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Abstract 
 

A Novel Quantitative Angiography Technique for Guiding Image-Guided 
Vascular Interventions 

 

Sarvesh Periyasamy 

Under the supervision of Dr. Paul F. Laeseke, MD, PhD, Assistant Professor of Radiology & 
Biomedical Engineering at the University of Wisconsin - Madison 

 

Image-guided vascular interventions are a common method of treating a number 

of oncologic and non-oncologic diseases. Such procedures are guided by x-ray based 

contrast-enhanced imaging of blood vessels (angiography). These procedures, including 

angioplasty, stent placement, and embolization are largely qualitative, relying on 

subjective, visual assessment of digital subtraction angiography (DSA) images to diagnose 

pathology, determine procedural endpoints, and evaluate treatment efficacy. 

Angiographic assessment using DSA depends on factors such as observer experience and 

perceptual bias, both of which have been previously shown to be a significant source of 

interpretive error in radiology. This leads to a high degree of interobserver variability and 

decrease in reproducibility.  An objective, quantitative angiographic technique for 

determining procedural endpoints would help standardize vascular interventions, and 
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ultimately build the quantitative link between endpoints and patient outcomes needed to 

improve procedure safety and efficacy. 

 We have developed two quantitative angiography techniques which can be used to 

determine objective treatment endpoints during arterial and venous vascular 

interventions: quantitative digital subtraction angiography (qDSA) and quantitative 

digital subtraction venography (qDSV). In this dissertation, the feasibility of using qDSA 

and qDSV is investigated. qDSA was validated in phantom and in vivo models as an 

accurate technique for performing intra-procedural blood velocity quantitation. In the 

oncologic application of liver embolizations, qDSA was able to quantitatively 

discriminate treatment endpoints, characterize intra-procedural blood velocity changes 

better than a commercially available technique, and correlated with histopathologic and 

functional imaging measures of tissue perfusion. In developing advanced techniques, 

evaluations of super-selective qDSA, volumetric qDSA, and motion-compensation for 

3D-DSAs demonstrated strong feasibility for integration into angiographic procedure 

workflow. In the non-oncologic application of splenic embolization, qDSA was able to 

characterize intra-procedural blood velocity changes, discriminate blood velocity changes 

due to different size particles, and correlated with multi-modal imaging measures of 

reduced portal venous blood flow. In the application of venous intervention, qDSV was 
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accurate across a range of time-modulated injection protocols and methods, accurate in 

in vivo models, and was able to characterize intra-procedural blood velocity changes in an 

in vivo model of iliac vein stenosis. 

This complete body of work successfully demonstrates the strong potential of 

these quantitative angiography techniques for improving patient outcomes related to 

image-guided vascular interventions.  

 



1 
 

 

Chapter 1: Introduction 
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1.1 Image-Guided Vascular Interventions 

  

Interventional radiology is a medical specialty which uses image-guidance to 

perform minimally-invasive procedures to treat patients. Interventional radiologists treat 

up to 10% of all inpatients in the United States, many of whom undergo image-guided 

vascular interventions (1,2). These are procedures in which the physician navigates and 

treats different organs and regions throughout the body using blood vessels (e.g. arteries,  

veins). The aim of many of these vascular interventions is to alter blood flow. In 

procedures such as transarterial embolization, the aim is to reduce arterial blood flow 

through occlusion of the vessel using different types of particles (Figure 1). This can be 

used to starve a tumor of its blood supply (and subsequently, oxygen and nutrients) or it 

can be used to control bleeding from an injured vessel. In other procedures, such as 

angioplasty (ballooning) or stenting, the aim is to restore blood flow by increasing 

patency in a stenotic (narrowed) vessel. These procedures are performed by accessing the 

vascular system (e.g. the femoral artery) through a small incision and needle, and guiding 

wires and catheters to the target location in order to deliver the therapy.  

Vascular interventions are typically guided by real-time x-ray imaging 

(fluoroscopy) using a C-arm x-ray system. Angiography, the visualization of blood vessels 
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and blood flow, is achieved through injection of iodinated contrast. Currently, vascular 

interventions largely rely on qualitative assessments of angiographic images acquired 

during the procedure to diagnose pathology, determine procedural endpoints, and 

evaluate treatment efficacy. In embolizations for example, these assessments include the 

appearance of sluggish contrast flow in the artery or decreased contrast-enhancement of 

the tumor. In angioplasties, these assessments include the appearance of increased 

contrast flow past the area of stenosis and increased contrast-enhancement of the 

downstream organ. These assessments are subjective and can depend on factors such as 

observer experience and perceptual bias; both of these factors have been previously 

shown to be a significant source of interpretive error in radiology (3). This leads to a high 

degree of interobserver variability and a decrease in reproducibility, ultimately affecting 

procedural outcomes (4-6). For example, in peripheral arterial balloon angioplasty, there 

is up to a 52% reduction in success rate based solely on how success is defined (7). In 

hepatic transarterial embolization, an optimal treatment endpoint improves clinical 

outcomes, including a 9-moth survival benefit, but the correlation between subjective 

angiographic endpoints and MR-based tumoral perfusion is poor (8-10). An objective, 

quantitative angiographic technique for determining procedural endpoints would help 

standardize vascular interventions, and ultimately build the quantitative link between 

endpoints and patient outcomes needed to improve procedure safety and efficacy.  
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1.1.1 Figures 

 

Figure 1: Illustration of how embolization reduces tumor perfusion 

In transarterial embolization of a tumor, a catheter is advanced into a target artery (e.g. 

hepatic artery branch). Embolic agents (microspheres, liquid embolics, gelatin sponges, 

etc.) are injected into the tumor-feeding arteries and occlude blood flow to reduce 

perfusion, effectively starving the tumor of oxygen and nutrients. This can be combined 

with chemotherapeutics or radionuclides for combined therapeutic effects.  
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1.2 Digital Subtraction Angiography (DSA) 

 

Digital subtraction angiography (DSA) is an x-ray based vascular imaging 

technique first developed at the University of Wisconsin – Madison in the 1970’s by Dr. 

Charles Mistretta and Dr. Andrew Crummy (11-19). This technique has revolutionized 

many fields of medicine including interventional neurology, interventional cardiology, 

and interventional radiology. It plays a critical role in abdominal and peripheral vascular 

procedures such as angioplasty, stent placement, and transarterial embolization as it is 

used universally for vascular image-guidance. 

The technique helps improve visibility of vascular structures by subtracting away 

background soft tissue and bony anatomy from the final images (Figure 1).  In a typical 

DSA acquisition, iodinated contrast medium is injected into an artery in the fluoroscopic 

field of view. Frames in the image sequence are digitally subtracted from the first frames, 

which do not contain contrast. The first frame is traditionally called the mask. Subsequent 

frames containing contrast will be referred to as the fill in this work. A logarithmic 

subtraction is performed in order to account for the exponential attenuation of x-rays in 

the presence of the  additional contrast. This subtraction is described in the following 

equations where Imask is the intensity of the mask image, I0 is the intensity of the incident 
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x-ray, µb is the linear attenuation coefficient of the background, xb is the thickness of the 

background, Ifill is the intensity of the fill image, µc is the linear attenuation coefficient of 

the contrast agent, and xc is the thickness of the region of contrast. This subtraction may 

be reversed (fill-mask), which will result in a similar image with inverse polarity. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐼𝐼0 𝑒𝑒−𝜇𝜇𝑏𝑏𝑥𝑥𝑏𝑏             𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  𝑒𝑒−𝜇𝜇𝑐𝑐𝑥𝑥𝑐𝑐  

𝐷𝐷𝐷𝐷𝐷𝐷 =  ln 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  ln 𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

𝐷𝐷𝐷𝐷𝐷𝐷 =  𝜇𝜇𝑐𝑐𝑥𝑥𝑐𝑐 

This subtraction, assuming a monoenergetic x-ray beam, no x-ray scatter, and no 

motion of the structures within the image, results in an image with minimal background 

signal and image attenuation largely concentrated in the regions where the contrast has 

been injected into the blood vessels.  

Given that DSA is the gold-standard for guiding and assessing angiographic procedures, a 

robust quantitative technique utilizing DSA would be minimally intrusive to the 

procedural workflow and provide a quantitative complement to current assessment 

methods. This would result in a paradigm shift in clinical practice from the use of 

subjective criteria towards quantitative, tailored, and established therapeutic endpoints 

(Figure 2). Standardized endpoints are also a first and requisite step toward automated, 

closed-loop angiographic procedures to further reduce operator dependence.  
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1.2.1 Figures 

 

 

Figure 1: Example of digital subtraction angiography image processing 

An example of how a digital subtraction angiography (DSA) image is generated. Contrast 

is injected into the common hepatic artery (left) and fills the hepatic vasculature. A frame 

prior to contrast injection (middle) includes all the background anatomy including the 

soft tissue of the liver, stomach, bowel, ribs and other bone. When the two images are 

subtracted, the resulting DSA image has high contrast visualization of the vasculature 

with minimal attenuating signal from the background anatomy. There is some 

subtraction artifact at the top of the image from cardiac motion and some artifact near 

the bottom of the image from movement of bowel gas. Additionally, there is contrast-

enhancement of the right hemi-liver indicating tissue perfusion. 
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Figure 2: Proposed quantitative angiography-guided procedural workflow 

A proposed-quantitative angiography guided workflow, using DSA, for performing 

embolization procedures. The interventionalist acquires quantitative angiographic images 

throughout the procedure with real-time access to blood flow data. They are able to use 

this information to select the optimal treatment endpoint, mitigating concern for under- 

or over-treatment.  
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1.3 Quantitative Digital Subtraction Angiography (qDSA) 

 

 

1.3.1 qDSA Validation Study 

Purpose 

In response to the need for a method for determining objective intra-procedural 

treatment endpoints, we proposed a quantitative digital subtraction angiography (qDSA) 

technique which uses the naturally occurring, under-exploited inherent cardiac pulsatility 

of arterial flow in addition to spatial information within an artery to compute blood 

velocity. After initial development of the technique, we conducted a study to validate 

qDSA (20). The objective of the study was to assess the accuracy and precision of a time-

resolved quantitative 2D DSA (qDSA) technique and to determine its feasibility for in 

vivo measurement of blood velocity.    

Materials and Methods 

A quantitative DSA technique was developed to calculate intra-procedural blood 

velocity.  

The proposed technique uses the inherent cardiac pulsatility of arterial flow in 

addition to spatial information within an artery to compute blood velocity. Pulsatility of 
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arterial blood flow during a contrast injection results in an time-oscillating contrast signal 

in the time-attenuation curve (TAC) of a given pixel in the DSA image sequence. This 

oscillation of signal represents a trackable marker of blood flow. Given two pixels along a 

vessel separated by distance d, the TACs from the two pixels will have similar time-

oscillating signals, offset by some temporal shift t. This temporal shift corresponds to the 

time a contrast bolus travels through a vessel. A shifted-least squares approach is 

employed to calculate the temporal shift. Distances and temporal shifts can be computed 

for pairs of points along the vessel centerline to improve statistical power and results in a 

spatially averaged blood velocity v.   

𝑣𝑣 =  
𝑑𝑑
𝑡𝑡  

In vitro validation was performed by comparing velocities from the qDSA method 

and an ultrasonic flow probe in a bifurcation phantom. Parameters of interest included 

baseline flow rate, contrast injection rate, projection angle, and magnification. In vivo 

qDSA analysis was completed in five different branches of the abdominal aorta in two 

50 kg swine and compared to 4D Flow MRI. Linear regression, Bland-Altman, Pearson’s 

correlation coefficient and chi squared tests were used to assess the accuracy and 

precision of the technique. 
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Results 

In vitro validation showed strong correlation between qDSA and flow probe 

velocities over a range of contrast injection and baseline flow rates (slope = 1.012, 95% CI 

[0.989,1.035], Pearson’s r = 0.996, p < .0001) (Figure 1). The application of projection 

angle and magnification corrections decreased variance to less than 5% the average 

baseline velocity (p = 0.999 and p = 0.956, respectively). In vivo validation showed strong 

correlation with a small bias between qDSA and 4D Flow MRI velocities for all five 

abdominopelvic arterial vessels of interest (slope = 1.01, Pearson’s r = 0.880, p = <.01, 

Bias = 0.117 cm/s) (Figures 2). 

Conclusions 

The proposed method allows for accurate and precise calculation of blood 

velocities, in near real-time, from time resolved 2D DSAs. 
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1.3.2 Figures 

 

Figure 1: Phantom and in vivo validation of qDSA  

The velocity calculations using qDSA are consistent and accurate across different flow 

rates in a phantom model (top). The velocity calculations using qDSA are strongly 

correlated with velocities measured using 4D Flow MR in an in vivo model (bottom). 
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Figure 2: In vivo correlation of qDSA and 4D Flow MRI 

Quantitative angiographic images for both the 4D Flow MRI and qDSA methods from 

Swine 1. The magnetic resonance angiogram (MRA) 3D reconstruction was manually 

segmented and average velocities were calculated for the associated DSA vessels. The 

distribution of velocities was similar between both imaging modalities. (Adapted from 

Hoffman, CVIR Endovasc, 2021)  



15 
 

 

1.4 Prelude 

 

The following dissertation provides an in-depth exploration of quantitative digital 

subtraction angiography and venography (qDSA and qDSV) and their potential 

applications. Chapter 2 investigates the use of qDSA for oncologic applications, 

specifically, embolization of liver tumors. Chapter 3 investigates advanced qDSA 

techniques which would increase the robustness and translatability of the method, 

particularly in the liver. Chapter 4 investigates the use of qDSA for non-oncologic 

applications, specifically, embolization of the spleen. Chapter 5 investigates qDSV, a 

sister-technique which employs temporally-modulated injections for use in venous 

interventions. Chapter 6 discusses ongoing investigation and future avenues of research 

for qDSA and qDSV. 
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2.1 Introduction 

 

 Following successful development and validation of quantitative digital 

subtraction angiography (qDSA) for intra-procedural blood velocity quantitation, we 

sought to determine how qDSA could be used for application in vascular intervention of 

cancer, in particular, liver embolizations. This chapter explores the feasibility of 

performing intra-procedural hepatic qDSA, how it compares to currently available 

techniques, and how it correlates with tissue-level changes.  
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2.2 Motivation 

 

Primary liver cancer, or hepatocellular carcinoma (HCC), is the sixth most 

common malignancy worldwide and the fourth leading cause of cancer death, with over 

841,000 new cases and 781,000 deaths annually (1,2). The incidence of HCC in developed 

countries, including the US, has risen dramatically in the last two decades due to the 

increased prevalence of hepatitis B and C, alcoholic liver disease, and non-alcoholic fatty 

liver disease. Many of these conditions lead to chronic liver disease and the development 

of cirrhosis, a known nidus for HCC pathogenesis. In addition to primary tumors, the 

liver is also a common site of metastatic disease for a number of other primary cancers.  

Surgical resection is considered the gold-standard for patients with early stage HCC or 

limited metastatic disease; liver transplantation represents another curative option as it 

cures the tumor and can treat any underlying cirrhosis (3). Unfortunately, as few as 30% 

of patients are considered operable because of tumor size, number, and medical co-

morbidities (4). In the US, as few as 5% are suitable candidates due to concomitant 

cirrhosis (5). For patients who have unresectable intermediate stage disease (Stage B, 

Barcelona Clinic Liver Cancer Staging), intra-arterial therapies, such as transarterial 

chemoembolization (TACE), are the mainstay of treatment (6). TACE involves the 
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targeted delivery of embolic material to arteries feeding a tumor using drug-eluting beads 

or a chemotherapeutic-embolic particle emulsion. The embolization induces tumor 

necrosis by interrupting the tumor’s blood supply whilst simultaneously increasing the 

dwell time and cytotoxicity of the chemotherapeutic agents. TACE can significantly 

prolong survival in HCC patients, with a 2-year survival rate of 63% compared to 27% in 

patients under conservative treatment (7,8). Additionally, TACE can serve as a bridge to 

transplantation by delaying disease progression to a degree that patients will maintain or 

satisfy Milan criteria, the inclusion criteria by which most transplant centers select liver 

transplant candidates (9-11).  

Outcomes after TACE are influenced by variations in how the procedure is 

performed, including embolic agents and drugs delivered, drug dose, and lipiodol use. 

Regardless of how it is performed, the efficacy of all TACE procedures depends on 

achieving the appropriate degree of blood flow stasis in the target vasculature (12). If too 

little stasis is achieved, there will be insufficient tumor necrosis. If complete stasis is 

achieved (overembolization), non-target parenchyma will suffer and the procedure can 

increase liver toxicity, accelerate liver failure, and lead to increased mortality (13). 

Complete stasis can also upregulate angiogenic factors within the tumor and lead to 

increased tumor growth (14-17). Sub-stasis, the optimal endpoint, facilitates tumor 
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necrosis with minimal injury to surrounding liver, but currently cannot be determined 

via objective reproducible means.  

Currently, TACE procedures are guided by digital subtraction angiography (DSA), an 

imaging technique that uses contrast injection and image subtraction to highlight 

vasculature whilst minimizing distracting anatomical background (18,19). During the 

course of a procedure, an interventional radiologist will continue injecting embolic 

particles into the tumor-feeding arteries until it appears on DSA that the artery is 

sufficiently blocked (e.g. the appearance of sluggish antegrade flow contrast flow within 

the vessel) and the blush (tumor parenchymal contrast enhancement from perfusion) in 

the region of the tumor is eliminated. The difference between sub-stasis and complete 

stasis requires visual determination of minimal vs no antegrade flow and parenchymal 

enhancement respectively. This visual assessment, an angiographic endpoint, is entirely 

subjective and is dependent on factors like operator experience, perception, and bias. 

