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Abstract

Purpose: The tumor-associated vasculature differs from healthy blood vessels by its 

convolutedness, leakiness, and chaotic architecture, and these attributes facilitate the creation of 

a treatment resistant tumor microenvironment. Measurable differences in these attributes might 

also help stratify patients by likely benefit of systemic therapy (e.g. chemotherapy). In this work, 

we present a new category of computational image-based biomarkers called quantitative tumor-

associated vasculature (QuanTAV) features, and demonstrate their ability to predict response 

and survival across multiple cancer types, imaging modalities, and treatment regimens involving 

chemotherapy.
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Experimental Design: We isolated tumor vasculature and extracted mathematical 

measurements of twistedness and organization from routine pre-treatment radiology (computed 

tomography or contrast-enhanced MRI) of a total of 558 patients, who received one of four 

first-line chemotherapy-based therapeutic intervention strategies for breast (n=371) or non-small 

cell lung cancer (NSCLC, n=187).

Results: Across four chemotherapy-based treatment strategies, classifiers of QuanTAV 

measurements significantly (p<.05) predicted response in held out testing cohorts alone 

(AUC=0.63–0.71) and increased AUC by 0.06–0.12 when added to models of significant 

clinical variables alone. Similarly, we derived QuanTAV risk scores that were prognostic of 

recurrence free survival in treatment cohorts who received surgery following chemotherapy 

for breast cancer (p=0.0022, HR=1.25, 95% CI 1.08–1.44, C-index=.66) and chemoradiation 

for NSCLC (p=0.039, HR=1.28, 95% CI 1.01–1.62, C-index=0.66). From vessel-based risk 

scores, we further derived categorical QuanTAV high/low risk groups that were independently 

prognostic among all treatment groups, including NSCLC patients who received chemotherapy 

only (p=0.034, HR=2.29, 95% CI 1.07–4.94, C-index=0.62). QuanTAV response and risk scores 

were independent of clinicopathological risk factors and matched or exceeded models of clinical 

variables including post-treatment response.

Conclusions: Across these domains, we observed an association of vascular morphology on CT 

and MRI – as captured by metrics of vessel curvature, torsion, and organizational heterogeneity 

– and treatment outcome. Our findings suggest the potential of shape and structure of the tumor-

associated vasculature in developing prognostic and predictive biomarkers for multiple cancers 

and different treatment strategies.

Introduction

Neoadjuvant chemotherapy, or chemotherapy administered prior to surgical intervention, 

often constitutes first-line intervention in a number of cancer domains.1–4 When successful, 

neoadjuvant chemotherapy can offer substantial benefits for patients by reducing tumor 

burden and increasing a patient’s surgical options.5 However, many patients ultimately fail 

to respond and, accordingly, will endure financial burden and dangerous side effects without 

tangible benefit.6 Furthermore, in many cancers, including breast (BRCA) and non-small 

cell lung cancer (NSCLC), there is a current lack of validated predictive and prognostic 

biomarkers capable of definitively guiding first-line chemotherapeutic interventions.7–9

Tumor angiogenesis has long been shown to be crucial in cancer progression. Through 

influence over the body’s machinery for synthesizing vasculature, a tumor will initiate the 

rapid formation of new blood vessels from preexisting vessels in its surrounding peritumoral 

environment. This newly formed vessel network, known as the tumor-associated vasculature 

(TAV), enables tumor growth by perfusing it with abundant oxygen and nutrients, as well 

as providing an avenue for metastatic spread.10 Histological and molecular evidence of 

elevated tumor angiogenesis, such as increased density of micro-vessels measured via 

immunostaining or elevated vascular endothelial growth factor (VEGF) expression,11 is 

associated with poor prognosis and therapeutic response.
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However, the TAV also possesses crucial architectural differences from healthy blood 

vessels that are undetectable through routine clinical assessment. Excessive up-regulation 

of angiogenesis creates vessels that are twisted, leaky, and chaotically organized.12–15 

Previous work has shown that abnormalities in the shape of tumor vessels are detectable 

on CT and MRI scans and can distinguish cancer from benign lesions.16–18 This aberrant 

vessel morphology has been implicated in potentiating treatment refractoriness by reducing 

drug transfer to the tumor bed, thus leading to a lack of durable response.19 Conversely, 

successful normalization of TAV architecture through anti-angiogenic therapy can promote 

the efficacy of therapeutic intervention.20 It is likely that tumors that are resistant to 

treatment will differ in the twistedness and arrangement of their vasculature relative 

to responsive tumors,21 which in turn could potentially be captured quantitatively on 

radiologic imaging.22 Consequently, computerized analysis of TAV morphology and spatial 

organization might enable better guidance of chemotherapy-based treatment by stratifying 

patients according to likely therapeutic benefit.

In this paper, we present a new computational imaging biomarker based on quantitative 

tumor-associated vasculature (QuanTAV) measurements to characterize the morphology and 

architecture of the vessel network surrounding a tumor on radiology scans. We present 

and evaluate a number of computationally extracted measurements of the twistedness 

and organization of tumor vessels on pre-treatment contrast-enhanced magnetic resonance 

imaging (MRI) of breast cancer patients and computed tomography (CT) of lung cancer 

patients. We further demonstrate the predictive and prognostic utility of QuanTAV 

measurements in the context of response to chemotherapy-related treatments for four cases 

involving breast and lung cancers across these modalities. In total, the prognostic and 

predictive utility of QuanTAV was evaluated on 558 patients, including 242 breast cancer 

patients receiving anthracycline-based neoadjuvant chemotherapy [BRCA-ACT], 129 breast 

cancer patients receiving neoadjuvant chemotherapy with HER2-targeted therapy [BRCA-

TCHP], 97 NSCLC patients receiving platinum-based chemotherapy without surgery 

[NSCLC-PLAT], and 90 NSCLC patients receiving a trimodality regimen of neoadjuvant 

chemoradiation followed by surgical intervention [NSCLC-TRI].

Materials and Methods

Overview

From 3-dimensional volumes delineating a tumor and its corresponding vasculature, our 

approach mathematically characterizes the complexity of the tumor-associated vasculature 

for use in machine learning models to predict outcomes. Vessel volumes are algorithmically 

reduced23 to centerlines and split into discrete branches prior to analysis. A set of 91 

QuanTAV measurements are then computed, belonging to one of two categories:

• QuanTAV morphology17 (61 features): Features describing the 3D shape of 

tumor vessels. Metrics measuring the twistedness of vessels across different 

length scales are calculated: torsion (twistedness across a full vessel branch) and 

curvature (local twistedness among adjacent points along a branch). Additional 

metrics such as vessel volume and length, and the proportion of vessels entering 

a tumor, are also derived.
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• QuanTAV Spatial Organization24 (30 features): Features quantifying the degree 

of heterogeneity in the architecture of the tumor vasculature. 2D projections of 

the tumor vasculature are generated across each dimension of the imaging plane 

and in a spherical coordinate system relative to the tumor centroid within a 

fixed radius of the tumor. The set of QuanTAV Spatial Organization features are 

statistics describing vessel orientations across each projection image.

