated neutrophil 
(TAN) density in all treatment groups increased over the course each screening experiment, 
however almost all treatment groups were associated with lower TAN presence than in the 
control group (data not shown). Additionally, while a range of increases in TAN number existed 
across treatment groups, there did not appear to be a similar bimodal response of limited versus 
substantial tumor infiltration as seen with TAMs. Imiquimod and dacarbazine combined with poly 
I:C were associated with the largest increases in TAN density, while niraparib and lenalidomide 
monotherapy groups showed the lowest increase. As with macrophages, treatment groups with 
poly I:C trended toward higher levels of TAN presence and greater overall anti-tumor response. 
 

Tumor vascularization was measured as a ratio of tumor vascular volume to overall tumor 
volume. There was a decrease in tumor vascularization across all treatment groups compared 
to the control group, and while half of the tested groups showed increases in tumor vasculature 
during the experimental window, the remaining groups had reduced vascularization. Control and 
osimertinib groups were associated with the largest increase in tumor vascular density, while 
ponatinib and lenolidomide were associated with the greatest reduction (data not shown). 
 

In comparing candidate drugs across all screens, drugs varied in terms of degree of anti-tumor 
effect and whether this was associated with increased immune cell infiltration into the treated 
tumors or reduction in tumor-stimulated angiogenesis (figure 3). Two treatment groups, gefitinib 
+ poly I:C and imiquimod + poly I:C, demonstrated partial tumor response along with large 
increases in TAM and TAN presence within xenografts and large anti-vascular effects (figure 3). 
There were also treatment groups, such as Osimertinib + poly I:C, for which partial tumor 
responses were associated with large amounts of TAM and TAN infiltration but increases in 
tumor vascularization (figure 3). Finally, other treatment groups demonstrated either partial 
response with only TAM (doxorubixin + poly I:C) or TAN (erlotinib + poly I:C) increases. While 
not designed to detect statistically significant changes in TME characteristics between treatment 
groups, our screen did appear to demonstrate a trend toward increased anti-tumor effect and 
innate immune cell infiltration when candidate drugs were used in combination with poly I:C. 
Specifically, TAM and TAN dynamics trended toward greater tumor infiltration in those groups in 
which candidate drugs were combined with poly I:C. There also appeared to be a trend toward 
increased anti-vascular effect in treatment groups including poly I:C. There were however 
several candidate compounds that were associated with larger anti-tumor effects when given 
alone as compared to when given along with poly I:C, and also demonstrating increased 
immune cell infiltration in the monotherapy context. 
 

Finally, using an MTS assay to assess the in vitro impact that treatment groups had on MC38 
cells, the addition of poly I:C was associated with a decrease in percent viability following a 72-
hour treatment period for the majority of the candidate compounds (figure 3). This was 
consistent with results obtained using the ZF model. Few groups were associated with a 
substantial increase in viability with the addition of poly I:C, including dacarbazine and 
thioguanine. Differences were seen between results from the ZF model and MTS assay. While 
certain groups were associated similar impacts on tumor cells across both models (e.g. 
monotherapy with erlotinib, lomustine, and olaparib), other treatment groups displayed marked 
differences (e.g. crizotinib). There were also differences in the impact that the addition of poly 
I:C had between the ZF model and MTS assay (figure 3). In general, poly I:C was associated 
with a greater inhibitory effect on tumor cells in the ZF model compared to the MTS assay. For 
instance, the addition of poly I:C to imiquimod was associated with an improved reduction in 
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tumor cell viability of 3.5% over imiquimod alone in the MTS assay, whereas in the ZF model 
adding imiquimod was associated with 37.6% improvement in anit-tumor effect (figure 3). 
 

Conclusions: In summary, using a ZF tumor xenograft model as a screening platform for 
combinatorial treatment of colon cancer we have shown that induction of anti-viral responses 
within colorectal tumors with the viral mimic poly I:C may improve the anti-tumor effects of 
currently available chemotherapeutic agents. Additionally, in vivo screening using the ZF model 
is a novel and feasible approach to identifying candidate combinations for further in depth 
evaluation for colorectal cancer treatment.  
 

Given that various elements of the TME are increasingly appreciated to impact tumor growth 
and treatment efficacy, preclinical models incorporating these elements are critically important in 
developing novel treatment strategies (1). The approach to drug screening used here employs 
an intact, biologically relevant TME through which to evaluate anti-tumor and TME-modulating 
effects of various combination therapies. Agents that produce anti-viral and immunogenic 
responses in the TME used with other treatment modalities such as cytotoxic 
chemotherapeutics may produce synergism through processes such as immune system 
activation (3). For instance, our lab previously shown that an oncolytic vaccinia virus used in 
combination with irinotecan potentiates the effects of this topoisomerase inhibitor, likely though 
cell cycle impacts of vaccinia infection and the enhanced apoptosis occurring in the context of 
S-phase accumulation in tumor cells (4).  
 

Our data demonstrated a greater degree of anti-tumor effect and innate immune infiltration in 
those treatment groups including poly I:C. Out of the 9 treatment groups associated with partial 
tumor response, 7 were combinations of drug and poly I:C, and for 6 of these the corresponding 
drug monotherapy was not associated with partial response. MTS assessment of these 
treatments demonstrated different impact on tumor cells that suggested the possibility of other 
elements in the intact xenograft TME, such as innate immune cell and vascular dynamics, 
impacting treatment effect in our model. Previous studies have suggested mechanisms through 
which poly I:C may interact with chemotherapeutic agents in reinforcing ways. For instance, 
many drugs upregulate TLR3 receptor expression on tumor cells through processes such as 
p53 induction, which can lead to increased apoptosis following poly I:C exposure (5). This has 
been demonstrated in colorectal cancer cells specifically (5).  
 

While some of the data suggesting synergism between poly I:C with other treatment modalities 
relies on tumor-specific adaptive immune responses, innate immune mechanisms are likely also 
at play (6). Interestingly, our screen showed that poly I:C in combination with imiquimod was 
associated with one of the largest anti-tumor effects as well as with the highest level of 
macrophage recruitment to tumors. Imiquimod also works in part through TLR signaling, and 
other groups have shown that combination therapy of poly I:C with other TLR agonists results in 
a greater degree anti-tumor macrophage polarization with associated TAM cytotoxicity against 
tumor cells and overall anti-tumor effect (7).  
 

The colorectal TME is a complex system of interacting immune, vascular, and stromal structures 
above and beyond tumor cells themselves. Screening efforts to identify treatment approaches 
with potential benefit in colorectal cancer should strive to incorporate effects mediated through 
these variables. We have used the ZF xenograft model to evaluate how tumors are being 
modified by perceived viral challenge in combination with known chemotherapeutic agents, and 
how this may be harnessed for more efficacious treatment effect. Through this, we have 
identified treatment candidates that are associated with a partial tumor response by RECIST 
criteria in MC38 xenografts, with improved effect with poly I:C-based combination approaches 
over monotherapy, and modification of the TME, warranting further investigation for use in 
colorectal cancer treatment. 
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Figure 1. Tumor response. ZF implanted with fluorescent-labelled MC38 colon cancer cells 
(red) 2 days post fertilization (dpf) and treated with control (buffer) or candidate drug dissolved 
in ZF media beginning 3 dpf as well as either poly I:C or PBS injections into the common 
cardinal vein at 3 dpf. a. representative confocal images showing stable disease (gefitinib alone, 
left panels) versus progressive disease (gefitinib + poly I:C, right panels) b. waterfall plot, with 
treatment groups arranged along x axis from largest increase in tumor size to largest decrease, 
line denoting RESIST criteria cutoff for partial response, associated treatment group details 
listed in (c). c. treatment groups categorized as progressive disease (red, increase in tumor 
size), stable disease (dark green, no change to 30% decrease in size), and partial response 
(light green, >30% decrease in size). 
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Figure 2. TAM response across treatment groups. ZF with macrophage reporter cell line 
(macrophages in red) implanted with blue Celltracker fluorescent-labelled MC38 cells. a-d. 
confocal fluorescent images comparing macrophage infiltration in tumors in those without (a,b) 
and with (c,d) substantial increase in TAM numbers. e. Raincloud plot comparing pre-treatment 
(green) and post-treatment (orange) TAM density, demonstrating bimodal macrophage 
response. The tail on the post-treatment distribution represents treatment groups associated 
with substantial increases in TAM presence, suggesting these treatment groups are stimulating 
activation in the TME. f. waterfall plot showing change in macrophage density (macrophages 
per 1 million cubic microns) from 3 to 6 dpf, with treatment groups arranged along x axis from 
largest increase in density to largest decrease, with the associated treatment group details listed 
in (g). g. Treatment groups categorized as decreased TAM density (red), small increase (dark 
green, 0-20/mm3), and large increase (light green, >20/mm3). 
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Figure 3. Overall screen results and comparison to in vitro data. a. Summary of screen 
result for all 30 candidate drugs with and without poly I:C, as well as poly I:C alone, comparing 
tumor response with innate immune and vascular changes with the tumor microenvironment. 
Right panel showing subset of candidate compounds selected for further in depth evaluation 
based on their anti-tumor, immunomodulatory, and vascular impacts. b. Comparison of change 
in anti-tumor effect with the addition of poly I:C in vitro and in vivo in a representative subset of 
treatment groups. Differences in change in tumor volume for each candidate compound when 
combination therapy with poly I:C is compared to treatment with candidate drug alone, as 
assessed using MTS assay (green bars) or using the ZF tumor xenograft model (grey bars). 
More positive values denote less anti-tumor effect in the poly I:C combination therapy group 
compared to the monotherapy group, while more negative values denote a great anti-tumor 
effect with poly I:C. 
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Introduction 
Soft tissue sarcomas (STS) are a diverse group of mesenchymal tumors with over 100 

histologically distinct types recognized by the World Health Organization (WHO) (Board, 2020). 
Two common STS types in adults are undifferentiated pleomorphic sarcoma (UPS) and 
myxofibrosarcoma (MFS). Both types are commonly found in the extremities (Board, 2020). 
Metastasis occurs in up to 50% of cases and as such, there is an apparent role for systemic 
therapy in improving rates of cure. Unfortunately, neither UPS nor MFS is highly sensitive to 
standard of care chemotherapeutics, such as doxorubicin, with response rates of about 20% 
(Seddon et al., 2017; Verschoor et al., 2020). Thus, there is a need to better understand the 
mechanisms of metastasis to improve outcomes. 

