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Abstract

Biomechanical forces may play a key role in saphenous vein graft disease (SVG) disease after 

coronary artery bypass graft (CABG) surgery. Computed Tomography Angiography (CTA) of 430 
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post-CABG patients were evaluated and 15 patients were identified with both stenosed and healthy 

SVGs for paired analysis. The stenosis was virtually removed, and detailed 3D models were 

reconstructed to perform patient-specific computational fluid dynamic (CFD) simulations. Models 

were processed to compute anatomic parameters, and hemodynamic parameters such as local 

and vessel-averaged wall shear stress (WSS), normalized WSS (WSS*), low shear area (LSA), 

oscillatory shear index (OSI) and flow rate. WSS* was significantly lower in pre-diseased SVG 

segments compared to corresponding control segments without disease (1.22 vs. 1.73, p=0.012) 

and the area under the ROC curve was 0.71. No differences were observed in vessel-averaged 

anatomic or hemodynamic parameters between pre-stenosed and control whole SVGs. There are 

currently no clinically available tools to predict SVG failure post-CABG. CFD modelling has the 

potential to identify high-risk CABG patients who may benefit from more aggressive medical 

therapy and closer surveillance.

Keywords

Computational fluid dynamics; coronary artery bypass graft surgery; saphenous vein graft; wall 
shear stress; computed tomography angiography

INTRODUCTION

Coronary artery bypass grafting (CABG) is the most commonly performed cardiac surgical 

procedure worldwide, with > 150,000 surgeries performed annually in the US1. Though 

CABG improves symptoms and survival in patients with diffuse, multi-vessel obstructive 

coronary artery disease, long term surgical success depends on continued graft patency. 

While the internal mammary artery is the preferred choice for revascularization of the left 

anterior descending artery (LAD), saphenous vein grafts (SVGs) are commonly used owing 

to availability and length in about 70% of CABG surgeries2. However, SVGs continue to be 

plagued by poor long-term patency. Recent follow-up from the PREVENT IV trial showed 

that only 75% of SVGs remained free from severe stenoses or obstruction at 12 to 18 

months3. SVG patency is severely reduced at 10-year follow-up, with patency rates of 55% 

to 60%2. SVG occlusion is often silent and underdiagnosed, and associated with poor long­

term outcomes. Once occluded, SVGs can be challenging for percutaneous interventions 

and repeat surgical revascularization is associated with increased morbidity and mortality, 

making SVG failure a significant clinical challenge4.

Biomechanical forces are known to influence the complex, multifactorial arterialization 

and remodelling process of SVGs following implantation into the systemic circulation5. 

However, the mechanobiological processes leading to favorable remodeling and 

arterialization in some SVGs while leading to maladaptation and atherosclerotic disease, 

including stenosis and occlusion, in others remain poorly understood. The observation 

that focal intimal hyperplasia and stenotic atherosclerosis lesions are typically “site 

specific” portends an interaction between disturbed flow in susceptible regions and disease 

pathogenesis. Numerous in-vitro studies have shown that low and oscillatory wall shear 

stress (WSS) predispose endothelial cells to atherosclerosis6; however, these hemodynamic 

forces are typically unattainable from standard clinical imaging modalities for coronary 
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vessels and bypass grafts, though recent advanced imaging such as 4D Flow MRI has been 

used to obtain hemodynamics forces and approximations of WSS in larger vessels7.

Computational fluid dynamics (CFD) has emerged as a promising tool to non-invasively 

evaluate hemodynamics, investigate disease pathophysiology, develop predictive models of 

disease progression, and improve treatment strategies8. Recent studies have demonstrated 

the clinical value of simulations based on computed tomographic angiography (CTA) to 

predict fractional flow reserve (FFRCT) in native coronary arteries9,10. However, the clinical 

value of applying similar approaches to CABG has not yet been realized. Recent studies 

have addressed modelling challenges specific to CABG, including varying tissue properties 

and realistic models of coronary physiology. These studies have made significant progress 

towards robust, automated patient-specific CFD simulations in CABG patients11–13.

The primary goal of this study was to investigate the association between abnormal 

shear stresses and SVG failure using patient-specific and multi-scale CFD methods. 

The secondary goal was to investigate novel anatomic parameters to characterize SVG 

morphology that may be associated with SVG failure. We hypothesized that regions that 

develop stenosis in SVGs would be predisposed to low wall shear stresses (WSS) compared 

to regions that remained patent. Accordingly, we retrospectively studied CFD-derived 

hemodynamic and anatomic parameters in patients with clinically significant SVG stenoses.