Perceptual variation has been shown to be an important source of interpretive error in 

radiology (20). As such, subjective angiographic endpoints have been shown to have 

minimal correlation with actual tumor perfusion, which can lead to a wide variation in 

procedural outcomes (21). There is no objective and standardized intra-procedural 

method for determining the optimal embolization endpoint. 
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Attempts have been made to develop an objective embolization endpoint. One, 

quantitative 4D transcatheter intra-arterial perfusion MRI, showed promise as an intra-

procedural metric (22-24); this technique, however, lacks feasibility as it requires a 

complex hybrid angiography/MR suite only available at select institutions, and also 

requires significant time and cost. There are also investigations into using pre- and post-

procedure perfusion imaging in order to quantitatively assess the effectiveness of an 

embolization, but these techniques only provide peri-procedural assessment and do not 

allow for intra-procedural guidance (25-27). Recently, color-coded DSA (ccDSA) analysis 

has demonstrated validity as a tool for quantifying embolization endpoints (28). The 

technique, however, is susceptible to variability from factors such as vessel size, 

vessel/tissue overlap, turbulent flow, contrast injection rate, catheter position, and motion 

artifact (29-31). 

We propose a quantitative angiography method (qDSA) that extracts blood flow 

information from time-resolved 2D DSA and correlates with tissue perfusion. Our 

method uses the inherent cardiac pulsatility in arteries to measure the distance travelled 

and transit time of transient contrast boluses developed during contrast injection. Using 

this time and distance information, the blood flow velocity (BFV) of blood in a segment 

can be calculated. This velocity information can be combined with cross-sectional data 
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from three-dimensional scans (e.g. cone-beam CT, 3D-DSA) to calculate blood flow. 

While blood flow is the factor of primary interest, we will predominantly evaluate velocity 

given that the cross-sectional area of the target arteries does not significantly change 

during an embolization. During the course of an embolization procedure, DSA 

acquisitions can be serially acquired and the real-time changes in blood flow of an 

embolized vessel can be measured using qDSA. Ultimately, an optimal sub-stasis 

endpoint can be identified which corresponds with a particular reduction in blood flow 

calculated using the qDSA method. The endpoint would be reproducible across operator, 

equipment, and institution. This method would be minimally intrusive to the current 

embolization workflow, as the interventional radiologist is already acquiring DSAs during 

the procedure and it would only require modification to the acquisition parameters. This 

method also minimizes risk to the patient, as there is no introduction of new devices and 

no dramatic changes to the procedure. We believe our qDSA method will improve the 

efficacy of TACE by allowing for the achievement of standardized, reproducible, and 

objective sub-stasis endpoints. It will also improve the safety of TACE by helping 

radiologists avoid complete-stasis endpoints that can otherwise increase liver toxicity and 

mortality. 



28 
 

 

We hypothesize that (1) qDSA is able to characterize real-time changes in blood 

flow during embolization and discriminate angiographic embolization endpoints, (II) 

qDSA is as effective or superior to a commercially available quantitative technique for 

characterizing blood flow changes during embolization, and (III) the changes in blood 

flow characterized by qDSA correlate with tissue-level perfusion changes. The objective of 

this study was to demonstrate the feasibility of using qDSA to characterize intra-

procedural changes in hepatic arterial blood flow in response to transarterial 

embolization (TAE) in an in vivo porcine model.  
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2.3 Characterizing Reductions in Hepatic Arterial Blood Flow 

During Transarterial Embolization Using qDSA 

 

2.3.1 Materials and Methods 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Transarterial embolization 

was performed in the livers of eight swine (mean weight, 49.4 ± 2.0 kg). Subjects were 

sedated with an intramuscular administration of 7 mg/kg of tiletamine hydrochloride-

zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), 

endotracheally intubated, and then underwent anesthesia induction and maintenance 

with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New Jersey).  

Transarterial Embolization  

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the 

common hepatic artery selected with a 5 Fr angled glide catheter. A 3D-DSA was 

acquired to delineate hepatic arterial anatomy and determine an optimal projection angle. 

Prior to embolization, a 30 frames per second (fps) 2D-DSA of the common hepatic 

artery was acquired using an injection of iohexol 300 mg/mL (Omnipaque 300; GE 
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Healthcare, Waukesha, Wisconsin) (see Table 1 for imaging parameters). All DSA images 

were acquired with breath holds.  

In each animal, up to two (of four) hepatic lobes were selected for embolization 

(see Table 1 for embolization and DSA acquisition parameters). Bland embolizations 

(n=10) were performed given that the primary objective of the study was to characterize 

reductions in blood flow velocity. A 0.014” guidewire was used to select a second-order 

hepatic artery branch supplying the target lobe, after which a 2.8 Fr microcatheter was 

advanced into the vessel. Once the microcatheter was correctly positioned, an 

embolization was performed using 100-300 um microspheres (Embosphere Microsphere; 

Merit Medical Systems, South Jordan, Utah) diluted in 10 mL of ioxhexol 300 mg/mL. 

Embolizations were performed to partial- or sub-stasis based on a version of the SACE 

scale modified for normal liver tissue (Table 2) [7]. In a subset of embolizations (n=7), 

additional intraprocedural DSA images were acquired after delivery of embolic particle 

aliquots (0.5-3 mL) in order to generate BFV reduction-embolization curves to better 

characterize changes in velocity throughout a liver embolization. After each aliquot, the 

microcatheter was withdrawn, a 2D-DSA (with same imaging parameters as the baseline) 

was acquired via the stationary base catheter positioned in the common hepatic artery, 

the target vessel was reselected with the microcatheter and the embolization resumed. In 
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these embolizations, there was a minimum of two minutes between microcatheter 

withdrawal and subsequent imaging in order to minimize any effects of transient arterial 

spasm.   

qDSA Method  

The qDSA method uses inherent oscillations in the image contrast caused by 

arterial flow pulsatility as a trackable marker of BFV in the artery. The oscillatory image 

signal is measured in the time-attenuation curves (TAC) of pixels along the centerline of 

a vessel. When two TACs from two pixels along the centerline of the vessel (separated by 

a distance) are superimposed, the temporal shift between the two functions represents the 

time of contrast transit along the vessel. An in vivo example of the TAC shift in a porcine 

model is illustrated in Figure 1.  Distances and temporal shifts (using a shifted-least 

squares approach (32)) can be found for all pairs of points along the centerline of a vessel 

in order to calculate a spatially-averaged BFV in the vessel of interest. An algorithm 

employing the qDSA method was implemented in MATLAB (MATLAB R2018b version 

9.5, MathWorks, Natick, Massachusetts) using a custom-built program.   

ccDSA Method  

A commercially available ccDSA method (syngo iFlow, Siemens Healthineers) 

was used to calculate time-to-peak (TTP) in the embolized vessel. A region-of-interest 
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(ROI) was placed in the proximal segment of the vessel with diameter equal to the width 

of the vessel in order to estimate a TTP (Figure 1c). The segment of vessel analyzed was 

the same as that used for the qDSA analysis.  

Image Analysis  

A post-hoc analysis of all DSA images was performed using both the qDSA and 

ccDSA methods. A decrease in qDSA calculated BFV and an increase in ccDSA calculated 

TTP was the expected result in response to a blood flow reduction due to embolization.  

qDSA calculations were performed on a laptop computer with 16 GB of RAM. ccDSA 

calculations were performed on the angiography suite workstation (Artis zee; Siemens 

Healthineers, Forcheim, Germany).  

Statistical Analysis  

To compare the reduction in hepatic arterial BFV between hepatic lobes that were 

embolized to sub-stasis versus those that were embolized to partial-stasis, a linear mixed 

model was fit to the data using the ‘lme4’ package, where the individual animal was 

modeled as a random intercept [15]. To assess the correlation between embolization and 

reduction in BFV (relative to baseline [%]), a similar linear mixed model was estimated. 

All mixed model p-values were calculated using Satterthwaite’s approximation.   



33 
 

 

To assess the correlation between qDSA and embolization, seven linear models were fit to 

the data for each individual animal, where qDSA was modeled as the response variable. 

From each model, the Pearson’s correlation coefficient (r) the mean-squared error (MSE), 

and coefficient of determination (R2) were calculated. Similar models and metrics were 

calculated to assess the association between ccDSA and embolization.  To test if the MSE 

for the qDSA models was less than the MSE for the ccDSA models, a one-sided, paired, 

Wilcoxon-rank sum test was used. The same test was used to test if the R2 for the qDSA 

models was greater than the ccDSA models. To determine if the absolute correlation 

between qDSA and embolization was stronger than that of ccDSA and embolization, the 

paired, overlapping, correlation coefficients were tested at the animal level [16].   

For this analysis, a p-value less than 0.05 was considered statistically significant. Given the 

exploratory nature of this study, no corrections for multiple testing were applied to 

resulting p-values. All statistical analyses were done using R (V 3.6.1) [17].  
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2.3.2 Results 

Embolization Endpoints 

Hepatic lobes that were embolized to sub-stasis angiographic endpoints had 

statistically significant greater reductions (p < 0.01) in hepatic arterial blood flow velocity 

when compared with those embolized to partial-stasis endpoints as calculated using 

qDSA (Figure 2). There was no statistically significant difference between sub-stasis and 

partial-stasis angiographic endpoints with regards to time-to-peaks calculated using 

ccDSA (p = 0.56). Lobes embolized to partial-stasis angiographic endpoints had a mean 

calculated BFV of 45.2%±5.1% and a mean TTP of 120.3%±9.5% (n=4) expressed as a 

percentage of the baseline value. Lobes that were embolized to sub-stasis angiographic 

endpoints had a mean calculated BFV of 22.4%%±12.2% and a mean TTP of 

113.2%±19.4% (n = 6) as a percentage of the baseline.  

Blood Flow Velocity Reduction During Embolization 

In embolizations during which images were acquired throughout the procedure, 

there was a negative linear relationship between qDSA calculated BFVs and the volume of 

embolic particles delivered in all 7 hepatic lobes. There was a positive linear relationship 

between ccDSA calculated TTP and the volume of embolic particles delivered in 5 out of 

7 lobes. qDSA calculated BFVs were compared to ccDSA calculated TTPs with 
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correlation, MSE, and R2. The values are reported for qDSA and ccDSA in each animal in 

Table 3. The average correlation was -0.86 for qDSA and 0.36 for ccDSA. The average 

MSE for qDSA was 0.22, which was significantly smaller (p < 0.01) than the MSE for 

ccDSA, 0.62. The average R2 for qDSA (0.75) was significantly larger (p < 0.01) than the 

R2 for ccDSA (0.30). A representative embolization from Animal 1 is presented in Figure 

3. qDSA calculated blood velocities and ccDSA calculated TTPs for all animals are 

presented in Figure 5. 
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2.3.3 Tables 

Table 1: Embolization and imaging parameters for all in vivo studies 

Animal 
Artery 

Embolized 
Angiographic 

Endpoint 
Projection Angle 

Contrast 
Injection Rate 

Contrast 
Volume 

1 LMHA* Sub-Stasis 0 degrees 2.5 mL/s 15 mL 
2 LMHA* Sub-Stasis 0 degrees 2.5 mL/s 15 mL 
3 LMHA* Partial-Stasis 30 degrees LAO 2.5 mL/s 15 mL 
3 RLHA Sub-Stasis 30 degrees LAO 2.5 mL/s 15 mL 
4 LMHA* Partial-Stasis 50 degrees LAO 3.0 mL/s 18 mL 
5 LMHA* Sub-Stasis 0 degrees 2.5 mL/s 15 mL 
5 RMHA Partial-Stasis 0 degrees 2.5 mL/s 15 mL 
6 LMHA* Sub-Stasis 0 degrees 2.0 mL/s 16 mL 
7 LMHA* Partial-Stasis 0 degrees 2.0 mL/s 16 mL 
8 LMHA Sub-Stasis 0 degrees 2.5 mL/s 15 mL 

 

LHMA: left medial hepatic artery, RLHA: right lateral hepatic artery, RMHA: right 
medial hepatic artery, LAO: left anterior oblique, DSA: digital subtraction angiography 
 
*additional DSA images acquired throughout embolization to generate BFV reduction-
embolization curves 
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Table 2: Modified subjective angiographic embolization endpoint scale 

Grade Stasis Endpoint Antegrade Flow Parenchymal Enhancement 

1 No stasis Normal Normal 
2 Partial-stasis Reduced Reduced 
3 Sub-stasis Minimal Minimal 
4 Complete stasis None None 
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Table 3: Linear model analysis of degree of embolization and qDSA or ccDSA 

Animal 
Correlation Mean Squared Error R2 

qDSA ccDSA qDSA ccDSA qDSA ccDSA 
1 -0.96 0.70 0.08 0.46 0.92 0.49 
2 -0.60 0.42 0.61 0.78 0.36 0.18 
3 -0.87 -0.14 0.20 0.82 0.76 0.02 
4 -0.85 0.59 0.23 0.55 0.72 0.34 
5 -0.80 0.50 0.33 0.62 0.64 0.25 
6 -0.98 -0.38 0.03 0.76 0.97 0.14 
7 -0.94 0.82 0.10 0.28 0.89 0.68 

 
qDSA: quantitative digital subtraction angiography, ccDSA: color-coded digital 
subtraction angiography, R2: coefficient of determination 
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2.3.4 Figures 

 

Figure 1: Example qDSA and ccDSA in an in vivo porcine liver model 

Quantitative digital subtraction angiography (qDSA) in an in vivo porcine model. A pre-

embolization common hepatic arteriogram (a) was acquired. Proximal (red) and distal 

(blue) points along the left medial hepatic artery were analyzed. The time-attenuation 

curves (TAC) from the two points are superimposed (b), illustrating a visible temporal 

shift. The temporal shift represents the transit time of transient contrast boluses 

developed from contrast pulsatility. A manual spatial and temporal segmentation was 

completed to ensure adequate centerlines and strong contrast signal pulsatility. A shifted-

least squares approach was used to iteratively calculate temporal shifts in the TACs 

between all pairs of points along the centerline in order to calculate the spatially-averaged 

blood velocity for the segmented vessel.   A color-coded DSA (ccDSA) from the same 

sequence (c) shows the baseline time-to-peaks (TTP) in the hepatic vasculature. A region-
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of-interest in the at the site of embolization (white circle) with diameter equal to the 

vessel diameter is selected for assessment. 
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Figure 2: Transarterial embolization angiographic endpoints quantified using qDSA 
and ccDSA 

Post-embolization qDSA calculated blood flow velocities (BFV) and ccDSA calculated 

time-to-peaks (TTP), relative to baseline, from embolizations performed to partial-stasis 

and sub-stasis endpoints. There was a statistically significant greater reduction in mean 

blood velocity relative to baseline for sub-stasis embolizations compared to partial stasis 

embolizations. There was no significant difference between stasis endpoints when using 

ccDSA. 
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Figure 3: Representative in vivo velocity reduction-embolization curve 

A representative velocity reduction-embolization curve from an incremental 

embolization performed in the left medial hepatic artery (white arrow) in a porcine 

model. There is a strong negative correlation between the qDSA calculated blood 
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velocities and the volume of embolic particles delivered. There is a weak positive 

correlation between ccDSA calculated TTP and the volume of embolic particles delivered. 

The reduction in qDSA calculated blood velocities from baseline (1, yellow highlight) to 

partial stasis (2, green highlight) to sub-stasis (3, blue highlight) agrees with a qualitative 

angiographic assessment of increasing perfusion defect in the embolized region (red 

arrow). The relative change from baseline is larger in qDSA (9.0% reduction in blood 

velocity per mL of embolic particles delivered) than in ccDSA (1.5% increase in TTP per 

mL of embolic particles delivered). 
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Figure 4: Complete in vivo velocity reduction-embolization curve data 

Intraprocedural qDSA (blue) and ccDSA (red) measurements from all embolizations 

performed incrementally (n=7). qDSA measurements are expressed as blood velocity 

(BV) as a percentage relative to baseline. ccDSA measurements are expressed as time-to-

peak (TTP) as a percentage relative to baseline. 
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2.4 Characterization of Tissue-Perfusion Changes in Response 

to Transarterial Embolization of the Liver Using qDSA 

 

2.4.1 Materials and Methods 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Transarterial embolization 

was performed in the livers of five swine (mean weight, 47.8 ± 10 kg). Subjects were 

sedated with an intramuscular administration of 7 mg/kg of tiletamine hydrochloride-

zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), 

endotracheally intubated, and then underwent anesthesia induction and maintenance 

with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New Jersey).  

Transarterial Embolization  

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the 

common hepatic artery selected with a 4 Fr angled glide catheter. A 3D-DSA was 

acquired to delineate hepatic arterial anatomy and determine an optimal projection angle. 

Prior to embolization, a 30 frames per second (fps) 2D-DSA of the common hepatic 
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artery was acquired using an injection of iohexol 300 mg/mL (Omnipaque 300; GE 

Healthcare, Waukesha, Wisconsin). All DSA images were acquired with breath holds.  

Transarterial Embolization Pathology Analysis 

In each animal (n=3), up to two (of four) hepatic lobes were selected for 

embolization. Bland embolizations were performed given that the primary objective of 

the study was to characterize reductions in blood flow velocity. A 0.014” guidewire was 

used to select a second-order hepatic artery branch supplying the target lobe, after which 

a 2.8 Fr microcatheter was advanced into the vessel. Once the microcatheter was correctly 

positioned, an embolization was performed using 100-300 um microspheres 

(Embosphere Microsphere; Merit Medical Systems, South Jordan, Utah) diluted in 10 mL 

of ioxhexol 300 mg/mL. Embolizations were performed to partial- or sub-stasis based on 

a version of the SACE scale modified for normal liver tissue  

Swine were euthanized after a 3-hour standby period to allow for acute ischemic 

changes to occur. Following euthanasia, the liver was immediately procured and sampled 

liver lobes were placed in 10% neutral buffered formalin and submitted for 

histopathology. Tissues were serially sectioned at approximately 1–1.5 cm intervals prior 

to complete fixation and examined grossly for changes such as congestion and 

hemorrhage. One to two affected regions (if present) were sampled from each submitted 



47 
 

 

tissue. Samples were placed in standard histology cassettes in 10% neutral buffered 

formalin until fully fixed, then underwent routine tissue processing and paraffin 

embedding. Histologic sections were made at a thickness of 5 um and subsequently 

stained with hematoxylin and eosin. Slides were examined for changes such as 

congestion, hemorrhage, and necrosis as well as the presence of intravascular embolic 

beads. Embolic bead density was also calculated. 