One known driver of aggressive disease and metastasis in cancer is intratumoral 
hypoxia. Markers of hypoxia, such as HIF-1α, have been linked to STS growth and metastasis, 
however the mechanisms of this are not well elucidated (Eisinger-Mathason et al., 2013; El-
Naggar et al., 2015; Forker et al., 2018; Kim et al., 2015; Li, Zhang, Li, & Tu, 2016; Nystrom, 
Jonsson, Werner-Hartman, Nilbert, & Carneiro, 2017). Transcriptome changes associated with 
hypoxia have been identified in STS (Aggerholm-Pedersen et al., 2016; Yang et al., 2018), 
which may occur through epigenetic modifications through inactivation of tumor suppressor 
genes such as PTEN and ATM (Thienpont et al., 2016). Overall, the mechanisms of hypoxia 
driven metastasis are yet to be fully understood and additional large-scale sequencing studies 
may provide valuable insight.  

A formidable challenge in hypoxia research is that it is difficult to accurately measure 
intratumoral hypoxia in clinical specimens. IHC of HIF-1α, as well as proteins upregulated by 
HIF-1α such as CA-IX are frequently used to evaluate the presence of hypoxia in STS and 
correlate to worse survival (Forker et al., 2018; Kim et al., 2015; Li et al., 2016; Nystrom et al., 
2017; Oda et al., 2009; Smeland et al., 2012). Hypoxia induced gene-expression signatures for 
STS have been reported (Aggerholm-Pedersen et al., 2016; Yang et al., 2018). In addition, 
exogenous hypoxia probes, such as pimonidazole, are available and have been validated in 
other solid tumors (Dhani et al., 2015). However, these methods rely on sampling specific 
regions of the tumor and therefore may not represent the total hypoxic fraction. 

A potentially more accurate way of determining hypoxic fraction is through live imaging. 
One such way is with positron emission tomography (PET) in combination with a 2-
nitroimadazole radiotracer of hypoxia, such as 18F-Fluoroazomycin arabinoside (FAZA). 
Assessing hypoxia in sarcoma was previously done with FAZA-PET/ CT in a small phase Ib/II 
clinical trial of STS where over 50% of tumors were characterized as hypoxic, which was 
associated with both radioresistance and local recurrence (Lewin et al., 2014). Further studies of 
how FAZA-PET combined with conventional imaging modalities can quantify hypoxia and relate 
to clinical outcomes are requires to better understand the clinical utility of hypoxia imaging.  

To address both the question of how to quantity total hypoxic fraction in STS and its 
impact on survival and gene expression we conducted a Phase II clinical trial (ClinicalTrial.gov 
Identifier: NTC03418818). Hypoxia was assessed first with FAZA-PET/MRI and correlative 
studies were conducted post-surgery to better understand the impact of hypoxia on the methyl- 
and transcript-ome. Furthermore, pimonidazole was used to validate FAZA results. Finally, to 
further study hypoxia in a controlled environment, STS cell lines were also utilized. Overall, our 
studies showed that there is variability in tumor hypoxia percentages in UPS and MFS, based on 
both FAZA-PET/MRI and pimonidazole staining, which is associated with worse disease-free 
survival. Preliminary analysis also indicates that methylation may not be altered by hypoxia. 
 
Methods 

We conducted a dual arm, single centre, investigator-initiated study to investigate the use 
of FAZA-PET/MRI to measure hypoxia in STS before and after neo-adjuvant radiation (Arm A) or 
before surgery (Arm B). Patients in Arm B received pimonidazole approximately 16-20 hours 
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before surgery. Eligible patients were aged 18 years or older with histologically documented, 
high-risk. Patients with UPS or MFS were preferentially enrolled. Intention to treat using 
radiation/chemotherapy/surgery was according to the current treatment policies of the sarcoma 
site group at Princess Margaret Cancer Centre and Mount Sinai Hospital. FAZA-PET/MRI scans 
were performed at Toronto General Hospital. To calculate tumor hypoxic fraction, the average 
uptake of FAZA in the normal muscle plus three standard deviations defined positivity for 
hypoxia in the tumor. This was done individually for each patient.  

Tissue was harvested immediately after tumor resection for correlative studies. 
Approximately six grossly viable regions were sampled and fixed in formalin. Additionally, one 
larger tumor sample, approximately 1 to 2 cm3 was collected for dissociation. Viable regions 
were stained for pimonidazole, CA-IX and HIF-1α. An expert sarcoma pathologist (ED) scored 
the IHC staining and provided quantitative statements that included percent of tissue positive for 
each marker and intensity of the stain. Dissociated tumor cells were isolated based on 
pimonidazole status (positive (+) or negative (-)) using a MoFlo Astrios EQ cell sorter for 
downstream methylation analysis. DNA was extracted and bisulfite conversion was performed 
using the EZ DNA Methylation Kit. Samples were analyzed on the Illumina Infinium 
MethylationEPIC Array at the Princess Margaret Genomic Centre (PMGC). RNA was extracted 
and real-time quantitative polymerase chain reaction (RT-qPCR) acquisition was performed to 
quantify the expression of CA-IX in hypoxic cells (0.2% O2) relative to normoxic (18.6% O2). 
 
Results 

In total, 15 patients in Arm A and 10 patients in Arm B were accrued (n= 25) between 
2018 and 2022. Patients with UPS and MFS were preferentially enrolled. Baseline 
demographics of patients enrolled in the study and specifically patients involved in correlative 
studies are shown in Table 6-1 A and B, respectively. Most patients were male (n=23/25), and 
the most common histology was MFS (n=11/25) followed by UPS (n=8/25). One patient had an 
MPNST, and as with standard clinical practice this tumor was not assigned a grade; for the 
remaining tumors, half were grade 2 (n=12/15) and half were grade 3 (n=12/25). In total 20 
patients had at least one successful FAZA-PET/MRI (Table 6-1 A). One patient enrolled in Arm 
B did not take pimonidazole prior to surgery and was excluded from correlative studies. All 
patients in Arm A (n=15) and 70% patients in Arm B (n=7/10) underwent baseline FAZA-
PET/MRI imaging to quantify the hypoxic fraction of the tumor. However, for 2 patients (Arm A 
n=1, Arm B n=1), FAZA/PET scans were compromised due to scanner errors and thus only 20 
patients had usable scans. At baseline, 14 patients demonstrated quantitative evidence of 
hypoxia with a median of 16% [2 – 62%] of the tumor being FAZA avid and six patients 
appeared normoxic (0% of the tumor was FAZA avid). 

Preliminary analysis indicates that hypoxia correlated to both disease-free and overall 
survival (Figure 6-1 A and B, respectively). One patient did not undergo surgical resection 
because they developed metastatic disease and thus, they were excluded from analysis. There 
was a statistically significant difference for disease-free survival only (p<0.05) (Figure 6-1 A). All 
patients enrolled had tumors of grade 2 or 3, this was not correlated to the percent of hypoxia in 
STS (p=0.4064) (Figure 6-1 C). 

We aimed to assess the hypoxic fraction within viable tumor regions. To determine if the 
regions sampled were viable, H&E slides were reviewed by an expert sarcoma pathologist (ED). 
Early on, we noted that tumors treated with neoadjuvant radiation (n=3) had very low viability 
(1% median viable tumor) and thus we focused on performing correlative studies only on 
patients enrolled in Arm B (Table 6-3, Figure 6-2 A). There was heterogeneity in the proportion 
of pimonidazole stain between patients (interpatient; range 0% to 90%) and between regions 
surveyed within the same tumor (intrapatient) (Figure 6-2 B). The largest intrapatient 
heterogeneity was seen in patient 10, with a range of 0% to 90%. Pimonidazole was detected in 
both the nucleus and cytoplasm. Pimonidazole staining was cord-like in some instances, as has 
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previously been reported (Dhani et al., 2015). In some tumors, pimonidazole was noted adjacent 
to necrotic regions in a serpiginous pattern. In others, pimonidazole was detected more diffusely 
or in small patches without a clear relationship to necrotic areas (Figure 6-2 C). Examples of 
quantification statements, with percentage pimonidazole positive and intensity of stain, as well 
as descriptions of staining location are provided in Figure 6-2 D. IF was also used to measure 
co-localization of pimonidazole, CA-IX, and HIF-1α to investigate the extent of single positive, 
double positive, and triple positive cells. Overall, we observed colocalization between hypoxia 
markers (Figure 6-2 E), validating pimonidazole in STS as a marker of hypoxia.  