METHODS

Study Population

We retrospectively reviewed the patient database at the Cardiovascular Medical Group 

of Southern California between 2005–2016 to identify all post-CABG patients who had 

undergone subsequent coronary CTA and echocardiography and identified a cohort of 15 

patients from a total of N=430 patients. Patients were included in the study if they had at 

least one moderate-to severely stenosed (defined as ≥ 50% area reduction) or stented SVG 

and at least one non-stenosed and widely patent SVG at the time of CTA. This allowed 

patients to serve as their own control. Exclusion criteria included: i) patients with only a 

single SVG, ii) SVGs that were aneurysmal, iii) patients whose CTA showed significant 

motion or were otherwise of poor quality. The majority of the patient exclusions was 

attributed to criteria (i), in which there were diseased SVGs but no control SVGs were 

present. Applying the aforementioned inclusion and exclusion criteria, a cohort of N=15 

CABG patients were included in the study. For the remainder of the manuscript, we refer to 

stenosed or stented SVGs as “diseased” and non-stenosed widely-patent SVGs as “controls”.

Image Segmentation, Model Reconstruction and Mesh Generation

Three-dimensional patient-specific anatomic CABG models of the 15 patients 

were segmented from CTA images using the open-source SimVascular software 

(www.simvascular.org). The CTA images consisted of 350–400 images with 512 × 512 

pixels, an in-plane resolution of 0.39 mm and a slice thickness of 0.625mm. A trained 

radiology technologist performed all segmentations in 3D and Quantitative Imaging 

Laboratory at Stanford University (www.3dqlab.stanford.edu), and was blinded to the goal 
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of the study. Details of the segmentation and reconstruction methodology have previously 

been described13. Briefly, we identified vessel centerlines along the coronary arteries, aorta, 

aortic branch vessels and bypass grafts. Lumens were segmented on 2D slices perpendicular 

to the centerline and lofted together to generate a 3D patient-specific anatomic model.

Since immediate post-operative images are not available as a standard-of-care, for each 

stenosed SVG we virtually removed the stenosis to approximate the pre-stenosed state of the 

SVG (Figure 1A, 1B). Similarly, in the case of SVGs with stents, we virtually removed the 

stent. In SimVascular, we identified lumen shapes one vessel-diameter proximal and distal to 

the stenosis, which were then linearly interpolated to reconstruct the pre-stenosed shape of 

the vessel. The locations of these stenotic sections were tracked for subsequent stenosis-only 

analysis.

Reconstructed models were discretized into linear tetrahedral elements using MeshSim 

(Simmetrix Inc., Clifton Park, NY) for CFD simulations. Three boundary layers and variable 

mesh resolution were assigned. The following resolutions provided mesh-independent 

hemodynamic quantities in two representative patients and thus, were applied to the entire 

cohort: 0.3cm to aorta and aortic branch vessels, 0.035cm to the native coronaries and 

0.02cm to the SVGs. The average mesh size was 4.4 million tetrahedral elements ranging 

from 3.1 to 6.3 million elements, reflecting the variability in SVG and native coronary sizes 

and extent of CFD model domain.

Anatomic Parameters Calculation

Three-dimensional models segmented from CTA data were processed to automatically 

compute SVG anatomic parameters using the Vascular Modelling Toolkit (www.vmtk.org). 

We computed curvature, tortuosity, length and area by discretizing the SVG centerline 

into 200 equidistant points, which allowed for accurate quantification of the vessel 

centerline-derived anatomic parameters (Figure 1C). Since cross-sectional area mismatch 

has previously been proposed as a predictor of SVG failure14, we also computed the ratio of 

cross-sectional SVG area to target coronary vessel area.

Multi-Scale Computational Fluid Dynamics Simulations

Details of the simulation methodology have previously been reported by our group13. 

Briefly, we conducted fluid-structure interaction (FSI) simulations, coupled with lumped 

parameter network (LPN) boundary conditions to capture the heart and closed-loop 

circulation. The vessel material properties for aorta, native coronary, SVGs and left/right 

internal mammary arteries were assigned based on literature values, and were 7×106, 

11.5×106, 5×106, and 11.5×106 dynes/cm2, respectively. Similarly, the wall thickness was 

approximated to be 10% of the vessel diameter, consistent with published morphometric 

correlations15. Circulation outside of the 3D domain, including the heart, systemic 

circulation, and microcirculation, was modelled using a closed-loop LPN (Figure 2D). 