Transarterial Embolization PET/MR Analysis 

In each animal (n=2), the left hepatic lobes were embolized. Bland embolizations 

were performed given that the primary objective of the study was to characterize 

reductions in blood flow velocity. A 0.014” guidewire was used to select the left hepatic 

artery, after which a 2.8 Fr microcatheter was advanced into the vessel. Once the 

microcatheter was correctly positioned, an embolization was performed using 100-300 

um microspheres (Embosphere Microsphere; Merit Medical Systems, South Jordan, 

Utah) diluted in 10 mL of ioxhexol 300 mg/mL Intra-procedural qDSAs were performed 

to calculate the percent reduction in blood velocity in the left hepatic artery. One animal 

was embolized to a quantitative partial stasis endpoint (~40-50%). The other animal was 

embolized to a quantitative sub-stasis endpoint (~70-80%). Following embolization, 10 

Mbq/kg of 18F-FMISO was administered and PET/contrast-enhanced MR images were 
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acquired. PET/MR images were analyzed retrospectively to determine the peak SUVs in 

hypoxic regions of the treated liver as well as in regions of non-treated liver(right lateral 

lobe). Images were also analyzed to determine the percent volume of hypoxic tissue 

relative to the total liver. 
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2.4.2 Results 

Pathology analysis 

Embolized lobes submitted for pathologic assessment (n = 4) were grossly mottled 

with purple-black discolorations in a multifocal coalescing pattern (Figure 1). Discolored 

patches were more frequently peripheral to major vessels of individual hepatic lobules. 

Lobes that were embolized to sub-stasis endpoints had greater extent of patchy 

discolorations than those lobes embolized to partial stasis. 

On histopathologic evaluation, sections taken from embolized lobes contained 

multifocal intra-arteriolar globular material consistent with embolic particles (Figures 2a 

& 2b). The particles occluded anywhere from 10% to 90% of the vascular lumen. There 

was a moderate, positive correlation (p < 0.01) between the number of embolic particles 

in a section of tissue and the degree of embolization as quantified by the reduction in 

calculated BFV using the qDSA method (Figure 3). Sections taken from lobes that were 

not embolized (n=3) did not contain visible particles. 

All embolized lobes showed evidence of acute ischemic changes (Figures 2c & 2d). 

These changes included moderate-to-severe hepatocyte dissociation with moderate-to-

severe multifocal intralobular, interlobular, septal, periportal, central, and capsular 

hemorrhage. Additionally, there was moderate-to-severe septal and periportal 
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neutrophilic inflammation. Hepatocyte degeneration and necrosis were low-to-moderate, 

but more significant in central regions of the liver compared to those at the periphery. 

Sections taken from lobes that were not embolized showed minimal hepatocyte loss and 

low numbers of neutrophilic and lymphocytic infiltration. There was minimal evidence to 

suggest ischemic changes in non-embolized lobes.  

F18-MISO PET/MR Analysis 

Post-embolization DSA images showed significant decrease in parenchymal 

enhancement and antegrade arterial flow in the left hemi-liver. On qDSA, left hepatic 

arterial blood velocity decreased by 45% and 77% when treated to partial and sub-stasis, 

respectively.  

On PET/MR, there was decreased arterial phase enhancement of the left hemi-

liver and the distribution of FMISO avid regions was heterogeneous, particularly in the 

central liver and left medial lobe. Regions of high hypoxic signal surrounded regions of 

low signal(indicating central necrosis).In the animal treated to partial-stasis, peak SUV 

was 5.03 in the region of strong hypoxia and 1.69 in the untreated liver. The volume of 

hypoxic tissue (90 cc)was8% of the total liver (1112 cc). In the animal treated to sub-

stasis, peak SUV was 5.22 in the region of strong hypoxia and 1.60 in the untreated liver. 

The volume of hypoxic tissue (302 cc) was23% of the total liver (1325 cc).   
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2.4.3 Figures 

 

Figure 1: Representative gross pathology of embolized liver lobe 

A representative example of the gross acute appearance of the liver following transarterial 

embolization. Following embolization of the left medial hepatic artery, the left medial 

lobe (yellow) exhibits patchy discoloration indicative of infarctions. The other three lobes 

(right lateral, right medial, and left lateral lobe) appear largely normal. 
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Figure 2: Representative histopathology of embolized liver lobe 

Representative histology slides from embolizations performed in the livers of a porcine 

model. Globular material consistent with embolic particles (black arrows) can be seen 

occluding the lumen of blood vessels to varying degrees at low (a) and high (b) 

magnifications. Typical acute ischemic changes observed in the embolized lobes included 

moderate-to-severe hepatocyte dissociation with moderate-to-severe multifocal 

intralobular, 
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interlobular, septal, periportal, central, and capsular hemorrhage (c). Sampled tissue from 

embolized lobes also included moderate-to-severe septal and periportal neutrophilic 

inflammation (d). 
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Figure 3: qDSA blood flow velocity reduction correlation with tissue embolic particle 
density 

An embolic density-blood velocity plot illustrating the number of embolic particles 

observed in sampled tissue relative to the qDSA calculated reduction in blood velocity. 

The data provided evidence of a moderate, positive correlation between the density of 

embolic particles in embolized tissue and the degree of blood velocity reduction achieved 

via embolization (p<0.01). 
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Figure 4: Representative F18-MISO PET/MR images 

Multimodal (a) coronal images of the liver shows correlation of decreased contrast-

enhancement in the left hemi-liver on cone-beam CT (CBCT) and MR angiography 

(MRA). On corresponding PET imaging, the hypoxia signal is strongest in the upper 

portion of the left medial lobe. PET/MR fusion of an axial image (b) illustrates a region of 

strong FMISO avidity (hypoxic tissue) with a central “cold-spot” (central necrosis).  
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Figure 5: qDSA-calculated blood velocity reduction correlation with F18-MISO PET 
degree of hypoxia 

Arteries embolized to a greater degree of blood flow stasis showed an increase in the 

degree of qDSA-calculated reduction in blood velocity. In the livers treated to a greater 

degree of stasis, there is an increase in the extent of hypoxic damage, determined by 

regions demonstrating post-embolization 18F-FMISO avidity, relative to the total volume 

of the liver .  
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2.5 Discussion 

 

The results indicate that qDSA is a more effective quantitative technique for 

determining treatment endpoints than the commercially available ccDSA technique (H1). 

Embolizations performed to greater degrees of stasis on angiography had 

correspondingly greater reductions in BFV as calculated by the qDSA method. Although 

the ccDSA method did calculate increased TTP after embolization, it was not able to 

significantly discriminate between stasis endpoints. Such a predictable relationship 

between velocity reduction on qDSA and degree of embolization is critical for 

determining in real-time, not only if additional embolic particles are needed to achieve 

sub-stasis, but approximately how many. qDSA may facilitate achieving standardized, 

reproducible, and objective endpoints during liver embolization given these results. 

In a controlled setting, qDSA demonstrated a stronger correlation with the degree 

of embolization than a commercially available color-coded technique (ccDSA) that 

calculates TTP (H2). Techniques such as ccDSA use information in a limited spatial 

region of a vessel segment and may be more susceptible to variations in imaging 

parameters (29-31). Additionally, image artifacts, such as those caused by respiratory 

motion, can introduce error in TTP calculations. Although ccDSA is capable of detecting 
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a large change in flow, it is less suitable for intra-procedural guidance of an embolization. 

In contrast, the qDSA technique measures a physiologic variable, blood velocity, which is 

spatially and temporally-averaged over a selected vessel segment, making it less 

susceptible to changes in imaging parameters. Additionally, temporal segmentation used 

in the qDSA calculation (removing frames corrupted by motion) makes the technique 

more robust and immune to motion artifacts present in a DSA sequence. The granularity 

achieved in measurements using qDSA may permit titration of an embolization in a way 

that is otherwise not achievable with currently available quantitative methods. Although 

DSA images were acquired in regular intervals for the purpose of this study, this 

technique may not be necessary clinically; instead the measurements may be used 

intermittently to quantitatively confirm progress of an embolization where a subjective 

angiographic assessment may otherwise be used. 

On pathologic and functional imaging analysis, qDSA demonstrated a correlation 

with tissue level perfusion changes (H3). In functional imaging assessment, F-18 

fluoromisonidazole (FMISO), a well characterized hypoxia PET radiotracer, was used to 

measure post-embolization acute hypoxia in the liver (34-36). In livers embolized to a 

higher degree of qDSA-determined blood flow stasis, there was a larger volume of 

hypoxic damage relative to the total liver on F-FMISO PET/MR imaging. In gross 
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assessment, the extent of ischemic damage inflicted on the liver parenchyma 

corresponded with embolizations performed to greater degrees of stasis as characterized 

by qDSA. Additionally, the reduction in velocity on qDSA had a moderate to strong 

correlation with embolic particle density of ischemic regions within the embolized lobe. 

This relationship between qDSA and pathology and functional imaging is important in 

confirming that the flow-based changes detected by the technique are an appropriate 

surrogate for tissue-level perfusion changes, the primary endpoint of interest for an 

embolization procedure.  

Other attempts have been made to develop an objective embolization endpoint 

using volumetric imaging. One, quantitative 4D transcatheter intra-arterial perfusion 

MRI, showed promise, however, lacks feasibility as it requires a complex and costly 

hybrid angiography/MR suite only available at select institutions (22,23). A recent study 

demonstrated the feasibility of using quantitative 4D-DSA to depict changes in hepatic 

arterial blood velocity during transarterial embolization in a swine model, but the method 

requires lengthy data acquisition times and greater amounts of iodinated contrast (32,33). 

The 2D qDSA technique described here could be easily translated to intra-procedural 

clinical workflows given that it would only require modification to image acquisition 

parameters. Our qDSA calculations were performed in 1–2 minutes using a laptop 
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computer; integration into an imaging system with high computing power would permit 

near-real time calculations (on the order of seconds). 

It should be noted that, in its current form, qDSA does require additional 

radiation dose from additional DSA scans. Previous studies have shown the utility of 

quantitative fluoroscopy, although those techniques suffer from many of the same 

limitations as ccDSA. qDSA may feasibly be performed using fluoroscopy, as long as 

there is sufficient signal in the image to identify peaks in the TAC and there is sufficient 

temporal resolution to sample the signal. This would significantly decrease radiation 

exposure compared to subtracted images. 

This feasibility study had several limitations. TAE was performed in the livers of 

non-tumor bearing swine, a model which does not entirely represent the hemodynamics 

of a human liver with HCC. The qDSA method also has certain technical limitations 

including the calculation of blood flow velocity rather than flow, as it lacks the cross-

sectional area measurement necessary to calculate volumetric flow. The results from this 

study, however, indicate that changes in relative velocity can be used as an appropriate 

surrogate for changes in flow. The shifted-least squares approach used in qDSA relies on 

adequate sampling of a time-varying pulsatile signal, which limits the ability to resolve 

vessels with very high blood velocities or the very low velocities observed at complete 
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stasis (due to turbulent, retrograde flow disrupting the pulsatility). The qDSA method, 

however, does resolve most velocities within the normal range and those encountered 

routinely during interventions (including sub-stasis). 

In conclusion, qDSA was able to quantify embolization endpoints using calculated 

blood velocity reductions. The velocity reductions were linear with respect to the baseline 

value and correlated radiologically and pathologically with markers of perfusion changes, 

including, tissue hypoxia, tissue embolic particle density and extent of ischemic damage. 
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Chapter 3: Quantitative Digital Subtraction 
Angiography (qDSA): Advanced Techniques 
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3.1 Introduction 

 

Following successful demonstration of the feasibility of performing qDSA during 

liver embolizations, its improvement over current techniques, and its correlation with 

tissue-level changes, we sought to optimize the technique in order to improve its 

robustness and clinical translatability. This chapter explores advanced qDSA techniques 

including the ability to perform super-selective blood velocity quantification, 

incorporation of pre-procedure 3D imaging to enable volumetric blood flow 

quantification, and motion-compensation strategies to permit higher-quality 3D imaging. 
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3.2 Motivation 

 

 The technical practice of transarterial embolization (TAE) transarterial 

embolization and transarterial chemoembolization (TACE) has evolved significantly 

since  it became standard of care for intermediate-stage primary liver cancer (1). These 

advances have not only improved the procedural workflow but increased the diagnostic 

and therapeutic capabilities of the procedures. Many of these advances have been driven 

by the difficulties of intervention in the liver. These include the complex geometry and 

vascular anatomy, and the proximity of the organ to the diaphragm, which introduces 

significant respiratory motion artifacts into x-ray-based imaging techniques. 

 One procedural technique which has become increasingly common is super-

selective angiography and embolization (2-4).  Rather than injecting into larger, more 

proximal arteries, super-selective catheterization involves advancement of a 

microcatheter into smaller, sub-segmental branches. This targeted approach mitigates 

risk of collateral embolization by directly embolizing the tumor, and has been shown to 

improve outcomes over lobar approaches (5-8). 

 Cone-beam CT (CBCT), another major advance in imaging technology, permitted 

the use of single-rotation intra-procedural volumetric imaging with high spatial 
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resolution for planning and guiding embolization procedures (9). CBCT has been shown 

to significantly increase detection of tumors and tumor supplying arteries in comparison 

to traditional DSA for TACE procedures (10,11). CBCT has also been shown to detect 

tumor findings not found on DSA or 99mTc MAA imaging for Y90 radioembolization 

procedures (12). Additionally, 3D CBCT images can be co-registered with 3D pre-

procedure imaging (CT, MR) or 2D intra-procedural imaging (fluoroscopy, ultrasound) 

for improved real-time navigation (13-16). 

 The increased use of 3D CBCT imaging during embolization procedures has 

demanded new techniques for motion-compensation strategies to improve image quality. 

The long rotation time for many C-arm based CBCT acquisitions can lead to unintended 

respiratory motion and subsequently, deleterious motion artifacts, particularly in DSA 

scans where there are consecutive acquisitions. Motion artifacts are seen in 50% of CBCT 

hepatic arteriograms with moderate or severe motion artifacts present in 30% of studies 

(17,18). Several techniques have emerged over the last few decades to address these 

limitations. These include 3D elastic (deformable) registration, 2D-3D registration 

approaches, and novel reconstruction techniques which require fewer projections 

(leading to shorter scans and/or limited rotations) (19-23). 
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 The objective of this study was to incorporate many of the modern imaging 

andprocedural techniques used in current embolization practice into qDSA in order to 

expand the capabilities of the technique and help make it more translatable. Specifically, 

the aim was to (I) validate qDSA performance in a super-selective approach compared to 

conventional non-selective qDSA, (II) develop a volumetric qDSA (vqDSA) technique 

which incorporates  pre-procedure 3D imaging with intra-procedural qDSA, and (III) 

characterize complex intra-hepatic motion to develop and validate motion-compensation 

strategies for 3D acquisitions (which may be used in vqDSA).  
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3.3 Validating a Super-Selective qDSA (ss-qDSA) Technique in 

Distal Hepatic Arterial Branches 

 

3.3.1 Materials and Methods 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Hepatic angiography was 

performed in the liver of one swine (50 kg). The subject was sedated with an 

intramuscular administration of 7 mg/kg of tiletamine hydrochloride-zolazepam 

hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), endotracheally 

intubated, and then underwent anesthesia induction and maintenance with 2% inhaled 

isoflurane (Halocarbon Laboratories, River Edge, New Jersey).  

Hepatic Angiography 

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the 

common hepatic artery selected with a 5 Fr angled glide catheter (Teruomo, Tokyo , 

Japan). Conventional qDSA images were acquired through the common hepatic artery 

using an injection of iohexol 300 mg/mL (Omnipaque 300; GE Healthcare, Waukesha, 

Wisconsin). Contrast was injected at a rate of 2.0 mL/s for a total of 16.0 mL. Triplicate 
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images were acquired. After conventional images were acquired, a 2.8 Fr high-flow 

microcatheter (Boston Scientific, Marlborough, MA) was then used to select distal hepatic 

arterial branches including a sub-segmental left medial branch (“distal left”) and a sub-

segmental right lateral branch (“distal right”). Super-selective qDSA (ss-qDSA) images 

were acquired using the same injection parameters as the conventional qDSA images.  

Image Analysis 

A post-hoc analysis of all DSA images was performed using both the qDSA and 

ss-qDSA acquisitions. Blood velocity was calculated using a custom-built MATLAB tool. 

Mean branch arterial blood velocities were calculated, as were the standard deviations in 

repeated measures (n = 6) to assess consistency of calculations. Although flow pulsatility 

is not a requirement for qDSA, sufficient variations in the time-oscillating contrast signal 

are necessary for calculation. Time-attenuation curves from both sets of images were 

assessed for pulsatility by calculating a peak-to-trough metric (PTM) using the time-

oscillating contrast signal in the regions of interest (n = 6) in the distal left and distal right 

hepatic arteries.  