To determine if DNA methylation was altered by hypoxia, we are in the process of 
analyzing global methylation patterns and methylation within specific hypoxia related genes. In 
total, six patient tumors were sorted to isolate hypoxic (pimonidazole +) and normoxic 
(pimonidazole -) cells. Of the six patient samples sorted, four samples had an adequate amount 
of DNA. To compliment the ex vivo studies, we utilized hypoxic and normoxic STS cell lines for 
methylation analysis. Included were four UPS and five MFS cell lines, each of which was plated 
in a hypoxic (0.2% O2) or normoxic (18.6% O2) incubator for 72 hours prior to harvest. To 
confirm that STS cell lines responded to 72 hours of hypoxia (0.2% O2), we quantified CA-IX 
mRNA expression. In all UPS and MFS cell lines there was an increase in CA-IX expression 
when compared to the normoxic cell lines. Preliminary analysis of these UPS cell lines indicated 
no hypoxia-induced global methylation changes. 
 
Conclusion 

Hypoxia is a known driver of metastasis in cancer, however, the mechanisms of this have 
not been fully elucidated. Furthermore, the gold standard of assessing hypoxia in clinical 
standards remains to be determined. Here, we demonstrated that measuring hypoxia with 
FAZA-PET/MRI is feasible for quantifying hypoxia in STS. Furthermore, we are currently 
investigating if hypoxia alters either the methyl- or transcript-ome, but preliminary analysis 
indicates that methylation may not be altered by hypoxia in STS cell lines. 

Interim analysis of a small cohort of STS patients, hypoxia detected by FAZA-PET/MRI 
correlated with worse disease-free survival in STS. While overall survival was not significantly 
impacted by hypoxia, there does appear to be a trend towards worsened overall survival with 
hypoxia. The amount and patterns of pimonidazole staining varied between patients and within 
tumors. The majority of staining was cord-like, as has previously been described (Dhani et al., 
2015), but we also observed diffuse and patchy staining, particularly in UPS and MFS tumors. 
While colocalization of pimonidazole to known hypoxia markers, HIF-1α and CA-IX, was not 
uniform, several regions stained positive for all three markers.  

To further understand the mechanism of change induced by hypoxia, we assessed DNA 
methylation. Our preliminary analysis indicates that global methylation may not be affected by 
hypoxia. It is possible that with a larger sample size we would be able to detect differences 
either on the global or gene specific level.  

Overall, we have shown that hypoxia can be detected and quantified in STS, which 
correlated to worse survival. Both FAZA-PET/MRI and pimonidazole are complimentary 
classifiers of hypoxia, as the total hypoxic fraction can be determined but also in relation to other 
morphologic features, such as necrosis. Currently, we are determining if there are methylation 
changes caused by hypoxia and in the future we would like to correlate this to transcriptome 
changes. 
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Table 6-1. Baseline demographics of (A) all patients enrolled in the hypoxia clinical trial 
and (B) those involved in correlative studies. Three patients in Arm B did not undergo the 
optional FAZA scan. Two patients (Arm A n=1, Arm B n=1)  underwent the FAZA scan but 
there were issues with the PET scan.  

Characteristic Patients (n)
Sex 13

Male 13
Female 0

Histology
UPS 5
MFS 5

DDLPS 1
MLPS 1

MPNST 1
Treatment Group

Surgery + adjuvant RT 10
Surgery + neoadjuvant RT 3

Grade
2 5
3 7

Not graded (MPNST) 1
Successful FAZA Scan?

Yes 9
No 4

Characteristic Patients (n)
Sex 25

Male 23
Female 2

Histology
UPS 9
MFS 10

DDLPS 1
MLPS 2

MPNST 1
PECOMA 1

Synovial Sarcoma 1
Treatment Group

Arm A: neoadjuvant RT + surgery 15
Arm B: surgery 10

Grade
2 12
3 12

Not graded (MPNST) 1
Successful FAZA Scan?

Yes 20
No 5
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Figure 6-1. Survival of STS patients with hypoxic tumors is worse than those with 
normoxic tumors. Hypoxia was assessed using FAZA-PET/MRI imaging and hypoxic tumors 
were defined as any tumor that had FAZA avid regions. Although 20 patients underwent 
successful FAZA scans, one patient did not undergo surgery due to the detection of metastatic 
disease and thus was excluded from the analysis. (A) Disease free survival is significantly worse 
for patients with hypoxic tumors compared to normoxic tumors (p=0.0056). (B) There is a trend 
towards worse overall survival with patients with hypoxic tumors (p = 0.1114). (C) Hypoxia was 
not associated with tumor grade (p=0.4064).  
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Figure 6-2. Heterogeneity of pimonidazole is detected both interpatient and intrapatient in 
STS. Additionally, colocalization with endogenous hypoxia markers observed. (A) Tissue 
sampled from all patients enrolled in Arm A (neoadjuvant radiation) was significantly less viable than 
Arm B (surgery first). (B) Percent of tumor cells positive for pimonidazole (PIMO) in patients enrolled 
in Arm B (scored by an expert sarcoma pathologist (ED)). (C) Representative pimonidazole 
immunohistochemistry (IHC) for three patients with different staining patterns, left to right: cord like 
adjacent to necrosis (Pt 7 UPS), small patches (Pt 8 UPS), diffuse (Pt 2 MFS). From 8 patients, 29 
slides were positive for pimonidazole with the following staining patterns: cord like (n=17), small 
patches (n=6), diffuse (n=2), cord like and diffuse (n=2),  cord like and patches (n=2). (D) Table of 
percent and intensity, as well as description of pimonidazole stain of the three representative slides 
(ED). (E) Representative PIMO IHC with corresponding immunofluorescence (IF) of PIMO, CA-IX, 
HIF-1a, and composite image.   
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Introduction and background 
  Patient-derived preclinical models, especially patient-derived organoids (PDO) using cancer 
cells, have been reported as novel approaches to predict drug-sensitivity and as a preclinical 
model to study drug resistance in multiple cancer types 1. PDO using primary lung cancers 
also demonstrated potent ability to predict prognosis and drug sensitivity, as well as patient-
derived xenografts (PDX) 2,3 . However, many of the reported lung cancer organoid (LCO) 
were derived from surgically resected samples of early-stage lung cancers. Even if we use the 
surgical resected lung cancer specimen, stable culture, especially passage more than ten of 
lung cancer cells is still difficult because of the contamination and outgrowth of normal 
endobronchial epithelial cells. According to the previous study, the success rate of 
establishment of surgical sample derived LCO models cultured for >10 passages were 7~17% 
4,5. 
 Clinically, many patients who have advanced disease are not eligible for the radical surgery, 
therefore, it is difficult to collect enough tissue used for successful LCO development in 
metastatic/recurrent lung cancer patients. In many patients with advanced-stage or recurrent 
lung cancers who require drug therapy, bronchoscopy, especially endobronchial ultrasound-
guided transbronchial needle aspiration (EBUS-TBNA) is usually used for diagnosis and 
staging as a standard clinical procedure. Data on establishing PDO and PDX from biopsy 
samples, including EBUS-TBNA, is very limited in lung cancer. Regarding to the biopsy 
sample-derived LCO, the initiation rate was reported as 50% (4/8 samples) but at only 7-days 
post processing and these cases were not validated whether they were truly LCO or not 6. 
There is no previous report regarding EBUS-LCO culture stability and long-term passaging.  
In our previous report, we successfully established lung cancer PDX models in 42.1% (8/19 
cases) using EBUS-TBNA samples with rapid on-site cytological evaluation 7. These EBUS-
PDXs are all derived from lymph node metastasis, and patients are indicated to drug therapy. 
We have also experienced that xenograft derived organoid (XDO) were successfully 
established better than PDO 2. Expansion of lung cancer cells as PDX can lead to better 
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establishment of LCO. In addition, xenograft culture can avoid normal air way cell expansion.  
  In this study, we explored xenograft-derived organoids (XDO) using lung cancer EBUS 
biopsy-based patient-derived xenografts (EBUS-PDX) as a strategy to improve the 
establishment of EBUS biopsy-based LCOs. We precisely validated pathological and 
genetical findings of established organoid models, and assessed drug sensitivity comparing 
the corresponding patient response. 
 
Methods 

A total of 16 cryopreserved EBUS-PDX tumors were engrafted subcutaneously in 
nonobese severe combined immune deficient gamma (NSG) mice. Clinical data of EBUS-
PDX tumors were collected according to the review ethical board of UHN (11-0109-CE). PDX 
tumors reaching ~1000mm3 were resected and digested to single cells using collagenase II. 
We extracted mouse derived cells in PDX tumor by labeling the mouse cells with H2K 
antibody and magnetic separation. Tumor cells were embedded in matrigel and cultured in 
M27 organoid culture medium developed at our institution.  

XDOs were passaged more than 10 times and assessed histologically. We defined the 
“stable establishment” of XDO as (i) passage number ≥10, (ii) no mouse cell contamination 
by flowcytometry, (iii) retained pathologic features of the origin PDX tumor. For pathological 
assessment, formalin-fixed paraffin embedded block was prepared in XDO and PDX tumor. 
Mouse cell contamination in the established XDO was checked in flowcytometry by labelling 
mouse cells and human cells with H2K and EpCAM, respectively. DNA of PDX and XDO 
were extracted for checking the druggable mutations by sanger sequencing. Drug sensitivity 
assays were performed using XDOs of early passage and that met these stability criteria. 
Drug resistance model to target therapy was generated by chronic exposure in dose 
escalation manner. All statistical analysis was performed in GraphPad Prism 9 or EZR. 