For each treatment group, we derive QuanTAV response and risk scores from these metrics, 

then evaluate their ability to predict response and time to recurrence or progression. Our 

experimental workflow is summarized in Figure 1. Code for performing QuanTAV analysis 

and a workable demo are made available at: https://github.com/ccipd/QuanTAV

Datasets

This Health Insurance Portability and Accountability Act of 1996 regulations–compliant 

study was approved by the institutional review boards at the University Hospitals Cleveland 

Medical Center, Cleveland, Ohio and the Cleveland Clinic Foundation and the need for 

informed consent was waived.

Breast: A total of 470 patients who received breast neoadjuvant chemotherapy with 

pre-treatment dynamic contrast-enhanced (DCE) MRI were identified for this study. Each 

breast MRI exam consisted of several T1-weighted acquisitions, including a pre-contrast 

scan and several scans acquired following the injection of gadolinium-based contrast 

agent. 31 patients were excluded due to poor image quality resulting in flawed vascular 

segmentation (including low spatial resolution, insufficient temporal scans or poor temporal 

resolution, severe artifacts, or inadequate vessel enhancement). 68 patients were HER2-

positive, but received treatment prior to the introduction of anti-HER2 agents, and were thus 

excluded from analysis. The total number of patients for analysis was 371. Patient response 

was defined as pathologic complete response (pCR) following chemotherapy, the most 

commonly utilized surrogate endpoint in the breast neoadjuvant chemotherapy setting25,26 

and defined as a lack of remaining invasive cancer cells within the breast or axilla based on 

pathological examination of excised surgical samples (ypT0/isN0), 115 achieved pCR, while 

256 retained the presence of residual disease following chemotherapy (non-pCR). Patients 

received different chemotherapeutic regimens based on the expression of the HER2 receptor 

protein, and patients were split into corresponding treatment groups for analysis.

• BRCA-ACT: 242 patients were HER2-negative, and received an anthracycline-

based regimen with or without a taxane. The cohort consisted of 85 patients 

from University Hospitals Cleveland Medical Center and 157 patients available 

publicly through the Cancer Imaging Archive.27–29 Following chemotherapy, 48 

patients achieved pCR and 194 retained the presence of residual disease (non-

pCR). This cohort included patients from the ISPY1 (n=109) and Breast-NAC 

Pilot (n=48) studies that also had recurrence-free survival (RFS) information 

available. We considered RFS from the initiation of neoadjuvant chemotherapy 

(RFS for the Breast-NAC MRI Pilot study was recorded following completion of 

chemotherapy, but was adjusted based on the duration of treatment according to 

the study protocol30).
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• BRCA-TCHP: A multi-institutional cohort of 129 HER2+ patients who received 

targeted neoadjuvant therapy at University Hospitals Cleveland Medical Center 

(n=28) or Cleveland Clinic (n=101) was also assessed. The majority of 

patients received neoadjuvant chemotherapy supplemented with trastumuzab and 

pertuzumab (n=125), while five patients from University Hospitals Cleveland 

Medical Center received only trastuzumab. 67 patients achieved pCR and 62 

non-pCR. No BRCA-TCHP patients had survival information available.

Lung: A total of 187 standard dose, non-contrast lung CT volumes collected prior to 

treatment were included for analysis. Patients were treated and imaged at University 

Hospitals Cleveland Medical Center, and were divided into two groups depending 

on the type of therapeutic regimen that they received (i.e. trimodality or pemetrexed 

chemotherapy).

• NSCLC-PLAT: A total of 97 patients who received platinum-based 

chemotherapy without surgical intervention at Cleveland Clinic with available 

pre-treatment CT scans were identified. In the absence of post-treatment surgical 

samples, response was determined from imaging by RECIST criteria based on 

size changes between pre- and post-treatment CT. 47 patients were identified 

as responders, indicated by response or stable disease following platinum-

based chemotherapy, while 49 had progression on imaging and were deemed 

non-responders. 92 patients had progression-free survival (PFS) information 

available, which was defined as the time from initiation of treatment to the 

detection of progressive disease or death, whichever occurred earlier, and was 

censored at the date of last follow-up for those alive without progression.

• NSCLC-TRI: 90 patients received trimodality therapy, consisting of neoadjuvant 

chemoradiation followed by surgical intervention. The endpoint for response was 

major pathologic response (MPR), defined as 10% or less residual viable tumor 

after neoadjuvant chemoradiation and the recommended surrogate endpoint in 

resectable NSCLC.31 36 patients achieved MPR. Recurrence free survival (RFS) 

was measured from the date of surgery to the date of recurrence or the date of 

death, whichever occurred earlier, and censored at the date of last follow-up for 

those alive without disease recurrence.

Stratification.—For each treatment group, patients were divided into training and testing 

sets. Models were developed and optimized on the training set, then applied to the 

testing set. Three of the treatment groups (BRCA-TCHP, NSCLC-PLAT, NSCLC-TRI) 

had response rates of approximately 50%, and were accordingly divided randomly in 

half for training and testing, when possible using the same splits from prior studies.32,33 

Relative to these treatment strategies, the rate of response to BRCA-ACT is substantially 

lower.34 Given the potential of training data imbalanced between categories to negatively 

impact classifier performance and robustness,35 a BRCA-ACT training cohort was randomly 

chosen containing 50% of responders and enough non-responders to enforce a 3:1 class 

balance (previously shown to limit the negative effects of class imbalance for an LDA 
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classifier36,37). The composition of each training and testing set, along with availability of 

response and survival endpoints, is summarized in Supplementary Table 1.

Quantifying the tumor-associated vasculature

Pre-Processing and Segmentation – Lung CT.—All lung CT volumes were resized 

to an isotropic resolution of 1 mm3. Tumor boundaries were manually annotated in 3D 

by an experienced reader. Automatic segmentation of the tumor vasculature was then 

performed, as depicted in Supplementary Figure 1. Next, the tumor-associated vasculature 

was extracted in several steps with a protocol previously shown to effectively segment 

pulmonary vasculature on non-contrast CT.38,39 Each CT image was masked to the 

lungs by thresholding at a value of −550 HU followed by morphological processing40 

(Supplementary Figure 1b). Next, an open-source,41 multi-scale 3D vessel enhancement 

filter42 was applied to emphasize tubular vessel-like structures (see supplementary methods 

- implementation details for parameters), as illustrated in Supplementary Figure 1c. 

Thresholding was applied to the vessel enhancement image via Otsu’s method43 to isolate 

pixels belonging to the vasculature, then morphological operations were applied to remove 

noise and non-vessel artifacts (Supplementary Figure 1d). A box containing the tumor and 

an additional 5 cm in each direction was extracted for further analysis (Supplementary 

Figure 1e). An open-source fast marching algorithm44 was applied to the segmented 

vasculature to identify the center lines of vessels45 and divide the vessel network into 

discrete constituent branches (Figure 1).