 

𝑃𝑃𝑃𝑃𝑃𝑃 = 100 � 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇ℎ  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

− 1�  
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3.3.2 Results 

Contrast Signal Assessment 

In the distal left hepatic artery, the super-selective approach resulted in a two-fold 

increase in PTM (ss-qDSA: 24.1 ± 5.4, qDSA: 11.6 ± 3.6, p = 0.01) (Figure 1). In the distal 

right hepatic artery, the super-selective approach also resulted in a two-fold increase in 

PTM (ss-qDSA: 82.4 ± 28.9, qDSA: 35.3 ± 18.7, p = 0.05). Contrast pulsatility maps 

assessing the time-oscillating signal in the time-attenuation curves showed higher PTM in 

the distal hepatic arteries using the ss-qDSA technique compared to the conventional 

qDSA technique (Figure 2). 

Blood Velocity Assessment 

In the distal left hepatic artery, the super-selective approach resulted in a 

reduction in standard deviation for repeated velocity calculations (ss-qDSA: 30.1 ± 4.23 

cm/s, qDSA: 45.27 ± 8.56 cm/s) (Figure 3). In the distal right hepatic artery, the super-

selective approach also resulted in a reduction in standard deviation for repeated velocity 

calculations (ss-qDSA: 36.8 ± 3.5 cm/s, qDSA: 38.9 ± 15.6 cm/s). 
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3.3.3 Figures 

  

Figure 1: Comparison of pulsatility using conventional qDSA and ss-qDSA 

Super-selective qDSA (ss-qDSA) results in significantly more contrast signal time-

oscillation in the image time-attenuation curves than conventional qDSA protocols in the 

distal hepatic arteries. 
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Figure 2: Contrast pulsatility maps comparing conventional qDSA with ss-qDSA 

Hepatic arteriogram in a swine using both a conventional qDSA protocol and a super-

selective qDSA (ss-qDSA) protocol. Pulsatility maps show a significant visible increase in 

time-oscillatory contrast signals in the distal hepatic arteries.  



78 
 

 

 

Figure 3: Blood velocity measurements comparing conventional qDSA with ss-qDSA 

Super-selective qDSA (ss-qDSA) results in more consistent blood velocity calculations 

than conventional qDSA protocols in the distal hepatic arteries. 
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3.4 Characterization of Volumetric Reduction in Blood Flow 

During Hepatic Transarterial Embolization Using a 2D-3D 

qDSA Technique 

 

3.4.1 Materials and Methods 

All procedures were approved by the Institutional Research Animal Care and Use 

Committee and were compliant with regulatory guidelines. Transarterial embolization 

was performed in the livers of five swine (mean weight, 49.4 ± 3.1 kg kg). Subjects were 

sedated with an intramuscular administration of 7 mg/kg of tiletamine hydrochloride-

zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), 

endotracheally intubated, and then underwent anesthesia induction and maintenance 

with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New Jersey). 

Transarterial Embolization 

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the 

common hepatic artery was selected with a 4 Fr angled glide catheter. A Baseline 3D-

CBCT of the hepatic arterial anatomy was acquired using an injection of iohexol 300 

mg/mL (Omnipaque 300; GE Healthcare, Waukesha, Wisconsin). Prior to embolization, 
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a baseline 30 frames per second (fps) 2D-DSA of the common hepatic artery was acquired 

(2 mL/s for 16.0 mL total). All images were acquired with breath holds. 

In each animal, the left medial hepatic artery was selected for embolization. Bland 

embolizations were performed given that the primary objective of the study was to 

characterize reductions in blood flow. A 0.014″ guidewire was used to select the left 

medial hepatic artery supplying the left medial lobe, after which a 2.8 Fr microcatheter 

was advanced into the vessel. Once the microcatheter was correctly positioned, an 

embolization was performed using 100–300 µm microspheres (Embosphere Microsphere; 

Merit Medical Systems, South Jordan, Utah) diluted in 10 mL of iohexol 300 mg/mL. A 

total of 10 mL of embolic particles, delivered in 2 mL aliquots) were delivered. After 

delivery of each aliquot, the microcatheter was withdrawn, and 2D-DSAs  were acquired 

via the stationary base catheter positioned in the common hepatic artery. In some animals 

(n=2), a 3D CBCT was acquired mid-way through the procedure The target vessel was 

then reselected with the microcatheter and the embolization resumed. In these 

embolizations, there was a minimum of 2 min between microcatheter withdrawal and 

subsequent imaging in order to minimize any effects of transient arterial spasm. 

Following complete delivery of the embolic particles, post-embolization 2D-DSAs and 3D 

CBCTs were acquired. 
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Volumetric qDSA 

The volumetric qDSA (vqDSA) method combines three dimensional vascular 

anatomic information from a pre-procedure 3D-CBCT with time-attenuation data from 

intra-procedural 2D-DSAs (Figure 1). Vessel centerlines extracted from pre-procedure 

images which were then registered and projected onto the 2D-DSA for flow calculation 

using the qDSA method (Figure 2). The 2D-3D registration was performed using 

previously described methods (24). Cross-sectional area was calculated at each centerline 

point along the length of the vessel and averaged for a spatially-averaged vessel cross 

sectional-area. Cross-sectional area measurements were made at pre-, mid-, and post-

embolization time points in order to assess for potential intra-procedural changes in 

vessel size as a result of embolization. A full-width half-max technique was used to 

segment vessel cross-sections and calculate area. 
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3.4.2 Results 

Volumetric Blood Flow Reduction During Embolization 

There was a large reduction in calculated blood flow in all animals following 

embolization to a sub-stasis endpoint (65 ± 10.7 % reduction in blood flow from baseline) 

(Figure 3). The number of particles delivered for a sub-stasis endpoint was consistent (6.5 

± 0.9 mL embolic particles delivered per animal). There were strong linear decreases (R2 = 

0.80, 0.88, 0.78, 0.79) in calculated average blood flow seen in the treated left medial 

hepatic arteries (0.4, 1.3, 2.1, 0.4 mL/s reduction in flow per mL of embolic particles 

delivered, respectively) until the sub-stasis endpoint was achieved.  

Cross-Sectional Area During Embolization 

In animal 1, the cross-sectional area in the left medial hepatic artery at pre-, mid-, 

and post-embolization time-points was 16.3, 16.7, and 14.7 mm2. The mean cross-

sectional area was 15.9 ± 0.9 mm2 with a percent deviation of 5.7%. In animal 2, the cross-

sectional area in the medial branch of the left medial hepatic artery at pre-, mid-, and 

post-embolization time-points was 11.4, 12.7, and 13.0 mm2. The mean cross-sectional 

area was 12.4 ± 0.7 mm2 with a percent deviation of 5.6%. Results are presented in Table 

1. 
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3.4.3 Tables 

Table 1: Intra-procedural cross-sectional area measurements 

Animal 
Hepatic 
Artery 

Time-Point 
Cross-Sectional 

Area (mm2) 
Measurement 
Deviation (%) 

1 Left Medial 
Pre-Embolization 16.3 

5.7 Mid-Embolization 16.7 
Post-Embolization 14.3 

2 Left Medial 
Pre-Embolization 11.4 

5.6 Mid-Embolization 12.7 
Post-Embolization 13 
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3.4.4 Figures 

  

Figure 1: Volumetric qDSA algorithm using 2D and 3D images 

An illustration of the volumetric qDSA (vqDSA) technique using pre-procedure 3D 

imaging (either 3D-DSAs or contrast-enhanced cone beam CTs) and intra-procedural 

2D-DSAs. Centerlines and cross-sectional areas are registered and forward-projected 

onto intra-procedural 2D images to calculate volumetric blood flow. 
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Figure 2: Representative in vivo vqDSA image processing 

Representative imaging from an in vivo study using the vqDSA technique. A pre-

procedure 3D-DSA is segmented and centerlines are generated for all vessel branches. 

Vessels are color-coded by branches. This segmentation is registered to all intra-

procedural 2D DSA images and the target vessel is overlaid on to the images. The vessel 
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cross-sectional area is segmented from the 3D images and an average area is calculated 

across the length of the vessel. Time-attenuation maps from the 2D images are used to 

perform conventional blood velocity calculations to be combined with the centerline and 

cross-sectional area information for volumetric flow quantification.   
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Figure 3: Complete vqDSA blood flow reduction curves 

All transarterial embolizations exhibited linear decreases in blood flow relative to baseline 

as the embolization progressed. The was strong linear correlations between vqDSA blood 

flow and embolic particles delivered with variable rate of blood flow decrease. 
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3.5 Characterization of Respiratory Motion in the Hepatic 

Vasculature 

 

3.5.1 Materials and Methods 

All analysis was approved by the institutional review board (IRB) and studies were 

compliant with regulatory guidelines. 

 Non-contrast 4D CTs from 10 radiation oncology patients with abdominal 

malignancies were retrospectively analyzed. In each case, a 3D elastic grid registration 

technique (diffeomorphic demons) was applied to CT acquisitions from an inspiratory 

and expiratory phase to produce a displacement field (Figure 1). A volume of interest 

(VOI) within the displacement field (3x3x3 voxels) was selected for two peripheral and 

two central locations within the liver: hepatic dome, right lateral lobe, porta hepatis, and 

left portal vein (Figure 2). In each VOI, the average magnitudes of the superoinferior 

component, transverse-plane component (anteroposterior and mediolateral), and total 

displacement vectors were computed.  
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3.5.2 Results 

The mean total displacements (± standard deviation) in the hepatic dome, right 

lateral lobe, porta hepatis, and left portal vein were, 11.21 (± 4.93), 7.9143 (± 3.26), 9.87 

(± 5.17), and 11.09 (± 4.27), respectively (Figure 3). The mean superoinferior 

displacements were 10.98 (± 4.88), 7.17 (± 3.50), 8.84 (± 5.21), and 10.18 (± 4.23). The 

mean transverse-plane displacements were 2.02 (± 1.25), 2.79 (± 1.47), 4.02 (± 1.70), and 

4.16 (± 1.60).  

 The primary effect of respiratory motion on the liver is superoinferior translation, 

but there is significant transverse-plane deformation as well. Centrally within the liver, 

near the hepatic vasculature, there was a statistically significant increase in transverse-

plane deformation relative to more peripheral regions (p<0.01).  
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3.5.3 Figures 

 

Figure 1: Hepatic motion characterization algorithm 

Motion characterization algorithm utilizing a 3D elastic registration technique. The 

displacement field produced when registering inspiratory and expiratory phase images is 

analyzed in volumes of interest to determine the character of motion. 
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Figure 2: Representative motion displacement field images 

Representative slices from one case showing an inspiratory and expiratory phase with the 

porta hepatis VOI highlighted (pink) in the inspiratory-phase. A 2D Vector map showing 

the transverse-plane deformation as well as a 3D vector map showing 3D displacement 

for the representative slice is shown. 
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Figure 3: Magnitude of intra-hepatic motion stratified by location 

Analysis of the mean total, superoinferior, and transverse-plane displacements in 

different VOIs. There is a significant increase in transverse-plane deformation in central 

regions relative to peripheral regions. There is also a significant decrease in superoinferior 

translation as distance to the diaphragm increases. 
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3.6 Validation of a Motion-Compensation Technique for Intra-

Acquisition Respiratory Motion During 3D DSA  

 

3.6.1 Materials and Methods 

Digital Phantom Liver Study 

6 digital liver phantoms (3 male, 3 female) were created by generating synthetic 

hepatic arterial trees and superimposing the vasculature onto a digital phantom of the 

background anatomy (XCAT, version 2.0, Durham, NC) (Figure 1). To simulate motion-

corrupted acquisitions, motion due to a single respiratory cycle (simulated respiratory 

rate) was simulated and introduced during a random point during the simulated image 

acquisition. Full x-ray system imaging, geometry and rotational parameters are described 

by Whitehead et al. (24). Motion-corrupted, and motion-corrected reconstructions were 

compared to stationary volumes, respectively, using a Dice similarity coefficient (25).  

In Vivo Porcine Liver Study 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Hepatic angiography was 

performed in the liver of one swine (50 kg). The subject was sedated with an 

intramuscular administration of 7 mg/kg of tiletamine hydrochloride-zolazepam 
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hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), endotracheally 

intubated, and then underwent anesthesia induction and maintenance with 2% inhaled 

isoflurane (Halocarbon Laboratories, River Edge, New Jersey).  

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the 

common hepatic artery selected with a 5 Fr angled glide catheter. A series of 5 hepatic 

3D-DSAs (2.5 mL/s iodinated contrast injection, 12 second rotations) were acquired: 4 

with respiratory motion(4-6 respiratory cycles each) in the scan (ventilated-mask, free 

breathing-mask, ventilated-fill, free breathing-fill) and 1 breath-held scan. All motion-

corrupted acquisitions were reconstructed with and without the motion-correction 

algorithm and compared to a breath-held reconstruction using a Dice similarity 

coefficient. 

Motion-Compensation Technique 

The motion-correction algorithm (Figure 2) wasimplemented in custom-built 

MATLAB program (ver. 2021b) (Figure 3). The algorithm was adapted from a previously 

described approach for 4D-DSA intra-acquisition motion-compensation (26). First, the 

algorithm performs a 2D-deformable (elastic) registration to align corresponding mask 

and fill projections  using the diffeomorphic demons approach (21). This method 
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estimates a smooth vector field of translation vectors for each pixel in the corresponding 

mask and fill images frames. The mask frame is then transformed and subtracted from 

the corresponding fill frame to remove anatomical background. The corrected projections 

are subtracted and subsequently filtered using a Gaussian filter to remove excess image 

noise and minimize registration artifacts. A center of mass calculation in the projection 

images tracks the cranial-caudal position of the liver in order to select subsets of 

projections acquired during similar respiratory states. A weighted average of the intensity 

in the y-direction can be to calculate center of mass over consecutive time frames. The 

peaks representing the time frames of maximum inspiration are identified by extracting 

all local maxima with a prominence larger than a threshold. The minima between two 

peaks represent maximum expiration frames. The 3D constraint volume is reconstructed 

from a subset of subtracted projection images acquired in a similar respiratory state 

(typically the pre-inspiratory pause. An iterative compressed sensing reconstruction 

(multiplicative algebraic reconstruction) is used to perform the 3D reconstruction from a 

reduced set of projection images excluding motion-corrupted projections (Figure 4) (27). 

It iteratively adjusts an initial guess to minimize the projection error between the forward 

projection of the estimated solution and the subtracted projection images. 
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3.6.2 Results 

Digital Phantom Liver Study 

The Dice coefficients for motion-corrected and motion-corrupted images were 

0.64± .19 and 0.26 ± 0.07 respectively (p = 0.01) (Figure 4). The motion correction 

algorithm resulted in images with fewer motion artifacts and improved visualization of 

distal hepatic artery branches when compared to motion-corrupted images. 

In Vivo Porcine Liver Study 

When maximal respiratory motion occurred during either the mask or fill, the 

Dice coefficients for motion-corrected and uncorrected images were 0.30 ± .11 and 0.08± 

0.12 respectively (p = 0.01) (Figures 5, 6). The motion compensation algorithm resulted 

in higher Dice coefficients when motion occurred during the mask, 0.40 ± 0.03, than 

when motion occurred during the fill, 0.20 ± 0.04 (p = 0.02).  
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3.6.3 Figures 

 

 

Figure 1: Digital hepatic vasculature phantom generation algorithm 

Generation of the digital liver phantom. Hepatic arteries are formed through the 

connection of points (within Couinad segments) chosen within the liver mask and 

connected via the minimization of a physiological based cost function. Contrast dynamics 

are simulated and the vessels are then combined with the XCAT virtual phantom for 

anatomical background. The phantom is forward projected (with approximated X-ray 

acquisition parameters) to generate simulated fluoroscopic image sequences of contrast 

enhanced hepatic arteries (adapted from J. Whitehead, Medical Imaging SPIE 2020). 



98 
 

 

 

Figure 2: Intra-acquisition motion compensation algorithm 

Algorithm for performing intra-acquisition motion compensation during 3D-DSA 

acquisitions. Mask and fill projection images are registered using a deformable 2D 

registration. After subsequent subtraction and filtering a center of mass calculation is 

used to exclude projection images acquired during respiration from the iterative 

reconstruction.   
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Figure 3: Custom-built MATLAB tool for performing motion-compensation and 
reconstructions 

An in-house developed MATLAB application for performing inter- and intra-acquisition 

motion correction. The tool has multiple tabs including registration, projection, and 

reconstruction tabs for each stage in the motion compensation method. In the image 

registration tab, the user can select (and view) the mask and fill volumes. Before 
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performing 2D or 3D registration, the user can select different parameters (down-sample 

the image, decrease the iterations in the registration, use GPU processing) to decrease the 

time for registration. In the projection tab, the user can select the matrices from the 

acquisition, select the volume to perform forward projection on, and visualize the volume 

before and after forward projection. The reconstruction tab includes the ability to 

calculate the constraint volume and perform a time-resolved reconstruction.  
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Figure 4: Representative images of motion-compensation in a digital liver phantom 

Intra-acquisition motion correction performed in a digital liver phantom. Motion-

corrected 3D-DSAs (bottom) resulted in significant reduction of artifacts and increased 

preservation of distal vessel anatomy. 
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Figure 5: DICE similarity of uncompensated and motion-compensated 3D-DSAs 

Motion-corrupted 3D-DSAS of the hepatic vasculature in digital liver phantoms had 

significantly larger DICE similarity coefficients to stationary images when the motion-

correction algorithm was applied compared to those that were uncompensated. 
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Figure 6: Representative images of in vivo motion compensation 

Motion-corrupted 3D-DSAS of the hepatic vasculature in an in vivo porcine liver model 

had significantly larger DICE similarity coefficients to breath-held images when the 

motion-correction algorithm was applied compared to those that were uncompensated. 