 
Results 
  All 16 cryopreserved EBUS-PDX tumors including nine adenocarcinoma (ADC), two 
squamous cell carcinoma (SQ) and three small cell lung cancer (SCLC), and each one of 
large cell neuroendocrine carcinoma (LCNEC) and large cell carcinoma, successfully 
achieved the 1000mm3 threshold in NSG mice in a median period of 8.5 (2.9-14.5) weeks. 
We successfully established 12 stable EBUS-XDOs in 75% (12/16) success rate; six out of 
nine (67%) ADC, two (100%) SQ, three (100%) SCLC, and one (100%) LCNEC. Two ADC 
and a large cell XDO stopped growing in less than 10 passages, and remain one ADC was 
identified 100% of mouse cell outgrowth.  
EBUS-XDOs and origin PDXs showed similar histological appearances in the H&E staining 
and maintained the expression of TTF-1 in ADC, p40 in SCC and neuroendocrine markers 
(chromogranin A, synaptophysin and CD56) in SCLC and LCNEC models (Figure1). As an 
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example, XDO4370 derived from a stage IIIB ADC showed maldistributed nuclei with 
intracytoplasmic mucinous lesion that also observed in original PDX4370 tumor. A LCNEC 
tumor, which was diagnosed as large cell lung cancer by EBUS-TBNA specimen in clinical 
setting, revealed to be positive staining of neuroendocrine markers in XDO and PDX. In 
genomic analysis for druggable mutations in lung cancer, KRAS G12C mutation was 
detected in two ADC models, both of XDO and PDX.  
  A SCLC EBUS-XDO demonstrated a response to chemotherapy consistent with that 
observed in the patient (Figure 2). On the other hand, an ADC XDO, whose patient was 
treated by chemotherapy and showed stable disease clinically, showed higher IC50 value 
than sensitive SCLC model.  
  An ADC XDO model harboring KRAS G12C mutation was sensitive to approved KRAS 
G12C inhibitors, sotorasib and adagrasive, in drug sensitivity assay (Figure 3). Killing assay 
also showed potent suppression of cell growth by presence of sotorasib and adagrasive for 
four weeks. In immunoblotting, down streaming signals, phospho-Erk (pErk) and pAkt, were 
suppressed in were suppressed in dose dependent manner by sotorasib in sensitive model, 
but not in resistance model. In addition, we successfully generated acquired resistant clones 
to KRAS G12C inhibitors by chronic exposure, and these models showed more than 100 
times higher IC50 values to sotorasib and adagrasib than parental sensitive clone.  
 
Conclusions and Knowledge Translation 

  We could establish LCOs using an XDO approach with a high success rate. XDO 
recapitulated the histological findings of PDX tumor. XDO can be a good option to generate 
stable patient derived LCO model using biopsy samples. Our data showed that in vitro drug 
sensitivity in XDO was correlated to clinical response in patient treated with systemic therapy. 
XDO is also available as in vitro model for the insight to acquired resistance mechanism to 
targeted therapy. The established EBUS-LCOs are being prepared for registration to the 
PMC living biobank. Thus, established models in this project are expected to contribute to 
lung cancer researchers in UHN laboratories.  
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Figures 

Figure 1. Pathological findings of established stable EBUS-XDO models. 
TTF-1: thyroid transcription factor-1, SYP: synaptophysin, CGA: chromogranin A,  
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Figure 2. Clinical drug response in patient and in vitro drug sensitivity of XDO 
CDDP: cisplatin, ETP: etoposide, CBDCA: carboplatin 
 
 
 

 
Figure 3. XDO as a preclinical model for drug sensitivity assay using targeted therapy 
and insight to the acquired resistance mechanism 
SR: sotorasib resistance, AR: adagrasib resistance 
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BACKGROUND: Acute Type A Aortic Dissection (ATAD) is a surgical emergency and ATAD 
mortality remains high (15-25%) in the modern era.1–3 Although screening tools have improved 
thoracic aortic aneurysm disease (TAAD) detection, many small aneurysms do not progress, yet 
half of dissections occur at sub-surgical thresholds.4 There is therefore an urgent need for patient-
specific accurate prognostication tools to guide management. Natural history of TAAD varies 
considerably by aortic anatomic segment, and as a result root, ascending, arch, and descending 
aneurysms have distinct treatment thresholds and predicted outcomes. 5–8 Root aneurysms in 
particular have been identified to be particularly malignant relative to those in other thoracic aortic 
segments.6 It is possible that TAAD from different aortic segments have distinct biochemical 
phenotypes, however mechanisms which underpin aortic segmental differences, if any, are 
unknown. 
 

Mass spectrometry (MS) proteomics is a highly sensitive and precise tool for tissue phenotypic 
profiling with several important advantages: (1) protein profile is much closer to true tissue 
phenotype than DNA or RNA-based profiling, (2) high-throughput MS proteomics can facilitate 
resolution of subtle phenotypic differences even within the same organ,9 and (3) MS provides the 
ability to examine the profile of post-translational modifications to proteins (e.g. phosphorylation) 
which can drastically alter protein function and offer yet another step closer to true tissue 
phenotype beyond even the protein-level.10,11 
 

Within thoracic aneurysm, several studies have sought to characterize aortic tissue biochemical 
profile using MS proteomics, but generally lacked the granularity to elucidate differences in 
disease phenotype by anatomic segment.12–19 Additionally, attempts to characterize aortic post-
translational modifications in human aortic tissues have been performed only on limited sample 
numbers (N = 5 - 17) and only of subpopulations of TAAD or non-aneurysm pathologies.12,15,20 
Nevertheless, certain underlying causes of TAAD are known to preferentially affect isolated aortic 
segments.21 Furthermore, animal studies have indicated thoracic aortic and abdominal tissues to 
have different histological characteristics,22 however comparisons within thoracic aortic segments 
are lacking. In the context of human TAAD, one study identified distinctions among normal root 
and ascending aortic tissue biomechanic properties23 although the number of donors included 
was limited, and in-depth biochemical characterization was outside of the study scope. 
 

We therefore sought to perform comprehensive, high-throughput MS proteomics and 
phosphoproteomics to profile the largest cohort of human aortic tissues to date with high depth of 
coverage. We aimed to use this approach to resolve subtle differences in tissue biochemical 
profiles among root, ascending, arch, and descending thoracic aneurysms, which may explain 
the differences in natural history observed clinically among these phenotypes. 
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OBJECTIVES 
(1) Develop a customized MS proteomic and phosphoproteomic protocol to improve 

proteomic depth of coverage in aortic tissues, improve characterization of cellular proteins, 
and overcome challenges associated with vascular tissue proteomics (high abundance 
extracellular and glycoproteomic content). 

(2) Determine whether proteomic and phosphoproteomic profiles of thoracic aortic samples 
differ significantly by anatomic segment (among all pathological states and specifically in 
the context of aneurysm) using conventional statistics and machine learning analyses. 

(3) Characterize functional biological consequences of proteomic and phosphoproteomic 
profile differences in aortic segments and validate selected significantly different proteins 
between aortic segments in the context of aneurysm. 

 

METHODS & RESULTS: High-throughput deep proteomic & phosphoproteomic profiling 
of human thoracic aorta - Aortic tissue samples were collected prospectively (N=149) from 82 
unique individuals incorporating root, ascending, arch, and descending thoracic aortic anatomic 
segments (Fig 1A). Samples from multiple segments of included patients acted as within-patient 
controls. An optimized sample preparation workflow was developed to efficiently target 
biologically-active cellular proteins and overcome interference with high-abundance extracellular 
matrix proteins. This entailed urea-based tissue lysis/polytron homogenization, customized 
protein library generation, and Data Independent Acquisition (Fig 1B). A customized 
phosphoproteomic protocol was also developed involving two-step magnetic bead enrichment 
(combined Fe/Zr followed by TiO2 enrichment and Data Dependent Acquisition) to detect 
phosphorylated peptides and minimize interference with high abundance, negatively-charged 
vascular tissue glycopeptides (Fig 1C). Using these technical modifications we achieved 
detection of 8339 unique proteins, and quantified 5660 to a minimum of 3 valid values across all 
samples (N=149). This represents a major increase in coverage (by several thousand proteins) 
compared to published vascular literature.13,15,17 Phosphoproteomic analysis of N=139 samples 
further detected 1870 phosphoproteomic sites, of which 1036 could be quantified across all 
samples. 
 

Deep proteomic and phosphoproteomic profiling reveals phenotypic differences among 
human aneurysms from different aortic segments - We next investigated whether biochemical 
profiles of aortic tissues differed by anatomic segment. Significantly different proteins (p<0.05) 
were indeed identified among all anatomic segmental comparisons in greatest quantities 
between: root vs ascending (715 proteins), root vs descending (1018 proteins), and ascending vs 
descending (1027 proteins) across the entire cohort (Fig 2A). Considering only those with 
aneurysm, Fig 2B-D, demonstrates the distribution of significantly different proteins by aortic 
segment. To determine whether samples clustered based on proteomic profile in accordance with 
differences in anatomic segment, we also performed unsupervised machine learning analyses 
including principal component analysis (PCA, Fig 2E-J) as well as t-distributed Stochastic 
Neighbour Embedding (t-SNE). Both PCA and t-SNE found aneurysm samples clustered distinctly 
based on proteomic profile with greatest separation among root vs descending as well as 
descending vs ascending samples (Fig 2E-J). 
 

