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INTRODUCTION 
Brain disorders are amongst the most serious health problems facing modern society. As the 
average human lifespan has increased, a concomitant increase in the incidence of death and 
disability due to brain disorders has negatively impacted life quality and is a major contributor to 
the Global Burden of Disease, with both social and economic implications1,2. Common to 
neurodegenerative disease and CNS injury, is the loss of neurons3. Since the adult brain does 
not replace lost neurons, one of the goals of therapeutic interventions to promote neuro-recovery 
is by generating new neurons. To this end, direct cellular reprogramming, specifically targeting 
glial cells to reprogram into neurons, is a particularly appealing technology to treat CNS injury and 
neurodegenerative disease as it addresses two issues: (1) neuronal loss and (2) cell toxicity. 
Many studies have targeted astrocytes as a cell source for reprogramming; their abundance, 
activation after injury and contribution to the pathology of neurodegenerative disease and stroke 
makes them attractive targets for neuronal conversion. Our goal is to use gene therapy 
approaches to directly convert astrocytes into neurons and enhance recovery of the stroke injured 
brain.   

Gene therapy has gained increased traction with the advent of recombinant adeno-associated-
viruses (AAVs)4: safe, non-integrating gene delivery vehicles that can be engineered to target 
specific cell types. We, and others, have demonstrated that AAV based reprogramming of 
astrocytes to neurons (AtN) with neurogenic transcription factors (TFs) improves recovery from 
stroke in an endothelin-1 mouse model of stroke in the primary motor cortex 5,6. While promising, 
there is much to be learned regarding the underlying cellular mechanisms that lead to improved 
outcomes and understanding how best to optimize the gene therapy.  For example, the diversity 
of glial and neuronal cells between brain regions may impact the efficacy of the approach. A 
number of considerations include: (1) Astrocyte heterogeneity: astrocytes are a heterogenous cell 
population and the efficacy of AtN conversion within the distinct pools has not been explored, (2) 
Regional heterogeneity: the degree to which AAV transduction varies across brain regions, and 
(3) Promoter promiscuity: the short GFAP promoter (shGFAP) which is commonly used to target 
TF expression in astrocytes, may not retain astrocyte specificity in an injured brain. Here we 
investigate regional and cellular heterogeneity in terms of AAV transduction and compare the 
fidelity of the shGFAP promoter versus the human S100β promoter in driving astrocyte versus 
neuron specific gene transcription towards the goal of enhancing AtN mediated neural repair.  

METHODS 
To trace transduced astrocytes over time, two approaches were taken: (1) a Cre-recombinase 
expressing vector was designed using the shGFAP promoter for use in a conditional reporter 
mouse and (2) EmGFP expressing vectors from either the shGFAP or the S100β promoters were 
designed for use in control mice. All vectors were cloned and packaged into AAV5 (VectorBuilder). 
AAV5 was stereotaxically injected into the primary motor cortex or medal prefrontal cortex of adult 
mice C57BL/6 or Ai14 (CAG-Lox-Stop-Lox-tdTomato) mice. Motor cortex stroke was induced by 
stereotaxic injection of ET-1 at RC +0.6 mm, ML -2.2 mm, DL -1.0 mm from bregma. Mice were 
harvested for histological analysis at various times post-AAV and/or stroke by cardiac puncture 
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and perfusion, followed by cryosectioning, immunofluorescent or RNAScope staining, and 
fluorescent microscopy. 

Outcomes 
Cell-type heterogeneity was assessed following AAV injection into the adult cortices and 
immunofluorescent antibody staining for neurons (NeuN) and astrocytes (S100β or GFAP).  
Brains were analyzed for the number of AAV transduced cells and Gfap expression by RNAscope. 
Bioinformatic analysis was performed on the DNA sequence of the shGFAP promoter to assess 
the presence of transcription factor binding sites. 
 
Statistical analysis 
Data was graphed and analysed using Prism (GraphPad Software, v10.1.2). Before performing 
parametric testing, assumptions of equal variance and gaussian distribution of residuals were 
verified using (F-test and Shapiro-Wilk, respectively). Data that met these assumptions of 
parametric testing were analysed using an unpaired t-test (for 2 group analysis) or using ANOVA 
followed by a Dunnett’s Multiple Comparison Test (for >2 group analysis). 

RESULTS 
shGFAP promoter drives off target expression in medial prefrontal cortex neurons. 

Brain injuries can occur at loci throughout the brain. Consequently, therapeutics treating brain 
injuries must be efficacious in different regions of the brain, despite considerable regional 
heterogeneity. Towards an AtN reprogramming based treatment we sought to test (1) AAV 
transduction from a ubiquitous promoter and (2) the specificity of the shGFAP promoter for 
astrocytes in different cortical regions. AAV5 encoding Cre-recombinase driven by shGFAP was 
injected into the medial prefrontal cortex or the motor cortex of Ai14 reporter mice.  The expression 
of Cre in transduced cells results in permanent tdTomato (red) expression hence transduced cells 
can be identified and tracked over time. As predicted, the shGFAP promoter drove tdTomato 
expression in astrocytes at 21 days post AAV injection. Unexpectedly, we also observed 
tdTomato expression in resident cortical neurons, with significantly more tdTomato positive 
neurons in the medial prefrontal cortex than the motor cortex (52% and 11% of labelled cells, 
respectively; p = 0.0105). Consequently, use of the shGFAP promoter could result in off-target 
expression of reprogramming factors in cortical neurons, and this is more likely in the medial 
prefrontal cortex. 

Gfap mRNA is endogenously transcribed in cortical neurons. 

To better understand why the shGFAP promoter drives expression in cortical neurons, we 
explored the transcription patterns of the endogenous mouse Gfap. Using RNAScope, we 
assessed Gfap transcripts in NeuN+ neurons of the medial prefrontal and motor cortices. 
Interestingly, Gfap mRNA was detected in neurons in a regionally distinct manner (51% vs 42% 
of neurons in the medial prefrontal and motor cortex, respectively, p = 0.039), revealing regional 
heterogeneity of Gfap RNA within neurons, which may account for off-target expression from the 
shGFAP promoter.  

Neuronal Transcription Factor Binding Sites are present in the shGFAP promoter. 

To help understand if the cortical neurons could drive expression from the shGFAP promoter, a 
bioinformatic analysis of the transcription factor binding sites present in shGFAP was conducted 
and cross-referenced to RNASeq data for the expression of transcription factors in neurons. 
Binding sites for 13 transcription factors modestly expressed in neurons were detected in the 
shGFAP promoter. The presence of these transcription factor binding sites is consistent with the 
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shGFAP promoter driven expression in neurons and could further contribute to the off target 
expression of the shGFAP promoter in cortical neurons.  

Both the shGFAP and S100β promoters drive astrocyte-specific expression in stroke and non-
stroke injured mouse brains. 

Due to the expression driven by the shGFAP promoter in cortical neurons, and the need for 
astrocyte-specific expression for astrocyte to neuron reprogramming, we next explored an 
alternative astrocyte-specific promoter derived from the human S100β gene. Interestingly, using 
a direct EmGFP reporter system (i.e. expression is not Cre dependent) we observed high 
specificity for the GFAP+ subpopulation of astrocytes with both promoters (55% vs 56% of EmGFP 
labelled cells for the shGFAP vs S100β promoters, respectively; Fig. 1). Similarly, we also so a 
high specificity for the S100β+ subpopulation of astrocytes with both promoters (48% vs 40% of 
EmGFP labelled cells for the shGFAP vs S100β promoters, respectively). Finally, we only 
observed rare off-target expression in NeuN+ neurons (2% vs 3% of the EmGFP labelled cells 
from the shGFAP and S100β promoters, respectively). Most interesting, in stroke injured mice, 
the S100β promoter drove EmGFP expression in significantly more S100β+ astrocytes than the 
GFAP promoter (36% vs 14%, respectively, p = 0.0296), while driving similar rare expression in 
NeuN+ neurons (2.6% vs 2.99% for the shGFAP and S100β promoters, respectively). Further 
studies are needed to determine if this specificity translates to more sensitive reporter systems, 
such as those using Cre-recombinase, is retained in different brain regions, and if the S100β 
promoter provides sufficient specificity for AtN reprogramming. 

 
CONCLUSIONS 
Gene therapy for brain injuries such as stroke depend on specific targeting of cellular subtypes 
for their safety and efficacy. These findings reveal how the heterogeneity of the brain presents an 
important challenge that needs to be overcome as new brain-targeted gene delivery strategies 
are developed. We identified considerable heterogeneity even within the cortical regions of the 
brain, which may drive region specific expression patterns from genetic tools such as the shGFAP 
promoter. Importantly for therapeutic development, our studies also highlight how brain injuries 
such as stroke can influence the expression patterns driven by different promoters, as observed 
here with the performance of the shGFAP promoter changing in the context of stroke compared 
to the S100β promoter. Furthermore, our study also suggests astrocyte specificity may vary based 
on the gene cargo, and that the more sensitive Cre-Lox based reporter system may show higher 
‘off-target’ effects compared to direct reporter systems. Together, these findings highlight neural 
cell heterogeneity as an important consideration when developing AtN reprogramming strategies 
for neural repair. 
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Figure 1. shGFAP and S100β promoters drive similar EmGFP expression patterns in non-stroke injured 
mouse motor cortices. A) & B) Vector schematics of the direct EmGFP reporter system for the shGFAP 
and S100β promoters. C& D) shGFAP-EmGFP and S100β-EmGFP expression (Green) in the mouse motor 
cortex 21 days following AAV5 injection. Sections were immunofluorescently stained with DAPI (blue), 
GFAP (red), and S100B (white). Scale bare = 100 μm. Both promoters drove expression in E) similar 
numbers of cells, F) GFAP+ astrocytes, G) S100β+ astrocytes, and H) NeuN+ Neurons. 

  

C) shGFAP D) S100β

E) F) G) H)

A) shGFAP-EmGFP vector

B) S100β-EmGFP vector

Blue – DAPI, Green – EmGFP, Red – GFAP, White - S100B
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INTRODUCTION 
Organ transplantation is a life-saving treatment rescuing over 140,000 patients with end-stage 
organ disease each year. In lung transplantation (LTx), life-long systemic immunosuppression, 
taken by recipients to prevent graft rejection, is one of the major impediments to post-transplant 
outcomes increasing the risk of complications, such as infection, malignancy, and adverse drug 
effects. We hypothesized that donor lungs with long-lasting immunomodulatory capacity could 
reduce the need for the systemic immunosuppression.  
Genome editing1 has the unique capability to induce sustained effects after one-time action of 
modifying the host genome, thereby holding the promise to engineer donor organs with beneficial 
traits for transplantation. We envisioned genetically modifying donor lungs prior to implantation 
using our ex vivo lung perfusion (EVLP) platform to deliver immunologically optimized donor 
organs to recipients. However, genome editing, particularly gain-of-function genetic modification, 
in the whole organ and its clinical translation has not been achieved - challenged by the limited 
modalities of editing, delivery and preclinical assessment models. 
To realize our therapeutic vision, we first sought to develop a genome editing approach to 
upregulate an immunomodulatory gene IL-10 using a CRISPR-Cas construct.2 We then 
developed optimized adenoviral vectors to achieve both early and sustained IL-10 induction by 
combining CRISPR genome editing and adenoviral vector mediated gene delivery. After 
achieving this in cell culture and in an in vivo rat model, we developed a method to evaluate 
genome editing preclinically in human donor lungs using a combination of the Toronto EVLP 
system and precision-cut lung slice (PCLS) technology. Collectively, we demonstrated the 
feasibility of donor organ modification using CRISPR-Cas genome editing and testing of such 
genome-editing interventions preclinically in human organs. Our findings address key challenges 
in the engineering of genetically modified organs towards the acceleration of safe and timely 
translation to overcome unmet clinical needs.  

METHODS 
Adenoviral vectors 
DNA fragments containing a 2A self-cleaving peptide sequence, human IL-10 cDNA, a polyA 
sequence, and a guide RNA (gRNA) expression cassette were synthesized and cloned into the 
Cas9 expression plasmids. The E1/E3-deleted replication incompetent recombinant adenovirus 
serotype 5 was generated by transferring the whole transgene into a shuttle vector, generating 
primary virus, and amplification and purification. 
 
Rat study 
Rats were anesthetized by inhalation of isoflurane, orotracheally intubated and ventilated in the 
supine position. After guiding the intubation tube into the left bronchus, 500 μl of vector containing 
buffer was delivered to the left lung. The intubation tube was pulled back into the trachea and the 
rat was ventilated in the left lateral decubitus position until awakening. Standard clinical triple 
immunosuppression (cyclosporine, azathioprine, methylprednisolone) was injected 
intraperitoneally 2h before viral vector administration and on day 1 and day 2. Two hoursafter viral 
delivery, methylprednisolone alone was injected intraperitoneally. From day 3 to day 28, triple 
suppression was injected subcutaneously daily. 
 
Ex vivo lung perfusion 
Human donor lungs that were declined for clinical LTx with research consent, were used in this 
study. Donor lungs were retrieved using the same preservation protocol as in clinical 
transplantation in the Toronto Lung Transplant Program. The EVLP was performed according to  
the standard clinical Toronto EVLP protocol3. Briefly, cannulas are attached to pulmonary artery 
and left atrium.  An endotracheal tube is inserted into the bronchus and secured with ties. 
Retrograde flushing was performed using low potassium dextran solution. The circuit was primed 
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with perfusate, supplemented with methylprednisolone, heparin and meropenem. During the 
initial 1h of EVLP, the flow was increased stepwise. The temperature was increased incrementally 
to 37 °C, and ventilation was initiated when the temperature reached 32 °C. A bronchial wash 
was performed by administering 20 ml of saline into the right or left main bronchus and aspirated 
using a bronchoscope. Perfusate and bronchial wash samples were snap-frozen and stored at -
80 °C until analysis. Tissues were formalin fixed or snap frozen for downstream analysis. 
 
Precision Cut Lung Slices (PCLS) of the human lung after EVLP 
Upon completion of the EVLP, pieces of lung tissue were inflated with the DMEM/F-12 media 
containing 1.5% agarose, solidified on ice and sectioned at 500μm thickness using vibrating blade 
microtome and cultured in nutrient-enriched media. For the measurement of the secreted IL-10 
protein, the slice was incubated with 1 ml of fresh media for 36h.  
 
Statistical analysis 
Data are displayed as mean ± SD and analyzed using the Prism software. An unpaired two-tailed 
Student’s t-test or one-way ANOVA followed by Bonferroni’s correction was used to analyze 
significance. 
 
RESULTS 
Genome editing of a regulatory element using Cas nucleases upregulated IL-10 
We first explored genome editing approach to enhance the IL-10 gene, which encodes a key anti-
inflammatory and immunomodulatory cytokine for graft immunomodulation.4 Among various 
editing approaches, we sought to optimize CRISPR nuclease methods that can be achieved by 
simple delivery of the editing enzymes to the donor organ. We hypothesized that targeted 
mutagenesis of the IL-10 regulatory element could disrupt native repressor binding, leading to 
enhanced transcription through a derepression mechanism, as IL-10 expression is naturally 
suppressed in the native state.5 We introduced mutations at different genetic loci in the regulatory 
element of the human IL-10 gene using Cas nuclease and assessed the impact on IL-10 
expression in a human cell line (HEK 293). Targeted mutagenesis at regions 85- and 644-
nucleotides upstream of the transcription start site significantly enhanced human IL-10 expression 
with an editing efficiency of 15.3% ± 0.64% and 10.3% ± 0.99%, respectively. This approach also 
induced the upregulation of endogenous IL-10 in rat and porcine cell lines, two species used for 
animal studies in the translational path. 
 