Motion-compensated images have increased resolution of distal arteries and fewer 

subtraction artifacts compared to uncompensated images. 
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3.7 Discussion 

 

Several advanced qDSA techniques were investigated in order to integrate qDSA 

into the modern imaging and procedural workflow. 

Super-selective qDSA (ss-qDSA) in the distal hepatic arteries is feasible and there 

is a two-fold increase in the strength of contrast signal time oscillations (the signal which 

is used for qDSA calculations). The increase in the strength of contrast signal time 

oscillations in ss-qDSA may improve accuracy and reproducibility of blood velocity 

calculations in smaller vessels such as tumor-feeding arteries. The superior ability to 

measure pulsatility in smaller arteries using ss-qDSA may improve the clinical 

translatability of qDSA as it permits the use of microcatheter injections rather than 

injections through a base catheter. This feasibility study was only investigated with one 

injection flow rate. Future investigations may explore alternative injection protocols, 

including temporally-modulated injections, in order to further optimize velocity 

quantification in smaller arteries. 

Volumetric qDSA (vqDSA) was able to characterize linear intra-procedural 

reductions in hepatic arterial blood flow during embolization. Vessel cross-sectional area 

remained relatively consistent throughout the procedure, suggesting that a single-pre 
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procedure 3D image (either a 3D-DSA or a contrast-enhanced CBCT) can be used in 

combination with conventional intra-procedural qDSA acquisitions to calculate 

reductions in blood flow during transarterial embolization. Importantly, the use of 3D 

geometry improves the accuracy of vqDSA over conventional qDSA as it is less 

susceptible to errors due to distance, magnification, and foreshortening which are more 

difficult to estimate with 2D imaging. Ultimately the ability to calculate flow rather than 

velocity gives a more complete characterization of the hemodynamic changes occurring 

embolization. 

In characterizing respiratory motion within the liver, the primary effect of 

respiratory motion on the liver is superoinferior translation, but there is a significant 

transverse-plane deformation component as well. The degree of superoinferior 

translation is correlated with the distance from the diaphragm; as the distance from the 

diaphragm increases, the amount of superoinferior translation decreases. Centrally within 

the liver, near the hepatic vasculature, there was a statistically significant increase in 

transverse-plane deformation relative to more peripheral regions.. These findings suggest 

the value of incorporating non-rigid correction in the development of advanced motion-

compensation techniques for hepatic angiography. 
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Based on the significant deformation component in intra-hepatic motion, a 

deformable registration technique was incorporated into the motion-compensation 

method. The digital liver phantoms were able to simulate clinically relevant 3D-DSAs of 

the liver in both stationery and motion-corrupted acquisitions. When an intra-

acquisition motion-correction algorithm was applied to 3D-DSAs acquired in a digital 

liver phantom with simulated motion, motion-corrected images had a significantly larger 

Dice similarity coefficient compared to images corrupted by motion. In an in vivo model, 

when maximal respiratory motion occurred during either the mask or fill run of a 3D-

DSA, the motion corrected images were more similar to the breath-held images than 

those uncorrected. Furthermore, the performance of the motion correction algorithm was 

better if motion occurred during the mask rather than the fill. This suggests that motion 

mitigation strategies (e.g. breath-holds) may be better focused on fill acquisitions in order 

to improve image quality. The combination of simulated and animal data indicate that 

proposed motion correction algorithm is feasible. 

In conclusion, advanced qDSA techniques are feasible. These technique may 

improve the accuracy and consistency of the technique in addition to making them more 

clinically translatable. 
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Chapter 4: Quantitative Digital Subtraction 
Angiography (qDSA): Non-Oncologic Application 
 

  



112 
 

 

Portions of this chapter were submitted to or presented at the following scientific meetings:  

 
Periyasamy S, Hoffman CA, Schefelker G, Speidel M, Laeseke PF. A Quantitative 
Angiography Technique Using Time-Resolved 2D-DSA for Determining Treatment 
Endpoints in Partial Splenic Embolization. SIR 2020. Virtual. March 2020. Poster 

Periyasamy S, Kutlu A, Pieper AA, Whitehead J, Hoffman CA, Speidel M, Laeseke PF. 
Using a Quantitative Digital Subtraction Angiography Technique to Determine 
Treatment Endpoints in Partial Splenic Artery Embolization: Feasibility in an In Vivo 
Porcine Model. Submitted to RSNA 2022. Chicago, IL. November 2022. 

  



113 
 

 

4.1 Introduction 

 

Following successful demonstration of qDSA for application in cancer therapy, we 

sought to determine how qDSA could be used for non-oncologic applications. One 

application which would benefit from quantitative treatment endpoints is partial splenic 

artery embolization. This chapter explores the feasibility of performing intra-procedural 

splenic qDSA, how it correlates with other measures of splenic and portal venous 

hemodynamics, and how the flow dynamics may differ through the use of different size 

embolic particles.  
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4.2 Motivation 

 

Cirrhosis is the 8th leading cause of death in the United States and the 13th 

worldwide (1,2). A major consequence of cirrhosis is portal hypertension (PHT) which 

can lead to a number of complications including variceal hemorrhage, ascites, and hepatic 

encephalopathy (3). Splenomegaly and hypersplenism are also major secondary 

complications resulting from portal congestion which can increase morbidity and 

mortality due to bleeding risk from thrombocytopenia (among other cytopenias) (4-7). 

TIPS is the preferred interventional therapy for PHT, but carries a number of absolute 

and relative contraindications (8). Splenectomy is another option for treating the splenic 

effects of PHT, but there is a significant risk of surgical complications including abscess 

formation (9,10). Partial splenic artery embolization (PSE) is a promising method for 

treating PHT and associated splenomegaly or hypersplenism, and it may be an effective 

alternative to TIPS or splenectomy (11,12).   

PSE is most commonly performed by targeting distal splenic artery branches in 

order to embolize splenic segments to sub- or complete-stasis (13). Alternatively, 

embolization may be performed at a proximal segment of the splenic artery to induce 

diffuse infarcts. In both techniques, the typical aim is to embolize a significant (30-70%) 
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percentage of the splenic parenchymal volume in order to achieve the treatment effect. 

This often necessitates the induction of significant ischemia, which increases the rate of 

infarction-related complications such as abscess formation. It has been demonstrated that 

the extent of embolization has a direct relationship with the severity of post-PSE 

complications, but intra-procedural determination of that extent is largely based on 

subjective angiographic assessments (14,15). In TACE and balloon angioplasty, visual 

assessments of digital subtraction angiography (DSA) were shown to be poorly 

reproducible and poorly correlated with outcomes (16,17). A flow-based metric, which 

quantifies global reduction in blood flow to the spleen, would help complications. It 

would allow incremental reduction of splenic arterial flow to a degree which avoids 

ischemia and infarction-related effects whilst still achieving the desired therapuetic effect. 

Such an objective metric would standardize procedures and allow for the identification of 

optimal PSE endpoints. 

Prior attempts in developing intra-procedural embolization endpoints include 

volumetric techniques such as quantitative 4D transcatheter intra-arterial perfusion MRI 

and quantitative 4D-DSA(18-20); the techniques, however, required specialized 

infrastructure or complex, lengthy imaging protocols. Peri-procedural perfusion imaging 

(e.g. MRI or CT) has been shown to aid in treatment assessment, but lack the ability to 
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provide intra-procedural guidance (21-23). Other methods with promise include 

commercially available 2D techniques. One such technique is 2D-parametric 

parenchymal blood flow (2D-PPBF), which measures wash-in-time (WIT), time-to-peak 

(TTP), and area-under-the-curve (AUC) from the time-attenuation curves (TAC) of a 

region of interest within the target tissue (24-26). Another is quantitative color-coded 

DSA (QCC-DSA), which similarly uses WIT and TTP to estimate blood flow within a 

selected vessel (27,28). Although preliminary investigation using these techniques show 

feasibility, they suffer from limitations. Both techniques rely heavily on contrast arrival 

dynamics, which is a surrogate that approaches, but does not truly represent, 

hemodynamics (29,30). Contrast arrival metrics are susceptible to significant variability 

due to factors such as motion artifact, catheter position, vessel size, turbulent flow (from 

tortuosity), contrast concentration (due to viscosity) and vessel/tissue overlap.   

 We propose a flow-based partial splenic embolization technique incorporating a 

novel quantitative angiography technique (qDSA) which utilizes time-resolved 2D-DSA 

sequences to calculate blood velocity within a segment of a blood vessel (31). The qDSA 

method measures the velocity of transient contrast boluses that are developed from 

cardiac pulsatility within an artery (32,33). The major advantage of this over 2D-PPBF 

and QCC-DSA is that this produces a physiologic parameter, blood velocity, which is 
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closer to the true variable of interest in an embolization procedure: changes in blood flow. 

Additionally, this technique is spatially-averaged over the entire length of the blood vessel 

which makes it more robust than other 2D techniques, which generally compare signals 

from single pixels or regions of interest at different points within the vessel (34).  This 

technique is not computationally-intensive and calculations can be performed within 

seconds-to-minutes of image acquisition, permitting near real-time assessment of blood 

flow changes and feasible integration into current interventional imaging systems. 

Perhaps most importantly, this method utilizes DSA and would therefore be minimally-

intrusive to current PSE workflow, requiring only slight modifications to imaging 

protocols. We believe qDSA will improve the efficacy of PSE procedures by allowing for 

the intra-procedural identification of flow-based treatment endpoints. Furthermore, we 

believe qDSA can improve the safety of PSE by helping to avoid endpoints in which 

significant ischemia/infarction occur, which increases risk of complications.  

The objective of this study was to demonstrate that (I) qDSA is a feasible 

technique for calculating reductions in splenic arterial blood flow velocity (BFV) during 

PSE, (II) qDSA-calculated reductions in splenic arterial blood velocity correlate with 

changes in splenic arterial, splenic venous, and portal venous blood flow during PSE, and 



118 
 

 

(III) qDSA is able to characterize differential reductions in splenic arterial blood flow 

depending on the embolization technique employed (i.e. different particle sizes). 

4.3 Characterizing Reductions in Splenic and Portal Venous 

Blood Flow During Splenic Arterial Embolization Using qDSA 

 

4.3.1 Materials and Methods 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Proximal splenic artery 

embolization was performed in the spleens of two swine (mean weight, 49.1 ± 2.4 kg). 

Subjects were sedated with an intramuscular administration of 7 mg/kg of tiletamine 

hydrochloride-zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, 

Missouri), endotracheally intubated, and then underwent anesthesia induction and 

maintenance with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New 

Jersey).  

Splenic Arterial Embolization 

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the splenic 
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artery selected with a 5 or 4 Fr angled glide catheter. A 3D-DSA was acquired to delineate 

splenic arterial anatomy and determine an optimal projection angle. Prior to 

embolization, a 30 frames per second (fps) 2D-DSA of the splenic artery was acquired 

using an injection of iohexol 300 mg/mL (Omnipaque 300; GE Healthcare, Waukesha, 

Wisconsin. All DSA images were acquired with paralytic-induced (vecuronium) breath 

holds.  

In each animal, bland embolizations (n=2) were performed given that the primary 

objective of the study was to characterize reductions in blood flow velocity. An 

embolization was performed using 100-300 um microspheres (Embosphere Microsphere; 

Merit Medical Systems, South Jordan, Utah) diluted in 10 mL of ioxhexol 300 mg/mL. 

After each delivery of 1 mL aliquots, a DSA image (See Table 1 for imaging parameters) 

was acquired via stationary base catheter in the proximal splenic artery in order to 

generate blood velocity reduction-embolization curves to better characterize changes in 

velocity throughout embolization. In these embolizations, there was a minimum of two 

minutes between microcatheter withdrawal and subsequent imaging in order to minimize 

any effects of transient arterial spasm.  Embolizations were performed till a complete 

stasis endpoint was achieved. 
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In one animal intra-procedural changes in splenic hemodynamics were assessed 

with indwelling intravascular Doppler wires (Phillips Volcano, San Diego, CA). One 

Doppler wire was left indwelling in the splenic artery, through the base catheter, several 

centimeters distal to the site of embolization. Transabdominal percutaneous access to the 

splenic vein was acquired and a second Doppler wire was left indwelling in the proximal 

splenic vein. Doppler ultrasound blood velocity measurements were made at the same 

time points as DSA image acquisitions. 

In one animal,  4D-Flow MRI (using a PC VIPR technique) were acquired before 

and after embolization for multi-modal blood velocity reduction characterization (see 

Table 1 for imaging parameters). A semi-automated workflow for the 4D flow MRI 

analysis was developed in MATLAB 2018a. Angiograms were segmented using an 

adaptive region growing technique on the complex difference data. A 3D centerline path 

was generated to aid in the automatic placement of cross-sectional planes. Automatic 

segmentation of vessels was completed using a local thresholding technique and reported 

velocities were an average of all points along the vessel centerline. 

qDSA Method  

The qDSA method uses inherent oscillations in the image contrast caused by 

arterial flow pulsatility as a trackable marker of BFV in the artery. The oscillatory image 
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signal is measured in the time-attenuation curves (TAC) of pixels along the centerline of 

a vessel. When two TACs from two pixels along the centerline of the vessel (separated by 

a distance) are superimposed, the temporal shift between the two functions represents the 

time of contrast transit along the vessel. An in vivo example of the TAC shift in a porcine 

spleen model is illustrated in Figure 1.  Distances and temporal shifts (using a shifted-

least squares approach, (35)) can be found for all pairs of points along the centerline of a 

vessel in order to calculate a spatially-averaged BFV in the vessel of interest. An algorithm 

employing the qDSA method was implemented in MATLAB (MATLAB R2018b version 

9.5, MathWorks, Natick, Massachusetts) using a custom-built program.   

ccDSA Method  

A commercially available ccDSA method (syngo iFlow, Siemens Healthineers) 

was used to calculate time-to-peak (TTP) in the embolized vessel. A region-of-interest 

(ROI) was placed in the proximal segment of the vessel with diameter equal to the width 

of the vessel in order to estimate a TTP (Figure 1c). The segment of vessel analyzed was 

the same as that used for the qDSA analysis.  

Image Analysis  

A post-hoc analysis of all DSA images was performed using qDSA and ccDSA 

methods. A decrease in qDSA calculated BFV and an increase in ccDSA calculated TTP 
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was the expected result in response to a blood flow reduction due to embolization.  qDSA 

calculations were performed on a laptop computer with 16 GB of RAM. ccDSA 

calculations were performed on the angiography suite workstation (Artis zee; Siemens 

Healthineers, Forcheim, Germany). 4D Flow MRI images were analyzed to quantify 

blood velocity in the splenic artery as well as cross-sectional area in the portal vein. 

Statistical Analysis 

To assess the correlation between qDSA and embolization, linear models were fit 

to the data for each animal, where qDSA was modeled as the response variable. From 

each model, the Pearson’s correlation coefficient (r) and coefficient of determination (R2) 

were calculated. For assessment of the difference in pre- and post- embolization velocities 

on qDSA and MRI, paired sample t-tests were used. A p-value < 0.05 was considered 

statistically significant. 
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4.3.2 Results 

Blood Flow Velocity Reduction During Embolization 

In the embolization in which images and measurements were acquired 

throughout the procedure, there is a linear decrease in splenic arterial blood velocity as 

calculated by qDSA (Figure 2). There was  a 7.4% reduction in blood velocity (from 

baseline) per 1 mL of embolic particles delivered. The correlation between qDSA-

calculated blood velocity and amount of embolic particles delivered had a very strong 

correlation and coefficient of determination (R = 0.95, R2 = 0.90). Indwelling 

intravascular Doppler wires in the splenic artery and vein showed congruent decreases in 

blood velocity of 11.0% (R = 0.99, R2 = 0.98) and 9.7% (R = 0.97 ,  R2 = 0.94) reductions in 

velocities per 1 mL of particles delivered respectively.  

Multi-Modal Comparison of Blood Velocity Reduction 

In multimodal comparison, qDSA-calculated splenic arterial blood velocity 

showed a reduction of 54.3 ± 5.8 cm/s at baseline to 32.4 ± 2.5 cm/s post-embolization 

(Figure 3). This corresponded to a 40.3% reduction in velocity at the complete stasis 

endpoint. On 4D Flow MRI using PC VIPR and 100 VENC, maximum splenic arterial 

velocity was 31.5 cm/s at baseline (mean velocity: 16.4 cm/s) and 11.2 cm/s post 

embolization (mean velocity: 5.9 cm/s). This corresponded to a 64.1% reduction in 
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velocity at the complete stasis endpoint. Cross-sectional area in the portal vein, 

immediately distal to the junction of the splenic vein, was 207.8 mm2 at baseline and 

159.5 mm2 post-embolization (Figure 4). This corresponded to a 23.2% reduction in 

portal vein cross-sectional area at the complete stasis endpoint. There was a slight 

decrease in portal vein flow from 14.6 mL/s to 13.8 mL/s near the splenic vein junction, 

although portal flow was maintained from other mesenteric veins.  
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4.3.3 Tables 

Table 1: DSA and MR imaging parameters for blood velocity quantification 

DSA Vessel 
Injection 

Rate 
Injection 

Time 
Injection 
Volume 

Frame Rate 

Splenic Artery 2 mL/s 8 s 16 mL 30 FPS 

MRI Vessel 
Spatial 

Resolution 
Scan Time VENC Time Frames 

Splenic Artery 1 x 1 x 1 mm 18 s 100 cm/s 14 
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4.3.4 Figures 

 
 

Figure 1: Example qDSA in an in vivo porcine spleen model 

Within a vessel, a proximal (red) and distal point (blue) is analyzed. The time-attenuation 

curves (TAC) from the points are superimposed (right), illustrating a visible temporal 

shift. Using the distance between the points and a calculated temporal shift, a spatially-

averaged blood velocity can be determined. 
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Figure 2: In vivo correlation of qDSA with intravascular Doppler and ccDSA 

Splenic arterial blood velocity calculated via qDSA decreased linearly as embolic particles 

were delivered with a very strong correlation between qDSA-calculated blood velocity 

and embolic particles delivered. This linear decrease was congruent with measurements 

made in the splenic artery and vein using an intravascular Doppler wire, both of which 

also exhibited very strong linear correlations. A commercially available color-coded DSA 

technique had poor relationships with the amount of embolic particles delivered. 
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Figure 3: qDSA and MRI blood velocity reductions measured post-embolization 

The velocity reduction in the splenic artery calculated using qDSA (40%) is comparable to 

the velocity reduction calculated  using 4D Flow MRI PC VIPR technique (64%). Pre- and 

post- 4D Flow MRIs showed a significant decrease in flow in the splenic vein as well. 
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Figure 4: Pre- and post-embolization MRI images of the hepatic and splenic 
vasculature 

Pre- and post-splenic embolization MR angiograms in a porcine model. There is 

decreased visualization of the splenic artery (arrow), splenic vein, and portal venous 

vasculature following embolization. Calculations of blood velocity using 4D Flow MRI 

(PC VIPR) show a 64.1% decrease in splenic arterial blood velocity following 

embolization. Measurements made in the portal vein indicate a 23.2% decrease in cross-

sectional area following embolization which may be due to decreased total portal venous 

inflow .  
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4.4 Characterizing The Velocity Reduction in Splenic Arterial 

Embolization Using Embolic Particles of Varying Sizes 

 

4.4.1 Materials and Methods 

All procedures were approved by the institutional research animal care and use 

committee and were compliant with regulatory guidelines. Proximal splenic artery 

embolization was performed in the spleens of five swine (mean weight, 48.2 ± 3.3 kg). 