Clinical evidence suggests that root TAAD may be more malignant than ascending,6 so we 
therefore performed additional phosphoproteomic comparison of root vs ascending tissues to 
determine whether differential phosphorylation events could explain differences in natural history 
among these phenotypes. We identified 120 significantly different phosphorylation sites (Fig 2K) 
which differentiated root vs aortic tissues including two sites of cytoskeletal regulatory proteins 
SYNPO2-Ser1107 and CTTN-Ser381. Importantly, SYNPO2 and CTTN were not significant at 
the proteomic level, suggesting true phosphorylation-specific regulatory changes. 
 

Functional enrichment analyses demonstrate cellular adhesion, cytoskeletal regulation 
and mitochondrial metabolism differ among root vs ascending segments - Functional 
enrichment analyses were used to characterize the functions associated with significantly different 
proteins and phosphorylation sites among aortic segments (Fig 1D). At the proteomic level, Gene 
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Ontology terms identified cellular binding and metabolite conversion processes to be particularly 
relevant to root vs ascending segmental differences as well as cytoskeletal regulation by Rho-
GTPase to root vs descending profiles. Kinase Enrichment Analyses predicted CSNK2A1 to be 
involved in regulating aortic segmental differences. This serine/threonine protein kinase complex 
associated with cell cycle progression through cytoskeletal regulation, as well as apoptosis, and 
transcription.24–28 In Transcription Factor Enrichment Analysis of aortic segments two key 
transcription factors were identified in regulating aortic anatomic segmental differences: E2F1, a 
notable metabolic regulator 29 and TP53 which is known to regulate cell cycle progression.  
 

We also performed integrative phosphoproteomic and proteomic Gene Set Enrichment Analysis 
in accordance with our previously established methods 11 to characterize gene sets with significant 
differences among root and ascending tissues of all pathological states. We therefore identified 
cellular binding, developmental processes and cytoskeletal organization gene sets to be 
negatively enriched while mitochondrial energetic gene sets to be positively enriched among root 
tissues in comparison to ascending. 
 

Cell binding protein, MFAP4 is elevated in ascending vs other segment aneurysms - We 
identified MFAP4, a cellular binding protein and mediator of cell-matrix interactions,12,30–32 to be 
significantly different among aneurysm samples of different aortic segments (Fig 2B-D). This 
protein had been previously identified in Marfan-associated TAAD, detected in blood, and 
therefore proposed as a potential biomarker for TAAD.12 It however has only been associated 
with clinical risk in the distal, rather than proximal aorta, and given our findings of differential 
expression in aortic segments, we sought to validate this target further (Fig 1E) as a possible 
explanation of why serum MFAP4 levels correlated with distal but not proximal aortic events.12 
Immunoblotting identified a non-significant signal towards decreasing levels of MFAP4 expression 
in ascending, root, and descending aneurysm tissues in accordance with our MS findings (Fig 
3A-B). We hypothesized that expression differences could be a cell-specific process. We 
therefore used immunofluorescence to localize MFAP4 and indeed found vascular smooth muscle 
cell-specific localization in human aneurysm tissues (Fig 3C). Immunofluorescence of the 
vascular smooth muscle-rich aortic tunica media comparing MFAP4 expression by aortic segment 
indeed identified significantly different expression in root vs ascending and ascending vs 
descending comparisons in accordance to MS proteomic findings (Fig 3D-E). Ascending 
aneurysms featured high MFAP4 expression which was significantly greater than root and 
descending aneurysm tissues (Figure 3D-E). MFAP4 expression was low among both root and 
descending aortic aneurysms and not significantly different between one another (Fig 3D-E). 
 

CONCLUSIONS: We performed extensive proteomic and phosphoproteomic profiling of thoracic 
aortic tissue using modified protein extraction and enrichment techniques on the largest known 
cohort of human samples. We achieved significantly improved depth of coverage in comparison 
to existing literature and thus were able to perform the first comparison of anatomic segments 
within human thoracic aortic aneurysm patients. We identified significant differences among 
thoracic anatomic segments in cellular binding, cytoskeletal organization, and mitochondrial 
regulatory pathways. Of these, phosphorylation-specific events were identified pointing to the 
potential importance of post-translational modification profiling to characterizing aneurysm 
phenotypes. Validation of segment differences using immunoblotting and immunofluorescence 
was performed for a previously proposed aneurysm biomarker, offering an explanation for 
observed inconsistencies in prognostication by aortic segment. We hereby demonstrate the 
importance of anatomic segment-specific biochemical profiling which may constitute an important 
caveat to potential circulating biomarkers to TAAD aneurysm progression. Further analysis to 
pinpoint exact mechanistic differences between aneurysms of different aortic segments and to 
elucidate links to clinical outcomes is required. Nevertheless, we provide evidence that thoracic 
aneurysms of different anatomic segments indeed have different biochemical profiles which may 
explain differences in natural history and could potentially be leveraged for patient-specific 
prognostication and management.  
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Figure 1. Sample Details and Study Design. 
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Figure 2. Proteomic and Phosphoproteomic Profiles of Analyzed Samples 
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Figure 3. Cellular Binding Protein MFAP4 is Increased in Ascending Aneurysm Compared 
to Root and Descending Aneurysms
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Figure Legends 

Figure 1. Sample Details and Study Design. A) Breakdown of samples included by anatomic 
segment and pathological status. Customized workflow for B) proteomic and C) 
phosphoproteomic sample data acquisition. D) Proteomic and Phosphoproteomic data analysis 
methods including conventional statistics and machine learning analyses. E) Validation of 
proteomic targets using Immunofluorescence and Immunoblotting. MS = mass spectrometry, 
LCMS = liquid chromatography MS, GO = Gene Ontology. 
 
 
Figure 2. Proteomic and Phosphoproteomic Profiles of Analyzed Samples. A) Table 
indicating the number of significantly different proteins between each segment regardless of 
sample pathological status. B-D) Volcano plots demonstrating distribution in proteomic profile by 
aortic segment among aneurysm samples only. MFAP4 (Microfibrillar Associated Protein 4) which 
was selected for further validation is highlighted. Proteins in red represent those with significantly 
different expression (p<0.05). E-G) Principal Component Analysis of aneurysm samples 
demonstrate distinct clustering by aortic segment. H) Volcano plot demonstrating distribution in 
phosphorylation sites in root vs ascending samples pooled across all pathological states. 
Phosphorylation sites related to cytoskeletal regulation are highlighted. I) Integrative proteomic 
and phosphoproteomic gene set enrichment analysis of root vs ascending samples. Red indicates 
positive enrichment and blue, negative enrichment in root compared to ascending. 
 
Figure 3.  Cellular Binding Protein MFAP4 is Increased in Ascending Aneurysm Compared 
to Root and Descending Aneurysms. A) Immunoblotting MFAP4 for N=4 human aneurysm 
samples per aortic segment (upper) and corresponding GAPDH (lower). B) MFAP4 intensities 
normalized by GAPDH intensity trend towards increased ascending expression but do not reach 
statistical significance. Root vs Ascending p=0.206, Ascending vs Descending p=0.079, Root vs 
Descending p=0.196. C) Colocalization of MFAP4 with aSMA suggests MFAP4 is localized to 
vascular smooth muscle cells in human ascending aneurysm. D) Human aortic aneurysm 
samples (representative images from N=12: 4 ascending, 4 root, 4 descending patients) stained 
for MFAP4 (red) and DAPI (blue). Elastin (ELN) autofluorescence (green) is also shown for 
reference. E) Intensity measurements for MFAP4 for each aortic segment derived from 9 fields of 
view per sample show significantly increased MFAP4 expression in ascending aneurysm 
compared to root and descending. 
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Introduction 
 
The tone of the operating room is an under-studied construct that describes the collective and 
dynamic understanding of team environment, often described as the mood or atmosphere 
among team members (Leach et al., 2011). Previous studies suggest that the tone of the 
operating room may promote or deter the quality of communication, cooperation, and teamwork 
among operating room teams (Leach et al., 2011; Nurok et al., 2010), factors which are known 
to affect patient safety. The tone is thought to emerge from the interactions of the attending 
surgeon with other operating room team members. These interactions foster an environment 
which is either conducive or detrimental to the emergence of high-quality teamwork (Leach et 
al., 2011). The collective sense of teamwork fostered by a positive tone of the operating room 
may translate to highly coordinated team responses to changes and unexpected events 
throughout the operation (Leach et al., 2011). Although tone may be an important aspect of 
dynamic team functioning, there does not currently exist a framework which clearly defines how 
tone emerges, how it is experienced by OR team members, and its mechanism for shaping 
team performance. Our aim is to develop an in-depth framework for understanding how tone 
emerges in intraoperative teams and the role of tone in team performance. 
 
Methods 
 
18 semi-structured interviews were conducted and analysed using a constructivist grounded 
theory methodology. To capture a breadth of experiences and perspectives, study participants 
included surgeons, nurses, anesthetists, and perfusionists with varying subspeciality and levels 
of experience. A purposive sampling strategy was used where members of the research team 
suggested initial participants. Following initial interviews, the participants were asked to suggest 
other staff members for subsequent interviews who may have a unique or nuanced perspective. 
Interviews were coded by two members of the research team and then reviewed together line-
by-line to explore emerging concepts and areas of difference. Coded transcripts were presented 
and discussed at research team meetings to discuss emerging directions of the coded concepts 
and categories. Interview data were analysed iteratively to allow for exploration of emerging 
concepts in subsequent interviews. Data collection and analysis remain ongoing.  
 