The LPN was designed to model the out-of-phase behavior of coronary flow and pressure 

waveforms caused by variation in coronary resistance with cardiac contraction, not possible 

through a standard Windkessel model. For each patient, an automated tuning framework 

was employed to tune the LPN parameters to match standard-of-care clinical measurements, 
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including heart rate, systolic and diastolic blood pressure, and left ventricle ejection fraction 

and cardiac output as measured by echocardiography12. We assumed 4% of the total 

cardiac output went to the coronary arteries, with 70% – 30% flow split to the left and 

the right coronary tree, respectively16. Within each anatomic model, the flow was further 

distributed to each vessel using a modified Murray’s Law that describes a mathematical 

correlation between vessel size and flow. Specifically, the capacitance values were chosen to 

be proportional to outlet area, while resistance values were defined using an exponent of 2.0 

for aortic branches17 and 2.66 for the coronary branches18. All simulations were run for six 

cycles to wash out initial transients and 1,000 time-steps were used per cardiac cycle. The 

final cardiac cycle was used to process hemodynamic quantities.

Simulation results were post-processed to compute parameters of presumed biological 

relevance (Table 1). Coronary boundary conditions were based on standard morphometric 

assumptions, which are typically valid in normal conditions. However, in CABG patients, 

collateral flow or prior infarction can introduce uncertainties in absolute WSS predictions. 

Thus, to suppress the effect of this uncertainty, we normalized the CFD-derived WSS by 

the analytical solution for WSS in a straight cylinder of equal diameter and flow (WSS*). 

Regions of low shear stresses and disturbed flow have also been implicated in vascular 

diseases (e.g. atherosclerosis) and were estimated using low shear area (LSA) and oscillatory 

shear index (OSI), respectively. LSA, defined as vessel area exposed to low WSS, has 

previously been proposed as a plausible biomarker of vascular disease (e.g. atherosclerosis). 

Although in-vitro studies have shown < 4 dynes/cm2 as a feasible threshold6, an unequivocal 

cut-off value has not been established. Thus, we computed regions exposed to WSS below 

10, 7.5 and 5, 2.5 dynes/cm2, but found no difference between diseased and control SVGs. 

Since SVG flow rate is dependent on the target coronary vessel being perfused, large 

variability could exist in WSS values. To overcome this challenge, we instead defined a 

graft-level threshold for each SVG. We computed regions exposed to <10% of the averaged 

WSS in that SVG, which was termed LSA* (Table 1). Flow rates through each SVG were 

also computed. Based on these processed data, two analyses were performed:

a. Comparison of diseased SVG segments (after virtual removal of stenosis/stent) to 

control segments in non-diseased SVGs within the same patient.

b. Comparison of whole diseased SVG to whole non-diseased SVG in the same 

patient. The control SVG segments were identified at the same normalized 

distance from the proximal anastomosis as the stenosed segment in the diseased 

SVG. The control segment was the same normalized length as the diseased 

segment. The process was repeated in patients with multiple stenoses.

Statistical Analysis

Statistical analysis was performed on anatomic and hemodynamic parameters to identify 

the difference between diseased vs. control SVG segments, and diseased vs. control whole 

SVGs. A Shapiro-Wilk test was performed to check for normality. Since all anatomic 

and hemodynamic variables were found to be non-normally distributed, a two-sided 

paired Wilcoxon signed ranksum test was used, and results were reported as median and 

interquartile range (IQR). Some patients had ≥ 1 control SVGs. Therefore, each diseased 
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SVG was paired with a randomly selected control SVG such that all pairs were independent. 

The process was repeated 200 times, and the mean p-value and confidence intervals 

were calculated. Repeating the random selections 400 times did not show differences. In 

the analysis, p-values < 0.05 were considered statistically significant. Receiver operating 

characteristics (ROC) analysis was performed on all parameters to determine the optimal 

thresholds separating diseased and control SVG segments and diseased and control whole 

SVGs. Area under the ROC curve (AUC) was computed for each parameter.

RESULTS

The study population consisted of N=15 patients who have a total of 40 SVGs. On average, 

patients had 2.7 SVGs and were predominantly men (93%) with a history of hypertension, 

hyperlipidemia, and prior myocardial infarction (Table 2). There was a total of 40 SVGs: 

17 diseased and 23 controls. Because some SVGs had multiple stenoses, there were 28 

stenosed/stented segments. The majority of the SVGs were grafted to the obtuse marginal 

(OM) (43%) followed by the right coronary artery (RCA) (30%) (Table 3).