Subjects were sedated with an intramuscular administration of 7 mg/kg of tiletamine 

hydrochloride-zolazepam hydrochloride (Xyla-Ject; Phoenix Pharmaceutical, St. Joseph, 

Missouri), endotracheally intubated, and then underwent anesthesia induction and 

maintenance with 2% inhaled isoflurane (Halocarbon Laboratories, River Edge, New 

Jersey).  

Splenic Arterial Embolization 

All procedures were performed in an angiography suite (Artis zee; Siemens 

Healthineers, Forcheim, Germany). Femoral arterial access was obtained and the splenic 

artery selected with a 5 or 4 Fr angled glide catheter. A 3D-DSA was acquired to delineate 

splenic arterial anatomy and determine an optimal projection angle. Prior to 

embolization, a 30 frames per second (fps) 2D-DSA of the splenic artery was acquired 
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using an injection of iohexol 300 mg/mL (Omnipaque 300; GE Healthcare, Waukesha, 

Wisconsin. All DSA images were acquired with paralytic-induced (vecuronium) breath 

holds.  

In each animal, bland embolizations (n=5) were performed given that the primary 

objective of the study was to characterize reductions in blood flow velocity. An 

embolization was performed using microspheres (Embosphere Microsphere; Merit 

Medical Systems, South Jordan, Utah) diluted in 10 mL of ioxhexol 300 mg/mL. 

Microspheres sizes used during embolization included 100-300 µm, 300-500 µm, and 

500-700 µm particles. After each delivery of 1 mL aliquots, a DSA image (See Table 1 for 

imaging parameters) was acquired via stationary base catheter in the proximal splenic 

artery in order to generate blood velocity reduction-embolization curves to better 

characterize changes in velocity throughout embolization. In these embolizations, there 

was a minimum of two minutes between microcatheter withdrawal and subsequent 

imaging in order to minimize any effects of transient arterial spasm.  Embolizations were 

performed to till a complete stasis angiographic endpoint was achieved. Image acquisition 

times were extended in order to capture portal venous filling of the liver. A field of view 

was selected to ensure visibility of portal vein and the splenic artery in the same 

acquisition. 
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Image Analysis  

A post-hoc analysis of all DSA images was performed using qDSA and ccDSA 

methods. A decrease in qDSA calculated BFV was the expected result. A region of interest 

was selected in the visible portal vein in order to calculated time-to-peak using ccDSA. 

An increase in ccDSA calculated TTP was the expected result in response to a blood flow 

reduction due to embolization.  qDSA calculations were performed on a desktop 

computer with 32 GB of RAM. ccDSA calculations were performed on the angiography 

suite workstation (Artis zee; Siemens Healthineers, Forcheim, Germany).  
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4.4.2 Results 

Blood Flow Velocity Reduction During Embolization 

In embolizations during which images were acquired throughout the procedure, 

there was a negative linear relationship between qDSA calculated blood velocities and the 

volume of embolic particles delivered in all five animals. The mean reduction in blood 

velocity from baseline was 28.3 ± 10.0% per mL of embolic particles delivered. There was  

a strong linear correlation and coefficient of determination between qDSA-calculated 

blood velocity and amount of embolic particles delivered (mean R = -0.97 ± 0.02, mean 

R2 = 0.94 ± 0.04). Embolizations performed with larger particles had larger overall post-

embolization blood velocity reductions (300-500 µm: 88%, 500-700 µm: 90%, 82%) 

compared to embolizations performed with smaller particles (100-300 µm: 71%, 70%). 

Portal Vein Time-to-Peak Increase During Embolization 

There was a positive linear relationship between ccDSA calculated TTP contrast 

signal in the portal vein and the volume of embolic particles delivered in all five animals. 

There was a strong linear correlation and coefficient of determination between ccDSA-

calculated TTP in the portal vein and amount of embolic particles delivered (mean R = 

0.95 ± 0.02, mean R2 = 0.90 ± 0.05).   
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4.4.3 Tables 

Table 1: DSA imaging parameters for blood velocity quantification  

Embolic 
Particle Size 

Injection 
Rate 

Injection 
Time 

Injection 
Volume 

Acquisition 
Time 

Frame Rate 

100-300 (I) 2 mL/s 7 s 14 mL 20 s 30 FPS 
100-300 (II) 2.5 mL/s 7 s 17.5 mL 20 s 30 FPS 

300-500  2.5 mL/s 7 s 17.5 mL 20 s 30 FPS 
500-700 (I) 2 mL/s 7 s 14 mL 20 s 30 FPS 
500-700 (II) 2.5 mL/s 7 s 17.5 mL 20 s 30 FPS 
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4.4.4 Figures 

 
 
 

 
 

Figure 1: Representative splenic arterial embolization with qDSA and ccDSA 

A representative splenic arterial embolization performed in a porcine model, using 500-

700 µm embolic particles, demonstrates linear decrease in splenic arterial blood velocity 

and an increase in portal vein time-to-peak signal until a complete stasis endpoint is 

achieved. Angiographic images acquired at sequence matched time-points show patchy 

decreases in splenic parenchymal enhancement and progressive decrease in portal venous 

enhancement corresponding with increased delivery of embolic particles. 
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Figure 2: Complete qDSA blood velocity reduction curves from splenic artery 
embolizations stratified by embolic particle size 
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All splenic artery embolizations exhibited linear decreases in blood velocity relative to 

baseline as the embolization progressed. The was strong linear correlations between 

qDSA blood velocity and embolic particles delivered. Embolizations performed using 

larger particles (>300 µm) to complete stasis angiographic endpoints had larger overall 

blood velocity reductions compared to embolizations performed using small particles 

(100-300 µm). 
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Figure 3: Complete ccDSA time-to-peaks curves from splenic artery embolizations 
stratified by embolic particle size 
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All splenic artery embolizations exhibited linear increases in portal vein time-to-peak 

(TTP) contrast signal relative to baseline as the embolization progressed. There was a 

strong linear correlations between portal vein TTP and embolic particles delivered. 

Increases in TTPs appeared to correlate with decreases in splenic arterial blood velocity as 

characterized by qDSA. 
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Figure 4: Representative Cone-Beam CTs from splenic arterial embolization 

3D Cone beam CTs (CBCTs) acquired prior to (red) and after (blue) splenic arterial 

embolization. Prior to embolization, there is more homogeneous parenchymal 

enhancement of the spleen, which stretches across the left-anterior abdomen of the 

animal. Following embolization, there is significantly reduced parenchymal enhancement 

and significant contrast stasis in the splenic artery and larger arterioles. 
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4.5 Discussion 

 

In a feasibility study, splenic arterial embolizations performed in an incremental 

fashion exhibited linear decreases in qDSA-calculated blood velocities which were 

strongly correlated with Doppler ultrasound measurements made in the splenic artery 

and splenic vein. A commercially-available color-coded DSA method for determining 

contrast time-to-peak within a vessel had poor correlation with the degree of 

embolization. Reduction in splenic arterial velocity calculated via qDSA corresponded 

with the reduction in blood velocity found using 4D-Flow MRI and the cross-sectional 

area of the portal vein. In a study characterizing the splenic arterial blood velocity 

reduction with different size embolic particles, qDSA calculated blood velocities 

decreased in all particle sizes. There was a correlative increase in portal vein contrast 

signal time-to-peak which corresponded to decreased portal venous flow. Embolizations 

performed with larger particles had larger overall blood velocity reductions compared to 

embolizations performed with smaller particles. 

 qDSA demonstrated strong correlation with several modalities measuring changes 

in splenic and hepatopetal hemodynamics following embolization. Direct intra-

procedural measurements of splenic artery and splenic vein blood velocity confirmed that 
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qDSA was able to characterize progressive decreases in near-real time. Additionally, the 

magnitude of blood velocity change detected was on the order of 10-20%. This allows for 

more precise titration of the embolization and enables the determination of a more 

optimal endpoint than currently achievable. Both 4D Flow MRI and ccDSA indicated 

reduction in portal venous flow corresponding to the qDSA-calculated reduction in 

splenic arterial blood velocity.  Importantly, the primary objective of many PSE 

procedures is to reduce portal venous flow in order to relieve PTH. This indicates that the 

changes in splenic arterial blood velocity detected by qDSA may be useful in controlling 

portal flow. 

 Embolizing the splenic artery with different sized particles appeared to have 

differing effects on the rate at which blood velocity is reduced. Additionally, when 

embolizations were performed to a complete stasis angiographic endpoint, the 

quantitative degree of stasis achieved appeared to be different based on the particle size. 

These results indicate the particle size may have a significant effect on the rate and degree 

at which stasis is achieved, both factors which may be important in determining safer, 

more optimal embolization endpoints during PSE. Smaller particles may afford the ability 

to more gradually decrease flow during the procedure, but may also inhibit perfusion at 

the level of the microvasculature. Larger particles may decrease flow more rapidly, but 
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may preserve collateral flow, reducing the risk for necrosis of the splenic tissue whilst still 

decreasing overall splenic venous blood flow.  

This feasibility study had several limitations. Splenic artery embolization was 

performed in domestic swine, a model that approximates but does not fully recreate the 

anatomy and physiology of the human spleen. The size and orientation of the porcine 

spleen is quite different from human spleens, and subsequently, their splenic arterial 

anatomy and arrangement is also variant. The length and branching pattern of the 

porcine splenic artery may result in different rates of flow reduction compared to flow 

reduction in humans. This study was performed in a smaller number of animals; a larger 

sample size of animals and particle sizes may be necessary to better validate qDSAs ability 

to guide a splenic embolization. Additionally, all data analysis in this study was 

performed retrospectively. Intra-procedural qDSA calculation would permit near-real 

time calculation and selection of quantitative endpoints for improved comparison of 

outcomes between animals.  

 In future studies, we aim to characterize changes in ischemia and splenic 

perfusion in response to qDSA-guided embolization. This includes the use of functional 

perfusion imaging (CT/MR perfusion) and molecular imaging (F18-MISO PET/MR 

imaging. Additionally, we plan to use histopathology in order to assess inflammatory and 
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necrotic changes in the splenic tissue, including the use of immunohistochemistry for 

markers such as hypoxia-inducible factors (HIF1, HIF2), tumor necrosis factor-alpha 

factor (TNF-a), among others. 

 In conclusion, qDSA was able to quantify intra-procedural reductions in splenic 

arterial blood velocity during splenic artery embolization. These reductions correlated 

with Doppler US measures in the splenic artery and vein, and also correlated with MR 

and ccDSA measures of reduced portal flow. This technique may permit the 

determination of objective treatment endpoints for PSE, improving the safety and efficacy 

of the procedure.  
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Chapter 5: Quantitative Digital Subtraction 
Venography (qDSV) 
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5.1 Introduction 

 

Following successful demonstration of qDSA in oncologic and non-oncologic 

applications, we sought to determine whether the technique could be used in other 

vascular procedures, namely venous interventions. Veins lack many of the physiologic 

characteristics which permit qDSA to quantify arterial blood velocity. This chapter 

explores the feasibility of performing quantitative digital subtraction venography (qDSV) 

using temporally-modulated contrast injections by validating the accuracy of the 

technique in phantom and in vivo models.  
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5.2 Motivation 

Endovascular therapy is an established method for treating acute and chronic 

obstructive venous disease(1–5). Venous procedures are currently guided by qualitative 

angiographic endpoints, including increased visual patency, improved antegrade contrast 

flow, and/or decreased filling of collateral veins. Subjective angiographic endpoints have 

high inter-observer variability, poor reproducibility, and can negatively affect patient 

outcomes (6,7). A recent consensus panel convened by the Society of Interventional 

Radiology Foundation concluded that quantification of venous flow dynamics is a top 

research priority for improving outcomes related to deep venous interventions (8).  

Current methods for determining endpoints during venous interventions largely 

provide surrogate measures for venous flow restoration. Trans-stenotic blood pressure 

gradients may vary based on catheter, and there is no consensus on pre- or post-

intervention pressure gradients significant for long term treatment success (9,10). 

Intravascular ultrasound (IVUS) is an important diagnostic tool for morphologically 

assessing venous pathology (11,12). It is more sensitive for detecting pathologic venous 

stenoses and more predictive of clinical outcomes compared to single-plane venography, 

but it is unclear whether it would be superior to a flow-based endpoint (13–15).  Doppler 

ultrasound is a method for direct blood velocity measurement, but is limited in that deep 
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iliocaval and femoral veins cannot be visualized due to depth, overlying bone or bowel 

gas, or requires low frequency transducers with limited spatial resolution (16). 

Additionally, accurate and consistent measurements may be limited by high inter-

observer variability (17). 

Quantitative digital subtraction angiography (qDSA) is a newly developed 

technique that can accurately quantify intra-procedural arterial blood velocity from time-

resolved DSA images (18,19). The qDSA algorithm relies on cardiac-pulsatility driven 

oscillations in the time-attenuation curves of a vessel segment in an image to calculate a 

spatially- and temporally-averaged blood velocity, using methods previously described for 

4D-DSA (20–22). qDSA has not been used for venous interventions because venous flow 

lacks strong cardiac-driven pulsatility which creates the trackable oscillations in contrast 

density at the point of injection. We propose a 2D quantitative digital subtraction 

venography technique (qDSV) which employs a temporally modulated contrast injection, 

permitting the quantification of blood velocity in a manner similar to qDSA. This 

technique is minimally-intrusive to the procedural workflow and leverages venographic 

images that are typically acquired throughout an intervention. The objective of this study 

was to determine the feasibility of using qDSV in phantom, normal, and stenotic porcine 
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iliac vein models by correlating qDSV-calculated blood velocity with US-measured blood 

velocity. 
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5.3 Validation of qDSV Accuracy in a Phantom and In Vivo 

Models of Peripheral Venous Blood Flow 

 
5.3.1 Materials and Methods 

All procedures were approved by the Institutional Research Animal Care and Use 

Committee and were compliant with regulatory guidelines. 

qDSV Method 

The proposed qDSV method uses temporal modulation of the contrast injection 

to develop transient boluses of contrast medium to calculate blood velocity (Figure 1). An 

oscillatory signal can be measured in time-attenuation curves (TAC) extracted from 

pixels within time-resolved 2D DSA images. TACs from points along a vessel centerline, 

separated by a distance ‘d’, will exhibit similar signals but with a temporal shift ‘t’, 

representing the transit time of contrast through the vessel. Distances and temporal shifts 

are calculated for all pairs of points along a vessel centerline to calculate a spatially- and 

temporally-averaged blood velocity ‘v’. Distances and temporal shifts were calculated 

using a previously described shifted-least squares approach (19,21). Given the two-

dimensional, projectional nature of venography, calculations are “apparent velocities'' and 

can be used to determine relative changes in velocity. Magnification and foreshortening 
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corrections can be applied to achieve results closer to “absolute velocity”, thereby 

enabling direct comparison with pulsed wave Doppler ultrasound. All qDSVs were 

acquired at 30 frames per second and calculations were performed in a custom-built 

MATLAB tool (MATLAB R2021b version 9.5, MathWorks, Natick, Massachusetts) (19).  

Phantom Venous Study 

A peristaltic pump (Anko MityFlex, Bradenton, FL) with a water source was 

connected to a compliance chamber and polyethylene tube phantom to simulate constant 

rate venous blood flow (Figure 2). Triplicate qDSV images were acquired in a curved 

section of the phantom using an Artis zee x-ray system (Siemens Healthineers, 

Forchheim, Germany). An in-line Doppler ultrasound flow sensor (Transonic, Ithaca, 

NY) was connected to the in-flow of the phantom for non-intrusive and simultaneous 

measurement of fluid velocity for comparison.  Iodinated contrast media (Omnipaque 

300, GE Healthcare, Waukesha, WI) was injected through a 6 Fr straight flush catheter 

positioned proximal to the flow sensor and imaging region. Images were acquired with 

pump-driven velocity at low (~10-20 cm/s), medium (~20-30 cm/s), and high (~40-50 

cm/s) flow rates corresponding to typical venous blood velocities in human iliofemoral 

veins (23,24).  
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A custom-built dual-barrel angiographic power injector (DPI) was used to 

perform temporally-modulated contrast injections (25). The custom DPI offers 

programmable contrast and saline injection waveforms. Several different contrast 

injection protocols using square waveforms were evaluated by modifying injection flow 

rate, duty cycle, and modulating frequency. Additionally, a commercial DPI (Nemoto, 

Tokyo, Japan) and hand injections via syringe were used to evaluate the feasibility of 

performing qDSV with currently available contrast injection methods. Contrast injection 

parameters are included in Table 1 and Table 2. 