Results 
 
The tone of the OR is a dynamic construct that emerges from interpersonal interaction among 
team members and helps team members understand the social and procedural requirements of 
the operation.  
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Role of each profession in constructing tone. 
 
The tone is co-constructed by members of the operating room team, however tone is shaped 
and experienced differently by each individual, depending on the professional role they occupy. 
The tone of the operating room is perceived to be set primarily by the attending surgeon. 
Attending surgeon participants felt that setting the tone was part of their role, one surgeon 
explains, 

“I think that surgeon role is being almost like a skipper, you know, of a ship. We need to 
make sure that this ship is … going well. It's really important when things go bad. Let's 
say there's major bleeding or something unexpected happens. That's when really the 
skipper needs to … lead the group. If the skipper is in [a] panic, everyone is gonna be in 
[a] panic.” S1. 

Non-surgeon staff agreed that the surgeon sets the tone and largely agreed that this was due to 
their position in the hierarchy, 

“If you look at the hierarchy in the room, you have surgeons and then you have 
anesthesia and then you have everybody else. Right? So, the anesthetist could certainly 
set the tone as well ... But to a much lesser degree.” P1. 

While anesthetists are not perceived to set the tone, they have a role in modifying the tone. An 
anesthetist explains, 

“I change the tone, for sure. … Sometimes I come into a room and it’s … just 
paralytically serious. I will lighten that mood a lot. And sometimes I find it's not serious 
enough and I will make sure it's more serious and I will make sure that the surgeon 
understands that I'm concerned about this situation, right? So, I don't try and set the 
tone, but I try to modify the tone as best I see it.” A3. 

Nurses described a different experience with tone. Rather than setting the tone or modifying the 
tone, they saw themselves in a role to support and set the stage for a productive tone. Based on 
their demeanor and their degree of preparation for the case, the surgeon may be more likely to 
set a positive tone. Moreover, during critical phases, nurses saw their role as supporting a 
focused tone, 

“It's part of our job to kind of go around the room and say, ‘OK this quiet time,’ like, ‘OK, 
something's happening right now. Let's all pay attention.’ … ‘ [The surgeon] needs to 
concentrate right now.’” N3 

Implications of tone for team performance. 
 

The tone, emerging from team interaction, has important implications for team 
performance by affecting key team constructs. The tone of the OR may facilitate a shared 
mental model by signaling to team members changes in events of the procedure and the 
relevant change in taskwork and teamwork required as a result,  

 
“I think the tone in voice is really important when you hear it … [it] tells us or indicates 
‘OK, this is something serious we need to just concentrate.’” N2. 
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 Moreover, the tone facilitates the degree of psychological safety experienced dynamically 
throughout the case which may influence patient safety concerns. A perfusionist explains, 
 

“If … there's a positive atmosphere, people will speak up more … If there's something 
going wrong, or … if they've done something wrong, they'll actually own up to it, right?” 
P1.  

 
The experience of working in the operating room is modified by the tone and can affect 
resilience and wellness,  

 
“I think mentally it [tone] helps when you're having those really long days, you're working 
overtime, you had a really stressful situation, you know, if you lose a patient or that kind 
of stuff, I think that it helps to feel valued.” P3.   

 
Discussion and Conclusion 
 
Our study of tone illuminates more precisely how tone is experienced in the operating room. The 
tone is shaped by all members of the operating room team. However, factors of power and 
hierarchy shape the effect each individual has on the tone and, as a result, how they may 
experience varying tones in the operating room. Understanding the role of each profession in 
shaping the tone of the operating room provides a lens through which can understand how 
interpersonal interactions shape teamwork. Using the lens of tone and hierarchy, we may 
understand why and how the behaviors of each individual shape those of others. For instance, 
we may start to understand why a surgeons’ negative behaviour rapidly changes team tone 
while the negative behaviour of other staff members has a lesser effect. Similarly, we may help 
operating staff members understand their role in shaping the tone for teamwork so that they 
may modify their own attitudes and behaviours to contribute to constructive teamwork. 
 
Our study has outlined key constructs that are shaped by tone: shared mental model, 
psychological safety and resilience. These are important team constructs which have been 
studied and found to be central to team performance. By studying tone, we have proposed a 
lens that can help us understand how to foster these team constructs and how they emerge and 
change over time. Psychological safety, for example, has traditionally been studied as a static 
construct, however, there have been calls for study design which acknowledges psychological 
safety as a dynamic construct (Edmondson & Lei, 2014). We have identified tone as a force 
which dynamically shapes team constructs in the operating room. As a result, we provide a 
window with which we can study these constructs, how they interact and how they ultimately 
impact teamwork quality and patient safety. Continued study of tone in the operating room can 
provide a deepened understanding of how teams interact in the intraoperative environment to 
produce environments supportive of safe patient care. We may eventually leverage this 
knowledge to identify new facets for training that produces intraoperative teams dynamically 
responsive to changes and challenges for safe and efficient intraoperative care.  
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Attention defines our perceptions1, memories2,3, and interactions4 with the world around 
us. Selective attention allows us to filter relevant information from distractors while attentional 
flexibility is critical to adapt behaviour and predicts greater satisfaction in nearly every facet of 
life5,6. Deficits in these core attentional domains are common to several childhood-onset 
neuropsychiatric disorders including attention deficit/hyperactivity disorder (ADHD)7,8 and 
epilepsy9. Despite modern, evidence-based, treatment a majority of these children continue to 
suffer from severe and recurrent lapses in attention that contribute to academic difficulties, 
psychosocial isolation, and erode future opportunities9–11. The limited efficacy of existing 
psychostimulant medications is thought to relate to their inherent lack of specificity within the 
brain12. An urgent need therefore exists to develop novel targeted neurotherapeutics for attentional 
disorders in children. While neurostimulation can directly target the provenance of attention deficits 
within fundamental brain circuits13, the ability to modulate human attention has remained elusive. 
 
 Through study of stereotactic intracranial recordings in children undergoing epilepsy 
monitoring, we present a first-in-human approach to decode and control attentive behaviour in 
real-time. Twenty-six children performed a flexible attentional task (Fig. 1a) while tandem eye 
tracking and intracranial electrophysiologic signals were recorded (Fig. 1b). Given that the 
electrodes in these children were implanted solely for clinical seizure monitoring, we first assessed 
the ability of these implantations to sample in vivo human attentional circuitry. Across the 26 
participants, we show that activity within a convergent set of brain regions was associated with 
single-trial reaction time (RT) for each subject computed through logistic regression (Fig. 1c). Most 
commonly, these regions included the frontal, insular, and anterior cingulate cortices (ACC). To 
determine whether activity within these brain regions could predict lapses in attention, we 
developed a convolutional neural network (CNN) tailored to each participant’s unique brain 
rhythms (Fig. 1d). Pre-stimulus single-trial periodograms ranging from the 4-60Hz frequencies 
were computed via Welch’s method from selected channels (Fig. 1c) to serve as the training 
features for the classifier. The test set comprised data obtained during an unseen task session 
performed on a different day. Between repeated sessions, the CNN accurately and reliably 
predicted impending lapses in attention indexed by slowed single-trial RT (Figs. 1d, e; aggregate 
AUC=0.63, p<10-14 compared to chance performance). Importantly, these predictions were driven 



 

 

by elevated theta (4-8Hz) and reduced beta power (12-20Hz) within midline brain regions (Fig. 
1f). These activity patterns are characteristic of the resting ADHD brain14,15, and we show for the 
first time that lapses in human attention transiently recapitulate an ADHD phenotype. 
 
 We next identified a convergent brain network predictive of attentional lapses that 
independently generalized to several populations (Fig. 1g). Specifically, we examined patterns of 
large-scale functional connectivity in relation to the predictive brain regions we identified (Fig. 1c). 
In both a large normative adult connectomic dataset (n=1,000 healthy controls; 57% female; age 
range: 18-35y; available from http://neuroinformatics.harvard.edu/gsp/)16 and the study sample 
(n=12; 67% female; age range: 10-17y), these regions functionally connected to a common circuit 
we termed the attentional lapse network (p<0.05 cluster-corrected, Fig. 1g). The identified network 
consistently involved the ACC and other nodes of two core human attentional networks, the 
salience (SN) and default mode networks (DMN, Fig. 1g) 17–19. Critically, we independently 
reproduced the attentional lapse network in a public dataset of children with ADHD (n=223; 37% 
female; age range: 7-18y; available from http://preprocessed-connectomes-
project.org/adhd200/)20, wherein it predicted their clinical symptom severity (p<0.05 cluster-
corrected, Fig. 1f). Taken together, these results identify a conserved attentional lapse network 
that may serve as a valuable substrate for human attentional modulation. 
 
 We subsequently deployed the CNN to direct real-time closed-loop stimulation of the 
attentional lapse circuit during an additional task session (Fig. 2a). Closed-loop stimulation 
denotes a novel form of brain stimulation that activates in response to changes in specific 
biomarkers21,22, in contrast to traditional neurostimulation that is continuously active. In our system, 
brain stimulation was activated in response to classifier-predicted lapses in attention with an aim 
to restore normal attentive behaviour. We specifically chose the ACC for stimulation due its role in 
coordinating inter-regional communication between the two main components of the identified 
circuit, the SN and DMN17,23. The effects of stimulation on attention were indexed through eye 
tracking measures and single-trial RT. These measures were chosen as eye movements are the 
most intimate correlate of human attentive behaviour24,25 and slowed RT strongly predicts 
functional impairment in children with attentional disorders26.  
 