Pre-Processing and Segmentation – Breast MRI.—The first post-contrast scan 

was spatially aligned to the pre-contrast scan via affine registration46 and the difference 

in image intensities before and after contrast enhancement was then computed, yielding 

a subtraction image (Supplementary Figure 2a). Volumes were resized to an isotropic 

resolution of 1 mm3. 3D tumor boundaries were obtained with a combination of manual 

annotation and automated segmentation techniques. First, partial tumor annotations on 

several adjacent axial slices were manually delineated by an experienced reader or derived 

from segmentations provided for publicly available data.28,29 A 3-dimensional active 

contour segmentation algorithm47 (the ‘chenvese’ function in MATLAB47) was applied to 

expand the annotated 2D slices to a full volumetric segmentation of the tumor in 3D. Vessel 

segmentation is depicted in Supplementary Figure 2. The heart and posterior torso were 

automatically detected and removed (Supplementary Figure 2b), and a vessel enhancement 

filter41,42 was again applied (Supplementary Figure 2c) to detect vessel-like objects within 

the volume (see supplementary implementation details for parameters). Given the lack of 

true quantitative values in MRI as compared to CT, the vessel enhancement volume was 

segmented at multiple thresholds derived by Otsu’s method,43 which were each refined 

by morphological operations (Supplementary Figure 2d). The resulting segmentations 

(Supplementary Figure 2e) were assessed for alignment with vessel enhancement on 

maximum intensity projections and in 3D. The threshold that best captured the enhancing 

vasculature within each scan was selected manually by a single reader blinded to clinical 

data and therapeutic outcome for further analysis. Volumes were cropped 5 cm from 

the tumor in each dimension (Supplementary Figure 2f), and center line coordinates and 

branches of the final vessel network were computed by fast marching (Figure 1).23,44
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Measures of QuanTAV Morphology: From 3D vessel skeletons, 61 quantitative vessel 

tortuosity features, expanded from a set of 35 introduced previously,17 were computed. 

The full set of QuanTAV Morphology features is described in Supplementary Table 2. At 

each point within a branch, curvature was computed as the inverse of the radius of the 

circle containing that point and the two adjacent points within the branch. Distribution of 

curvature was summarized along the entire vasculature and each branch through first order 

statistics (mean, standard deviation, max, skewness, and kurtosis), and branch-level statistics 

were summarized at the patient level with the same statistics. For each branch, torsion 

was computed as one minus the ratio of the Euclidean distance between the first and last 

points of a branch to the branch’s length and summarized at the patient level via first order 

statistics. The distributions of curvature and torsion across the full vasculature were further 

summarized via 10-bin histograms. Additional vessel metrics – including vessel volume, 

length, number of vessels entering the tumor, and percentage of vessels in the vessel network 

feeding the tumor – were also computed.

Measures of QuanTAV Spatial Organization: A set of 30 features describing 

the organization of the tumor-associated vasculature, previously introduced24 and listed 

in Supplementary Table 3, were computed. The steps for extracting QuanTAV Spatial 

Organization features are depicted in Supplementary Figure 3. From vessel centerlines, 

a set of 2D vessel projection images are generated, across which statistics summarizing 

the local orientation of vessels are computed. Along a projection image, the five most 

prominent vessel orientations are computed within a local window of fixed size via the 

Hough transform, a mathematical operation for the detection of lines within an image. The 

window of analysis is moved incrementally along the image to obtain a distribution of vessel 

orientations across the entire vessel image. The overall distribution of vessel orientations is 

then summarized by five first order statistics (mean, median, standard deviation, skewness, 

and kurtosis), which constitute the set of QuanTAV Spatial Organization features.

This process is applied to six distinct projection images. A set of three Cartesian projections 

is obtained by flattening the vasculature along one of the three spatial dimensions, in the 

axial, sagittal, or coronal planes. In addition to analyzing the TAV in the original coordinate 

system, each point within the 3D vasculature is also converted to a spherical coordinate 

system in order to capture vessel position relative to the tumor. Rather than (X, Y, Z) 

position, spherical coordinates correspond to elevation from the tumor center, rotation about 

the tumor center, and distance from the tumor surface. As with Cartesian views, the tumor 

vasculature is projected along each of these dimensions to obtain three 2D projection 

images: elevation with respect to rotation, rotation with respect to distance, and elevation 

with respect to distance. QuanTAV organization features are computed with two tunable 

parameters: maximum vessel distance from the tumor to include and size of the sliding 

window used to compute vessel orientations. These parameters were optimized within each 

imaging modality/cancer domain, and the process and results are described in greater detail 

within the expanded implementation details located in the supplementary methods.
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Signature Development and Evaluation

QuanTAV Predictive Response score.—The set of top features that best predicted 

therapeutic response for each use case was identified in two rounds of Wilcoxon feature 

selection in 3-fold cross-validation within the training set. The size of this feature set was 

determined per cohort based on performance within the training set in cross-validation 

(see supplementary implementation details). For each cohort, top vessel features were 

incorporated into a linear discriminant analysis (LDA) classifier and trained across the full 

training cohort to predict response in the testing set. The output of this classifier was a 

score between 0 and 1, in turn corresponding to the level of confidence that a patient would 

achieve a response following the conclusion of therapy.

QuanTAV Prognostic risk score and Groups.—For each cohort with survival 

information available, a survival model was derived in the training set to generate QuanTAV 

risk scores using a strategy inspired by Bhargava et al.48 All observation times were 

censored at a maximum of 10 years. Features that were highly correlated and likely 

redundant were pruned from the feature set, retaining the feature with the highest absolute 

coefficient value in a multivariable proportional hazards model. A Cox regression model was 

trained using the remaining vessel features via 10-fold elastic net regularization using the 

Glmnet for MATLAB package.49 The coefficient values for the model were then applied 

to training and testing sets to derive patient risk scores. A risk score threshold to optimally 

stratify patients into high and low risk groups based on maximizing the hazard ratio was 

derived in the training set for each cohort. Further implementation and optimization details 

are described in the supplementary methods.

Statistical Analysis.—The primary metric used to evaluate response prediction models 

were odds ratio (OR) and area under the receiver operating-characteristic curve (AUC). 

Significance level and 95% confidence intervals of the AUC were computed via permutation 

testing with Monte Carlo sampling50,51 across 50,000 iterations, described in detail in 

the supplementary material of a previous manuscript.52 The univariable and multivariable 

association of QuanTAV response score and clinical variables with response were assessed 

based on OR in a logistic regression model. Clinical variables with univariable significance 

in the training set were incorporated into a clinical feature only logistic regression model, 

as well as a logistic regression model combining clinical variables with QuanTAV response 

score. The univariable and multivariable association of QuanTAV response score and clinical 

variables with response were assessed based on OR in a logistic regression model containing 

all features.

For prognostic models, both the QuanTAV risk score and categorical QuanTAV risk groups 

were assessed in univariable and multivariable settings along with baseline clinical variables, 

as well as pathological and treatment response information available at the completion 

of chemotherapeutic regimen. Cox proportional hazards models and risk groups were 

derived from only baseline clinical variables for comparison against QuanTAV risk groups. 

The primary metrics used to evaluate association with survival were hazard ratio (HR) 

and concordance index (C-index). Univariable and multivariable testing for significant 
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association with prognosis was assessed based upon the coefficients of a Cox model within 

the cohort of interest.

Data Availability

A portion of the data used in this study is publicly available through the Cancer Imaging 

Archive (TCIA).27 Access to datasets from the University Hospitals Cleveland Medical 

Center (used with permission for this study) should be requested directly from these 

institutions via their data access request forms. Subject to the institutional review boards’ 

ethical approval, unidentified data would be made available as a test subset.