Differences in Hemodynamic and Anatomic Parameters

Comparing diseased and control SVG segments, WSS* was significantly lower in diseased 

segments than in control segments (p=0.012); other quantities, such as curvature, area, 

WSS and OSI were not significantly different (Table 4). These quantitative values are 

consistent with the qualitative paired plots shown in Figure 2. WSS* had an AUC value 

of 0.71, the highest among all parameters investigated. Using an optimal cut-off value of 

1.29, the sensitivity and specificity of WSS* were 71% and 64%, respectively (Figure 3). 

Evaluating whole SVG quantities, there were no significant difference between diseased 

vs. control SVGs for all parameters studied (Table 5, Figure 4). AUC values were close to 

0.5, indicating inability to distinguish between diseased and control SVGs. Although LSA* 

was not significantly different in diseased and control SVGs, this parameter had the lowest 

p-value and highest AUC among all graft-averaged parameters studied (Table 5).

Distribution of Wall Shear Stress in Diseased and Control Segments

Figure 5 shows distribution of WSS* in three representative patients. The diseased segment 

had notable regions of low WSS* compared to the control segments. For example, in Patient 

A, stenoses were located in the SVGs to the OM and RCA branches and had low WSS*, 

whereas the matched segment in the control SVG to diagonal branch had high WSS*. By 

comparison, in Patient B the stenosis was located in the SVG to the diagonal branch and had 

low WSS*, whereas SVGs to the OM and RCA branches had high WSS*. These qualitative 

maps highlighted that stenoses tended to form in regions of low WSS* irrespective of the 

target vessel. Patient C also supports these observations since the stenosed segment in the 

SVG to the OM had notably lower WSS* compared to the control segment in the SVG to the 

Ramus.

Assessment of Wall Shear Stresses in the Post-Stenotic Region

To better elucidate the impact of shear forces on SVG disease, we evaluated available 

follow up images of the 15 patients included in our cohort. We identified a single patient 
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who showed a complete occlusion of a previously diseased SVG at one year follow up 

(Figure 6). We performed CFD simulation of the stenosed SVG and qualitatively correlated 

WSS* with plaque visualized on follow up CTA. We made three observations: i) calcified 

plaque on follow up CTA co-localized with the regions of low WSS and stenosis, iii) the 

region immediately distal to the stenosis had extremely low WSS, and iii) the same region 

presented with expansive remodelling. The WSS in this post-stenotic region was 1 dyne/

cm2, which was nearly 10 times lower than the graft-averaged value in that SVG.

DISCUSSION

We have presented a detailed investigation of the role of shear stress in SVG disease using 

patient-specific CFD simulations. Our study offers two main findings: i) stenosis formation 

in SVG disease is associated with low normalized WSS in those regions, ii) SVG-averaged 

hemodynamics and anatomic parameters are similar between diseased and control SVGs. 

Our study is unique for several reasons. First, our study is the first to analyze anatomic 

parameters in conjunction with shear stress in patients with SVG disease. Since anatomy 

and hemodynamics are often corelated, the incremental value of CFD-derived parameters 

must be assessed against clinically-available anatomic parameters. Because we constructed 

anatomic models from CTA images, we were able to simultaneously characterize the SVG 

geometry through standard anatomic measures (e.g. area) and “hemodynamically-informed” 

anatomic measures (e.g. curvature, tortuosity). Second, the majority of previous studies 

using comparable CFD methods were exploratory and typically limited to three or fewer 

patients19–21. Of the few prior investigations with study sizes comparable to the present 

study, albeit different study objectives, all had major modelling limitations: i) geometric 

uncertainties due to X-ray angiogram reconstruction22, ii) lack of proximal and distal 

vasculature23,24, iii) non-patient-specific flow rates, and iv) low spatial and temporal 

resolutions on the order of 1 million tetrahedral elements and 100 time-steps per cardiac 

cycle, respectively19,20,22,23. In contrast, our CFD models were segmented directly from 

CTAs without any prior reconstruction, included detailed aortic and coronary branches, used 

echocardiography-derived inputs to ensure patient-specific conditions, and had higher spatial 

and temporal resolution than most prior studies. These improved methodological techniques 

likely resulted in more accurate shear stress predictions. Lastly, we have proposed a novel 