 During closed-loop sessions (n=10), when the CNN classifier predicted a fast RT 
(attentive), no stimulation was delivered. When a slow RT (attentional lapse) was predicted, the 
intended stimulation was either i) delivered or ii) randomly withheld to control for the effects of 
attention on RT. In all subjects, closed-loop stimulation of the identified network during predicted 
lapses rescued target-directed attention indexed by eye tracking (p<0.05 cluster-corrected linear 
mixed-effects model, Fig. 2b) and improved task performance (p=0.005 mixed-effects model Fig. 
2b). Separate trials of stimulation during attentive rather than inattentive trials disrupted target-
directed attention (p<0.05 cluster-corrected linear mixed-effects model) and worsened 
performance (p=0.026 mixed-effects model, Figs 2a, c). These results demonstrate that precisely 
timed neurostimulation of the attentional lapse network can directly control attentive behaviour in 
humans.  
 
 We subsequently sought to determine the downstream neural effects of closed-loop 
stimulation. To examine this question, we compared task-related neural responses in the post-
stimulus epoch between unstimulated attentional lapse trials and closed-loop trials. Here, we 
found that lapses in attention were associated with elevated theta (4-8Hz, p=0.016 mixed-effect 
model) and reduced beta (12-20Hz, p=0.034 mixed-effects model) power in the attentional lapse 
network, which was readily normalized by stimulation (p=0.012 for the theta band and p=0.02 for 
the beta band, Fig. 2d). During lapses in attention, we thus show that closed-loop stimulation 
rapidly rescues neural processing within the attentional lapse circuit. 

http://neuroinformatics.harvard.edu/gsp/
http://preprocessed-connectomes-project.org/adhd200/
http://preprocessed-connectomes-project.org/adhd200/


 

 

 
 In this work, we demonstrate that a core attentional lapse network can be used to both 
decode and control human attentive behaviour. These findings were derived from a highly unique 
dataset of stereotactic human intracranial recordings obtained from children undergoing surgical 
invasive monitoring for epilepsy localization. Through analysis of these data, we present several 
important first-in-human findings. First, we identify a conserved brain network responsible for the 
genesis of lapses in attention based on in vivo human recording data. Furthermore, we show that 
closed-loop modulation of this circuit can rapidly rescue lapses of attention in humans. Critically, 
we do so using computationally-efficient neural features compatible with existing implantable 
neurostimulation devices21. Direct clinical translation of our closed-loop system therefore 
represents an immediate follow-up to our work. Indeed, the ability to leverage individual brain 
rhythms to target neural circuit dysfunction represents a major scientific advance that is likely to 
redefine the clinical treatment of attention deficits in children. Moreover, the ability to control 
attention–the most fundamental of all human behaviours–carries significant ethical, moral, and 
legal implications for society-at-large that must be addressed in ongoing work. 
 

 



 

 

Figure 1: Spectral changes within a common brain network predict attentional lapses in 
humans. 

a) Schematic overview of the attentional set-shifting task. Participants (n=26) were required to 

match one of two target stimuli in the upper row with a lower comparator stimulus based on an 

implicit rule. Responses were registered through a mouse click. Attentional shift trials, in which 

the matching rule was changed without cueing, were randomly interspersed throughout the 

session to engage flexible attentional processing.  



 

 

 

b) Collection of tandem eye tracking and pre-stimulus sEEG data during task performance.  

 

c) Anatomic distribution of all implanted intracranial recording sites in the 26 study participants 

(n=1,819). Despite significant heterogeneity in implantation montages across subjects, activity 

within a core subset of brain regions was associated with task performance. This included the 

frontal cortex, insula, and anterior cingulate. Color axis represents the number of nodes associated 

with task performance across subjects. 

 

d) Machine learning architecture. The CNN was trained on single-trial pre-stimulus power from a 

subset of predictive channels selected via logistic regression (panel c) to predict lapses in 

attention. To maintain balanced strata, lapses in attention were defined as trials with a predicted 

RT slower than the 50th percentile across trials. 

 

e) Aggregate performance of all trained classifiers showing significantly above-chance 

performance on unseen data obtained from a subsequent task session on another day (ROC-

AUC=0.63). Shaded region represents 95% confidence interval and dashed line shows chance 

level. *** p<10-14 by a bootstrap t-test. 

 

f) Heatmap of spectral features predictive of lapses in attention. Across participants, elevated 

frontal theta and reduced beta power strongly predicted lapses in attention. Color axis represents 

the contribution of increased (red) or decreased (blue) spectral power to predicted attentional 

lapses. 

 

g) Predictive brain regions converge upon a common human attentional lapse circuit. Left portion 

of panel shows connectivity of predictive regions computed in a large normative human 

connectomic dataset (n=1,000; available from http://neuroinformatics.harvard.edu/gsp/). Middle 

shows representation of the network in the study sample (n=12). The network consisted of nodes 

of two core human attentional networks, namely the SN (red) and DMN (blue). In both panels, the 

color axis represents the predictive value of functionally connectivity within each region. The 

network was independently reproduced in a cohort of children with ADHD (n=223, Right panel).  

Connectivity within this circuit predicted greater clinical symptom severity. dACC – dorsal ACC; 

mPFC – medial prefrontal cortex; PCC – posterior cingulate cortex; rACC – rostral ACC; SMA – 

supplementary motor area. 

http://neuroinformatics.harvard.edu/gsp/


 

 

Figure 2: Closed-loop control of attention in children. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

a) Overview of closed-loop stimulation trial design and distribution of stimulation sites in the ACC. 

Ten participants performed a closed-loop stimulation session in which the previously validated 

predictive models were deployed to trigger stimulation during lapses in attention. Stimulation was 

randomly withheld in 50% of these trials to control for the effects of attentional state on RT. Seven 

participants performed another session in which stimulation was instead timed to target attentive 

trials rather than attentional lapses (mismatched stimulation).   

 

b) Closed-loop rescue of attention. Left of panel shows significant greater target-directed gaze 

with closed-loop stimulation (green) compared with attentional lapse trials in which stimulation was 

withheld (orange). Middle panel shows effects of closed-loop stimulation on RT during the task. 

Right portion of panel shows distribution of the effect across RT quartiles. During classifier-

predicted lapses in attention, all participants demonstrated slowed RT that could be rescued 

through closed-loop stimulation. *p<0.05, ** p<0.001 (linear mixed-effects model). 

 

c) Closed-loop attentional disruption. We performed a similar analysis as in panel b for data 

obtained during a separate session in which stimulation was delivered during attentive trials. 

Mismatched stimulation was associated with significant greater off-target gaze (left of panel, 

orange) and worsened task performance (middle and right of panel). * p<0.05 (linear mixed-effects 

model). 

 

d) Closed-loop stimulation restores normative large-scale processing in the attentional lapse 

network. Brain surface maps show significant differences in post-stimulus neural responses in the 

theta (4-8Hz) and beta (12-20Hz) frequency bands. No significant differences were observed in 

the alpha (8-12Hz) and gamma (20-60Hz) bands. The left portion of the panel shows post-stimulus 

spectral characteristics of lapses in attention (no stimulation) relative to attentive trials. 

Comparatively, closed-loop stimulation during attentional lapses rapidly normalized theta/beta 

oscillatory activity within the attentional lapse network. Color axis represents linear mixed model 

coefficients for change in band-limited spectral power. 
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Background: Inflammatory breast cancer (IBC) is a rare and aggressive form of locally 
advanced disease that accounts for 1–5% of all breast cancer diagnoses1. Historically, IBC was 
associated with a poor prognosis2,3. However, with advances in trimodal therapy reported 5-year 
survival rates and locoregional control have improved significantly4-6. 
 
Breast reconstruction has previously been considered a relative contraindication in IBC patients 
due to concerns for margin positivity, high risk of local recurrence, poor long-term survival, and 
potential delay of adjuvant treatments from surgical complications7. Given these concerns, any 
attempt at breast reconstruction has been recommended to occur in a delayed setting. Recent 
small, single-institution series have found that immediate breast reconstruction is associated 
with low wound complication rates and did not delay initiation of subsequent therapy8-10. 
Similarly, several larger cohort studies have found no association between breast reconstruction 
and worse oncologic outcomes such as local recurrence, cancer-specific survival, or overall 
survival11-13.   
 
Current surgical guidelines and recommendations propose delaying reconstruction until after 
definitive treatment, if at all7. Nevertheless, an increasing proportion of women with IBC are 
having breast reconstruction at the time of initial surgical therapy12,13. In this study, we evaluated 
contemporary trends and predictors of immediate breast reconstruction use among women with 
IBC in the Surveillance, Epidemiology, and End Results (SEER) database, and determined the 
impact of breast reconstruction on survival. 
 
Methods: We conducted a case-listing session using SEER*Stat statistical software, version 
8.3.6 (National Cancer Institute, Bethesda, MD, USA) to retrieve all patients with IBC (T4d) in 
the SEER database between 1 January 2004 and 31 December 2015. Female patients were 
included if they had a non-metastatic IBC diagnosis as indicated by the American Joint 
Committee on Cancer (AJCC) stage. Women younger than 18 years or older than 85 years of 
age at diagnosis, with a previous history of cancer, unknown stage, treated with breast 
conservation, or receiving unknown or no surgical treatment were excluded. Since patient 
informed consent was not required, our study was exempted from review by the Women’s 
College Hospital Research Ethics Board. We adhered to the Strengthening the Reporting of 
Observational Studies in Epidemiology Statement (STROBE) guidelines for reporting 
observational studies14. For each patient, demographic data, clinicopathologic, surgical 
treatment, follow-up time, and vital status were collected.  
 