Results

Predicting response and recurrence for anthracycline-based neoadjuvant chemotherapy 
(BRCA-ACT) from pre-treatment breast MRI

For the majority of breast cancer patients who receive neoadjuvant treatment, a 

chemotherapy-only regimen followed by surgery is standard-of-care.53 A multi-institutional 

cohort of 242 patients who received anthracycline-cyclophosphamide alone or followed 

by a taxane (BRCA-ACT) was assembled and divided into subsets for training (Dtr
1) 

and independent testing (Dte
1). 19.8% achieved pathologic response on surgical samples 

following chemotherapy). 157 BRCA-ACT recipients additionally had 10-year recurrence-

free survival (RFS) information available. Clinical details are summarized in Table 1.

Via cross-validation, a set of features discriminative of pathologic response were selected 

and used to train a classification model to yield a QuanTAV response score (Supplementary 

Table 4) that maximized performance in Dtr
1 (Supplementary Table 5). An increase in 

average torsion across vessels was identified as the feature most strongly associated with 

failure to achieve complete response (Figure 2, a&b). Torsion is defined as the complement 

of the ratio of the Euclidean distance between a vessel’s start and end points to its 

total length, and is elevated in vessels with internal looping or “U”-shaped vessels that 

terminate near their origin.13,54 The presence of such patterns in the vessels surrounding 

non-responsive tumors (Figure 2b) could impede the delivery of systemic therapy to the 

tumor and subsequently contribute to poor therapeutic response.

When applied to Dte
1, QuanTAV response score identified pathologic response with 

AUC=0.65 (95% CI 0.54–0.76, p=0.009) and was independently significant in a 

multivariable comparison with clinico-pathologic variables (Supplementary Table 6). Of 

three available clinical parameters, only hormone receptor positivity had univariable 

significance in Dtr
1. A model combining this variable and QuanTAV response score yielded 

an AUC=0.78 (95% CI 0.63–0.87, p=2e-5) in Dte
1, an increase over hormone receptor status 

only performance (AUC=0.69, 95% CI 0.58–0.80, p=0.0316). ROC curves for all models in 

Dte
1 are depicted in Figure 3a.

A regularized Cox proportional hazards model of QuanTAV features (Supplementary Table 

7) was trained to derive a QuanTAV risk score via cross-validation in Dtr
1 (n=63). A 

risk score threshold for optimally stratifying patients into low- and high-risk groups was 

also derived in Dtr
1. Performance of QuanTAV risk score and risk groups in Dtr

1 and 
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Dte
1 are listed in Supplementary Table 8. In Dte

1 (n=94), the model was significantly 

prognostic as both a continuous score (p=.0022, HR=1.25, 95% CI 1.08–1.44, C-index=.66) 

and categorical low- and high-risk groups (p=.0096, HR=4.25, 95% CI 1.29–14.07, C-

index=.62). Despite only utilizing measurements from pre-treatment imaging, QuanTAV 

risk groups (Figure 3e) achieved similar prognostic performance to pathologic response on 

surgical sample after chemotherapy (Figure 3f).

We assessed the multivariable significance of QuanTAV risk predictions when compared 

with baseline clinical variables (age, size, and hormone receptor positivity) and functional 

tumor volume (FTV),55 the volume of tumor that is actively vascularized based on contrast 

agent kinetics, which had previously been assessed for association with survival by Hylton 

et al. in data comprising a portion of the BRCA-ACT cohort. The QuanTAV model remained 

independently prognostic as both a continuous risk score (HR=1.20, 95% CI 1.04–1.40, 

p=0.014) and categorical risk groups (HR=5.51, 1.41– 21.49, p=0.014), along with the 

majority of clinical variables and FTV (Supplementary Table 9). We also assessed the 

correlation of each individual feature of the QuanTAV model with FTV. While several 

features were found to be significantly associated with FTV (Supplementary Table 10), such 

as features characterizing the quantity of vessels feeding the tumor, the large majority (10 

of 14) were independent (p>0.05). This finding is consistent with the mutual independence 

observed between risk score and FTV (Supplementary Table 9), and suggests that QuanTAV 

provides prognostic information beyond clinical measures of perfusion.

Predicting response to neoadjuvant chemotherapy with targeted therapy for HER2+ breast 
cancers (BRCA-TCHP) from pre-treatment MRI

Breast cancers with overexpression of the HER2 surface protein are highly aggressive, but 

can often be effectively combated through a targeted therapeutic strategy supplementing 

chemotherapy with monoclonal antibodies targeting the HER2 receptor. A second QuanTAV 

model was trained to predict response to a neoadjuvant regimen combining chemo- plus 

targeted therapy among HER2-positive breast cancer patients. The cohort (Table 1) consisted 

of 129 patients who were HER2-positive and received treatment with docetaxel, carboplatin, 

trastuzumab, and/or pertuzumab (TCHP), denoted as the BRCA-TCHP treatment group and 

divided into training (Dtr
2) and testing sets (Dte

2). Rate of pathologic response was 51.9%.

A QuanTAV response score model (Supplementary Table 11) was trained within Dtr
2 

(Supplementary Table 5) to predict pathologic response to BRCA-TCHP. As was observed 

in BRCA-ACT, poor response to BRCA-TCHP was associated with elevated vessel torsion, 

as well as increased skewness of vessel orientations within the XY plane. Within Dte
2 

(Figure 3b), the vessel model significantly predicted pathologic response (AUC=0.63, 95% 

CI 0.47–0.76, p=0.042). As a covariate in logistic regression models (Supplementary Table 

12), however, QuanTAV response score was not significant in Dte
2 alone (OR=0.17, 95% CI 

0.01–2.38, p=0.188). Hormone receptor status was significant in all subsets, with a testing 

set AUC of 0.64 (95% CI 0.52–0.75, p=0.017). Combining QuanTAV response score with 

hormone receptor status increased testing AUC to 0.70 (95% CI 0.53–0.82, p=0.0036).
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Predicting post-treatment and long-term progression of NSCLC following platinum-based 
chemotherapy (NSCLC-PLAT) from pre-treatment CT

In advanced NSCLC, platinum-based chemotherapy is standard of care first line treatment 

for patients lacking actionable mutations. The NSCLC-PLAT cohort consisted of 97 NSCLC 

patients who received a pemetrexed-based platinum doublet regimen and CT imaging before 

and after treatment at a single institution. In the absence of surgical samples, response was 

assessed on post-treatment CT based on change from baseline in longest lesion diameter 

according to RECIST criteria.56 48.0% had responsive or stable disease on post-treatment 

imaging, and were categorized as responders, while the remaining patients experienced 

progression. 53 patients were used for training (Dtr
3) and 44 for testing (Dte

3).

The NSCLC-PLAT response score derived in Dtr
3 (Supplementary Table 5) consisted 

entirely of QuanTAV spatial organization features (Supplementary Table 13). According 

to this signature, progression was distinguishable by QuanTAV spatial organization features 

that corresponded to heterogeneous distribution of vessel orientations (particularly in the 

region immediately surrounding the tumor). While many NSCLC tumors shared high 

vascular density regardless of therapeutic outcome (Figure 4, a-d), QuanTAV spatial 

organization features reveal crucial architectural differences between responders (Figure 

4b) and progressors (Figure 4d) at the tumor-vasculature interface. Vessel positions were 

converted to a spherical coordinate system (Figure 4, e&f), which were used to derive 

projection images of vessel organization relative to the tumor (Figure 4, g&h). For instance, 

elevated standard deviation of vessel orientations on projection images reflecting rotation 

and elevation with respect to distance from the tumor were strongly associated with 

progression (Figure 4h). Conversely, vessels surrounding responsive tumors maintained a 

consistent orientation towards the tumor’s surface (Figure 4g).