A dual mode of IL-10 expression by combining Ad-hIL-10 delivery with genome editing to 
derepress native IL-10 
Next, we sought a method that would allow for both early (for the innate ischemia reperfusion 
inflammatory response) and sustained IL-10 expression (for the later alloimmune acquired 
immune response) with a single intervention. Early ischemia-reperfusion-induced injury causes 
primary graft dysfunction, limiting short-term outcomes, and importantly is subsequently 
associated with chronic lung allograft dysfunction and rejection, which contribute to long-term 
mortality. Therefore, addressing both early and late graft injuries truly optimizes the therapeutic 
potential of graft immunomodulation. Although genome editing alone has unique advantages in 
inducing persistent effects, the achievement of editing and subsequent transcriptome alterations 
often take days to exert effect, exceeding the window available for pre-implantation donor organ 
modulation.  
To achieve immediate intra-graft immunomodulation, we combined adenoviral vector mediated 
IL-10 gene delivery to achieve early IL-10 induction, with CRISPR genome editing for later and 
durable gene upregulation. 6 We developed an adenoviral vector (Ad-hIL10-CRISPR) carrying the 
human IL-10 cDNA, Cas9, and the gRNA, which targets the regulatory element of IL-10 in the 
genome, to induce dual mode of IL-10 expression (Fig. 1A). In vitro assessments of this combined 
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approach in a rat lung cell line (L2) indeed demonstrated early expression of human IL-10 
expression by the cDNA delivery followed by genome editing mediated rat IL-10 upregulation as 
designed (Fig. 1B and 1C). The immediate human IL-10 expression from the exogenously 
delivered gene declined after peaking on day 3 (Fig. 1D) and the rat IL-10 upregulation induced 
by genome editing starting at ~24h was sustained for 28 days.  
We further evaluated this approach in vivo in a rat model by transbronchially delivering the Ad-
hIL10-CRISPR to the lung (Fig. 2A). Consistent with the findings in vitro, human IL-10 and Cas9 
expression exhibited an early and transient expression (Fig. 2B). Human IL-10 protein levels in 
the lung tissue peaked between day 1 (124 ± 4.76 pg/mg protein) and day 3 (115 ± 4.56 pg/mg 
protein), followed by a decline afterward (Fig. 2C). Next-generation sequencing (NGS) of the 
genomic DNA in the lung tissue demonstrated a time-dependent increase in editing during the 
initial 5 days, reaching 2.52% ± 0.26% editing on day 5 (p < 0.0001 vs. the diluent control, Fig. 
2D). The population of edited cells persisted for 28 days (3.84% ± 2.11%, p = 0.0048 on day 7, 
1.78% ± 0.21%, p < 0.0001 on day 14, and 1.97% ± 0.46%, p < 0.0001 on day 28, Fig. 2D). In 
situ hybridization of lung tissue on day 14 revealed an enhanced signal of rat IL-10 mRNA in 
Cas9-expressing cells, supporting IL-10 upregulation in edited cells in the lung. Previous 
experiments have shown that this level of gene transduction is sufficient to achieve whole graft 
immunomodulation by IL-10 protein release working in a paracrine fashion. Importantly, we 
demonstrated that the combination of adenoviral gene delivery and genome editing using a single 
novel vector achieved both early and sustained IL-10 expression, which could be developed for 
pre-implantation donor organ engineering for graft immunomodulation. 
 
CRISPR-based IL-10 modulation in ex-vivo perfused human donor lungs 
We next sought to assess CRISPR genome editing in ex-vivo perfused human lungs, simulating 
pre-implantation donor organ modulation. We studied human lungs from two donors, that were 
declined for clinical transplantation. Using the Toronto EVLP system, we delivered Ad-hIL10-
CRISPR to the lung through the airway (Fig. 3A). The lungs were then perfused at 370C for 12h 
(Fig. 3B) . In both cases, the treated lungs and showed an increase in IL-10 protein levels in the 
bronchial wash during the 12h post-intervention perfusion period (411.0 ± 285.4 pg/ml, change 
from baseline, Fig 3C) while the untreated lung showed no increase in IL-10 protein (18.4 pg/ml 
at 1 h vs. 17.6 pg/ml at 14 h). To investigate editing efficiency, we generated thin tissue slices 
using PCLS technologies at the end of EVLP and cultured them for 14 days. We demonstrated 
that the treated lungs exhibited higher production of hIL-10 protein on day 7, although IL-10 
protein levels varied in different lung regions, likely due to heterogeneous vector distribution after 
non-aerosolized delivery (Fig. 3D). Analysis of the genomic DNA of the PCLS with high IL-10 
production using NGS detected significant editing in the treated group on both days 7 and 14 
compared with the untreated group (1.41% ± 0.35% on day 7, 1.00% ± 0.09% on day 14 vs. 
0.43% ± 0.07% in the untreated group on day 14; p = 0.020 on day 14, Fig. 3E). These findings 
demonstrate that our combined approach can achieve IL-10 induction during 12h of EVLP and 
sustained editing in human donor lungs, underscoring the potential for application in clinical 
practice. 

CONCLUSIONS 
We developed a novel genome editing approach to enhance immunomodulatory gene expression 
in the donor lung prior and an optimized vector to achieve dual mode of IL-10 induction for early 
and sustained graft immunomodulation. Furthermore, we evaluated this genome editing 
intervention for the first time in human donor lungs ex vivo simulating organ modulation prior to 
implantation. Our findings lay the path towards a new frontier of organ immune-engineering and 
clinical translation to overcome challenges in patient care.  
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Figures 

Figure 1. Temporal tuning of IL-10 by combining Ad IL-10 delivery with CRISPR genome 
editing. (A) Schematic representation of cellular events after the delivery of Ad-hIL10-CRISPR. 
(B, C and D) L2 cells were transduced with adenoviral vectors. The IL-10 protein levels in the 
media, mRNA levels in cell lysate, and genomic DNA sequence were measured by ELISA, qPCR, 
and Sanger sequencing, respectively. Significance compared to the levels at the start time (T0) 
was assessed. N=2 (B, C) or N=3 (D). Symbols indicate * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.  
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Figure 2. A dual mode of IL-10 expression after single dosing of a novel adenoviral vector 
in rat lungs in vivo. (A) Schematic representation of in vivo rat study. (B) The expression of 
human IL-10 and rat IL-10 in the lung tissues were measured by qPCR. Relative expressions to 
the levels in untreated rats are shown; N=3-5 for each time point. (C) Human IL-10 protein levels 
in the lung tissues were measured by ELISA. (D) Genome editing efficiency was analyzed by 
NGS. Significance was determined compared to the untreated cases. Symbols indicate * p ≤ 0.05, 
** p ≤ 0.01, **** p ≤ 0.0001.  
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Figure 3. Evaluating genetic engineering in ex vivo perfused human donor lung. (A) 
Schematics of the declined human lung EVLP (ex vivo lung perfusion) study. (B) PaO2/FiO2 ratio 
during 14h of EVLP. (C, D and E) The levels of IL-10 in bronchial wash and PCLS media were 
measured using ELISA. Significance was determined compared to the untreated group. (F) The 
editing efficiencies in cultured PCLS were quantified by NGS. Symbols indicate * p ≤ 0.05, **p≤ 
0.01, *** p ≤ 0.001, **** p ≤ 0.0001.  
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INTRODUCTION 

Liquid biopsy represents a major recent development in cancer research, with significant 
translational potential1. By sampling biofluids rather than tumour tissue itself, risks of surgery are 
mitigated and longitudinal sampling becomes feasible. This is of value for malignancies located 
in high-risk areas such as the central nervous system (CNS), wherein surgical risks are 
particularly high. While significant strides have been made in this field2–5, improved model 
performance would profoundly reduce barriers to clinical implementation. In parallel, the 
increasing use of multi-platform (ie “multi-omic”) approaches to cancer biology has been shown 
to help resolve heterogeneity and derive novel biologic insights6. Integrating multiple liquid 
biopsy platforms therefore holds promise as the next step in cancer diagnosis and surveillance. 
We hypothesize that the development of such multi-omic classifiers will improve the 
performance of existing models and allow for increased clinical utility. 

We have created a composite score from cerebrospinal fluid (CSF) proteome and methylome to 
assess their synergistic power in common CNS malignancies. Using this novel approach, we 
have created the most accurate non-surgical CNS lymphoma classifier to date, able to 
completely discriminate this entity from glioblastoma (GBM) and brain metastases (BM) without 
invasive biopsy.  

METHODS 

Study cohort: Patients with histopathology confirmed GBM, BM, and PCNSL tumours with 
accompanying CSF were included in our study. CSF was sampled during placement of 
Ommaya reservoirs as part of their clinical care. All patients with GBM were confirmed to be 
IDH wild-type, WHO grade 4 tumours and all lymphoma cases were confirmed to be primary 
CNS lymphoma. This study received ethics approval from University Health Networks 
Institutional Review Board. 

Data processing: Cell-free DNA (cfDNA) from each sample was extracted and processed 
according to our cfMeDIP-seq protocol as previously described2–4. Output sequencing data were 
aligned with the human genome and reduced to 300bp genomic windows which map to 
regulatory features using the MEDIPS package. Log 2-transformed counts per million (CPM) 
were used for downstream analysis. Proteomic sample processing was performed within 4 
hours of CSF acquisition, the steps of the which are described in detail elsewhere5. Proteins 
were filtered to those detected by a minimum of two peptides and missing LFQ values were 
imputed with normalized iBAQ intensities. Output intensities were log2-transformed for 
downstream analysis. 

Classifier construction and training: We use the caret7 package in R (version 4.3.1)8 for all 
model construction, training, and testing. For each configuration, the dataset was randomly split 
into training and testing cohorts in a ratio of 80% to 20%, respectively. All models were repeated 
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100 times to ensure robust summary statistics could be generated. Classifiers were binarized to 
each tumour, such that the outputs were of the form “tumour of interest” vs “other”. 

To construct individual methylation and protein classifiers, binomial elastic net models were 
constructed and trained using 10-fold cross validation repeated 3 times. Input features were 
selected on the training cohort using pairwise moderated t statistics with up to 200 unique input 
features (differentially methylated regions or expressed proteins) per data type per model. 
Model performance was tested on the test set to generate an area under the receiver operating 
characteristic curve (AUROC) for each iteration. Median AUROCs and 95% confidence intervals 
were used to summarize model performance.  

We subsequently constructed integrated models using three complimentary approaches (Figure 
1A). In model 1 (early integration with global tuning), feature selection was performed separately 
on both methylation and protein data, and subsequently combined into an elastic net classifier 
with a single regularization parameter. In model 2 (early integration with individualized tuning), 
data were combined in the same way, but a data-type-specific regularization parameters were 
trained, this has previously been suggested to improve performance of similar models9. Finally, 
in model 3 (late integration), separate elastic net classifiers were trained on each data type and 
their posterior probabilities used to train a second layer integrated classifier. 

Evaluating lymphoma model as a diagnostic tool: Given the clinical utility of identifying 
PCNSL without surgical biopsy, we further explored the “lymphoma vs other” classifier as a 
diagnostic tool in greater detail. For each patient, median class probabilities were extracted from 
each model iteration in which they were randomly allocated to the test set. Probabilities were 
binarized into predicted membership using thresholds of 0.3, 0.4, and 0.5 given the ‘1 vs 2’ 
ensemble construction of our classifiers. Median accuracy, sensitivity, and specificity were 
computed for all integrated classifiers as well as a consensus of all three, such that only patients 
with predictions consistent across all three integrated models were included and the rest 
considered to be unclassified. In similar fashion, we computed the same statistics using each 
tumour model together (i.e. “lymphoma vs other”, “GBM vs other”, and “BM vs other”), such that 
patients classified negatively in all models, or positively in more than one model, were deemed 
unclassified. 

RESULTS 

Our cohort included 20 patients with GBM, 17 with brain metastases, and 14 with PCNSL. All 
patients with GBM had IDH wild type, WHO grade 4 tumours, and patients with brain 
metastases had various primary malignancies breast (n=10), lung (n=4), esophageal (n=1), 
ovarian (n=1) and unknown (n=1). All patients with lymphoma were confirmed to be a result of 
PCNSL. 

Overall, we found that the performance of parallel classifier paradigms was similar within each 
tumor type (Figure 1B). Remarkably, all versions of the integrated “lymphoma vs other” models 
demonstrated perfect performance with consistent median AUCs (and 95% CI) of 1 (1-1). By 
comparison, the median AUCs (95% CI) in the “GBM vs other” models were 0.88 (0.83-0.90), 
0.85 (0.83-0.90), and 0.89 (0.85-0.90) for early integration with global tuning, early integration 
with individualized tuning, and late integration models, respectively. In the “BM vs other” 
models, median AUCs were 0.94 (0.89-0.94), 0.90 (0.89-0.94), and 0.94 (0.90-0.95). Comparing 
the median AUCs of these integrated models to single-platform models using pairwise, we 
found modest improvements in “GBM vs other” models, with higher median AUC in the late 
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integration model compared to both single-platform models (delta AUC = 0.06 and 0.09, p = 
0.008 and 0.0001 for methylation and protein, respectively). Similarly, “BM vs other” models 
demonstrated improvement between the protein-only and late integration models (dAUC = 0.06, 
p = 0.0001). By contrast, there was marked improvement in performance when comparing all 
integrated classifiers to all single-platform classifiers across the “lymphoma vs other” models 
(p<0.05, Figure 1C, Supplementary Figure 2). These results were similar when comparing 
dAUCs computed at each iteration of the respective models (Figure 1D). Therefore, we show 
that combining methylation and protein data, regardless of method used, significantly increases 
the discriminative capacity of the constituent individual models. Importantly, this improvement in 
performance was far greater in PCNSL compared to GBM or BM, suggesting the epigenome 
and proteome are particularly synergistic in the biology of this disease.  

Given the striking performance of the integrated “lymphoma vs other” models, we further 
explored their performance as a stand-alone diagnostic tool (Figure 2). To do this, we examined 
each integrated “lymphoma vs other” model on its own and in combination by consensus, 
wherein patients were only classified if all three models agreed in their outputs. With this latter 
approach, 86% of patients were classified with an accuracy of 95%, specificity of 100% and 
sensitivity of 80% using a threshold of 0.3 (Figure 2A,C). We subsequently applied a more 
restrictive approach wherein patients were “successfully” classified if and only if a single tumour 
model (“GBM vs other”, “BM vs other”, or “lymphoma vs other”) yielded a positive output. 
Therefore, if a patient was classified negatively in all three models (indicating an absence of all 
three tumour subtypes) or was classified positively in more than one model (indicating an invalid 
prediction of multiple tumour types simultaneously), they were considered unclassified. In this 
paradigm, the early integration with global tuning model classified 73% of all patients with a 
sensitivity of 88%, specificity of 100%, and accuracy of 97%; similarly, the late integration model 
classified 75% of patients with a sensitivity of 89%, specificity of 100%, and accuracy of 97% 
(Figure 2B).  

CONCLUSIONS 

In this study, we show that combining the CSF methylome and proteome significantly improves 
classifier performance in CNS lymphoma. Importantly, patients with PCNSL currently undergo 
surgery purely for diagnosis and do not derive any therapeutic benefit from cytoreduction unlike 
many other CNS malignancies10. This is associated with an estimated mortality of 2.8%11, 
healthcare costs in the vicinity $10,00012, significant resource utilization, and perioperative 
delays to systemic therapy. While the use of genomic profiling for CNS tumours is not yet 
standard of care, it’s use in clinical management has steadily gained traction. Further, it is 
becoming increasingly understood that many common neurosurgical diseases are best 
represented by their multi-omic molecular fingerprints rather than more traditional classification 
paradigms13. As the clinical utility of these molecular techniques continues to increase, it seems 
inevitable that they will soon become commonplace in clinical neuro-oncology. Additionally, any 
economic barriers to implementing these genomic technologies are far outweighed by the cost 
savings they would generate in the case of CNS lymphoma.  