Porcine Iliac Venous Study 

Seven domestic swine (48.6 ± 2.7 kg) were sedated with an intramuscular 

administration of 7 mg/kg of tiletamine hydrochloride-zolazepam hydrochloride (Xyla-

Ject; Phoenix Pharmaceutical, St. Joseph, Missouri), endotracheally intubated, and then 

underwent anesthesia induction and maintenance with 2% inhaled isoflurane 

(Halocarbon Laboratories, River Edge, New Jersey). The femoral vein was accessed 

percutaneously, and a 4 Fr straight flush catheter was positioned in the distal iliac vein. A 

catheter with radiopaque markers spaced by 1-cm was placed in the iliac vein for 

magnification and foreshortening correction. Triplicate right or left iliac DSV images 

were acquired with a temporally-modulated contrast injection using the custom DPI or 
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commercial DPI using protocols similar to the phantom studies. Immediately following 

qDSV imaging, triplicate Doppler US blood velocity measurements were made using a 

Vivid q ultrasound system (GE Healthcare, Waukesha, WI) with a diagnostic linear probe 

(9L) in the distal portion of the vein that was sonographically visible, typically near the 

iliofemoral venous junction. Mean velocities were measured over a 5-second scan. To 

assess different flow states, baseline flow was altered in one animal by occluding the 

ipsilateral common iliac artery, thereby decreasing both arterial and venous flow in that 

extremity. 

Porcine Iliac Venous Stenosis Study 

In three animals (49.3 ± 0.7 kg), an iliac venous stenosis was created. Baseline 

venograms (2D and 3D), qDSVs, and US measurements of the iliac venous velocity were 

acquired. Following imaging, a venous stenosis was created using a modified version of a 

recently described endovenous RF ablation technique (26). Electrical current at 480 kHz 

was applied through a custom 8F flexible catheter electrode (Figure 8). Electrode 

temperature and impedance feedback were provided by the RF current generator 

(Radionics, Inc., Burlington, Massachusetts). With the electrode in the mid-iliac vein, 

manual compression was applied to improve contact with the vessel wall and reduce heat 

sinking due to blood flow. Current (0.4-0.6 A) was applied until local temperature 
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exceeded 90 °C and a commensurate increase in electrical impedance was detected (20 

ohm). Total heating time was 15-20 seconds. After withdrawing the electrode, the flush 

catheter was re-introduced and repeat venography performed to verify the stenosis. 

Subsequently, venoplasty was performed (up to a 12 mm balloon catheter). Finally, a 

stent (Animal 1: 12 mm x 60 mm WALLSTENT, Boston Scientific; Animal 2: 10 mm x 68 

mm WALLSTENT; Animal 3: 14 mm x 50 mm WALLGRAFT, Boston Scientific) was 

deployed across the stenosis. Venography and quantitative imaging measurements were 

acquired at each step: post-stenosis creation, post-venoplasty and post-stenting. 

Image Analysis 

For all studies, qDSV acquisitions were analyzed using the aforementioned 

MATLAB tool to calculate a spatially- and temporally-averaged blood velocity in the iliac 

vein. For phantom studies, real-time US-sensor velocity data was imported into 

MATLAB and a time-averaged blood velocity was calculated. For in vivo studies, the 

mean blood velocity over the length of a pulse-wave Doppler US acquisition was 

measured in the target vein. 

Statistical Analysis 

Mean qDSV and US velocities were calculated as mean±standard deviation of 

triplicate acquisitions. For assessment of correlation between qDSV and US velocities in 
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phantom and in vivo models, linear regression analysis was performed using MATLAB. 

A Bland-Altman analysis was performed to assess agreement between the two techniques. 

For assessment of the difference in mean qDSV and US velocities between injection 

methods, and to compare pre- and post- balloon occlusion velocities, paired sample t-

tests were used. A p-value < 0.05 was considered statistically significant. Bland-Altman 

and t-test analysis were performed in R (version 4.1.2). 
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5.3.2 Results 

Phantom Venous Study 

In the phantom study using the custom DPI, a range of blood velocities (13-51 

cm/s) were observed (Figure 3). Peaks in US-measured blood velocity and peaks in TACs 

from the baseline injection protocol and half-frequency protocol were larger than those of 

the half-rate and half-duty cycle protocols. Linear regression analyses between mean US-

measured blood velocity (cm/s) and qDSV-calculated blood velocity (cm/s) (USvelocity = 

slope * qDSVvelocity + intercept) are presented in Figure 4. The base injection (slope = 1.28, 

intercept = -8.31, R2 = 0.99), half-rate (slope = 1.01, intercept = 1.70, R2 = 0.99), half-duty 

cycle (slope = 1.07, intercept = -0.85, R2 = 0.98), and half-frequency protocols (slope = 

1.35, intercept = -4.17, R2 = 0.98) all had very strong linear correlations between qDSV 

and US velocities. The Bland-Altman analysis of the difference in velocity means (qDSV 

− US) showed a bias of 0.3 cm/s for the base injection (limits of agreement: [-6.9 to 7.5 

cm/s]), -2.1 cm/s for the half-rate (limits of agreement: [-5.7 to 1.6 cm/s]), -1.2 cm/s for 

the half-duty cycle (limits of agreement: [-5.8 to 3.4 cm/s]), -4.9 cm/s for the half-

frequency (limits of agreement: [-14.1 to 4.4 cm/s]) protocols (Figure 5). 
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In the phantom study comparing different injection methods (Figure 6), there was 

no statistically significant difference between qDSV and US using the custom injector 

(qDSV=23.6±0.4 cm/s, US=24.3±0.0 cm/s, p=0.09), commercial injector protocol 3 

(qDSV=24.0±2.3 cm/s, US=23.2±0.0 cm/s, p=0.60), multiple-syringe hand injections 

(qDSV=22.3±2.4 cm/s, US=24.3±0.6 cm/s, p=0.20), or single-syringe hand injections 

(qDSV=23.4±2.7 cm/s, US=24.5±0.3 cm/s, p=0.52). There was a statistically significant 

difference between qDSV and US using the commercial injector protocol 1 

(qDSV=21.7±0.6 cm/s, US=24.1±0.3 cm/s, p=0.02) with an absolute difference of 2.4 

cm/s, and commercial injector protocol 2 (qDSV=22.3±0.9 cm/s, US=24.1±0.3 cm/s, 

p=0.03) with an absolute difference of 1.8 cm/s. 

Porcine Iliac Venous Study 

In the in vivo normal porcine iliac vein model, blood velocities were measured 

over a range of 5-16 cm/s using Doppler US. Linear regression analyses between mean 

US-measured blood velocity (cm/s) and qDSV-calculated blood velocity (cm/s) (USvelocity 

= slope * qDSVvelocity + intercept) are presented in Figure 7. In vivo, there was a strong 

linear correlation between qDSV and US velocities (slope = 1.22, intercept = -4.32, R2 = 

0.90). The Bland-Altman analysis of the difference in velocity means (qDSV − US) 

showed a bias of 1.4 cm/s (limits of agreement: [-2.4 to 5.2 cm/s]). In the animal where 
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the venous blood velocity was reduced through ipsilateral iliac arterial occlusion, a 

statistically significant reduction in velocity was captured by both qDSV (pre-occlusion: 

13.5±2.6 cm/s, post-occlusion: 7.6±2.1 cm/s, p =0.03) and US (pre-occlusion: 12.0±2.9 

cm/s, post-occlusion: 5.3±0.7 cm/s, p=0.02). 

Porcine Iliac Venous Stenosis Study 

In the stenosis study, successful creation of an iliac venous stenosis and 

subsequent treatment with venoplasty and stenting was achieved in all animals (Figures 9 

& 10). The diameter and cross-sectional area of the target region in the iliac vein, the US-

measured blood velocity, and the qDSV-calculated blood velocity for each of the three 

animals are presented in Table 3. In Animal 1, both US and qDSV indicated a decrease in 

velocity following stenosis, subsequent increase in velocity after venoplasty, and further 

increase in velocity after stenting. In animal 2, both US and qDSV indicated a decrease in 

velocity following stenosis, subsequent increase in velocity after venoplasty, and minimal 

change in velocity after stenting. In animal 3, both US and qDSV indicated a high grade 

stenosis or complete occlusion with no antegrade flow and significant reflux following 

stenosis creation. There was an increase in both US and qDSV velocity following two 

rounds of venoplasty and stenting. In all animals, the relative changes in blood velocity 

were similar between the two modalities at all intra-procedural timepoints.   
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5.3.4 Tables 

Table 1: Contrast injection parameters for the phantom experiment using the custom 
power injector  

Injection Protocol 
Contrast Injection Rate 

(mL/s) 
Saline Injection Rate 

(mL/s) 
Base Protocol 6.0 (peak), 0.0 (minimum) 6.0 (peak), 0.0 (min) 

Half-Rate 3.0 (peak), 0.0 (minimum) 3.0 (peak), 0.0 (min) 
Half-Duty Cycle 6.0 (peak), 0.0 (minimum) 6.0 (peak), 0.0 (min) 
Half-Frequency 6.0 (peak), 0.0 (minimum) 6.0 (peak), 0.0 (min) 

 
Cont. 

Injection Protocol 
Duty Cycle 

(%) 
Frequency 

(Hz) 
Acquisition 

Time (s) 
Contrast 

Volume (mL) 
Base Protocol 10 0.35 20 3.6  

Half-Rate 10 0.35 20 1.8  
Half-Duty Cycle 5 0.35 20 1.8  
Half-Frequency 10 0.17 20 3.6  
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Table 2: Contrast injection parameters for the phantom experiment comparing 
different injection methods 

Injection 
Method 

Protocol Injection Parameters 
Acquisition 

Time (s) 

Contrast 
Volume 

(mL) 

Custom 
Injector 

Base 
Protocol 

6.0 (peak), 0.0 (minimum) 
contrast and saline, 10% duty 

cycle, 0.35 Hz 
20 s 3.6 mL 

Conventional 
Injector 

Protocol 1 
3-phase injection: 6 mL/s, 0.6 

mL, 3 second phase delay 
20 s 1.8 mL 

Conventional 
Injector 

Protocol 2 
3-phase injection: 4 mL/s, 0.4 

mL, 3 second phase delay 
20 s 1.2 mL 

Conventional 
Injector 

Protocol 3 
3-phase injection: 2 mL/s, 0.2 

mL, 3 second phase delay 
20 s 0.6 mL 

Hand 
Injection 

Multiple 
Syringes 

4 syringes, 1.2 mL of contrast, 
injected ~3 seconds apart 

20 s 4.8 mL 

Hand 
Injection 

Single 
Syringe 

1 syringe, 5 mL of contrast, 
~6 injections per acquisition 

20 s 5.0 mL 
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Table 3: Peri-procedural measurements from the porcine iliac venous stenosis study 

 
CSA: Cross-sectional area, Diam.: Diameter, qDSV: quantitative digital subtraction 
venography, US: ultrasound 
 
* Denotes qualitative features of complete stasis 
  

Animal Measurement Baseline 
Post-

Stenosis 
Post-

Venoplasty 
2nd Post-

Venoplasty  
Post-

Stenting 

1 CSA (cm2) 0.73 0.13 0.36 n/a 1.30 
1 Diam. (cm) 1.02 0.78 0.79 n/a 1.19 
1 qDSV (cm/s) 15.2 ± 2.5 8.7 ± 0.9 15.8 ± 0.4 n/a 18.0 ± 0.4 
1 US (cm/s) 12.8 ± 1.2 4.8 ± 0.1 10.1 ± 3.0 n/a 12.3 ± 1.2 
2 CSA (cm2) 0.76 0.26 0.37 n/a 0.76 
2 Diam. (cm) 1.26 0.58 0.62 n/a 0.97 
2 qDSV (cm/s) 17.6 ± 1.9 8.4 ± 0.1 11.5 ± 0.8 n/a 11.2 ± 1.7 
2 US (cm/s) 20.2 ± 2.6 12.9 ± 0.8 16.6 ± 3.0 n/a 16.3 ± 0.5 
3 CSA (cm2) 0.98 0.37 0.38 0.46 0.97 
3 Diam. (cm) 1.17 0.44 0.44 0.67 0.91 
3 qDSV (cm/s) 13.1 ± 2.3 ~ 0* 3.8 ± 0.4 6.3 ± 0.7 9.8 ± 0.6 
3 US (cm/s) 11.6 ± 0.7 ~ 0* 3.5 ± 0.4 7.8 ± 1.3 11.9 ± 0.6 
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5.3.5 Figures 

 
 

Figure 1: Example qDSV in an in vivo porcine iliac vein model 

An example of the qDSV technique in a porcine iliac venogram (left). Within the target 

vein, a proximal (red) and distal point (blue) is analyzed. The time-attenuation curves 

(TAC) from the points exhibit contrast peaks developed from temporally-modulated 

injection of contrast medium. The two TACs are superimposed (right), illustrating a 

temporal shift. Using the distance between the points and calculated temporal shift, a 

spatially- and temporally-averaged blood velocity can be determined. 
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Figure 2: qDSV Phantom Experimental Setup 

An illustration of the phantom experimental setup for validating qDSV accuracy. A 

peristaltic pump was used to generate fluid flow from an inlet water reservoir. A 

compliance chamber was connected in series to the pump in order to remove any 

pulsatility from the flow and more accurately mimic constant venous flow rate. 

Temporally-modulated contrast injections were performed through a flush catheter 

introduced through a Y-junction. Real-time ultrasound velocities were recorded using an 

in-line ultrasonic flow sensor immediately proximal to the x-ray imaging region. 

Angiographic images were acquired in a curved section of ¼” polyethylene tubing that 

was used to simulate iliac venous anatomy. 
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Figure 3: Example time-attenuation curves and US velocities from temporally-
modulated contrast injection protocols 

Time attenuation curves (TAC, arbitrary units) and real-time ultrasound (US, cm/s) 

velocities from varied temporally-modulated contrast injection protocols. These include a 

base injection protocol (red), a protocol in which the peak injection rate is halved (blue), 

a protocol in which the injection duty cycle is halved (yellow), and a protocol in which 

the injection frequency is halved (green). Injection protocols with higher effective 

injection rates (base injection, half frequency) exhibit the largest transient increases in 

blood velocity and TAC signal. Injection protocols decreased effective injection rates (half 

rate, half duty cycle) exhibit smaller transient increases in blood velocity and TAC signal. 
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Figure 4: qDSV accuracy in phantom models across different temporally-modulated 
contrast injection protocols 

Correlation of qDSV-calculated velocity with US-measured velocity in a phantom model. 

Across all injection protocols, there is a very strong correlation between qDSV and US. 

Injection protocols with higher effective injection rates (base injection, half-frequency) 

exhibit larger velocity biases towards qDSV compared to injection protocols with 

decreased effective injection rates (half-rate, half-duty cycle). 
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Figure 5: qDSV and US Bland-Altman analysis in phantom models 

Bland-Altman plot of qDSV velocities and US velocities for the Base Protocol (red), Half 

Rate Protocol (blue), Half Duty Cycle Protocol (yellow), and Half Frequency Protocol 

(green). The middle dashed line represents the average of the differences between qDSV 

velocities and US velocities, and the top and 
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bottom dashed lines represent the mean difference + 1.96SD (standard deviation of the 

difference) and mean difference - 1.96SD, respectively. In the injection protocols with 

larger effective injection rates (base protocol, half-frequency), there appears to be a 

velocity dependent bias: higher velocities bias to US, lower velocities bias to qDSV.  
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Figure 6: qDSV accuracy in phantom models across different contrast injection 
methods 

A comparison of qDSV-calculated blood velocities using different injection methods. The 

calculated velocities using the custom injector, commercial injector (at different flow 

rates), and hand injections (using a single or multiple syringes) are similar to velocities 

measured by US. 
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Figure 7: qDSV accuracy in in vivo porcine models of the iliac vein at different flow 
states 

Correlation and Bland-Altman analysis of qDSV-calculated velocity with US-measured 

velocity in an in vivo model. There is a strong linear correlation between qDSV and US at 

different flow rates within the porcine iliac vein. 
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Figure 8: Endovenous RF ablation for in vivo venous stenosis creation 

Intra-procedural setup for performing endovenous RF ablation in an in vivo porcine iliac 

vein model in order to create venous stenosis. Fluoroscopy is used to advance a custom-

built endovenous RF probe through a large diameter vascular sheath (e.g. 8 Fr) until the 

metallic tip is centered on the target region of the vein. Prior to ablation, abdominal 

compression is applied to the target region (using either manual compression and/or 

tools such as a retractor) in order to provide sufficient contact of the venous endothelium 

with the probe tip. Once ablation has begun, compression is maintained until successful 

ablation is achieved. 
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Figure 9: 2D and 3D venography of iliac venous stenosis and subsequent treatment 

2D (digital subtraction venography, DSV) and 3D (cone-beam CT, CBCT) venograms 

from a porcine model of iliac venous stenosis. A decrease in vessel cross-sectional area is 

seen after endovenous radiofrequency ablation is performed. Subsequent increases in area 

are seen following venoplasty and deployment of a metallic stent. 
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Figure 10: qDSV and US Blood Velocities During Stenosis Creation and Treatment 

Blood velocity changes during a venous stenosis creation and treatment in a porcine 

model. Replicate velocity measurements were made at each intra-procedural time point 

using qDSV and US. Both techniques show similar decreases in mean blood velocity after 

stenosis formation and subsequent increases in velocity after venoplasty and stent 

placement.   
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5.4 Discussion 

 

This study investigated the feasibility of a quantitative digital subtraction 

venography technique that employs a temporally modulated contrast injection to 

quantify venous blood velocity by assessing the correlation of qDSV-calculated blood 

velocities to Doppler US blood velocity measurements. In a phantom model, qDSV 

accurately quantified blood velocity across a range of baseline velocities and injection 

protocols using several different injection methods. In vivo, qDSV correlated strongly 

with US measurements in a normal iliac vein at different venous flow rates. In an in vivo 

endovenous RF ablation model of iliac venous stenosis, qDSV characterized changes in 

blood velocity after stenosis creation, venoplasty and stenting. At each step, changes on 

qDSV correlated with those on Doppler US. 