When applied to Dte
3 (Figure 3c), QuanTAV response scores significantly predicted 

response on post-treatment imaging with AUC=0.70 (95% CI 0.54 – 0.85, p=0.024). 

Only age (p=0.048) and QuanTAV response score (p=0.010) significantly differed between 

responders and non-responders in Dtr
3. However, age was not predictive in Dte

3 (p=0.232) 

and did not improve the performance of the QuanTAV response score (Figure 3c). In 

contrast, QuanTAV response score was the only variable found to be independently 

significant (p<.045) in a multivariable comparison with six clinical variables in Dte
3 

(Supplementary Table 14).

A QuanTAV risk score model (Supplementary Table 15) and corresponding low/high 

risk groups were derived in Dtr
3 (Supplementary Table 8) to predict progression-free 

survival (PFS): the time from initiation of chemotherapy until progression on imaging, 

metastasis, or death. Within Dte
3 (n=39), risk group (p=0.034, HR=2.29, 95% CI 1.07–4.94, 

C-index=0.62), but not risk score (p=0.141, HR=1.12, 95% CI 0.96–1.31, C-index=0.61), 

was significantly associated with PFS. When assessed for independence in a multivariable 

cox proportional hazards model (Supplementary Table 16) with clinical variables, QuanTAV 

risk group was the only variable found to be significant (p=0.028). KM plots for QuanTAV 

risk group and post-treatment RECIST response are depicted in Figure 3g and Figure 3h.
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Predicting response and recurrence to trimodality therapy (NSCLC-TRI) from pre-treatment 
CT

For patients with stage III resectable NSCLC, survival can be significantly improved by 

supplementing platinum-based chemotherapy with radiotherapy and surgical intervention,57 

known as tri-modality therapy and denoted here as NSCLC-TRI. 90 patients received 

pre-treatment CT, followed by neoadjuvant chemoradiation and surgery (Table 2). 41.1% 

of trimodality recipients achieved pathologic response, and longitudinal outcome data was 

available for all patients. Patients were divided randomly into training (Dtr
4) and held-out 

testing cohorts (Dte
4).

A NSCLC-TRI QuanTAV response score (Supplementary Table 17) was derived within 

Dtr
4 (Supplementary Table 5). In Dte

4 (Figure 3d), QuanTAV response score distinguished 

pathologic response with AUC=0.71 (95% CI 0.51–0.84, p=0.0093). Out of eight 

clinical and treatment-related variables, only Histology (adenocarcinoma vs. squamous cell 

carcinoma/other) was individually significant (p=0.0075) in Dtr
4 and predicted pathologic 

response with AUC=0.73 (95% CI 0.59–0.86, p=0.0002) in Dte
3. The combination of 

QuanTAV response score and histology outperformed either alone (AUC=0.85, 95% 

CI 0.69–0.94, p=2E-5). QuanTAV response score remained significantly associated with 

pathologic response in a multivariable comparison with all available clinical variables in 

Dte
4 (OR=.0004, 95% CI 0.00–0.18, p=0.012), as did histology (Supplementary Table 18).

Next, we assessed the capability of QuanTAV measures to predict RFS from date of surgery 

in recipients of trimodality therapy. A QuanTAV risk model (Supplementary Table 19) and 

corresponding risk groups were derived in Dtr
4 to stratify patients by RFS (Supplementary 

Table 8). Increases in the standard deviation of curvature across the length of the vessel was 

associated with elevated risk of recurrence (Figure 2, c), whereas tumors achieving durable 

response possessed fewer local variations in curvature due to bends and twists. Similar to 

the risk score derived for NSCLC patients receiving chemotherapy alone, QuanTAV Spatial 

Organization features measuring standard deviation of vessel orientation relative to the 

tumor centroid were also associated with recurrence or metastasis following surgery.

When applied to Dte
4, QuanTAV risk score (p=0.039, HR=1.28, 95% CI 1.01–1.62, 

C-index=0.66) and categorical risk groups (p=0.036, HR=3.77, 95% CI 1.09–13.00, C-

index=0.64) were significantly prognostic. Kaplan meier curves illustrate the ability of pre-

treatment QuanTAV risk groups (Figure 3i) and post-treatment pathologic response (Figure 

3j) to stratify patients by RFS.

We assessed QuanTAV risk score and groups for independent prognostic value in Dte
4 in a 

multivariable comparison (Supplementary Table 20) including baseline clinical variables 

(age, sex, histology, clinical stage, largest lesion diameter, ECOG performance status, 

chemotherapy regimen, radiotherapy induction dose, and surgical procedure type), as well 

as features of pathology (vascular invasion and lymphatic invasion). Of these, only the 

QuanTAV model (p=0.037) and induction dose (p=0.035) were significant in a comparison 

with continuous risk score. Categorical QuanTAV risk group was similarly significant in 

a multivariable setting (p=0.013), along with several variables including induction dose, 

surgical procedure, lesion diameter, and presence of vascular invasion.
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Assessing the robustness and generalizability of QuanTAV radiomics

We sought to understand the impact of vessel segmentation errors on resulting QuanTAV 

models. To assess the robustness of our approach, we evaluated the performance of 

QuanTAV response scores in two testing sets (NSCLC-TRI, n=45 and BRCA-ACT, n=144) 

following various levels of perturbation to vessel masks (see supplementary methods 

- additional experiments). The vessel segmentations for each patient in the testing set 

were degraded through multiple iterations of randomized morphologic operations at each 

branchpoint and endpoint in the vessel skeletons (Supplementary Figure 4). Constituent 

QuanTAV features and corresponding response scores were recomputed from vessel 

segmentations after 5, 10, 15, and 20 iterations of perturbation. When QuanTAV response 

score generated from perturbed vessel segmentations to the original response score values 

via Delong’s test of paired ROC curves,58 no significant difference in AUC was found at any 

perturbation level in either the NSCLC-TRI (p=0.12–0.65) or BRCA-ACT (p=0.11–0.30) 

cohorts.

Additionally, we sought to assess the generalizability of QuanTAV analysis across 

institutions. Of the cohorts utilized in this study, only BRCA-ACT had sufficient data from 

multiple institutions to assess external generalizability. We conducted a post-hoc experiment 

after the finalization of our primary results within this cohort, where we repeated the 

training and validation of a pathologic response prediction model, but instead split our 

dataset according to its source: public (ISPY1-TRIAL and UCSF PILOT,28,29 n=158) or 

private institution (University Hospitals, n=84). When QuanTAV response score was trained 

on public data and tested on private data, response prediction improved to AUC=0.71 

(95% CI: 0.56–0.84, p=0.01). Similarly, when trained on private data and tested on public 

data, performance was slightly reduced to AUC=0.63 (95% CI: 0.51–0.72, p=0.006). 