Overall, the development of multi-platform liquid biopsy classifiers represents a promising new 
avenue for cancer diagnosis and surveillance. Using this technique, we present the most 
specific and accurate CNS lymphoma classifier to date, filling a significant gap in the care of 
these patients. This has the potential to change current standard of care practice.  
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Figure 1: Classifier performance across tumour types. A: Overview of integrated model design. 
Model 1 = early integration with global tuning, Model 2 = early integration with individualized 
tuning, Model 3 = late integration. M = methylation, P = protein. B: Receiver operating 
characteristic curves for each integrated model and tumour. Thickness of the AUC = 1 curve is 
directly proportional to the number of overlapping curves. C: AUCs by model. In the lymphoma 
model, each integrated model outperforms both individual classifiers and protein alone 
outperforms methylation alone (p <0.05). D: Mean (95% CI) of delta AUCs across all model 
iterations, pairwise model comparisons. Blue indicates comparison between methylation-only 
models and integrated models and red indicates comparison between protein-only models and 
integrated models. X-axis label defines comparison (i.e. P – M indicates that M is subtracted 
from P). * p<0.05. 

 

 

 

Figure 2: Interrogation of the lymphoma classifier. A: Performance metrics (proportion of 
patients classified, accuracy, sensitivity, specificity) for each integrated “lymphoma vs other” 
model at various thresholds. In the consensus plot, patients are excluded if there is no 
consensus across all 3 models. B: Performance metrics of “lymphoma vs other” when layering 
“GBM vs other” and “BM vs other” models. Only patients with consistent outputs (1 positive and 
2 negative outputs) are included in the performance metrics. Top performing configurations are 
boxed and labeled numerically. C: Confusion matrices of highest performing classifier 
configurations as labeled in A) and B). The area of the quarter circle is proportional to the 
number of patients in each quadrant.  
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INTRODUCTION 
Coronary artery disease (CAD) is the leading cause of death in women worldwide.1 The 

treatment of severe CAD remains controversial, with several large randomized clinical trials 

(RCTs) of percutaneous coronary intervention (PCI) compared to coronary artery bypass 

grafting (CABG) demonstrating increased myocardial infarction (MI) and repeat 

revascularization with PCI, while evidence regarding mortality is less clear.2 Sub-group analyses 

of women in RCTs have shown conflicting results due to lack of sufficient power, although, a 

meta-analysis of these RCTs suggested an increased composite outcome (all-cause death, MI, 

and/or stroke) in women undergoing PCI (hazard ratio (HR) 1.31 [95% confidence interval (CI), 

1.05-1.63]).3 Contemporary, large, observational studies comparing real world long-term 

outcomes after PCI and CABG in women are limited.4 Women differ from men in the 

development of CAD in several ways. They develop CAD at an older age, they have smaller, 

more vasoreactive coronary arteries and grafts, less obstructive disease, and more 

microvascular disease.5 Given the established sex-specific differences in the development and 

treatment of CAD, we examined and compared the real-world long-term outcomes of PCI and 

CABG in women with severe CAD.  

METHODS 
Study Design 
We conducted a population level retrospective cohort study in Ontario, Canada, of women ≥18 

and <80 years of age diagnosed with severe CAD who underwent an elective, first-time, 

isolated, coronary revascularization procedure between April 1st, 2012 and December 31st, 

2021. Severe coronary artery disease was defined as left main disease, two vessel coronary 

artery disease involving the proximal left anterior descending artery, or three vessel coronary 

artery disease.6 Clinical registry databases from CorHealth Ontario and the population-level 

administrative health databases housed at the Institute for Clinical Evaluative Sciences were 

used for the study. Coronary angiography records were obtained from CorHealth Ontario. Data 

accuracy has been validated by selective chart audits.7 Baseline demographic variables were 

obtained from the CorHealth Registry, or the Canadian Institute for Health Information-

Discharge Abstract Database (CIHI-DAD), using previously validated algorithms, where 

applicable.8 In-hospital deaths were ascertained through the CIHI-DAD and the Registered 

Persons Database (RPD); and out of hospital deaths were ascertained through the RPD. 

Rehospitalizations were determined from the CIHI-DAD based on the main readmission 

diagnosis, as per ICD-10 definitions. Physician services were determined through the Ontario 

Health Insurance Plan billing database. Statistics Canada’s census data was used to determine 

income quintile, based on median neighborhood income of individuals.  

Outcomes 
The primary outcome was a composite of all-cause mortality, myocardial infarction, stroke, and 
repeat revascularization (MACCE). Secondary outcomes included the individual components of 
the composite outcome and a composite readmission outcome (myocardial infarction, heart 
failure, and stroke). Tertiary outcomes included in-hospital outcomes (all-cause mortality, 
myocardial infarction, stroke).  
 
Statistical analysis 
Baseline characteristics were compared using the χ2 for categorical variables and the Student’s 

t-test for normally distributed continuous variables. Missing data for variables with <10% missing 

data were managed using multiple imputation, carried out 10 times with 10 iterations per 

imputation. Variables with >10% missing data were excluded from the propensity score model.9 
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Propensity scores were generated using a multivariable logistic regression model regressed on 

33 baseline characteristics. Matching was performed 1:1 with greedy nearest-neighbor matching 

techniques and a caliper distance of 0.20 of the logit of the propensity score standard deviation. 

A standardized mean difference of less than 0.10 was used to determine success of matching 

for a given covariate.10 Time-to-event survival analysis was conducted using Kaplan-Meier 

survival curves and log-rank testing stratified on the matched pairs to test the equality of the 

estimated survival curves. Cox proportional hazard models with robust variance estimators 

accounting for clustering within matched sets were used to regress survival status at latest 

follow-up on intervention status to estimate a hazard ratio for MACCE (all-cause mortality, 

myocardial infarction, stroke, and repeat revascularization) and all-cause mortality. Fine-Gray 

sub-distribution hazard models with robust variance estimators accounting for death as a 

competing risk and clustering within matched sets were fitted to the propensity score-matched 

sample and used to assess secondary outcomes (myocardial infarction, stroke, repeat 

revascularization, and the composite readmission outcome). Sensitivity analyses included 

patients with acute coronary syndrome, included patients over the age of 80, and excluded 

patients who received PCI after cardiac surgery consultation. A falsification end point analysis 

using pneumonia was also performed. All tests were 2-sided; p-values <0.05 were considered 

significant without adjustment for multiplicity. Effect estimates for Cox proportional hazards 

regression were reported using hazard ratios (HR) with a 95% confidence interval (95% CI). All 

analyses were carried out using R (Version 3.1.2; R Project for Statistical Computing, Vienna, 

Austria) or SAS (version 9.4; SAS Institute, Inc, Cary, NC, USA). 

RESULTS 
Primary Matched Analysis 
In total, there were 7,499 patients in the PCI group and 7,845 patients in the CABG group. After 
excluding patients who were >80 years of age and patients who did not undergo elective 
revascularization procedures, 2,469 patients in the PCI group and 3,721 patients in the CABG 
group were included (Table 1.). Prior to matching, patients who underwent PCI were more likely 
to be frail, have heart failure, have had previous MI, and have end-stage renal disease on 
dialysis; however, PCI patients had fewer diseased coronary vessels. After matching on 33 
baseline characteristics, 4,066 patients remained (2,033 PCI and 2,033 CABG). The patients 
were well-matched, with standardized mean differences <0.10 for all covariates. In-hospital 
death and in-hospital stroke were lower with PCI than with CABG (0.7% vs 1.5%, p=0.04) and 
(<0.2% vs 1.4%, p<0.001), respectively. There was no difference in perioperative MI between 
PCI and CABG (1.1% vs 0.6%, p=0.12) (Table 2.). In long-term follow-up, at a median (IQR) of 
5.1 (2.9-7.5) years in the matched cohort, MACCE was higher with PCI compared with CABG 
(37.7% vs 23.3%, HR 1.79, [95% CI: 1.66-1.91], p<0.001) (Figure 1A.). All-cause mortality was 
higher with PCI compared with CABG (17.8% vs 13.4%, HR 1.33, [95% CI: 1.21-1.45], p<0.001) 
(Figure 1B.). Spontaneous MI and repeat revascularization were higher with PCI compared with 
CABG (8.7% vs 3.6%, HR 2.28, [95% CI: 2.16-2.42], p<0.001) and (21.9% vs 9.1%, HR 2.84, 
[95% CI: 2.72-2.97], p<0.001), respectively. However, stroke was lower with PCI compared with 
CABG (2.4% vs 3.0%, HR 0.85, [95% CI: 0.78-0.92], p<0.001). The composite readmission 
outcome (MI, heart failure, stroke) was higher with PCI compared with CABG (16.2% vs 11.2%, 
HR 1.42, [95% CI: 1.37-1.47], p<0.001) (Figure 1C.).  
 
Sensitivity Analyses 
In a sensitivity analysis including women undergoing inpatient or urgent revascularization, the 
results were consistent with the primary analysis; the occurrence of MACCE and all-cause 
mortality remained higher with PCI compared with CABG (HR 1.78, [95% CI: 1.66-1.91], 
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p<0.001) and (HR 1.33, [95% CI: 1.21-1.45], p<0.001), respectively. In a sensitivity analysis of 
women of all ages undergoing elective PCI or CABG, the results were similarly consistent with 
the primary analysis, with higher MACCE and all-cause mortality after PCI compared with 
CABG (HR 1.83, [95% CI: 1.67-2.01], p<0.001) and (HR 1.48, [95% CI: 1.31-1.67], p<0.001), 
respectively. When excluding patients with previous cardiac surgery consultation, the results 
remained consistent for MACCE (HR 1.83 [95% CI: 1.64-2.03], p<0.001) and death (HR 1.32, 
[95% CI: 1.14-1.53], p<0.001). In a falsification end-point analysis, there was no significant 
difference in the incidence of pneumonia between PCI and CABG (HR 0.97, [95% CI: 0.84-
1.13], p=0.73). 
 
Crude Outcomes 
In the unmatched cohort, both MACCE and all-cause mortality were higher in the PCI cohort 
compared to the CABG cohort (37.7% vs 24.5%, HR 1.83, [95% CI: 1.67-2.00], p<0.001) and 
(18.6% vs 14.4%, HR 1.42, [95% CI: 1.26-1.61], p<0.001), respectively. 
 
CONCLUSIONS 

In our analysis, we found that women under 80 years of age with stable severe CAD had 

significantly higher MACCE and long-term mortality after PCI compared to CABG. In addition, 

spontaneous MI, repeat revascularization, and readmission for either MI, heart failure, or stroke 

was higher in the PCI cohort compared to CABG, while stroke was lower after PCI compared to 

CABG. These results were consistent when including women who underwent inpatient or urgent 

revascularization, when including women over 80 years of age, and when excluding patients 

who received a cardiac surgery consultation prior to PCI.  

Our findings are consistent with a retrospective analysis of the New York State database 

from 2012-2018 which evaluated 3,966 propensity score matched pairs of patients and found 

higher long-term mortality after PCI compared to CABG (HR 1.29, [95% CI 1.14-1.45]).11 

Additionally, our findings are consistent with a meta-analysis of six RCT sub-group analyses, 

where the composite of death, stroke, and MI was higher in PCI compared to CABG in women 

(HR 1.31 [95% CI 1.05;1.63]).3  

Our results add to the evidence that women may derive long-term benefit from CABG 

compared to PCI despite the upfront higher risk of MACCE and mortality. Differences between 

women and men with regards to the biology of coronary disease may play a role. Women have 

a greater ratio of non-obstructive to obstructive CAD compared to men, leading to a greater 

overall plaque burden in women compared to men for a given amount of obstructive disease.12 

Non-obstructive plaques are not benign, as one study demonstrated, a majority of MIs occurred 

from non-obstructive plaques rather than obstructive plaques.13 An analysis from the CONFIRM 

(Coronary CT Angiography Evaluation for Clinical Outcomes: An International Multicenter) 

registry showed that women with nonobstructive left main disease had a nearly 80% higher risk 

for MACCE compared with men with nonobstructive left main disease at 5-year follow-up.14 As 

PCI primarily treats obstructive CAD whereas CABG treats both obstructive and non-obstructive 

CAD, it is plausible that the early operative risk of CABG in women is compensated by greater 

long-term reduction in MI and mortality in CABG compared to PCI.15 Our findings provide 

evidence to suggest women with severe CAD may derive greater long-term benefit from CABG 

compared to PCI and suggest that the treatment recommendation should shift towards CABG in 

appropriately selected women.  
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Table 1. Baseline Characteristics before and after propensity score matching. 

 Before Propensity Score 
Matching 

After Propensity Score Matching 

 PCI 
(n=2469) 

CABG 
(n=3721) 

SMD PCI 
(n=2033) 

CABG 
(n=2033) 

SMD 

Age, yrs 66.7 (8.9) 66.5 (8.2) 0.0183 66.6 (8.9) 66.6 (8.1) 0.0030 

Charlson (mean 
±SD) 

1.2 (1.6) 1.2 (1.4) 0.0113 1.2 (1.5) 1.2 (1.4) 0.0202 

Frailty risk score 1.5 (3.5) 1.0 (2.4) 0.1514 1.3 (3.0) 1.2 (2.6) 0.0350 

Creatinine level, 
mg/dl 

90.6 (80.7) 83.6 
(70.3) 

0.0001 87.6 (73.3) 86.4 (79.1) 0.0147 

Income quintile  0.0432  0.0197 

1 607 (24.6) 847 (22.8)  497 (24.4) 472 (23.2)  

2 532 (21.5) 808 (21.7)  425 (20.9) 438 (21.5)  

3 498 (20.2) 763 (20.5)  410 (20.2) 415 (20.4)  

4 453 (18.3) 695 (18.7)  384 (18.9) 379 (18.6)  

5 379 (15.4) 608 (16.3)  317 (15.6) 329 (16.2)  

Rural status 354 (14.3) 544 (14.6) 0.0080 290 (14.3) 275 (13.5) 0.0210 

Teaching 
hospital 

1309 
(53.0) 

1827 
(49.1) 

0.0785 1054 
(51.8) 

1022 
(50.3) 

0.0315 

Diabetes 1180 
(47.8) 

1949 
(52.4) 

0.0918 998 (49.1) 995 (48.9) 0.0030 

Current smoker 413 (16.7) 646 (17.4) 0.0170 340 (16.7) 352 (17.3) 0.0158 

Former smoker 519 (21.0) 818 (22.0) 0.0236 430 (21.2) 416 (20.5) 0.0169 

History of MI 219 (8.9) 259 (7.0) 0.0671 170 (8.4) 156 (7.7) 0.0242 

Hypertension 2008 
(81.3) 

3040 
(81.7) 

0.0095 1659 
(81.6) 

1651 
(81.2) 

0.0101 

History of stroke 30 (1.2) 32 (0.9) 0.0324 19 (0.9) 21 (1.0) 0.0090 

History of heart 
failure 

443 (17.9) 442 (11.9) 0.1580 323 (15.9) 299 (14.7) 0.0308 

Atrial arrhythmia 117 (4.7) 105 (2.8) 0.0902 77 (3.8) 73 (3.6) 0.0093 

Cerebrovascular 
disease 

63 (2.6) 63 (1.7) 0.0544 38 (1.9) 38 (1.9) <0.0001 

COPD 262 (10.6) 306 (8.2) 0.0775 194 (9.5) 188 (9.2) 0.0096 

Hyperlipidemia 1068 
(43.3) 