WSS normalization approach that is robust to flow rate assumptions. Flow distribution 

in healthy patients is typically assumed to follow known morphometric laws but may no 

longer remain valid in the presence of prior infarction or collateral flow and can vary 

substantially among patients. In the absence of advanced imaging techniques, such as 

coronary perfusion CTA, these assumptions are necessary but can lead to uncertainties in 

WSS values. To suppress the effect of this assumption, we normalized the CFD-derived 

WSS by its analytical WSS counterpart. The analytical WSS was obtained by assuming 

a straight cylinder with graft flow and diameter. Similar normalization approaches have 

previously been applied in other vascular territories and shown to have improved the 

predictive accuracy of WSS25–27. In our study, normalized WSS identified regions of 

locally low and high WSS with statistical confidence, in reference to a straight idealized 

“SVG” and allowed for inter- and intra-patient comparisons. The non-normalized values 

showed similar trends, with lower WSS in diseased grafts; however, the differences were not 

Khan et al. Page 7

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



statistically significant. This is likely because local differences in WSS, which are linked 

with focal sites of SVG disease, were washed out when averaged along the entire graft. 

The normalization of WSS therefore provides a useful “pseudo-geometrical” parameter 

that could be obtained from less comprehensive simulation strategy; however, to study 

vein graft mechanobiology and growth and remodeling process, we would ultimately need 

more comprehensive boundary conditions to obtain absolute WSS and local hemodynamic 

conditions.

Relationship to Prior Studies of Wall Shear Stress in Saphenous Vein Grafts

The nominal WSS value for all SVGs in our cohort was 9 dynes/cm2. A recent study of 20 

patients with coronary angiography follow up at 10 year estimated WSS from thrombolysis 

in myocardial infarction (TIMI) frame count and analytical equation28. From their data, we 

estimated the nominal WSS in their cohort to be 13.4 dynes/cm2, which is comparatively 

higher than 9 dynes/cm2 in our study. Akasaka et al. used Doppler wire to measure flow 

and diameter in SVG to LAD in 13 patients at one year after CABG, which were 0.97 mL/s 

and 0.34 cm respectively. Based on these values, we estimated analytical WSS of 9 dynes/

cm2, which is identical to our CFD-derived values29. In contrast, Shimizu et al. estimated 

WSS of 5 dynes/cm2 in 34 stenosed SVGs using Doppler wire four years post-CABG30. 

The comparatively lower WSS values in their study could be attributed to selection bias 

since all SVGs had clinically significant stenosis. Due to uncertainties attributed to various 

experimental approaches, a nominal WSS value in SVGs is difficult to determine but likely 

falls within the range of 5 to 13 dynes/cm3.

The variation in the CFD literature appears to be less than in-vivo studies. A prior CFD 

study from our group reported WSS of 7.5 ± 3.2 dynes/cm2 in seven SVGs using detailed 

CTA-derived models31. In contrast, Meirson et al. constructed 3D models from coronary 

angiograms and only included the SVG geometry in their CFD simulations22. In 50 SVGs 

studied, the authors reported WSS value of ~9 dynes/cm2, which is identical to our study. 

They assigned input flow rates using TIMI frame count whereas we derived our inputs from 

echocardiography and clinical parameters. Despite differences in imaging modalities and 

modelling approaches, our WSS results were consistent with these two prior studies.

Association Between Wall Shear Stress and Saphenous Vein Graft Disease

All of the previous studies have focused on whole graft hemodynamics; however, our 

findings demonstrated no significant difference in WSS between diseased and control whole 

SVGs. This finding is not surprising since average WSS in SVG is mainly determined by 

average diameter and flow rate, both of which were similar between the two groups. Our 

findings, however, highlighted differences in local hemodynamic conditions, which should 

be explored prospectively in future investigations.

Meirson et al. explored intra-patient differences in CFD-derived WSS between externally­

stented versus non-stented SVGs at 1-year post-CABG22. Similar to our study, they found 

no association with WSS; they did however show OSI to be significantly higher in non­

stented SVGs. This significant correlation with OSI was surprising because high OSI alone 
has not shown to be an instigator of vascular disease. Indeed, the seminal study of Ku et al. 
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which first introduced OSI as a biomarker showed a correlation between intimal thickness in 

postmortem human arteries and both high OSI and low WSS32.