These findings are consistent with our primary findings without separation by institution 

(AUC=0.65 [95% CI 0.54–0.76], p=0.009, n=144). Accordingly, we believe that QuanTAV 

model performs robustly across institutions, with only slight variations in performance that 

seem to correspond roughly with the number of patients used in training (training n=85, 

testing AUC=0.63; training n=98, testing AUC=0.65; training n=144, testing AUC=0.71).

Discussion

In this study, we presented a novel radiomic biomarker that was associated with prognosis 

and treatment response for two different cancer and three different therapy types. This 

new category of computational imaging biomarkers leverages morphologic measurements 

of the twistedness and architecture of the tumor-associated vasculature. These vessel-based 

measurements were found to predict response and survival following intervention across two 

cancers, two imaging modalities, four chemotherapy-related treatment strategies, and a total 

of 558 patients. The construction of the tumor’s vascular network through neo-angiogenesis 

plays a crucial role in the determination of patient outcomes by fostering a tumor 

microenvironment that promotes tumor progression and therapeutic resistance.14,59 The 

structural abnormality of the resultant vasculature directly opposes successful therapeutic 

intervention, possibly owing to poorer delivery of therapeutic agents to the tumor bed,19 

while also encouraging the formation of hypoxic regions60 that reduce efficacy of 
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therapeutic agents and accelerate the development of drug resistant subclones.61 Consistent 

with the known deleterious role of abnormal tumor vascularization,10,11,59 we found that 

the expression of features reflecting erratic vascular shape and arrangement were predictive 

of poor response and elevated risk following chemotherapeutic intervention. Our findings 

suggest the critical role played by the tumor-associated vessel network across cancer 

domains in promoting therapeutic response and outcome.

In breast cancer, QuanTAV measurements on pre-treatment dynamic contrast-enhanced 

MRI predicted patient outcomes following neoadjuvant treatment with two standard-of-care 

therapeutic strategies in need of validated predictive markers.7,53 QuanTAV response scores 

were developed to predict pathologic response following a chemotherapy-only regimen of 

BRCA-ACT and a BRCA-TCHP regimen of chemotherapy and targeted therapy for patients 

with a targetable HER2 receptor status. In recipients of BRCA-ACT, QuanTAV-derived 

models were shown to strongly predict response and recurrence-free survival independent 

of clinical variables including hormone receptor status: one of the few predictive markers 

available across this large and heterogeneous patient population. Additional biomarkers 

of response and survival for BRCA-ACT is of high clinical interest, since only roughly 

a quarter of recipients will achieve a complete pathologic response.34 Our findings are 

consistent with prior research demonstrating that the formation of hook-like vessels feeding 

the tumor, known as adjacent vessel sign, is associated unfavorable prognosis and tumor 

phenotype.62 We also investigated the ability of QuanTAV to predict response to a targeted 

BRCA-TCHP regimen. We observed that the BRCA-TCHP QuanTAV response score 

achieved a statistically significant ROC AUC and improved performance when incorporated 

into a clinical model, however it was not found to be independent as a logistic regression 

coefficient. In contrast to the other therapies explored in this work, HER2-targeted therapy is 

mechanistically anti-angiogenic63,64 and helps normalize the TAV, thus potentially reducing 

the prognostic value of vascular shape and architecture within this treatment group.

These findings were mirrored in advanced NSCLC, where QuanTAV measures extracted 

from pre-treatment CT volumes were associated with both response and survival following 

two intervention strategies. First, for advanced NSCLC patients without actionable mutation, 

a platinum-based chemotherapy regimen is standard first-line intervention (NSCLC-PLAT). 

However, only 24%–31% of patients will achieve response and there are no clinically 

validated biomarkers for the guidance of platinum-based chemotherapy by benefit.65 

QuanTAV measures were predictive of response on post-treatment imaging according to 

RECIST criteria,56 as well as progression-free survival. Second, for patients with stage 

III resectable NSCLC, survival can be significantly improved by a trimodality regimen 

supplementing platinum-based chemotherapy with radiotherapy and surgical intervention. 

However, trimodality therapy lacks predictive pre-treatment markers of benefit and bears 

a high rate of mortality between 5% and 15%.57 Elevated disorganization and twistedness 

of the TAV on imaging was associated with a failure to achieve pathologic response and 

poorer 10-year recurrence-free survival. Our findings are in agreement with the crucial role 

of the TAV in NSCLC outcomes, evidenced by the importance of lymphovascular invasion66 

as a prognostic marker and the benefits of TAV-normalization via anti-angiogenic therapy 

for many NSCLC patients.67 The discriminability of QuanTAV in a regimen including 

radiotherapy is also consistent with the known role of abnormal vessel geometry in creating 

Braman et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a low blood flow, poorly oxygenated tumor microenvironment that that facilitates radio-

resistance.68

Critically, we observed that our measurements offered prognostic value independent of 

measures of functional volume on DCE-MRI (Supplementary Table 9 and Supplementary 

Table 10), suggesting that discriminative attributes of tumor vascular network architecture 

may not be captured by contrast agent-based perfusion imaging. Morphologic aberrations 

of the TAV on radiology have previously been shown to be elevated in the case of breast16 

and NSCLC17 malignancy, as compared to benign lesions. Reduction in the tortuosity of the 

TAV on high-resolution brain MR angiography throughout treatment has been shown to be 

associated with favorable treatment outcomes in metastatic breast cancer.69,70 Conversely, 

vessel tortuosity that has not normalized following treatment provide an earlier indication of 

treatment failure than monitoring tumor growth.71 To our knowledge, this is the first study 

to date demonstrating the potential of 3D vascular morphology for predicting therapeutic 

outcomes prior to treatment, as well as the most comprehensive investigation of its role 

as potential predictive and prognostic biomarkers across cancers, imaging modalities and 

treatment types.

QuanTAV analysis represents a new addition to an expanding body of work suggesting 

the potential of quantitative imaging features mined from radiology to provide predictive 

biomarkers:72 an approach known as radiomics. One of the most frequently deployed 

families of radiomic features is image texture, which quantifies the heterogeneity or spatial 

arrangement of image signals. Across numerous cancers and imaging modalities, texture-

based features of the tumor and its environment have allowed for stratification of tumors 

into clinically significant biology- and outcome-associated groups.73–75 In breast cancer, 

textural patterns of the tumor,76,77 peri-tumoral surroundings,52,78 bulk parenchyma,79,80 

and lymph nodes81 on imaging has shown associations with risk and responsiveness to 

neoadjuvant therapy. Likewise in NSCLC, textural analysis of the tumor and peri-tumoral 

lung parenchyma has shown promise in predicting benefit of a number of therapeutic 

approaches, including chemoradiation with and without surgery,32,33,82 targeted therapy,83 

and immunotherapy.84,85 Consistently across both cancers, evidence suggests that elevated 

textural heterogeneity portends poor prognosis and increased risk of non-response.52,73,78 

Tortuous tumor vasculature plays an established role in fostering a heterogeneous, treatment 

resistant tumor microenvironment, and, in turn, that heterogeneity fuels further chaotic 

tumor angiogenesis.19 Thus, a disorganized TAV may be to some degree intertwined with 

the development of a texturally complex tumor microenvironment on imaging that forms 

the basis of such prognostic radiomic signatures. To investigate a potential explanatory 

relationship between the TAV and prognostic texture signatures, we performed a comparison 

(Supplementary Table 21) of QuanTAV features and risk score with a previously published 

intra- and peri-tumoral texture-based risk score33 that was derived within the same 

NSCLC-TRI cohort. QuanTAV and texture-based risk scores were found to be significantly 

correlated (r=0.23, p=0.030). Of the five most prognostic individual QuanTAV features, 

reduced variability of curvature along vessels was inversely correlated with texture-derived 

risk score (r=−0.41, p=0.0001). This result warrants additional study of the role of 

angiogenesis as a potential basis for image texture-based biomarkers. Despite potential 

interactions of vascularity and image texture, we crucially also found that QuanTAV was 
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independent and complementary to texture-based analysis. When these two signatures were 

combined, they better stratified patients by RFS (C-index=0.70) than risk scores from 

texture (C-index=0.61) or vessel (C-index=0.66) features alone: suggesting the potential 

of computational vessel features to complement and improve traditional radiomic analysis. 