1660 
(44.6) 

0.0274 884 (43.5) 909 (44.7) 0.0248 

Peripheral 
vascular disease 

42 (1.7) 58 (1.6) 0.0110 35 (1.7) 39 (1.9) 0.0152 

History of cancer 92 (3.7) 95 (2.6) 0.0619 74 (3.6) 64 (3.1) 0.0260 

Renal disease 94 (3.8) 77 (2.1) 0.0908 60 (3.0) 60 (3.0) <0.0001 

Dialysis 82 (3.3) 58 (1.6) 0.0983 48 (2.4) 44 (2.2) 0.0110 

Depression 22 (0.9) 13 (0.3) 0.0576 13 (0.6) 11 (0.5) 0.0105 

Liver disease 16 (0.6) 21 (0.6) 0.0104 15 (0.7) 14 (0.7) 0.0061 

CCS Class     

0 554 (22.4) 691 (18.6) 0.0927 432 (21.2) 411 (20.2) 0.0071 

1 340 (13.8) 519 (13.9) 0.0051 278 (13.7) 282 (13.9) 0.0014 

2 834 (33.8) 1306 
(35.1) 

0.0279 695 (34.2) 703 (34.6) 0.0083 

3 566 (22.9) 993 (26.7) 0.0895 498 (24.5) 500 (24.6) 0.0012 
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4 175 (7.1) 212 (5.7) 0.0542 130 (6.4) 137 (6.7) 0.0077 

Number of 
diseased 
vessels 

2.33 (0.70) 2.42 
(0.82) 

0.1294 2.37 (0.74) 2.39 (0.82) 0.0266 

Disease by 
vessel 

    

Left main 
(≥50%) 

367 (14.9) 1424 
(38.3) 

0.6578 360 (17.7) 420 (20.7) 0.0719 

Proximal LAD 
(70-99%) 

1607 
(65.1) 

2049 
(55.1) 

0.2102 1221 
(60.1) 

1184 
(58.2) 

0.0423 

Proximal LAD 
occlusion 
(100%) 

115 (4.7) 116 (3.1) 0.0731 85 (4.2) 84 (4.1) 0.0070 

Mid LAD (70-
99%) 

1481 
(60.0) 

2404 
(64.6) 

0.0943 1297 
(63.8) 

1325 
(65.2) 

0.0141 

Mid LAD 
occlusion 
(100%) 

125 (5.1) 202 (5.4) 0.0167 108 (5.3) 123 (6.1) 0.0247 

Left circumflex 
(70-99%)  

1656 
(67.1) 

2841 
(76.4) 

0.1974 1445 
(71.1) 

1476 
(72.6) 

0.0209 

Left circumflex 
occlusion 
(100%) 

213 (8.6) 320 (8.6) 0.0010 176 (8.7) 187 (9.2) 0.0315 

Right coronary 
artery (70-99%)  

1780 
(72.1) 

2895 
(77.8) 

0.1272 1496 
(73.6) 

1509 
(74.2) 

0.0307 

Right coronary 
artery occlusion 
(100%) 

343 (13.9) 703 (18.9) 0.1446 306 (15.1) 316 (15.5) 0.0284 

PCI – percutaneous coronary intervention; CABG – coronary artery bypass grafting; SMD – 

standardized mean difference, MI – myocardial infarction; COPD – chronic obstructive 

pulmonary disease; CCS – Canadian Cardiovascular Society; LAD – left anterior descending 

artery 
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Table 2. Early and late outcomes in propensity score matched cohort. 

 Outcomes 

 PCI (n=2033) CABG (n=2033) P-value 

In-hospital     

Peri-operative MI 22 (1.1) 12 (0.6) 0.121 

Stroke <5 (<0.2) 28 (1.4) <0.001 

Death 15 (0.7) 30 (1.5) 0.036 

Long-term    

MACCE 767 (37.7) 473 (23.3) <0.001 

Spontaneous MI 177 (8.7) 73 (3.6) <0.001 

Stroke 48 (2.4) 61 (3.0) 0.244 

Repeat 
revascularization 

445 (21.9) 184 (9.1) <0.001 

Death 362 (17.8) 272 (13.4) <0.001 

Composite 
readmission (MI, heart 
failure, stroke) 

330 (16.2) 228 (11.2) <0.001 

PCI – percutaneous coronary intervention; CABG – coronary artery bypass grafting; MI – 

myocardial infarction; MACCE – major adverse cardiovascular and cerebrovascular events  
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Figure 1A. Kaplan-Meier curve of freedom from major adverse cardiovascular and 
cerebrovascular events with PCI versus CABG in the propensity score matched cohorts. 1B. 
Kaplan-Meier curve of all-cause mortality with PCI versus CABG in the propensity score 
matched cohorts. 1C. Cumulative incidence function of readmission for myocardial infarction, 
stroke, or congestive heart failure with PCI versus CABG in the propensity score matched 
cohorts. 
 
PCI – percutaneous coronary intervention; CABG – coronary artery bypass grafting; MI – 

myocardial infarction; HF – heart failure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 

 

REFERENCES 
 
1. Vogel B, Acevedo M, Appelman Y, et al. The Lancet women and cardiovascular disease 

Commission: reducing the global burden by 2030. The Lancet. 2021;397:2385-2438. 
2. Sabatine MS, Bergmark BA, Murphy SA, et al. Percutaneous coronary intervention with 

drug-eluting stents versus coronary artery bypass grafting in left main coronary artery 
disease: an individual patient data meta-analysis. Lancet. 2021;398:2247-2257. 

3. Gul B, Shah T, Head Stuart J, et al. Revascularization Options for Females With 
Multivessel Coronary Artery Disease. JACC: Cardiovascular Interventions. 2020;13:1009-
1010. 

4. Moroni F, Beneduce A, Giustino G, et al. Sex Differences in Outcomes After Percutaneous 
Coronary Intervention or Coronary Artery Bypass Graft for Left Main Disease: From the 
DELTA Registries. Journal of the American Heart Association. 2022;11:e022320. 

5. Harik L, Perezgrovas-Olaria R, Jr Soletti G, et al. Sex differences in coronary artery bypass 
graft surgery outcomes: a narrative review. J Thorac Dis. 2023;15:5041-5054. 

6. Fihn SD, Gardin JM, Abrams J, et al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS 
Guideline for the Diagnosis and Management of Patients With Stable Ischemic Heart 
Disease. Circulation. 2012;126:e354-e471. 

7. Wijeysundera HC, Stukel TA, Chong A, Natarajan MK, Alter DA. Impact of clinical urgency, 
physician supply and procedural capacity on regional variations in wait times for coronary 
angiography. BMC Health Serv Res. 2010;10:5. 

8. Tam DY, Dharma C, Rocha R, et al. Long-Term Survival After Surgical or Percutaneous 
Revascularization in Patients With Diabetes and Multivessel Coronary Disease. J Am Coll 
Cardiol. 2020;76:1153-1164. 

9. Lee JH, Huber JC, Jr. Evaluation of Multiple Imputation with Large Proportions of Missing 
Data: How Much Is Too Much? Iran J Public Health. 2021;50:1372-1380. 

10. Austin PC. Balance diagnostics for comparing the distribution of baseline covariates 
between treatment groups in propensity-score matched samples. Stat Med. 
2009;28:3083-3107. 

11. Hannan EL, Wu Y, Harik L, et al. Coronary Artery Bypass Surgery vs. Percutaneous 
Interventions for Women with Multivessel Coronary Artery Disease. J Thorac Cardiovasc 
Surg. 2023. 

12. Plank F, Beyer C, Friedrich G, Wildauer M, Feuchtner G. Sex differences in coronary 
artery plaque composition detected by coronary computed tomography: quantitative and 
qualitative analysis. Neth Heart J. 2019;27:272-280. 

13. Stone GW, Maehara A, Lansky AJ, et al. A Prospective Natural-History Study of Coronary 
Atherosclerosis. New England Journal of Medicine. 2011;364:226-235. 

14. Xie JX, Eshtehardi P, Varghese T, et al. Prognostic Significance of Nonobstructive Left 
Main Coronary Artery Disease in Women Versus Men. Circulation: Cardiovascular 
Imaging. 2017;10:e006246. 

15. Gaudino MFL, An KR, Calhoon J. Mechanisms for the Superiority of Coronary Artery 
Bypass Grafting in Complex Coronary Artery Disease. Ann Thorac Surg. 2023;115:1333-
1336. 

 



7 

  

 
 
 
 
 
 
 
 
 
 
 
 

BARRIERS TO BLACK MEDICAL STUDENTS AND RESIDENTS PURSUING AND 
COMPLETING SURGICAL RESIDENCY IN CANADA: A QUALITATIVE ANALYSIS 

 
Edgar Akuffo-Addo1*, Jaycie Dalson1*, Kwame Agyei 1, Samiha Mohsen1, Safia Yusuf1, 

Clara Juando-Prats2,3, Jory S Simpson1,3 

1Temerty Faculty of Medicine, University of Toronto, Toronto, ON, Canada 
2 Dalla Lana School of Public Health, University of Toronto, Toronto, ON, Canada 

3 Division of General Surgery, St. Michael’s Hospital, Toronto, ON, Canada 
*Edgar Akuffo-Addo and Jaycie Dalson have contributed equally to this study and should be considered 

as co-first authors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



7 

  

Introduction: Within the medical field in Canada, there is a persistent and disproportionate 
underrepresentation of racial and ethnic minority groups in surgical disciplines.1 2 The limited 
available data suggest that the North American medical workforce does not reflect the racial 
diversity of the patient population it serves especially within surgery.3 4  5  6 7 8 9 10 11 There is a 
growing impetus to improve diversity in the surgical force. The American College of Surgeons 
(ACS) recognizes the importance and need of increasing diversity within the field of surgery to 
improve patient outcomes. 12 The health care benefits of patient-provider race concordance are 
well established. Black patients were more receptive to a surgeon’s recommendation for surgery 
when their physicians were of the same race.13 One can appreciate the importance of this 
especially when it comes to the surgical management malignancies. In addition, patients rated 
their visits with a physician as more satisfying when race concordant.14 To improve patient 
satisfaction and the quality-of-care patients receive, the surgical workforce must reflect the variety 
of patients for which they provide care. 
 
Prior research has exclusively focused on exploring the challenges underrepresented minorities 
who are training in postgraduate surgical training programs in Canada face.2 They show that 
postgraduate residents who are visible minorities experience mistreatment, increased imposter 
syndrome, patient dismissal of medical expertise because of race/ethnicity, and stressors related 
to the recurrence of reported discriminatory incidences.2 However, to our knowledge and from our 
literature search, there have been no studies to date that characterize the challenges faced by 
racial/ethnic minority medical students in undergraduate education in accessing and entering 
surgical specialties in a Canadian context. However, as the number of Black medical students in 
Canada increases,15 there is a greater need to understand the unique barriers and challenges 
Black medical students face in pursuing surgical residency.  
 
Negative perceptions and stereotypes about surgeons likely discourage many Black medical 
students from pursuing a surgical career.16 Surveys among medical students show that they hold 
uniform stereotypes of surgeons as self-confident and intimidating; surgery as competitive, 
masculine, and requiring sacrifice. Students felt they had to fit these stereotypes - often shaped 
by gendered constructs - if they were to succeed in surgery, excluding those unwilling, or who felt 
unable to conform.17 These negative stereotypes could disproportionately affect Black medical 
students who already question their sense of belonging in the Canadian medical system.18 
Interventions aimed at improving these negative perceptions and stereotypes have shown 
immediate positive results. 19 20 21 22 23  However, there are likely unique factors that contribute to 
Black medical students’ negative perceptions about the field of surgery. Interviewing current Black 
surgical residents may also provide insights on barriers encountered during surgical training and 
difficulties faced to in pursuing surgical careers. Illuminating the factors that differentially impact 
Black medical students and residents is required to develop more targeted interventions to 
address these factors with the overall goal of increasing the number of practicing Black surgeons 
in Canada. As such, our research aims to explore the experiences of Black medical students in 
applying for a surgical residency in Canada. In addition, we sought to examine the experiences 
of Black surgical residents who have gone through the application process and their current 
encounters in residency.  

Methods: Using critical qualitative inquiry, purposive sampling pursuing heterogeneity for gender, 
geographical location, and student/trainee year, we recruited self-identifying Black medical 
students and surgical residents across Canada. Online in-depth semi-structured interviews were 
conducted and transcribed verbatim. Transcripts were analyzed through an inductive reflexive 
narrative thematic process by four analysts.  



7 

  

Results: The authors interviewed 27 participants including 18 medical students and 9 residents 
(Table 1). They ranged in age from 20 to 40 years of age. 16 identified as females (59%) and 11 
as males (41%). Almost half of the participants (41%) were from a perceived low SES background. 
More than half (59%) were born outside Canada. The results showed three major themes that 
characterized the experiences: journey to and through medicine, perceptions of the surgical 
culture, and recommendations to improve the student experience.  

Theme 1: Journey to and through medicine 
Each participant described their initial interest in medicine and surgery, as well as how this interest 
evolved based on experiences both within and outside the clinical environment.  Intersectionality 
is defined as multiple interlocking identities with relative sociocultural power and privilege that 
shape people’s individual and collective experiences. This plays a large role in the lives of our 
participants, who are all black, but with unique cultures, genders, sexual orientations, 
socioeconomic status etc. and may be additive, multiplicative, or intersectional in different 
situations. 24 With this in mind, we identified 4 subthemes within participants’ journey to and 
through medicine: 1) Motivation 2) Admissions Criteria 3) Finances 4) Social Capital 
 
Motivation 
Among students interested in surgical specialties, most were drawn to the immediate gratification 
that came with the hands-on work associated with surgery. Some students cited the anticipated 
satisfaction they would derive from being able to provide their patients with near-instantaneous 
relief for their medical conditions through surgery. In exploring specialties for postgraduate 
training, Black medical students were more likely to consider primary care and public health 
specialties. They shared the burden of expectation and moral obligation to pursue primary care 
practice to fill care gaps in their local communities. Some non-OBGYN surgical specialties were 
perceived as having minimal community impact.  
 
Admission Criteria: Research vs Advocacy  
Black medical students were more likely to have engaged in advocacy and other community-
building initiatives that are perceived not to be formally credited in the surgical residency 
admission process. This made several candidates hesitant to apply considering many of their 
extracurricular activities were centered around those initiatives. 
 
Socio-economic Status 
While most students from higher SES were financially supported by their parents with the cost of 
application and test registration fees, students from lower SES often had to seek part-time 
employment to cover these costs. Moreover, Black applicants from lower SES were more likely 
to limit their applications to a few medical schools as a cost-saving method, thereby significantly 
reducing their chances of admission. These applicants were also less likely to see medicine as a 
viable career path after one unsuccessful application cycle. Some applicants shared that the cost 
of the MCAT and application fees were a large deterrent for reapplying.  
 

Finances and compensation did not singularly influence Black medical students' choice of 
postgraduate specialty. Students were assured that a career in medicine will provide adequate 
compensation irrespective of the specialty they choose but some shared their concerns around 
job security in surgical specialties.  
 
Social Capital 
Another common barrier shared by most participants, irrespective of SES, included an admission 
system that favors candidates in a more privileged social position than those in lower positions 
(e.g., visible minorities, newcomers, English as a second language, or gender minorities). 
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Students felt they were lacking the social capital seemingly required to get into medicine. Most 
participants were the first in their family to pursue medicine and shared their struggles with finding 
research opportunities and networking. Participants also described significant challenges finding 
mentors once they matriculated into medical school.  
 