The phantom studies indicate that different qDSV injection protocols may be 

used to quantify venous blood velocity. Injection protocols may be adapted based on 

patient- and venous pathology-specific factors. For example, in larger patients with more 

attenuating tissues, a higher rate protocol similar may be used to ensure stronger time-

attenuation signals for qDSV calculation. In patients with lower native venous flow, a 

lower rate protocol may be used to minimize perturbation of blood flow. Of note, the 
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time-averaged velocity addition from injection was small (<10% of native blood velocity) 

in this study. A custom power injector with fine injection parameter control, similar to 

the one used in this investigation, may be desirable for such adjustments, but the results 

from this study indicate that similar venous velocity quantification may be achieved with 

conventional injection methods. 

In vivo, qDSV enabled accurate iliac venous blood velocity quantification over a 

wide range of hemodynamic and pathologic states. Stenoses of different severity were 

created and treated with clinical angioplasty balloons and stents of different sizes. qDSV 

captured changes in venous velocity between baseline flow states and those with reduced 

arterial inflow, venous occlusion, venous recanalization, and restoration of baseline flow 

following venoplasty and stenting. A previously described method for creating venous 

stenoses in a large animal model was used, but modified to use an RF ablation generator 

and electrode made from off-the-shelf components (26). The anatomic (2D and 3D 

venography) and quantitative (qDSV, US) results from this study further validate this as 

an appropriate model for translational venous intervention research. 

qDSV may address shortcomings of current techniques for determining treatment 

endpoints of venous intervention. Importantly, qDSV does not interfere with the 

procedural workflow and may complement other currently employed techniques. qDSV 
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may be used to characterize baseline blood velocity and determine whether a venous 

stenosis or compression is clinically significant, even if the vessel is not visible by 

ultrasound. It may help differentiate between patients with pathologic, clinically 

significant iliac venous compression and the large cohort of patients with normal 

physiologic iliac venous compression. Additionally, qDSV may be used in combination 

with IVUS to characterize changes in vessel patency with corresponding blood velocity 

changes. The two techniques may even be combined to calculate volumetric flow changes 

(velocity from qDSV and cross-sectional area from IVUS).  

Our study had several limitations. The phantom study was performed in a flexible 

tube model which does not capture all of the features of venous vasculature including 

vessel compliance, convergent vessels, or turbulent flow. Despite this, qDSV correlated 

with Doppler US in an in vivo porcine model that more closely reflects human anatomy 

and physiology. In both models, qDSV-calculated velocities correlated strongly with US 

velocities across a range of velocities, but several factors may result in different absolute 

velocities between the two.  The US velocities were temporally-averaged over the length 

of a scan, but were acquired at a single cross-sectional plane (in-line probe for phantom) 

or small region of interest (diagnostic probe for swine) near the iliofemoral venous 

junction due to an inability to visualize the iliac vein more centrally. This differs from the 
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spatially- and temporally-averaged velocity provided by qDSV, which calculates velocity 

along an entire segment of the common and external iliac vein, across a number of image 

frames. While in vivo ultrasound measurements were acquired immediately prior to or 

following qDSV scans, transient changes in native blood flow may have occurred between 

measurements. Blood velocity was also calculated by qDSV in the presence of a contrast 

injection. Although the injections used were intentionally brief and low volume, there 

may have been small transient increases in flow (and velocity) due to the injected 

contrast. While these factors affect the calculation of absolute blood velocity, relative 

changes in pre- and post-intervention velocities are still captured by qDSV. Lastly, this 

study used high-frame rate imaging to capture the temporal dynamics of the blood in the 

veins. For a typical venous segment and blood velocity, the frame rate can likely be 

reduced significantly (~7-10 frames per second) . Additionally, ongoing investigations 

indicate qDSV may be performed at significantly lower radiation doses, including levels 

comparable to conventional fluoroscopy. 

In conclusion, using temporally-modulated contrast injections, qDSV was used to 

accurately quantify venous blood velocity in phantom and in vivo models. Furthermore, 

qDSV was able to characterize intra-procedural changes in blood velocity in a porcine 

model of venous stenosis with subsequent venoplasty and stenting. Further investigation 
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is warranted to assess the feasibility of using qDSV to determine objective treatment 

endpoints during clinical venous interventions.  
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Chapter 6: Conclusion 
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6.1 Conclusions 

 

 Image-guided vascular interventions are minimally-invasive procedures that 

navigate and treat diseases through blood vessels. Digital subtraction angiography (DSA) 

is the primary intra-procedural imaging method for diagnosing pathology, determining 

procedural endpoints, and evaluating treatment efficacy. Currently, assessment of DSA 

images are largely subjective and qualitative, leading to high inter-observer variability and 

poor reproducibility. This has been shown to have negative outcomes for patients in a 

variety of treatments and conditions. A quantitative angiography technique would help 

develop objective treatment endpoints, standardizing procedures and improving their 

safety and efficacy. 

 In this dissertation, we investigated two novel quantitative angiography 

techniques, quantitative digital subtraction angiography (qDSA) and quantitative digital 

subtraction venography (qDSV). qDSA was validated in phantom and in vivo models as 

an accurate technique for performing intra-procedural blood velocity quantitation. In the 

oncologic application of liver embolizations, qDSA was able to quantitatively 

discriminate treatment endpoints, characterize intra-procedural blood velocity changes 

better than a commercially available technique, and correlated with histopathologic and 
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functional imaging measures of tissue perfusion. In developing advanced techniques, 

evaluations of super-selective qDSA, volumetric qDSA, and motion-compensation for 

3D-DSAs demonstrated strong feasibility for integration into angiographic procedure 

workflow. In the non-oncologic application of spleen embolization, qDSA was able to 

characterize intra-procedural blood velocity changes, discriminate blood velocity changes 

due to different size particles, and correlate with multi-modal imaging measures of 

reduced portal venous blood flow. In the application of venous interventions, qDSV was 

accurate across a range of time-modulated injection protocols and methods, accurate in 

in vivo models, and was able to characterize intra-procedural blood velocity changes in an 

in vivo model of iliac vein stenosis. 

 Further development and validation of qDSA and qDSV are required, but this 

complete body of work successfully demonstrates the strong potential of these 

quantitative angiography techniques for improving patient outcomes related to image-

guided vascular interventions. 
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6.2 Future Directions 

 

6.2.1 Correlation of qDSA with immunohistochemistry in the liver 

 Ongoing studies are planned to correlate qDSA-based embolization endpoints 

with immunohistochemistry (IHC) markers of tissue hypoxia and inflammation. This 

will be done by performing a liver embolization to qDSA-calculated quantitative 

endpoints in a porcine model similar to the method outlined in Chapter 2 using several 

quantitativestasis endpoints(e.g. 25-100). There will be a survival  period to allow acute 

ischemic changes take place, after which the animal will be euthanized. It will then be 

fixed and sectioned for histology and immunohistochemistry (IHC) analysis. On 

histology, our major findings of interest are degree of cellular necrosis and architectural 

changes. On IHC, our proteins of interest are hypoxia-inducible factor 1-alpha (HIF1a), 

tumor necrosis factor-alpha (TNFa),and vascular endothelial growth factor (VEGF). 

These markers will provide information about the degree of hypoxia, inflammation, and 

angiogenesis respectively. Subjective histopathologic assessment will be categorized into a 

4-point rating scale and the IHC expression will be quantified using ImageJ. These 

pathology assessments will be compared with the relative reduction in blood velocity for 

the different partial-and complete-stasis endpoints.   
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6.2.2 Validation of qDSA-guided embolization in a large animal liver 
tumor model 

 Ongoing studies are planned to for validating qDSA-guided liver embolization in 

a large animal tumor model to demonstrate correlation with reduction in tumor volume 

and intra-tumoral changes. Liver tumors can have heterogeneity in size, architecture, and 

microvascularity. The development of a quantitative embolization endpoint would need 

to be relatively immune to these differences. Furthermore, there should be confidence 

that the method will allow for the selection of an endpoint that will effectively decrease 

tumoral enhancement without incurring significant off-target effects. We plan to use a 

newly developed liver tumor model, the Oncopig. In these genetically-modified swine, 

tumors are inducible through adenoviral vector (Cre-recombinase). Experiments will be 

conducted in a manner similar to 6.2.1, with the addition of a 4-week survival period with 

serial MRI tumor imaging, serial hematologic assays, and added tumor-specific markers 

of tumor necrosis and microvascularity (p53, Ki-67, CD-31, CD-34).  
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6.2.3 Determination of Optimal Partial Splenic Artery Embolization 
Endpoint  

 Ongoing investigations are planned to help determine the optimal qDSA-

calculated quantitative blood velocity endpoint for partial splenic artery embolization 

procedures by correlating to measures of splenic perfusion. This will be done by 

performing a partial splenic embolization to qDSA-calculated quantitative endpoints in a 

porcine model similar to the method outlined in Chapter 4. Following embolization, the  

animals  will undergo F18-MISO  PET/MR  to assess functional changes in splenic 

hypoxia, and  changes in splenic arterial, venous, and portal venous blood flow using PC 

VIPR. During a survival period, serial hematologic assays will be acquired to assess any 

cytopenia or other abnormalities to blood counts. Gross and histopathology will  be  

assessed for acute inflammatory any necrotic changes (similar to 6.2.1. Imaging and 

pathology changes will be correlated to the qDSA-determined degree of embolization. 

The quantitative endpoint which causes significant stasis whilst preserving splenic 

function and minimizing complications (e.g. abscess) will serve as a foundation for 

further clinical studies.  
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6.3 Collaborations 

The following are several abstracts from ongoing collaborations related to qDSA and 
qDSV. These projects continue to improve and expand upon the described techniques. 

 

6.3.1 qDSA Radiation Dose Reduction 

Hoffman C, Whitehead J, Periyasamy S, Kutlu A, Speidel M, Laeseke PF. Low Dose 
Quantitative DSA for Intraprocedural Calculation of Blood Velocities. SIR 2022. June 
2022. Oral Presentation 
 

Purpose: Quantitative 2D digital subtraction angiography (qDSA) can be used to quantify blood 
velocity during interventions. Currently, qDSA is limited by radiation doses associated with the high 
frame rates required for blood velocity quantification. This study aimed to investigate the accuracy of 
qDSA utilizing lower dose DSA images in phantom and in vivo porcine models. 

Materials and Methods: qDSA studies were performed in 4 vascular phantoms and 1 porcine model. 
3D printed vascular models were created for the iliac, renal, hepatic, and splenic arteries. The same 
arteries were investigated for the porcine model. A total of 5 dose rates (0.08, 0.81, 1.82, 2.4, 3.6 
μGy/frame) were acquired at 30 fps, with the highest dose rate being comparable to clinical DSA 
protocols. qDSA blood velocities were calculated using a shifted least squares approach that tracks 
contrast along a vessel centerline. A range of qDSA velocities were computed for the 4 vessel regions. 
Linear regression and Pearson’s correlation coefficient were used to assess the agreement between the 
highest dose rate and the 4 remaining lower dose rates. In vitro and in vivo data sets were acquired in 
triplicate and duplicate respectively. 

Results: The qDSA velocity measurements for the lower dose DSA techniques correlated with the 
highest dose DSA measurements (Pearson’s r = 0.96 - 0.99) for the in vitro models. Similar correlation 
values were found for the in vivo model (Pearson’s r = 0.74 - 0.93) with a slight reduction compared to 
in vitro. The linear regression of each dose rate resulted in slopes ranging from 0.80 to 1.14 and 0.77 to 
1.06 for the in vitro and in vivo models respectively. The 95% confidence intervals included a slope of 1 
for all cases. 

Conclusion: Arterial blood velocities were accurately quantified with lower dose DSA imaging in both 
in vitro and in vivo porcine models. A strong positive correlation (r > 0.8) was maintained for up to an 
80% reduction in radiation dose rate. The agreement between the lower dose and high dose DSA 
velocities is promising for clinical translation of the qDSA technique.  
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6.3.2 qDSA for Peripheral Arterial Disease 

Meram E, Periyasamy S, Hoffman C, Pieper A, Kutlu A, Laeseke PF. Characterizing 
Blood Velocities in a Porcine Stenotic Iliac Artery Model Using Quantitative DSA. SIR 
2022. June 2022. Oral Presentation 
 

Purpose: Quantitative 2D digital subtraction angiography (qDSA) is a postprocessing technique that 
leverages the inherent pulsatility in arterial blood to quantify blood velocity1. It has been correlated with 
intravascular Doppler and 4D Flow MRI in normal porcine iliac arteries and was used to quantify 
velocities in a stenotic iliac artery phantom model2-3. This study aimed to assess the feasibility of using 
qDSA to quantify blood velocity in an in vivo porcine stenotic iliac artery model. 

Materials and Methods: 120 2D-DSAs (30 fps) were performed in 4 swine (mean 63 kg). 100% or 50% 
contrast was administered at a 2.5 mL/s injection rate for 8 seconds via a 5 Fr angled glide catheter 
positioned in the proximal common iliac artery (CIA). Severe stenoses were created near the iliac artery 
bifurcation by performing a cutdown and tying 3-0 silk sutures around the vessel with a 0.035’’ wire in 
it. Pre- and post-stenosis 2D-DSAs were performed. qDSA velocities in the CIA (proximal to the 
stenosis) and external iliac artery (EIA, distal to the stenosis) were calculated and compared to peak 
systolic (PS) pulsed-wave doppler ultrasound. The results were evaluated with descriptive statistics, t-
testing, Pearson correlation, and linear regression. 

Results: The average qDSA and US blood velocities are shown in Table 1. Stenoses with >90% luminal 
narrowing were achieved ( >200cm/s peri-stenotic PS velocities and tardus parvus waveforms in EIA). 
Distal to the stenosis, statistically significant reductions in velocity were noted in the EIA on both US 
and qDSA (p< 0.05). qDSA velocities obtained with 50% and 100% contrast strongly correlated 
(r=0.82,p< 0.001) with a slope of 0.97 and R2 of 0.69 (y=0.97x+5.75). The US and qDSA velocities also 
strongly correlated for all flow states (US vs 100% r=0.71; US vs 50% r=0.76). There was a 2.3-2.8:1 ratio 
between the PS US and mean qDSA velocities. Given that qDSA velocities are spatially and temporally 
averaged, estimated mean PS US velocities (assuming parabolic flow where mean PS velocity = 0.5 x PS 
velocity) are also provided in Table 1 for comparison 

Conclusion: Pre- and post-stenotic iliac arterial blood velocities can be characterized using qDSA. 
Further studies are indicated to investigate the accuracy of qDSA velocity quantification with different 
degrees of stenosis as well as in clinical studies with diseased peripheral arteries. 
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6.3.3 Motion-Compensation for qDSA 

Whitehead J, Hoffman C, Periyasamy S, Laeseke PF, Speidel M, Wagner M. "A motion 
compensated approach to quantitative digital subtraction angiography", Proc. SPIE 
12031, Medical Imaging 2022: Physics of Medical Imaging, 120311L (4 April 2022); 
https://doi.org/10.1117/12.2611816 

 

Quantitative digital subtraction angiography (qDSA) aims to standardize clinical endpoints for 
embolization procedures by measuring arterial blood velocity from 2D image sequences intra-
procedurally until a predetermined reduction in velocity is achieved. qDSA determines velocity by 
tracking oscillations in iodine contrast induced from the cardiac cycle as they propagate along a vessel 
centerline. The purpose of this work was to investigate the influence of vessel motion on the accuracy of 
qDSA and to develop a motion compensated qDSA approach (MC-qDSA). MC-qDSA uses a deep 
learning-based frame-by-frame vessel segmentation approach followed by vessel registration. This 
allows automatic recalculation of centerlines for each frame and thus provides a dynamic centerline that 
moves with the vasculature. The approach was tested in a phantom study simulating physiologic blood 
flow, respiratory and cardiac motion. Errors in qDSA velocity measurements relative to the ideal case of 
a stationary phantom were quantified using the mean absolute percent difference (MAD). In the 
respiratory motion cases, no motion correction resulted in 160.0 ± 283.0% MAD and the proposed MC-
qDSA approach improved the MAD to 6.5 ± 5.9%. In the cardiac motion cases, MAD was 11.9 ± 12.8% 
without motion correction and 5.4 ± 4.1% using MC-qDSA. A retrospective swine study was performed 
in motion corrupted image sequences to test the ability of MC-qDSA to correctly determine vessel 
centerlines with more anatomically realistic backgrounds and vessels. The average Hausdorff distance 
between non-motion-compensated vessel centerlines and manually annotated centerlines was 1.8 ± 
1.5mm and for the motion compensated centerlines it was 0.5 ± 0.2mm. The proposed method provides 
a potential means of utilizing qDSA in motion corrupted image sequences. 
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