We also repeated a multivariable comparison including QuanTAV and texture risk scores 

along with the clinical variables previously examined in Supplementary Table 20. We found 

QuanTAV (p=0.02) risk score but not texture (p=0.08) to be independently prognostic in this 

setting.

Our findings suggest that patients with convoluted vasculature at time of treatment are less 

likely to derive benefit from systemic therapeutic intervention. Resultantly, patients flagged 

as non-responders based upon analysis of the TAV may benefit from anti-angiogenic therapy. 

In NSCLC, bevacizumab, an anti-antiangiogenic targeted therapy, in combination with 

chemotherapy provides therapeutic benefit by blocking the VEGF receptor, down-regulating 

tumor angiogenesis,86–88 and facilitating delivery of other systemic therapeutics.20 However, 

bevacizumab is currently prescribed conservatively in NSCLC due to its toxicity and current 

lack of validated predictive markers of therapeutic benefit.88 QuanTAV measurements could 

potentially identify NSCLC patients who would benefit from vascular normalization through 

the addition of anti-VEGF therapy to their therapeutic regimen. The role of bevacizumab 

in breast cancer remains controversial, having been previously approved and subsequently 

revoked for treatment of metastatic breast cancer by the FDA due to safety concerns.89 

However, its use in the neoadjuvant setting in combination with chemotherapy has been 

shown to improve rate of pathologic response90,91 and overall survival92 in breast cancer 

subsets with specific receptor status and genotype. These results illustrate the important 

role of patient selection in success of vascular normalization in breast cancer and raise 

the question of whether anti-angiogenic therapies could still be an effective therapeutic 

option for these patients given more effective tools for targeting their application. Future 

work should explore the potential association of QuanTAV phenotype and benefit of anti-

angiogenic therapy in NSCLC and breast cancer.

Our study did have its limitations. First, our segmentation protocol was formulated to 

achieve a balance of accuracy and efficiency in order to enable analysis within such a 

large cohort. To assess the robustness of our approach, we evaluated the performance of 

QuanTAV-based response scores in a breast MRI and lung CT dataset following various 

levels of disruption to vessel masks and found QuanTAV signatures to be robust to noise in 

vessel segmentations (Supplementary Figure 4). Beyond this experiment, it is encouraging 

that even accounting for segmentation errors, our approach was found to be predictive 

and prognostic in a wide number of use cases. We did not explore more sophisticated 

methods of isolating the tumor vasculature in this work, such as specialized deep learning 

segmentation strategies.93,94 However, we have shown in a subsequent, preliminary study95 

that fully automated deep learning-based vessel segmentation also enables prognostic 

QuanTAV analysis in an additional disease and treatment domain – liver metastases treated 

with CDK 4/6 inhibitors – and validated this signature across institutions. Future work 

should compare various strategies of vessel segmentation in the context of QuanTAV 

performance. Second, breast MRI datasets were assembled across institutions and trials, 

and, consequently, imaging data was highly heterogeneous in acquisition protocol – a 
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confounder we attempted to minimize through preprocessing strategies. Encouragingly, 

unsupervised clusterings of top QuanTAV features did not reveal site-based batch effects in 

either breast cancer cohort (Supplementary Figure 5). Third, across the datasets analyzed, 

it was necessary to utilize different clinical endpoints for response (pathologic complete 

response [pCR] for BRCA-ACT and BRCA-TCHP, major pathological response [MPR] for 

NSCLC-TRI, and RECIST response for NSCLC-PLAT) and survival (RFS for BRCA-ACT 

and NSCLC-TRI and PFS for NSCLC-PLAT), due to differing accepted and feasible clinical 

endpoints in the various clinical contexts (See Methods for further definition). For instance, 

pathologic response could not be assessed in NSCLC-PLAT since patients did not receive 

surgery. Finally, further validation of our approach is required in a prospective setting 

prior to clinical adoption. QuanTAV-based measurements should next be evaluated for their 

ability to predict well-defined clinical endpoints such as pathologic response among patients 

enrolled in clinical trials including chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

In this study, we introduced a new class of imaging biomarkers measuring the shape and 

architecture of the tumor-associated vasculature (TAV). We developed and validated TAV 

models for prediction and prognostication in multiple cancers (breast and non-small cell 

lung), imaging modalities (computed tomography and contrast-enhanced MRI), and four 

therapeutic regimens including chemotherapy. We showed across this array of clinical 

problems that morphology of the TAV correlated with post-treatment response and 

prognosis, with chaotically organized vasculature prior to treatment generally portending 

poor outcome. Unlike many computational approaches for prediction and prognosis from 

clinical imaging – which largely rely on algorithmically complex “black box” machine 

learning tools such as deep neural networks or abstracted quantitative measures – our 

approach is rooted directly in the underlying cancer biology of tumor angiogenesis. 

Accordingly, it is highly clinically interpretable.
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Figure 1. 
Overview of the development and validation of quantitative tumor-associated vasculature 

(QuanTAV) response and risk scores. Models were trained and validated in four therapeutic 

cohorts: anthracycline-based neoadjuvant chemotherapy [BRCA-ACT] and neoadjuvant 

chemotherapy with anti-HER2 agents [BRCA-TCHP] in breast cancer and platinum-

based chemotherapy only [NSCLC-PLAT] and neoadjuvant chemoradiation with surgery 

[NSCLC-TRI] in non-small cell lung cancer. The tumor and associated-vasculature were 

extracted from pre-treatment breast DCE-MRI and chest CT. For each vessel network, 
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centerlines were derived and two categories of QuanTAV features were computed: 

Morphology and Spatial Organization. QuanTAV morphology features quantified the 

shape of tumor vessels. Statistics describing the distribution of metrics such as curvature 

(inversely proportional to the radius of a circle fitting three adjacent vessel points) and 

torsion (detecting differences in vessel length relative to the distance between its start 

and end points) comprised the bulk of QuanTAV morphology features. QuanTAV Spatial 

Organization features evaluate the architecture of the vessel network by evaluating the 

degree of vessel alignment along 2D projection images depicting the position of vessels in 

either the imaging space (cartesian) or a coordinate system relative to the tumor center and 

surface (spherical). QuanTAV features were optimized to predict response in each training 

cohort, then a linear discriminant analysis (LDA) classifier was trained to predict response 

from a limited set of features selected by wilcoxon rank sum test. The classifier’s was the 

QuanTAV response score, which was assessed for independent ability to predict therapeutic 

response in the testing set. Likewise, in the three cohorts with progression- (NSCLC-PLAT) 

or recurrence-free survival (BRCA-ACT, NSCLC-TRI) data available, a regularized cox 

proportional hazards model was trained to derive a QuanTAV risk score and low/high risk 

groups in the training set, which were assessed for univariable and multivariable association 

with survival in the testing set.