Theme 2: Sense of Belonging 
In exploring their journeys through medical school and postgraduate medical training, most Black 
learners cited feelings of isolation and lack of belonging. We identified 3 subthemes: 1) Isolation 
2) Microaggressions & Verbal abuse and 3) Gender.   
 
Isolation 
For many of the students, their experience of being the only Black learner in their respective 
programs contributed to their isolation, anxiety, and depression. Black medical students struggled 
with the idea of being the only black surgical resident or staff in their institutions and the possible 
impact to their mental well-being. 
 
Microaggressions and Verbal Abuse 
Black medical students and residents continue to experience discrimination in the form of 
microaggressions. Microaggressions are brief and commonplace daily verbal or behavioral 
indignities, whether intentional or unintentional that communicate hostile, derogatory, or negative 
racial slights and insults toward people of color. 24 Some medical students who were considering 
surgical specialties received unsupportive remarks from their supervising staff. They were made 
to question if they could handle the rigors of surgical specialties. Students found these comments 
discouraging, unsupported and were left wondering if they received these comments because of 
their race.  
 
Gender 
The intersection of race and gendered experiences also influenced the specialty choice of black 
female medical students. Medical students who identified as female and who were interested in 
surgical specialties were more likely to consider Obstetrics and Gynecology over other 
subspecialties. The underrepresentation of women in surgical specialties such as Orthopedics, 
Neurosurgery and Vascular surgery was a major deterrent for female medical students.  
 
Theme 3: Surgical Lifestyle and Culture 
The field of surgery was deemed as mentally, emotionally, and physically demanding by 
participants. It was seen as a specialty that requires significant dedication and sacrifice. Through 
our analysis we identified two subthemes including 1) Surgical Lifestyle & Sacrifice of Personal 
Needs 2) Duty Hours & Sleep Deprivation. 

Conclusion: In summary, medical students identified lack of mentorship and representation, and 
experiences with racism as the main barriers to pursuing surgical training. Surgical trainees cited 
systemic racism, lack of representation and poor safe spaces as the main deterrents to program 
completion. The intersection with gender exponentially increased these identified barriers.  

Except for a few surgical programs, medical schools across Canada do not offer a safe space for 
Black students and trainees to access and complete surgical training. An urgent change is needed 
to offer diverse mentorship that is transparent and acknowledges the real challenges related to 
systemic racism and biases, as well as being inclusive of different racial and ethnic backgrounds. 
We provide a table of recommendations for programs to consider to optimize the experiences of 
Black medical students and residents pursuing and completing surgical residencies in Canada. 
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Table I: Demographic characteristics of 27 Black medical students and residents 
interviewed to explore their experiences in pursuing and completing surgical residency in 
Canada 
 
Characteristics Undergraduate  Postgraduate Full sample 

n % n % n % 
Gender       
 Female 12  60 4  57 16 59 
 Male 8 40 3 43 11 41 
Age range       
 20 - 24 11 55 1 14 12 44 
 25 - 29      9 45 3 43 12 44 
 30 - 34 0 0 2 29 2 7 
 35 - 40 0 0 1 14 1 4 
Socioeconomic status       
 Low 9 45 2 29     11 41 
    Mid 10 50 4 57 14 52 
 High 1 5 1 14 2 7 
Location of training       
 Atlantic Region 2 10 0 0 2 7 
 Central Canada 16 80 3 42 19 70 
 Prairie Provinces 2 10 2 29 4 15 
 West Coast 0 0 2 29 2 7 
Country of Origin       
 Canada 7 37      4 57 11 41 
 Nigeria 7 11      0 0 7 26 
    Ghana 2 37 1 14 3 11 
 Sudan 1 5 1 14 2 7 
 Russia 0 0 1 14      1 4 
    UK 1 5 0  0      1 4 
    St Lucia 1 5 0       0 1 4 
    Unknown 1 5 0   0 1 4 
Specialty Interest       
 Surgery 13 65 N/A  N/A  
    Medicine 5 25 N/A  N/A  
    Psychiatry 1 5 N/A  N/A  
    Pediatrics 1 5 N/A  N/A  
       

Atlantic Region: Newfoundland and Labrador, Prince Edward Island, Nova Scotia, New 
Brunswick 
Central Canada: Quebec, Ontario 
Prairie Provinces: Manitoba, Saskatchewan, Alberta 
West Coast: British Columbia 
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Table II. Table of Recommendations 
 

 Barrier(s) Recommendation(s) 

U
nd

er
gr

ad
ua

te
 Mentorship 

1. Actively support and promote the nationwide 
mentorship program established by the Black 
Physicians of Canada Group. This vital program 
facilitates connections between students and potential 
mentors, playing a crucial role in fostering concordant 
mentorship. It is imperative to increase the 
involvement of Black physicians, residents, and 
students in the program, ensuring that mentorship 
opportunities are abundant, relevant, and reflective of 
the diverse experiences and challenges faced within 
the medical community. 25  

2. Establish National surgery interest groups to enable 
students from Canadian regions with limited access to 
Black surgeons to network with staff and faculty from 
other universities.  

Admissions 

1. Consider holistic review of applicants’ files and 
recognize the complexity of lived experiences that 
applicants may have in their path to applying to 
medicine. 

2. De-emphasize GPA as a metric for admission as 
some minority students face financial barriers that 
may require them to work part-time during their 
undergraduate education. 

Po
st

gr
ad

ua
te

 

Training Environment 

1. Promote a collegial and supportive work environment 
for residents, ensuring that it actively counters racism 
and fosters inclusivity. 

2. Implement mandatory training on implicit bias and 
anti-racism for faculty and staff to create an 
environment where all learners feel equally valued 
and understood. 

3. Cultural change to encourage eating, drinking water, 
using the washroom and sleep.  

4. Adjustment of duty hours and increase in residency 
spots with consideration of the number of residents 
per surgical specialty.   

5. Transparent process for requesting accommodations 
including the establishment of a standardized 
maternity leave process across all surgical 
specialties. 
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 Barrier(s) Recommendation(s) 

Admissions 

1. Demonstrate commitment to promoting diversity, 
equity, and inclusion by establishing pathway 
programs. Pathway programs signal to applicants that 
a program is ready to provide holistic and multifaced 
support to minority students. 

2. Highlight programs’ commitment to providing medical 
care to diverse populations by rewarding applicants’ 
advocacy efforts. 

3. Permit applicants to substitute advocacy initiatives to 
fulfill research requirements. This will encourage 
minority applicants who may have spent their most of 
their efforts on advocacy at the expense of research 
to apply.  

4. Consider mandatory implicit bias training for all 
interviewers and file reviewers. 
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Introduction 
 Aneurysmal subarachnoid haemorrhage (SAH) is a devastating type of stroke with high 
mortality and morbidity 1. As with other brain injuries 2, the time of day that an SAH occurs significantly 
impacts the extent of injury that subsequently ensues 3,4. Defining the diurnal/circadian mechanisms 
that drive these time-of-day differences is vital since, in addition to impacting injury severity and 
outcome, these mechanisms are also likely to influence the efficacy of therapeutic interventions 2.  
 Our recent work in male mice demonstrates that: (i) cerebral resistance arteries possess a 
circadian rhythm in myogenic reactivity and (ii) the level of myogenic tone at the time of SAH strongly 
associates with the degree of SAH-induced injury 4. At the molecular level, circadian oscillations in 
cystic fibrosis transmembrane conductance regulator (CFTR) channel expression appear to drive the 
myogenic reactivity rhythm in male cerebral arteries and, by association, the level of SAH-induced 
injury 4. CFTR is a prominent modulator of cerebrovascular reactivity: in addition to its role as a 
chloride channel, its sphingolipid transporter function 5 sequesters the myogenic signalling mediator 
sphingosine-1-phosphate away from its receptors, thereby preventing the activation of the 
pro-constrictive signalling pathways that augment myogenic vasoconstriction 6–9. 
 Given that our previous work focused solely on male mice 4, one key question to resolve is 
whether the male phenotype is generalizable to females. Remarkably, there are several reasons to 
propose that females will possess distinctly different vascular and SAH injury phenotypes compared to 
their male counterparts: (i) biological sex differences in cerebrovascular function, cerebral blood flow 
autoregulation and cerebrovascular pathologies are well-documented 10; (ii) female sex hormones are 
known to modulate CFTR expression 11,12, inflammatory processes 10 and cellular stress responses 10; 
and (iii) females appear to have a higher incidence of delayed cerebral ischemia at 3-5 days post-SAH 
13. Circadian time is not frequently incorporated into experimental plans and thus, most studies 
addressing sex differences have been conducted during daylight hours. Unfortunately, this hampers 
the generalizability of the reported observations, as any identified difference (or their lack thereof) 
could be sensitive to the circadian time of data collection. 
 This investigation examined whether biological sex differences exist in cerebral artery 
myogenic reactivity and how this influences injury following experimental SAH. To understand the role 
of sex hormones in females, we conducted assessments in both naïve and ovariectomized female 
mice. Our previous work establishes a strong association between cerebral resistance artery 
myogenic reactivity and SAH-induced injury 4: thus, we hypothesized that this association persists in 
females. Indeed, our data show that this association is preserved in females, although naïve and 
ovariectomized female mice possess a distinctly different vascular phenotype compared to males.  
 
Methods 
SAH was modelled by pre-chiasmatic blood injection. Olfactory cerebral resistance arteries were 
functionally assessed by pressure myography; these functional assessments were related to 
brain histology (Fluoro-J, anti-active caspase-3, anti-Iba1 immunostaining) and neurobehavioral 
assessments.  
Results 
Female mice do not display circadian variations in myogenic tone and SAH-induced injury. 
In contrast to our previous observations from male cerebral arteries 4, we did not identify a 24-hour 
rhythm in female cerebral artery myogenic vasoconstriction (Figure 1a). Strikingly, when the female 
tracing is qualitatively compared to our previously published male data 4, the female profile has the 
appearance of a “dampened rhythm”, with the female tone level aligning with the trough level of tone 
observed in male mice. Phenylephrine-stimulated vasoconstriction is not identified as rhythmic 
in female cerebral arteries, which matches our previous observations in male arteries (Figure 1b) 4. 
Consistent with the lack (or very low amplitude) of rhythmicity, a  comparison of female cerebral 
arteries isolated at ZT11 and ZT23 shows that Zeitgeber time has a very small effect of on myogenic 
tone and agonist-stimulated vasoconstriction (Figure 1c); in contrast, a ZT11/ZT23 myogenic tone 
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comparison for male cerebral arteries assessed in parallel (Figure 1d) shows data compatible with a 
much larger effect size. 
Figure 2a shows representative images of activated and non-activated microglia cells. In contrast to 
our previous work in male mice 4, the data in Figure 2a and Supplemental Figure 4 are not 
compatible with the hypothesis that there are meaningful differences in microglia number and/or their 
activation state when SAH is induced at ZT23 versus ZT11. Representative images of cortical cells 
stained for the cell injury markers Fluoro-Jade and activated caspase-3 are shown in Figure 2b, with 
quantifications in Figures 2c-d. Since the female myogenic tone tracing reasonably aligns with the 
low ZT11 level of tone observed in male arteries, we expected that the SAH-induced injury in females 
would align with the ZT11 injury level previously described in male mice 4. Indeed, the caspase-3 
positive staining and neurofunctional scores observed in females largely match the previously 
described ZT11 injury levels in male mice. However, the data do not support the hypothesis that 
SAH-induced injury in female mice is more severe when SAH is induced at ZT23 versus ZT11, 
as previously reported in males 4. Modified Garcia scores are slightly higher (indicating better 
neurofunctional outcome) when SAH is induced at ZT23 versus ZT11.  
Collectively, the data presented in Figures 1-2 strongly reinforce the association that we previously 
described between myogenic tone at the time of SAH and the subsequent SAH-induced injury level 4. 
Of note, we did not compare Fluoro-Jade staining across different experiments: we have found that 
the method is highly-sensitive to experimental variations and consequently, are not confident that 
separate data sets are directly comparable. 

Ovariectomy does not unmask a cerebrovascular rhythm in females. 

We hypothesized that ovariectomy would “unmask” a hidden cerebrovascular rhythm in female mice 
that drives higher levels of myogenic tone and SAH-induced injury at ZT23: data collected from 
ovariectomized female mice, however, do not support the hypothesis. Both myogenic reactivity 
(Figure 3a) and phenylephrine-stimulated vasoconstriction in cerebral arteries isolated from 
ovariectomized female mice remain non-rhythmic, according to cycle analysis. Intriguingly, the new 
myogenic reactivity profile displays a prominent “isolated peak” in myogenic tone at ZT19 (Figure 3a). 
When qualitatively compared to the naïve female data, the myogenic tracing from ovariectomized 
females displays reasonable alignment with the naïve myogenic tone level, except for the 
aforementioned ZT19 peak. Vascular reactivity data from arteries isolated from ovariectomized female 
mice at ZT11 and ZT23 (Figure 3b) indicate that Zeitgeber time has a very small effect on vascular 
reactivity; contrary to our hypothesis, the data are more compatible with ZT11 possessing higher tone 
compared ZT23 than vice versa. In terms of SAH-induced injury in ovariectomized female mice at 2 
days post-SAH cortical Fluoro-Jade (Figure 3d) and activated caspase-3 (Figure 3e) positive cell 
counts were more compatible with either a non-substantive effect or reduced injury when SAH is 
induced at ZT23 versus ZT11 than vice versa; likewise, modified Garcia score data (Figure 3f) are 
more compatible with an improved outcome when SAH is induced at ZT23, rather than a detrimental 
outcome. Taken together, we conclude that ovarian sex hormones do not explain the differences 
between males and females with respect to circadian variations in cerebral artery myogenic tone and 
time-of-day differences in SAH-induced injury. 
 