To account for selection bias among women having reconstruction, a propensity-matched 
analysis was conducted (one reconstruction patient to three no reconstruction patients). Women 
were matched by year of diagnosis (within 2 years), age at diagnosis (within 2 years), surgical 
procedure (unilateral or bilateral mastectomy), and propensity score (demographic, 
clinicopathological, surgical treatment factors).  
 
Results: We identified 4076 patients with IBC meeting the inclusion criteria with 388 (9.5%) 
women undergoing immediate breast reconstruction. Demographic, tumor, and treatment 
variables are presented in Table 1. Notably, 895 women (22.0%) chose to have a bilateral 
mastectomy. The mean age at diagnosis was 55.1 ± 12.5 years, with the women being 
predominantly Caucasian (79.5%), living in a metropolitan setting (78.7%), and earning a 
median income between $55,000 and $74,999 (48.9%). The mean tumor size was 6.1 ± 5.0 cm. 
Most patients had nodal involvement (85.2%) and high-grade tumors (60.6%) (Table 1).  
Women who underwent immediate breast reconstruction were younger at diagnosis compared 
with women who did not have breast reconstruction (49.2 years vs. 55.7 years; p<0.0001). 
These women were more likely to have a higher median income (p<0.0001) and live in a 
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metropolitan area (p<0.0001). There was no difference in tumor size, grade, nodal, ER and PR 
status between the two groups. Notably, 44% of women who underwent breast reconstruction 
also had bilateral mastectomy, while only 20% of women having a unilateral mastectomy had 
reconstruction (p<0.0001).  
 
Contemporary Trends in Breast Reconstruction Use  
The proportion of women undergoing immediate breast reconstruction increased from 6.2% in 
2004 to 15.3% in 2015. Concurrently, the proportion of women undergoing contralateral 
prophylactic mastectomy (CPM) increased from 12.9% in 2004 to 29.6% in 2015 (Fig. 1).  
 
Predictors of Immediate Breast Reconstruction Use  
Compared with women diagnosed between the ages of 60 and 69 years, <40 years (odds ratio 
[OR] 2.32; p <0.0001), between the ages of 40 and 49 years (OR 1.86; p = 0.0004) and 50 and 
59 years (OR 1.50; p = 0.02) predicted breast reconstruction use (Table 2). A high income 
(>$75,000) also predicted breast reconstruction use (OR 1.32, 95% CI 1.03–1.70; p = 0.027). 
Women living in a non- metropolitan setting were less likely to have breast reconstruction (HR 
0.63, 95% CI 0.44–0.92; p <0.02). Notably, women having a bilateral mastectomy also strongly 
predicted breast reconstruction use (OR 2.50, 95% CI 1.98–3.14; p<0.0001). Race, tumor size 
and grade, nodal burden, and receptor status did not predict breast reconstruction use.  
 
Breast Reconstruction and Breast Cancer-Specific Mortality  
Among women with IBC, the crude 10-year breast cancer- specific survival (BCSS) was 62.9% 
for women having immediate breast reconstruction and 47.6% for women not having breast 
reconstruction. The cancer-specific mortality was lower among women who had not undergone 
reconstruction (crude HR 0.72, 95% CI 0.60–0.86; p <0.001) (Fig. 2a). In the propensity-
matched analysis, 336 women having immediate breast reconstruction were matched with 1008 
women without breast reconstruction (Table 3). In the matched analysis, the 10-year BCSS 
among women having breast reconstruction (56.6%) and no reconstruction (62.2%) was similar 
(adjusted HR 0.96, 95% CI 0.79–1.16; p = 0.65) (Fig. 2b).  
 
Discussion:  
In this population-based cohort study, we identified no difference in 10-year BCSS between 
women with and without immediate breast reconstruction. While reconstruction was previously 
discouraged for this population, considering their improving long-term survival and concerns for 
psychosocial well-being, the decision for breast reconstruction merits renewed consideration.  
 
Historically, IBC patients treated with surgery alone had a poor prognosis, with survival time of 
22 months and 5-year survival rates of 5.6%15. Multimodal therapy has significantly improved 
overall survival7,16, with 5-year survival rates between 40–70%, and 10- and 15-year survival 
rates at 35% and 20–30%, respectively4,5,17-19. In our matched analysis, 10-year survival rates at 
56.6% and 62.2% among IBC patients having and not having breast reconstruction, 
respectively, demonstrates that IBC patients have potential for long-term survival, even after 
reconstruction. 
 
We observed a doubling in uptake of immediate breast reconstruction from 2004 to 2015 among 
IBC patients. The increasing rates of breast reconstruction parallel an increasing use of 
CPM12,13. This is not surprising as the consideration for breast reconstruction and CPM occur in 
tandem20. The predictors of breast reconstruction use identified in our study reveal the profile of 
the IBC patient currently receiving breast reconstruction and suggest disparities in access to 
breast reconstruction. As reported previously12, and observed in our data, younger women are 
more likely to pursue reconstruction. Similarly, living in a metropolitan area and earning a high 
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income were predictive of reconstruction. This keeping with prior reports that socioeconomically 
disadvantaged groups (rural residence, no private insurance, lower education, and income) 
experience barriers in accessing healthcare and breast reconstruction12,22,23.  
 
Previous studies have attempted to quantify the impact of breast reconstruction on oncologic 
and mortality outcomes in IBC patients, with mixed results8,12,13,23,24. Karadsheh et al. conducted 
a 12-year retrospective study of 12,544 IBC patients (1307 patients with reconstruction) from 
the National Cancer Database and found no significant difference in mortality in a matched 
analysis (adjusted HR 0.95, 95% CI 0.85–1.06, p = 0.37)12. Patel and colleagues also found no 
difference in survival, although their SEER analysis was restricted to women with IBC over the 
age of 6524. Chen et al. found no difference in BCSS or overall survival. In a subgroup analysis 
of patients who received both CPM and breast reconstruction had a decreased risk of death 
compared with unilateral mastectomy alone (HR 0.609, 95% CI 0.39–0.933, p = 0.02), but did 
not adjust for covariates13. In contrast, Chang et al. observed IBC patients having reconstruction 
had better survival than those without (~75 vs. 25% at 100 months; p = 0.04)8. However, 88% of 
reconstruction patients in the study had delayed reconstruction, and their analysis did not match 
for covariates. To overcome these limitations, we used a large population-based database and 
propensity-matched analysis and observed no difference in 10-year BCSS.  
 
Our results contrast those of Hoffman et al., who also similarly used propensity-matched 
analysis with the National Cancer Database. Among 6589 women (5954 non-reconstructed and 
635 immediate breast reconstruction), after matching for demographic, socioeconomic, 
pathologic, and clinical characteristics, immediate breast reconstruction conferred improved 
overall survival (HR 0.60, 95% CI 0.40–0.92; p = 0.02)23. Our differential results may be due to 
differences in the types of patients captured in the two respective population-based databases 
and the data that are available. Nevertheless, the overarching evidence suggests that breast 
reconstruction is not detrimental to survival among IBC patients. Importantly, we aimed to 
analyse the impact of immediate breast reconstruction on survival, given the concern that 
immediate breast reconstruction may delay necessary adjuvant therapy and worsen breast 
cancer-specific mortality7. Others have also reported that while immediate breast reconstruction 
may be associated with increased rates of surgical complications, there has not been an 
associated delay in initiating postoperative adjuvant radiation therapy9,10.  
 
There are imitations to our study, including its retrospective nature. The accuracy of the data is 
dependent on the health care team’s documentation of patient care information. Second, the 
treatment assignment was not random, thus there may be latent confounding factors within the 
treatment decisions that were associated with other favorable prognostic factors that are not 
available in the SEER database. Due to limitations of the SEER registries, information on the 
type of reconstruction was incomplete (e.g., categories such as ‘reconstruction not otherwise 
specified’). Patients having future delayed breast reconstruction were not captured, and our 
analysis was thus restricted to women having immediate breast reconstruction. Details on 
delivery sequence, completion and clinical response of chemotherapy, surgical complications, 
initiation of adjuvant therapy, endocrine therapy, and recurrences were not available.  
 
Conclusions: We observed that while breast reconstruction use is increasing among women 
with IBC, there is no difference in breast cancer-specific survival between women having versus 
not having immediate breast reconstruction. Considering the continued improvement in survival 
for women with IBC, the role of breast reconstruction deserves re-exploration. With tri-modality 
treatment, women with IBC can be expected to live long enough to derive the psychosocial 
benefits offered by immediate breast reconstruction. Breast reconstruction may therefore be an 
appropriate consideration for IBC patients who desire the procedure. 
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Table 1: Predictors of immediate breast reconstruction use among inflammatory breast cancer 
patients 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations: CI: confidence interval; ER: estrogen receptor; OR: odds ratio; PR: 
progesterone receptor 
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Figure 1. Breast cancer-specific survival. A Crude and B adjusted propensity-matched Kaplan-
Meier curves for patients with breast reconstruction and no breast reconstruction after 
mastectomy in the SEER database from 2004 to 2015.  
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Table 2: Matching characteristics of the propensity-matched cohort (matching one 
reconstruction with three no reconstruction patients)  
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Data are expressed as n (%) unless otherwise specified  
 
Abbreviations: COD: cause of death; ER: estrogen receptor; PR: progesterone receptor; SD: 
standard deviation; NA: not available 
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