Braman et al. Page 25

Clin Cancer Res. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
QuanTAV morphology measures detect differences in vessel shape on pre-treatment breast 

MRI and lung CT predictive of outcome following treatment including chemotherapy. 

Top: Elevated vessel torsion is associated with non-response to anthracycline-based 

chemotherapy in breast cancer (BRCA-ACT). a) maximum intensity projections of pre-

treatment DCE-MRI subtraction images for patients who did (left) and did not (right) 

experience pathologic response following BRCA-ACT. b) Vessel torsion on pre-treatment 

dynamic MRI distinguishes non-responders and complete responders. For each discrete 
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vascular branch, all corresponding voxels within the branch are shaded according to the 

torsion value of the branch. The vasculature of patients who do not respond (left) exhibit 

elevated torsion, indicating vessels that twist back on themselves and are more convoluted 

in shape. Conversely, patients who achieve pathologic response exhibit less tortuous 

vasculature that transports blood more directly towards the tumor or throughout the breast. 

Bottom, c) Curvature across vessels on pre-treatment CT differs between NSCLC patients 

who will (right) and will not (left) recur following neoadjuvant chemoradiation followed 

by surgery (NSCLC-TRI). Vessel center-lines are shaded according to local curvature, 

computed for every set of three adjacent points along a vessel. Elevated standard deviation 

of curvature was associated with recurrence following NSCLC-TRI, visible as regions of 

local bends and twists along the length of a vessel (right). Responsive patients, in contrast, 

were surrounded by vessels with fewer of these micro-deviations.
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Figure 3. 
(a-d) Receiver operating characteristic (ROC) curves for the QuanTAV response score 

(blue), clinical model (red), and combined QuanTAV and clinical model (green) in 

testing sets for the four treatment cohorts. a) Prediction of pathological response for 

breast cancer patients receiving anthracycline-based neoadjuvant chemotherapy (BRCA-

ACT, n=144). b) Prediction of pathological response for breast cancer patients receiving 

HER2-targeted neoadjuvant chemotherapy (BRCA-TCHP, n=69). c) Prediction of response 

on post-treatment imaging for NSCLC patients receiving platinum-based chemotherapy 

(NSCLC-PLAT, n=44). d) Prediction of pathologic response for NSCLC patients receiving 

a trimodality regimen of chemoradiation followed by surgery (NSCLC-TRI, n=44). (e-j) 

Kaplan Meier curves showing pre-treatment QuanTAV risk groups and post-treatment 

response. Note that QuanTAV risk groups are shown for the testing set, while response 

is shown for the full patient population used in this study. e,f) BRCA-ACT: association 

of QuanTAV risk groups (e) and post-treatment pathologic complete response (f) with 

10-year recurrence-free survival. (g,h) NSCLC-PLAT: association of QuanTAV risk groups 

(g) and post-treatment RECIST response (h) with 10-year progression-free survival. (i,j) 

NSCLC-TRI: association of QuanTAV risk groups (i) and post treatment major pathologic 

complete response (j) with 10-year recurrence-free survival.
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Figure 4. 
Organization of vascular network at the tumor interface distinguishes NSCLC tumors that 

experience durable response (left) from those that progress (right) following platinum-based 

chemotherapy (NSCLC-PLAT). High vascular density is observed in both non-progressors 

(a) and progressors (c), but differences in the arrangement of tumor-adjacent (b and d) 

vessels are detectable through QuanTAV Spatial Organization features. e-h) On projection 

images depicting rotation around the tumor centroid (left) and elevation above the tumor 

centroid (right) with respect to distance from the tumor, the standard deviation of vessel 

orientation was elevated among patients who experienced progression. The position of 

vessels in a spherical coordinate system relative to the tumor, depicted in polar plots 

for responders (e) and non-responders (f), were used to derive corresponding spherical 

projection map images (g and h, respectively). Vessel orientation is computed across 

projection images locally via a sliding window. Tumors that achieve durable response 

possessed orderly vasculature with linear paths towards the tumor (e & g). However, patients 

who experienced disease progression possessed tumor-adjacent vasculature with twists 
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and deflections from the tumor with respect to distance from its surface (f), quantifiable 

as increased standard deviation of orientation on spherical projection images (h). This 

abnormal vascular architecture may contribute to poor therapeutic outcome by constraining 

delivery of chemotherapeutics and promoting a treatment resistant tumor microenvironment.
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Table 1.

Breast cancer cohorts explored in this study: anthracycline-based neoadjuvant chemotherapy (BRCA-ACT) for 

HER2-negative patients and targeted therapy for HER2+ breast cancers (BRCA-TCHP).

BRCA-ACT BRCA-TCHP

N 242 129

Pathologic response

Responder 66 66

Non-responder 176 63

Recurrence-free Survival

Event observed, N [median time-to-event, months] 48 [25.0] N/A

Censored, N [median time-to-last-followup, months] 109 [53.3] N/A

Unavailable 85 129

HER2 status

Positive, N 0 129

Negative, N 242 0

Hormone Receptor status

Positive, N 152 86

Negative, N 90 43

Age, years 49.6 ± 10.5 50.1 ± 11.1

Longest diameter, mm 5.4 ± 2.9 4.4 ± 2.9

Cohort

Training 98 69

Testing 144 60
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Table 2.

Non-small cell lung cancer (NSCLC) cohorts explored in this study: platinum-based chemotherapy (NSCLC-

PLAT) and trimodality therapy (NSCLC-TRI).

NSCLC-PLAT NSCLC-TRI

N 97 90

Pathologic Response

Major pathologic response (MPR) N/A 37

non-MPR N/A 53

Imaging Response

Response/Stable Disease 50 36

Progressive Disease 47 54

Survival

Event type Progression Recurrence

Event observed, N [median time-to-event, months] 75 [1.0] 37 [17.6]

Censored, N [median time-to-last-followup, months] 17 [36.0] 53 [40.0]

Unavailable 5 0

Histology

Adenocarcinoma, N 70 65

Squamous Cell Carcinoma/Other, N 27 25

Stage

I, N 4 0

II, N 1 0

III, N 20 90 [84 IIIA, 6 IIIB]

IV, N 69 0

N/A, N 3 0

Sex

Male, N 51 49

Female, N 43 41

N/A, N 3 0

Smoking history

Past smoker, N 79 --

Non-smoker, M 15 --

N/A, N 3 90

ECOG Performance Status

0, N -- 17

1, N -- 66

N/A, N 97 7

Age, years 61.0 ± 13.0 63.2 ± 10.6

Longest diameter, mm 46.3 ± 31.7 52.2 ± 30.2

Cohort
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NSCLC-PLAT NSCLC-TRI

Training 53 44

Testing 44 46
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