Discussion 

 Our previous work demonstrated that (i) myogenic reactivity in olfactory cerebral arteries 
isolated from male mice oscillates with a circadian rhythm and (ii) male mice display a diurnal 
difference in SAH-induced injury, with the extent of injury associating with the level myogenic tone at 
the time of SAH 4. The present study demonstrates that female mice possess a distinctly different 
phenotype: there is no statistical rhythm in myogenic reactivity, nor is there a diurnal difference in 
SAH-induced injury. 
 Circadian rhythms are present in virtually all living organisms: their entrainment to the solar 
day/night cycle allows organisms to anticipate recurring environmental patterns and to adapt their 
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physiology and behaviours accordingly 15,16. Time of day is a crucial biological variable that, 
unfortunately, is rarely incorporated into experimental designs, despite a clear influence on both 
behaviour and experimentally-induced pathologies 4,15,16. Within the circadian research field, female 
subjects remain underrepresented, despite clear evidence of physiological sex differences in circadian 
timing and animal behaviour 16. Incorporating these variables into scientific research is essential for 
generalizability, translation and ensuring safety, efficacy and benefit across the entire population. 
 In this context, the critical observation of the present study is that the cerebrovascular 
myogenic reactivity rhythm previously described in males 4 is dampened to the extent that it is 
functionally absent in females. To our knowledge, this is the first time such a profound difference 
between the sexes has been demonstrated at the circadian level. Female sex hormones have well-
known acute effects on vascular contractility 17 and thus, we were surprised to observe that 
ovariectomy has no effect on myogenic reactivity. Similarly, oestrogens are widely considered to be 
neuroprotective 10, and it was therefore surprising that ovariectomy did not enhance SAH-induced 
activated caspase-3 staining and elicited only a tendency for worse modified Garcia scores following 
SAH. Although classically considered an ovarian sex hormone, oestrogen is synthesized by astrocytes 
and neurons, providing a brain-specific source of oestrogen that serves neuroprotective and anti-
inflammatory roles 18. While ovariectomy undoubtedly reduces circulating oestrogen levels, it is not 
clear how ovariectomy affects brain oestrogen levels in our SAH model. Thus, the results stemming 
from our ovariectomy model must be viewed cautiously. 
 Consistent with the observations from our ovariectomized mouse model, several studies in 
eumenorrheic human female subjects also indicate that ovarian sex hormones minimally influence 
autoregulatory function 19–21. Within the field, however, studies evaluating the influence of sex 
hormones on vascular function have generated heterogeneous and frequently contradictory results 
20,21: these discrepancies arise from many factors, including human subject characteristics 
(e.g., eumenorrheic, menopausal, use of contraception, etc.) and the interventional challenges utilized 
to perturb the system (e.g., hypercapnia, postural changes). Additionally, the in vitro system utilized in 
the present study to assess vascular reactivity washes away diffusible factors and therefore, likely 
eliminates any reversible effect during functional assessment. Therefore, caution must be applied 
when comparing our myogenic data to clinical measurements in vivo. 
  Only a handful of experimental studies have assessed the effect of sex on SAH-induced injury 
22-25. A commonality across these previous studies is the use of vascular perforation / aneurysm 
rupture models that, compared to the blood injection model used in the present study, possess 
variable bleed severity, extended periods of elevated intracranial pressure and higher mortality. 
Additionally, these previous studies utilized vastly different time points for injury assessment (minutes 
to 21 days post-SAH) and none statistically compared male and female injury levels at 48 hours post-
SAH. Given these confounds, it is not practical to directly compare our study results to this previous 
body of work. However, the primary goal or our investigation was not to address sex differences in 
SAH-induced injury per se, but rather to identify potential sex differences in the cerebrovascular 
phenotype and assess its association to SAH-induced injury. In this regard, our vascular data 
predicted that female mice would display less brain injury than males when the SAH ictus occurs 
during the waking/active phase of the circadian cycle: a comparison of our current and previously 
published histological/neurofunctional data substantiate this prediction 4. 
 In summary, this investigation shows that female mice possess a distinctly different 
cerebrovascular phenotype than their male counterparts. Female mice lack the diurnal difference in 
SAH-induced injury previously observed in males, fairing equal or better depending on SAH ictus. 
Notably, ovariectomy does not unmask a rhythmic phenotype. Thus, translational studies clinically 
assessing therapeutics in cerebrovascular pathologies must be prepared to identify and quantify 
potential sex differences in efficacy. 
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Figures 

 
Figure 1: Female mice do not display circadian variations in myogenic tone. 
Panels a and b display wild-type female olfactory cerebral artery (a) myogenic tone 
and (b) phenylephrine-stimulated vasoconstriction plotted over Zeitgeber time (n=5 arteries from 3 
mice at Zeitgeber times 3, 11, 15 and 23, n=6 arteries from 3 mice at Zeitgeber time 7 and n=6 
arteries from 4 mice at Zeitgeber time 19). Data are double-plotted for visualization purposes; white 
shading indicates “lights on” and dark shading indicates “lights off”. Neither myogenic tone nor 
phenylephrine-stimulated vasoconstriction display a statistically significant circadian rhythm according 
to JTK_CYCLE analysis. (c) Female olfactory cerebral artery myogenic tone and phenylephrine-
stimulated vasoconstriction measured in arteries isolated at Zeitgeber time 11 (ZT11; n=5 arteries 
from 3 mice) and Zeitgeber time 23 (ZT23; n=5 arteries from 3 mice). (d) Male olfactory cerebral artery 
myogenic tone measured in arteries isolated at ZT11 (n=8 arteries from 4 mice) and ZT23 (n=6 
arteries from 4 mice). All data are means ± standard deviation. In panels a-b, the JTK_CYCLE p value 
for the given transmural pressure or PE concentration is shown below the respective graph. In panels 
c-d, comparison test p-values are shown above the error bars. 
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Figure 2: Female mice do not display circadian variations SAH-induced injury. 
Subarachnoid haemorrhage (SAH) was induced in wild-type female mice at Zeitgeber Time 11 (ZT11) 
or Zeitgeber Time 23 (ZT23); behavioural assessments and tissue collection were conducted 48 hours 
afterwards. (a) Representative images of microglia double-stained with ionized calcium binding 
adaptor molecule 1 (Iba) and F4/80 are shown on the left. The top panel shows a highly fenestrated 
cell, while the bottom panel shows a rounded morphology (bar = 20 µm, pink = Iba, green = F4/80, 
blue = DAPI). To the right of the images are quantifications of double-positive cell counts and percent 
activated cells (based on morphology) when SAH is induced at ZT11 (n=8 brain slices from 8 mice) 
or ZT23 (n=8 brain slices from 8 mice).  (b) Representative images of cortical cells stained for/with 
Fluoro-Jade (left) and activated caspase-3 (right); arrows point to positively stained neuronal cells 
(red = NeuN, green = activated caspase-3, cyan = DAPI). For all images, bar = 60 µm. 
Positive neuronal cell counts for (c) Fluoro-Jade staining and (d) activated caspase-3 when SAH is 
induced at ZT11 (n=8 brain slices from 8 mice) or ZT23 (n=8 brain slices from 8 mice). (e) Modified 
Garcia scores when SAH is induced at ZT11 (n=8 mice) or ZT23 (n=8 mice). Data in Panel e 
(modified Garcia scores) are ordinal data and are presented as box and whisker plots displaying 
median, upper and lower interquartile range and upper and lower extremes; all other data are 
presented as means ± standard deviation. In panels a and c-e, comparison test p-values are shown 
above the error bars. 
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Figure 3: Ovariectomy does not unmask circadian variations in myogenic tone or SAH-

induced injury. 
(a) Myogenic tone in cerebral arteries isolated from ovariectomized female mice (OVX) is plotted over 
Zeitgeber time (n=5 arteries from 3 mice at Zeitgeber times 7 and 19, n=6 arteries from 3 mice 
at Zeitgeber times 3 and 15, n=7 arteries from 4 mice at Zeitgeber time 11 and n=8 arteries from 5 
mice at Zeitgeber time 23). Data are double-plotted for visualization purposes; white shading indicates 
“lights on” and dark shading indicates “lights off”. No statistically significant circadian rhythm is present 
according to JTK_CYCLE analysis. (b) Myogenic and phenylephrine-stimulated vasoconstriction in 
olfactory cerebral arteries isolated from OVX mice at Zeitgeber time 11 (ZT11; n=7 arteries from 4 
mice) and Zeitgeber time 23 (ZT23; n=8 arteries from 5 mice). In Panels c-f, subarachnoid 
haemorrhage (SAH) was induced in OVX mice at ZT11 or ZT23; behavioural assessments and tissue 
collection were conducted 48 hours afterwards. (c) Representative images show cortical cells stained 
for Fluoro-Jade (left) and activated caspase-3 (right); arrows point to positively stained neuronal cells 
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(Bar = 60 µm; red = NeuN, green = activated caspase-3, cyan = DAPI).  Positive neuronal cell counts 
for (d) Fluoro-Jade staining and (e) activated caspase-3 when SAH is induced at ZT11 (n=10 brain 
slices from 10 mice) or ZT23 (n=8 brain slices from 8 mice). (f) Modified Garcia scores when SAH is 
induced at ZT11 (n=10 mice) or ZT23 (n=8 mice). Data in Panel f (modified Garcia scores) are ordinal 
data and are presented as box and whisker plots displaying median, upper and lower interquartile 
range and upper and lower extremes; all other data are presented as means ± standard deviation. In 
panel a, the JTK_CYCLE p value for the given transmural pressure is shown below the respective 
graph. In panels b and d-f, comparison test p-values are shown above the error bars. 
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INTRODUCTION 
 
Carotid artery stenosis is responsible for ~30% of all ischemic strokes, a leading cause of 

mortality/morbidity worldwide1,2. Carotid endarterectomy (CEA) is the surgical management 
option for patients with severe stenosis; however, the procedure carries significant perioperative 
risks, with a pooled rate of postoperative stroke/death over 10% in the highest risk patients3. To 
balance the benefits and risks of CEA, the Society for Vascular Surgery (SVS) recommends 
maintaining a perioperative stroke/death rate of less than 6% and 3% in symptomatic and 
asymptomatic patients, respectively4. Therefore, accurate prediction of outcomes following CEA 
is critical for guiding clinical decision-making, such as deciding which patients to operate on4. 

 Currently, there are no standardized tools to predict outcomes following CEA. A recent 
systematic review of 37 studies reporting outcome prediction models for carotid 
revascularization demonstrated significant methodological limitations, incomplete reporting, and 
inadequate performance5. Furthermore, these tools use traditional modelling techniques that 
require manual input of clinical variables, which deters routine use in busy clinical settings6. 
Therefore, there is an important need to develop better and more practical risk prediction tools 
for patients being considered for CEA.  

Machine learning (ML) is a rapidly advancing technology that enables computers to learn 
from large amounts of data and make accurate predictions7. The field has been driven by the 
explosion of electronic data combined with increasing computational power8. In this study, we 
used data from a large clinical registry to develop ML models that accurately predict 1-year 
stroke or death following CEA at the pre-, intra-, and post-operative stages. 
 
METHODS 
 
Study approval 

The Research Advisory Council of the SVS Patient Safety Organization (PSO) approved 
this project and provided the blinded data. 
Design 
 We conducted a ML-based prognostic study and reported our findings based on the 
Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis 
(TRIPOD) statement9.  
Dataset 

The Vascular Quality Initiative (VQI) database is a clinical registry maintained by the SVS 
PSO with the goal of improving the delivery of vascular care10. Over 1,000 academic and 
community hospitals worldwide prospectively submit demographic, clinical, and outcomes data 
on consecutive eligible vascular surgery patients, including information from their initial 
hospitalization up to 9-21 months of follow-up11. Annual audits with comparison to hospital 
claims are performed to ensure accuracy of the submitted information12.  
Patient Cohort 

All patients who underwent CEA for carotid artery stenosis from January 1, 2003 to 
January 6, 2022 were included. Patients with unreported presenting symptom status (i.e., 
asymptomatic or symptomatic [defined as amaurosis fugax, transient ischemic attack, or stroke 
within 180 days prior to CEA]) were excluded.  
Features 
 Predictor variables (features) used in the ML models were divided into the pre-, intra-, 
and post-operative stages. Pre-operative features (n = 43) included demographics, 
comorbidities, functional status, investigations, medications, and symptom status. Intra-operative 
features (n = 21) included type of anesthesia, endarterectomy technique, use of adjuncts, 
procedural hemodynamics, and procedure time. Post-operative features (n = 7) included in-
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hospital complications: myocardial infarction (MI), congestive heart failure (CHF) exacerbation, 
cranial nerve injury, reperfusion syndrome, and surgical site infection (SSI). 
Outcomes 
 The primary outcome was stroke or death at 1 year following CEA. Stroke was defined 
as neurological deficits persisting for > 24 hours in the ipsilateral or contralateral ocular, cortical, 
or vertebrobasilar territory13. Death was defined as all-cause mortality. Secondary outcomes 
were individual components of the primary outcome.  
Model development 
 Six ML models were trained to predict 1-year stroke or death following CEA: Extreme 
Gradient Boosting (XGBoost), random forest, Naïve Bayes classifier, support vector machine, 
multilayer perceptron artificial neural network (MLP ANN), and logistic regression. These are 
widely used in the literature and demonstrate the best performance for predicting surgical 
outcomes14–16.  

Our data was randomly split into training (70%) and test (30%) sets17. Ten-fold cross-
validation and grid search were performed on the training set to find optimal hyperparameters for 
each ML model18,19. To improve class balance, Random Over-Sample Examples (ROSE) was 
applied to the training set20. The models were then evaluated on unseen data in the test set and 
ranked based on discriminatory metrics, primarily area under the receiver operating 
characteristic curve (AUROC). We compared models at the pre-operative stage because 
predictions at this timepoint are the most important in guiding a patient’s care and provide the 
most opportunity to mitigate adverse events21. Our best performing model was XGBoost, which 
had the following optimized hyperparameters for our dataset: number of rounds = 200, maximum 
tree depth = 3, learning rate = 0.3, gamma = 0, column sample by tree = 0.6, minimum child 
weight = 1, subsample = 1.  

Once we identified the best performing ML model at the pre-operative stage, we further 
trained it using intra- and post-operative data. At the pre-operative stage, only pre-operative 
characteristics were considered. At the intra-operative stage, both pre- and intra-operative 
features were used. At the post-operative stage, all pre-, intra-, and post-operative features were 
inputted into the model. The reason for building models in this fashion is to allow clinicians to 
understand a patient’s risk throughout their surgical course, thereby guiding decision-making 
before, during, and after intervention22. 
Statistical analysis 
 Pre-, intra-, and post-operative characteristics for patients with vs. without stroke or death 
at 1 year following CEA were compared using independent t-test for continuous variables or chi-
square test for categorical variables. Bonferroni correction was used to set statistical significance 
to account for multiple comparisons.  

The primary metric for assessing model performance was AUROC (95% CI). Secondary 
performance metrics were accuracy, sensitivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV). To further assess predictive performance of our models, we 
plotted calibration curves and calculated Brier scores23. In the final model, feature importance 
was determined by ranking the top 10 predictors based on the variable importance score 
(gain)24. To assess model robustness on various populations, we performed subgroup analysis 
of predictive performance based on age, race, ethnicity, sex, insurance status, symptom status, 
and urgency.  

Based on a validated sample size calculator for clinical prediction models, to achieve a 
minimum AUROC of 0.7 with an outcome rate of ~5% and 43 pre-operative features, the 
minimum sample size required was 15,142 patients with 758 events25. Our cohort of 166,369 
patients with 7,749 events met this sample size requirement. There was less than 5% missing 
data for variables and outcomes of interest; therefore, complete-case analysis was applied 
whereby only non-missing covariates for each patient were considered26. All analyses were 
performed in R version 4.2.127. 
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RESULTS 
 
Patients, events, and follow-up 

Overall, we included 166,369 patients and 7,749 (4.7%) had the primary outcome of 
stroke or death at 1 year. Of the patients who had an event, 2,357 (1.4%) developed a stroke 
and 5,392 (3.3%) died. Most events occurred after discharge (n = 5,320 [68.7%]) and the 
median time to event was 90 (IQR 11 – 228) days. Mean follow-up was 14.2 (SD 4.1) months.  
Pre-, intra-, and post-operative characteristics 

Pre-operatively, compared to patients who did not develop stroke or death at 1 year, 
those with an event were older and more likely to be Black, receive Medicare insurance, and 
have cardiovascular comorbidities. Functionally, a greater proportion of patients with an event 
required assistance with ambulation or were wheelchair dependent. Despite having more 
comorbidities, patients who developed stroke or death at 1 year were less likely to receive 
cardiovascular risk reduction medications. Patients with an event were more likely to have 
symptomatic carotid stenosis, undergo urgent/emergent surgery, and have an American 
Association of Anesthesiologists (ASA) class ≥ 4. Intra-operatively, patients with an event were 
less likely to receive a patch and neuromonitoring. A greater proportion of patients with an event 
received a drain but were less likely to receive protamine. Patients with an event were more 
likely to receive a completion angiogram, undergo surgical re-exploration, and have a longer 
procedure time. Post-operatively, compared to patients who did not have stroke or death at 1 
year, individuals with an event were more likely to have in-hospital complications including MI, 
dysrhythmia, CHF exacerbation, cranial nerve injury, reperfusion syndrome, and SSI (Table 1). 
Model performance  
 Of the 6 ML models evaluated at the pre-operative stage using test set data, XGBoost 
had the best performance in predicting 1-year stroke or death (AUROC 0.90 [95% CI 0.89 – 
0.91]). The secondary performance metrics of XGBoost were the following: accuracy 0.82 (95% 
CI 0.81 – 0.83), sensitivity 0.82, specificity 0.83, PPV 0.83, NPV 0.81 (Table 2). We then built 
additional predictive models at the intra- and post-operative stages using XGBoost. The addition 
of intra-operative features did not significantly change performance, with the AUROC (95% CI) 
remaining at 0.90 (0.89 – 0.91). However, adding post-operative features improved performance 
to AUROC 0.94 (95% CI 0.93 – 0.95). There was good agreement between predicted and 
observed event probabilities, with Brier scores of 0.15 (pre-operative), 0.14 (intra-operative), and 
0.11 (post-operative). For secondary outcomes, XGBoost predicted 1-year stroke with AUROC’s 
of 0.85-0.90 and 1-year death with AUROC’s of 0.91-0.96. The top 10 predictors of 1-year stroke 
or death following CEA in the final XGBoost model included 8 pre-operative features (dialysis, 
prior major amputation, pre-operative living status, existing CHF, symptomatic carotid stenosis, 
pre-operative hemoglobin, existing hypertension, and prior ipsilateral CEA), 1 intra-operative 
feature (surgical re-exploration), and 1 post-operative feature (in-hospital MI).  
Subgroup analysis 
 Model performance remained robust on subgroup analyses of all demographic and 
clinical populations, with AUROC’s ranging from 0.88 – 0.92 and no significant differences 
between majority and minority populations. 
 
CONCLUSIONS 
 
  In this study, we used a large clinical registry (VQI) to develop automated and robust ML 
models that predict 1-year stroke or death following CEA with excellent performance (AUROC’s 
≥ 0.90). Our models can be applied at the pre-, intra-, and post-operative stages to guide clinical 
decision-making regarding strategies to mitigate the risk of adverse outcomes (Figure 1). Our 
models perform better than traditional logistic regression, and therefore, have potential for 
important utility in the care of patients with carotid artery stenosis. 
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Table 1. Pre-, intra-, and post-operative characteristics of patients undergoing carotid 
endarterectomy with and without stroke or death at 1 year 

 Absence of stroke or 
death at 1 year 
(n = 158,620) 

Presence of stroke 
or death at 1 year 
(n = 7,749) 

P 

Pre-operative characteristics 
Demographics    
Age, years, mean (SD) 70.4 (9.4) 72.6 (9.6) < 0.001 
Female 62,241 (39.2) 3,091 (39.9) 0.26 
BMI, kg/m2, mean (SD) 28.8 (6.1) 27.9 (6.1) 0.46 
Race    

American Indian or Alaskan 
Native 

377 (0.24) 22 (0.28) < 0.001 

Asian 1,590 (1.0) 65 (0.84) 
Black 7,086 (4.5) 438 (5.7) 
Native Hawaiian or other 
Pacific Islander 

121 (0.08) 5 (0.06) 

White 143,817 (90.7) 6,983 (90.1) 
More than 1 race 199 (0.13) 6 (0.08) 
Unknown/other 5,332 (3.4) 227 (2.9) 

Hispanic ethnicity 4,825 (3.0) 228 (2.9) 0.65 
Insurance status    

Medicare 78,060 (49.2) 4,110 (53.0) < 0.001 
Medicaid 5,493 (3.5) 277 (3.6) 
Commercial 49,148 (31.0) 2,120 (27.4) 
Medicare Advantage 1,677 (1.1) 91 (1.2) 
Military/Veterans Affairs 1,097 (0.7) 50 (0.6) 
Non-US Insurance 1,982 (1.3) 92 (1.2) 
Self-pay (uninsured) 6,370 (4.0) 167 (2.2) 
Unknown/other 14,793 (9.3) 842 (10.9) 

Comorbidities    
Smoking status    

Never 40,403 (25.5) 1,680 (21.7) < 0.001 
Prior 76,376 (48.2) 3,909 (50.4) 
Current 41,564 (26.2) 2,154 (27.8) 

Hypertension 141,257 (89.1) 7,115 (91.8) < 0.001 
Diabetes 56,464 (35.6) 3,374 (43.5) < 0.001 
Coronary artery disease 43,119 (27.2) 2,704 (34.9) < 0.001 
Congestive heart failure 16,930 (10.7) 1,708 (22.0) < 0.001 
Chronic obstructive pulmonary 
disease 

35,328 (22.3) 2,485 (32.1) < 0.001 

Dialysis 1,780 (1.1) 285 (3.7) < 0.001 
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 Absence of stroke or 
death at 1 year 
(n = 158,620) 

Presence of stroke 
or death at 1 year 
(n = 7,749) 

P 

Previous procedures    
Prior ipsilateral carotid 
endarterectomy 

2,679 (1.7) 208 (2.7) < 0.001 

Prior ipsilateral carotid stent 400 (0.3) 28 (0.4) 0.08 
Prior aortic aneurysm repair 4,252 (2.7) 308 (4.0) < 0.001 
Prior bypass for peripheral artery 
disease 

8,555 (5.4) 689 (8.9) < 0.001 

Prior endovascular intervention 
for peripheral artery disease 

14,317 (9.0) 972 (12.5) < 0.001 

Prior major amputation 1,215 (0.8) 146 (1.9) < 0.001 
Functional status    
Living status    

Home 156,520 (98.7) 7,471 (96.4) < 0.001 
Nursing home 1,613 (1.0) 248 (3.2) 
Homeless 143 (0.09) 12 (0.16) 

Pre-operative ambulatory status    
Independent 128,712 (81.1) 5,381 (69.4) < 0.001 
With assistance 13,293 (8.4) 1,248 (16.1) 
Wheelchair-dependent 1,591 (1.0) 240 (3.1) 
Bedridden 103 (0.06) 29 (0.04) 

Investigations    
Hemoglobin, g/L, mean (SD) 132 (40.6) 124 (20.9) < 0.001 
Creatinine, umol/L, mean (SD) 98.3 (63.5) 104.0 (54.0) 0.45 
Cardiac stress test    

Not done 107,212 (67.6) 5,382 (69.5) < 0.001 
Normal 38,816 (24.5) 1,578 (20.4) 
Abnormal 12,105 (7.6) 770 (9.9) 

Medications    
Acetylsalicylic acid 132,762 (83.7) 6,181 (79.8) < 0.001 
P2Y12 antagonist 53,308 (33.6) 2,649 (34.2) 0.30 
Statin 131,833 (83.1) 6,245 (80.6) < 0.001 
Beta blocker 89,513 (56.4) 4,948 (63.9) < 0.001 
ACE-I/ARB 76,220 (48.1) 3,460 (44.7) < 0.001 
Anticoagulant 15,657 (9.9) 1,090 (14.1) < 0.001 

Anatomy    
Prior neck radiation 2,065 (1.3) 142 (1.8) < 0.001 
High-risk anatomic features    

Prior neck surgery 5,387 (3.4) 332 (4.3) < 0.001 
Tracheostomy or 
esophagostomy 

59 (0.04) 8 (0.1) < 0.001 

Contralateral laryngeal nerve 
palsy 

51 (0.03) 7 (0.09) < 0.001 
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 Absence of stroke or 
death at 1 year 
(n = 158,620) 

Presence of stroke 
or death at 1 year 
(n = 7,749) 

P 

Lesion extends below clavicle 160 (0.1) 12 (0.2) < 0.001 
Multiple high-risk features 186 (0.1) 17 (0.2) < 0.001 

Carotid stenosis percentage    
0 – 49% 4,101 (2.6) 190 (2.5) < 0.001 
50 – 69% 14,964 (9.4) 777 (10.0) 
70 – 79% 34,031 (21.5) 1,506 (19.4) 
80 – 99% 63,022 (39.7) 3,188 (41.1) 
Occluded 2,149 (1.4) 174 (2.3) 

Other pre-procedural 
characteristics 

   

Symptomatic carotid stenosis 48,872 (30.8) 3,102 (40.0) < 0.001 
Urgency    

Elective 137,841 (86.9) 6,078 (78.4) < 0.001 
Urgent 19,621 (12.4) 1,543 (19.9) 
Emergent 904 (0.6) 118 (1.5) 

ASA Class    
1 900 (0.6) 23 (0.3) < 0.001 
2 7,112 (4.5) 176 (2.3) 
3 113,854 (71.8) 4,661 (60.1) 
4 31,498 (19.9) 2,597 (33.5) 
5 53 (0.03) 11 (0.1) 

Intra-operative characteristics 
Antibiotics prior to incision 135,068 (85.2) 6,558 (84.6) 0.24 
Anesthesia    

Local 2,425 (1.5) 109 (1.4) 0.65 
Regional 9,494 (6.0) 457 (5.9) 
General 146,455 (92.3) 7,174 (92.6) 

Endarterectomy technique    
Conventional 140,095 (88.3) 6,884 (88.8) 0.17 
Inversion 17,878 (11.3) 834 (10.8) 

Patch    
None 18,571 (11.7) 1,023 (13.2) < 0.001 
Prosthetic 137,038 (86.4) 6,542 (84.4) 
Autogenous 2,588 (1.6) 162 (2.1) 

Neuromonitoring    
EEG 46,497 (29.3) 2,195 (28.3) 0.06 
Stump pressure 17,058 (10.8) 747 (9.6) 0.002 
Other 34,489 (21.7) 1,602 (20.7) 0.002 

Shunt    
None 77,885 (49.1) 3,423 (44.2) < 0.001 
Routine 67,815 (42.8) 3,396 (43.8) 
Selective 12,469 (7.9) 907 (11.7) 
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 Absence of stroke or 
death at 1 year 
(n = 158,620) 

Presence of stroke 
or death at 1 year 
(n = 7,749) 

P 

Drain 58,981 (37.2) 3,026 (39.1) < 0.001 
Heparin 156,870 (98.9) 7,661 (98.9) 0.67 
Protamine 110,975 (70.0) 5,264 (67.9) < 0.001 
Highest heart rate, beats/min, 
mean (SD) 

67.2 (37.9) 67.5 (38.9) 0.56 

Completion testing    
Doppler 89,536 (56.4) 4,395 (56.7) 0.61 
Duplex 38,584 (24.3) 1,861 (24.0) 0.55 
Angiogram 6,451 (4.1) 396 (5.1) < 0.001 

Surgical re-exploration 2,191 (1.4) 290 (3.7) < 0.001 
Procedure time, min, mean (SD) 119.0 (50.8) 128.0 (65.0) < 0.001 
Post-operative in-hospital complications 
Myocardial infarction 520 (0.3) 165 (2.1) < 0.001 
Dysrhythmia 2,392 (1.5) 445 (5.7) < 0.001 
Congestive heart failure 
exacerbation 

559 (0.4) 195 (2.5) < 0.001 

Cranial nerve injury 4,298 (2.7) 4379 (4.9) < 0.001 
Reperfusion syndrome 128 (0.08) 144 (1.9) < 0.001 
Surgical site infection 79 (0.05) 21 (0.3) < 0.001 
Length of stay, days, median 
(IQR) 

1 (1-2) 3 (1-8) < 0.001 

 
Values are reported as No. (%) unless otherwise indicated. 
Abbreviations: BMI (body mass index), ACE-I (angiotensin converting enzyme inhibitor), ARB 
(angiotensin II receptor blocker), ASA (American Association of Anesthesiologists), EEG 
(electroencephalography), SD (standard deviation), IQR (interquartile range). 
 

 

 

 

 

 

 

 

 

 



36 

 
 

Table 2. Performance of machine learning models in predicting 1-year stroke or death 
following carotid endarterectomy on test set data at the pre-operative stage 

 AUROC  
(95% CI) 

Accuracy 
(95% CI) 

Sensitivity Specificity PPV NPV 

XGBoost 0.90  
(0.89 – 0.91) 

0.82  
(0.81 – 0.83) 

0.82 0.83 0.83 0.81 

Random forest 0.87  
(0.86 – 0.88) 

0.79  
(0.78 – 0.81) 

0.80 0.78 0.77 0.81 

Naïve Bayes 0.81  
(0.80 – 0.83) 

0.81  
(0.80 – 0.83) 

0.80 0.82 0.82 0.79 

Support vector 
machine 

0.79  
(0.77 – 0.80) 

0.72  
(0.70 – 0.74) 

0.71 0.73 0.73 0.71 

Artificial neural 
network 

0.74  
(0.73 – 0.77) 

0.71  
(0.69 – 0.73) 

0.70 0.72 0.75 0.68 

Logistic 
regression 

0.65  
(0.63 – 0.67) 

0.62  
(0.60 – 0.63) 

0.61 0.62 0.65 0.58 

 
Abbreviations: XGBoost (Extreme Gradient Boosting), AUROC (area under the receiver 
operating characteristic curve), CI (confidence interval), PPV (positive predictive value), NPV 
(negative predictive value). 
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Figure 1. Clinical workflow for the use of our machine learning algorithm to guide clinical 
decision-making at the pre-, intra-, and post-operative stages for patients being considered 
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for carotid endarterectomy. Abbreviations: AUROC (area under the receiver operating 
characteristic curve), PPV (positive predictive value), NPV (negative predictive value). High risk 
defined as a model prediction positive for 1-year stroke/death. Low risk defined as a model 
prediction negative for 1-year stroke/death. 
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INTRODUCTION 
Parkinson's disease (PD), as the most prevalent neurodegenerative motor disorder, presents a 
complex spectrum of symptoms encompassing both motor impairments (bradykinesia, resting 
tremor, freezing of gait) and non-motor manifestations (depression, anosmia, anxiety). Robust 
animal models that faithfully replicate this multifaceted pathology are indispensable for 
comprehensive PD research. This study aims to investigate if depressive-like behaviour, 
prominent in up to 40% of PD patients (Laux, 2022), emerges in the bilateral human mutated 
alpha-synuclein (A53T) rat model of PD. 

METHODS 
Study Design 
All procedures were conducted under guidelines and regulations set by the Canadian Council on 
Animal Care (AUP #3818). Thirty-nine adult female Sprague-Dawley rats bilaterally injected into 
substantia nigra (SN) with either empty AAV1/2 vector (EV) or AAV1/2-expressing human 
mutated A53T-alpha synuclein (A53T) were used in the study. Baseline sucrose preference and 
novelty suppressed feeding tests were conducted to divide animals into groups with similar means 
and standard deviations. The same behaviour tests were repeated on weeks 3 and 6 at the same 
time on subsequent days. Post-mortem immunofluorescence staining for TH+, alpha-synuclein, 
DAPI was done to confirm neurodegeneration on week 6. 

Surgical Procedure  
The surgical procedure was adapted from a protocol described in previous literature (Koprich et 
al., 2010)(Nim et al., 2023). The surgical procedure was performed under isofluorane/oxygen 
anesthesia and ketoprofen (5 mg/kg) analgesia. Adult rats with an average weight of 270 g were 
stereotaxically bilaterally injected into SN with either 2.0 𝜇𝜇L of empty AAV1/2 vector (EV) or 2.0 𝜇𝜇L 
of AAV1/2-expressing human mutated A53T-aSyn (A53T) at the concentration of 3.4x1012 
genomic particles (gp)/mL using coordinates from bregma: –5.2 mm anteroposterior (AP); either 
–2.0 mm (right) or +2.0 mm (left) mediolateral (ML); –7.5 mm dorsoventral (DV) (rat brain atlas of 
(Paxinos & Watson, 2013)). The rat’s body temperature was stabilized at 37°C – 38°C throughout 
the surgery with a heating pad. Daily monitoring was performed one week after surgery. 
 
Sucrose Preference Test 
The sucrose preference test was used to evaluate depressive-like behavior according to a 
modified protocol (Liu et al., 2018). Before testing, rats underwent a habituation protocol during 
which they were water deprived for 1-hour and then placed in a standard cage with two bottles, 
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one containing water and the other containing a 20% sucrose solution, for 1hr. On test days, two 
bottles were given to the rats, one containing water and the other the 20% sucrose solution, with 
their weights measured before and after the 1-hour test period. Sucrose preference was 
calculated by dividing the amount of sucrose solution consumed by the total fluid intake from both 
bottles. 
 
Novelty Suppressed Feeding Test 
The modified novelty-suppressed feeding protocol was conducted to evaluate anxiogenic-like 
behavior (Blasco-Serra et al., 2017) and responsiveness to palatable stimulation. The test was 
performed in a cage (26cm W x 48cm D x 20cm H) with an illuminated dish containing 20 crisps. 
Rats were subjected to 12hr food deprivation before the test to enhance their motivation for food. 
The latency to feeding, defined as the time needed to start eating the first crisp, was manually 
recorded using a stopwatch. Additionally, the number of crisps consumed within 10 minutes was 
measured.  
 
 
Statistical analysis 
Data in Fig. 1 is expressed as the mean ± standard error of the mean (SEM) and were analyzed 
with JMP Pro v16 and GraphPad Prism software. The normality of the data was assessed using 
the Shapiro-Wilk W test. If the p-value from the Shapiro-Wilk W test was greater than 0.05, 
indicating normal distribution, two-way ANOVA was used to detect significant effects. If significant 
effects were detected, pairwise analyses were performed using t-test. When data was not 
normally distributed, non-parametric Wilcoxon matched-pairs signed rank test was performed. 
 
RESULTS 
The brief sucrose preference test was used to assess responsiveness to palatable stimulation 
(Scheggi et al., 2018). Both groups of rats showed a preference for the 20% sucrose solution. 
Comparison of A53T expressing and control group 3 weeks post injection revealed comparable 
preference for the sweetened solution (p=0.313). However, significantly lower preference for 
sucrose was found in alpha-synuclein expressing animals on week 6 compared to control group 
(p=0.0099). Results suggest a significantly higher preference for sucrose on week 6 compared to 
week 3 for EV group (p=0.0004) and no difference between timepoints for A53T group (p=0.611). 
No difference between timepoints was seen in total fluid consumption for both groups. 
 
Anxiogenic-like behavior in the AAV-A53T rat model of PD was assessed through the latency to 
eating in novelty suppressed feeding test (Francois et al., 2022). No significantly elevated latency 
to eating in A53T animals was seen on any timepoint, suggesting no intensified anxiety in alpha-
synuclein expressing animals (p=0.515 and p=0.123 on week 3 and week 6, respectively). In 
agreement with sucrose preference test findings, reduced responsiveness to highly palatable food 
consumption was observed in novelty suppressed feeding test, but statistically significant 
difference between A53T and EV groups was not reached at any timepoint. Study design and 
results are summarised in Fig. 1.  
 
CONCLUSIONS 
Our findings suggest that the A53T-alpha synuclein rat model manifests depressive-like behavior, 
evidenced by diminished responsiveness to palatable stimuli. This model holds promise for 
investigating non-motor pathologies associated with PD. 
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Fig. 1. Study design and results 
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INTRODUCTION 
Demand for primary and revision total hip and knee arthroplasty (THA and TKA, respectively) is 
increasing with a commensurate demand for improved access, efficiency, and value of care.[1-3] 
This has led to growing research and development of new models of care for arthroplasty delivery 
including centralization, transitioning to outpatient delivery, and bundled payment models.[4-8]  
Operating room (OR) time is costly and is often the main constraint on surgeons to work through 
their patient waiting list.[9, 10] Despite this, poor estimations of duration of surgery (DOS) leads to 
a large proportion of OR time going underutilized or requiring overtime, associated with greater 
expenses due to supplemental personnel pay.[11] Despite the association of total joint 
arthroplasty DOS with several factors such as patient sex, age, body mass index, American 
Society of Anaesthesiologist (ASA) score and surgeon experience, few efforts have been made 
to use this information in order to optimize surgical scheduling.[12-15] Most institutions rely on a 
surgery-specific or surgeon-surgery-specific rolling average to generate OR schedules from 
manually selected cases. 
More accurate estimates of operative time can lead to improved operating room utilization by 
allowing more precise surgical scheduling.[11, 16] The appropriate preoperative allocation of 
operative time is closely linked to OR efficiency, including greater total OR utilization, overtime 
and underutilization.[17-19] To date, research utilizing machine learning (ML) to predict DOS and 
operations research attempting to optimize elective surgery scheduling has only been 
performed in isolation.[20-23] Advances in ML techniques and computational power has now 
offered the opportunity to combine these techniques to predict and optimize surgical scheduling. 
The aim of this study was to evaluate the efficiency of a surgical schedule generated using ML 
and optimization to current practice (surgeon-surgery-specific rolling mean).  
METHODS 
Setting and Data 

Ethics for this study was approved by local research ethics board review (project identification 
number: 5306). All primary and revision TKA and THA cases completed between April 2012 to 
February 2022 at the largest volume arthroplasty centre in Canada were included. Data was 
retrospectively analyzed from two prospectively maintained databases, an OR information 
management database and an arthroplasty specific database. Bilateral and all revision 
arthroplasty cases were included.  
Model Development 
ML models for each of the four procedures (primary TKA, revision TKA, primary THA, revision 
THA) were developed. Dataset features (predictors) were analyzed and visualized to identify the 
distribution and proportion of missing values. Features with greater than 15% missing data were 
excluded. Operative time was defined as patient total time in the operating room in minutes. As 
models were developed to inform future scheduling, data was split based on year of surgery to 
mimic forecasting onto unseen, future data. Surgeries performed in years 2012 to 2020 
(n=13508, 88.5%) were used for training and validation and 2021 to 2022 for testing (n=1759, 
11.5%). Data was trained and validated using five-fold cross-validation and tested on the 
operative times from the out-of-sample test set. Overall study design is depicted in Figure 1. 
Feature selection was performed using recursive feature elimination with cross-validation using 
a linear regression estimator. The most important features for each procedure were then 
selected to train and tune the models. The ML models evaluated were linear regression with 
lasso regularization, AdaBoost and a neural network (multilayer perceptron). These three 
machine learning models and one “dummy” regressor model, using the surgery-specific mean 
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operative time, were then compared. Models were trained to optimize the score of the mean 
squared error (MSE). Other scoring metrics included the R2 value, 15-minute buffer accuracy, 
and classification accuracy (<60, 60-90 or >90 minutes). The latter two scoring metrics involve 
regression prediction then binning, as previously defined.[24, 25] This improves interpretability of 
the results without binning a priori, therefore, maintaining the ability to predict a continuous 
variable using regression rather than classification.  
Optimized Schedule Generation  

Following model development, the realizable effect that improved operative time prediction can 
have on operating room utilization was simulated. Three schedules were created using different 
predicted operative times: 1) a “smart” schedule using ML-predicted times, 2) historic 
scheduling practice using surgeon-surgery-specific rolling mean times, and 3) surgery-specific 
mean times. The predictive ML model that performed the best was selected to inform the 
inputted operative times of the “smart” schedule. The schedules using the various predicted 
times were then evaluated based on the schedule that would have occurred in that OR based 
on the known actual operative times. Schedules were evaluated based on OR overtime, 
underutilization (idle time), and cases completed (Figure 1).  
Weekly daily surgical schedules were then simulated over 80 weeks (20 months). Cases were 
sampled from the test subset. Based on the comparison of previously solved optimization 
problems in the literature, a mixed integer linear programming, specifically the multi-subset sum 
problem (MSSP), was chosen. This formulation optimizes a single surgeon’s waitlist for each of 
their assigned OR days. It maximizes the overall utilization of an operating room with a penalty 
for overtime. Notably, it does not aim to maximize the total throughput as this generates bias 
towards selecting cases of shorter duration.[26]  
The following constraints and times on the optimization problem were reproduced from those at 
the local institution. Cases were performed by nine surgeons and assigned to the surgeon that 
performed the case. There were three operating rooms designated to arthroplasty each day 
from Monday to Friday. ORs were scheduled from 08:00 to 17:00 with a penalty incurred for 
overtime. An average OR turnover time of 30 minutes was scheduled between each case. 
Scheduling was performed with a granularity of 10-minute blocks rounded up to the nearest 
block. A waitlist size of 500 randomly selected cases from the test subset were chosen for each 
week. Revision TKA and THA surgeries were allocated higher priority and must have been 
completed within the planning horizon (one week).  
Statistical Analysis 

Statistical analysis, machine learning and optimization were all performed using Python (Python 
Software Foundation, version 3.9). Gurobi optimization package was installed to generate 
schedule optimization problems.[27] Models were compared and selected for based on the 
lowest average (median) MSE score on the test set across all four procedures. Most important 
features were determined based on the highest impurity-based feature importance scores. The 
overtime, underutilization and completed cases of the mean and rolling average schedules were 
independently compared to the ML-predicted schedule using Wilcoxon signed-rank test. 
Threshold for statistical significance was set at the p-value of 0.05. 
RESULTS 
There were 13529 (88.7%) primary TKA and THA procedures and 1728 (11.3%) revision 
procedures. There were 5799 male (38.0%) and 9468 females (62.0%) included. For TKA and 
THA, revision procedures were longer and had a wider standard deviation of time than their 
respective primary counterparts (p<0.001). 



Translational Research  12 

The accuracy of the historic modality (surgeon-surgery-specific rolling mean) to predict 
operative time was evaluated. Retrospectively evaluation revealed fair performance, with a 
median MSE across all four procedures of 909.7 and within a 15-minute buffer accuracy in 
52.7% of cases.  
Model Performance 

The performance of all models is presented in Table 1. The lasso regression, AdaBoost and 
neural network model outperformed the historic modality of operative time prediction. In terms of 
MSE value, the neural network model outperformed the historic mean operative time, lasso 
regression and AdaBoost model when averaged across all procedures. The neural network 
model also generated the best median R2 value across procedures (0.62) compared to lasso 
regression and AdaBoost models.  
The neural network buffer accuracy was an improvement compared to the historic rolling mean 
time by 7.1% (59.8% vs 52.7%). The surgery-specific mean time is often still used at hospitals 
and is currently used at the local institution until a surgeon has performed more than 10 of a 
specific case, which is when the surgeon-surgery-specific rolling mean is started. This mean 
time was the worst predictor of operative times across all procedures and scoring metrics.  
Schedule Comparison  

The median MSE was the lowest using the neural network model, therefore, those models were 
selected to predict the operative times of the “smart” schedule.  
The “smart” schedule using the ML-predicted operative times had the least amount of OR 
underutilization and the greatest number of completed cases. The mean weekly OR 
underutilization was 155.4 minutes (SD: 61.7) using ML-predicted times compared to 354.6 (SD: 
108.2) and 687.7 (SD: 156.9) when using the historic practice of rolling and surgery-specific 
means, respectively. This represents a 56.2% and 77.4% reduction in underutilization. Over the 
three operating rooms over five days this equates to 10.4 minutes of idle operating room time 
per OR day. Compared to historic scheduling practices this is an improvement of 13.3 minutes 
per OR day and 35.3 minutes to using the surgery-specific mean operative time (Table 2).  
The increase in OR utilization with the “smart” schedule was associated with an increased 
amount of overtime requirement; 3.6 and 3.8 minutes more per OR day compared to using the 
historic rolling and surgery-specific mean operative times. A 17.2% and 17.9% increase in 
overtime, respectively. The decreased OR underutilization with the “smart” schedule conferred 
an increase in the average number of completed cases by 1.6 and 3.1 cases per week 
compared to using historic rolling mean and surgery-specific mean operative times (Table 2).  
To ensure the “smart” scheduling system was not biased towards selecting cases of shorter or 
longer duration, the proportion of cases scheduled that were greater than and less than 1 
standard deviation from the mean were counted. Compared to using the historic surgeon-
surgery-specific rolling mean operative times, the “smart” schedule selected more cases at both 
extremes, 1.4% more shorter cases (p=0.069) and 3.5% more longer cases (p<0.0001). 
CONCLUSIONS 
The current approach is novel, combining both improvement in prediction and optimization to 
quantify the realizable improvements on OR utilization for primary and revision TKA and THA. 
This is the first step towards automation and improvement of scheduling practices from current, 
largely manual, practice. The benefits have significant implications for patients, hospitals, and 
healthcare payers to maximize OR utilization and patient throughput without expanding 
resources. Future work of prospectively evaluating and then implementing this system is 
required to evaluate the true accuracy, impact, and fairness of these models.   
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Figures and Tables: 

Figure 1. Flowchart of the overall study design. 
TKA = total knee arthroplasty; THA = total hip arthroplasty; MSE = mean squared error; ML = 
machine learning; ILP = integer linear programming; OR = operating room 
 

Model Scoring metric Primary 
TKA 

Revision 
TKA 

Primary 
THA 

Revision 
THA 

Median 
Score 

Mean MSE 407.7 2687.3 512.4 4817.1 1599.9 

R2 -0.02 0.00 0.00 -0.02 -0.01 

15-minute BA (%) 65.1 26.9 49.7 12.0 38.3 

<60, 60-90, >90 CA 
(%) 

55.7 89.2 52.0 92.8 72.5 

Lasso 
Regression 

MSE 224.2 1023.3 214.4 1394.8 623.8 

R2 0.44 0.62 0.58 0.70 0.60 

15-minute BA (%) 79.3 51.5 74.7 26.5 63.1 

<60, 60-90, >90 CA 
(%) 

77.0 90.8 78.5 87.9 83.2 

AdaBoost MSE 247.8 950.9 248.3 2454.8 599.6 

R2 0.38 0.65 0.51 0.48 0.50 

15-minute BA (%) 77.1 46.9 74.2 32.5 60.6 

<60, 60-90, >90 CA 
(%) 

74.6 93.1 75.2 92.8 84.0 

Neural 
Network 

MSE 225.4 963.8 202.9 1403.7 594.6 

R2 0.44 0.64 0.60 0.70 0.62 

15-minute BA (%) 78.9 43.1 76.4 30.1 59.8 

<60, 60-90, >90 CA 
(%) 

75.9 91.5 77.2 87.9 82.6 
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Table 1. Model performance on the test subset of data. 
TKA = total knee arthroplasty; THA = total hip arthroplasty; MSE = mean squared error; BA = 
buffer accuracy; CA = classification accuracy 
 
 

 “Smart” ML-
predicted 
schedule  

Surgeon-surgery-
specific rolling mean 
schedule  

P-value Surgery-
specific 
mean 
schedule  

P-value 

Overtime, mean 
(SD) 

315.4 (111.2) 261.0 (109.6) 0.0001 258.9 (130.2) 0.0030 

Underutilization, 
mean (SD) 

155.4 (61.7) 354.6 (108.2) <0.0001 687.7 (156.9) <0.0001 

No. Cases, 
mean (SD) 

60.9 (1.8) 59.3 (1.6) <0.0001 57.8 (0.8) <0.0001 

Table 2. Mean weekly surgical schedule outcome metrics following 80 weeks of simulated 
schedule generation using the three different modalities to predict operative time.  
ML = machine learning; SD = standard deviation 
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