A recent study by Koszegi et al. estimated intra-patient differences in diseased and control 

SVGs using flow rates estimated from TIMI frame counts28. Unlike previous and present 

CFD studies, the authors did find a significant difference between the two groups, with 

values of 11.2 ± 4.2 dynes/cm2 in the diseased and 15.5 ± 5 dynes/cm2 in the control SVG 

in the same patient28 (p=0.017). Using a threshold of 10.9 dynes/cm2, the authors estimated 

a low sensitivity of 52% but a relatively higher specificity of 86%, which is consistent with 

our observations that graft-level absolute WSS may not be highly predictive of site-specific 

lesions.

Mechanism of Shear Stress-Induced Wall Remodelling and SVG Disease

While abrupt increase in intramural stresses and strains contribute to intimal hyperplasia and 

thrombosis in the short term post implantation33, abnormal hemodynamic conditions such as 

WSS and OSI, lead to atherosclerosis in the arterialized SVG in the long-term34. Since the 

interval between CTA imaging and post-CABG in our patient cohort was 10 ± 6 years (Table 

2), SVG disease was likely in the atherosclerotic phase.

Our study demonstrated that SVG segments that developed stenosis had significantly 

lower WSS compared to control segments. Low WSS is known to promote atherosclerosis 

development through loss of endothelial cell alignment in the direction of the flow, increase 

in low-density lipoprotein cholesterol accumulation, and transmigration of macrophages, 

which lay the foundation of atherosclerotic plaque formation. Subsequently, there is 

adhesion of platelets and leukocytes and increase in expression of adhesion molecules. The 

process of atherosclerotic plaque formation progresses, and ultimately leads to a significant 

intraluminal stenosis. The presence of an intraluminal stenosis can further exacerbate the 

situation and initiate positive feedback leading to complete occlusion. A severe stenosis 

can induce regions of stagnant flow35 and extremely low WSS immediately downstream 

that can be detrimental to endothelial cell function. While it is currently unknown what 

factors contribute to expansive or constrictive luminal remodelling, observational studies 

suggest that the severity of endothelial degradation and excessive expansive remodelling 

is significantly associated with the magnitude of low WSS36, which is consistent with 

our observation of expansive remodeling in the low WSS post-stenotic region (Figure 6). 

Interestingly, Chatzizisis et al. demonstrated in a histopathology study of animal models 

that coronary regions with very low WSS, less than 5 dynes/cm2, showed characteristics of 

high-risk plaques compared to low, intermediate and high WSS regions36. In these regions, 

those authors reported enhancement of local lipid accumulation, inflammation and oxidative 

stresses that promoted degradation of intima and culminated in expansive remodeling. In 

CABG patients, additional systematic risk factors (e.g hyperlipidemia, hypertension) and 

genetic factors could also interplay with low WSS to modulate the characteristics and extent 

of SVG disease.
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A Multi-Factorial Perspective: Incorporating Biological Response through Growth and 
Remodelling

Since SVGs experience substantially higher pressure and flow conditions compared to 

their native environment, the failure mechanism is multi-factorial and coupled, involving 

both shear- and intramural-stress related changes to the wall structure37. Although CFD 

modelling is able to quantify the mechanical environment, to comprehensively assess the 

pathophysiology of SVG disease, one would need to incorporate growth and remodeling 

(G&R) behaviour that integrates cellular-level details into mechanics-based models. 

Interestingly, our prior study using a venous G&R framework showed that a gradual rather 

than sudden increase in pressure and flow led to decreases in venous maladaptations37. 

We anticipate that findings from this study would allow for more precise tuning of 

G&R models, for example by integrating a WSS* threshold to determine constrictor or 

dilator concentrations, and ultimately lead to predicting long-term SVG remodeling and 

maladaptation in individual patients.

Clinical Implications

Despite advances in the medical management of atherosclerotic disease, SVG failure 

remains prevalent and is associated with increased morbidity. Data suggest that nuclear 

stress testing after a mean of 7.1 years post-CABG does risk-stratify patients, but by 

this point many patients have advanced and irreversible SVG disease. Hence, the role of 

stress testing in patients after CABG is uncertain. A number of clinical and operative 

risk factors have been associated with increased risk of SVG failure38, but there are 

currently no patient-specific tools. CFD modeling has gained recent attention with the FDA 

approval of HeartFlow’s FFRCT (fractional flow reserved derived from CTA) technology and 

recent clinical trials demonstrating significant correlation with invasive FFR. However, no 

analogous technology exists to identify CABG patients who are at increased risk of SVG 

disease after CABG. Using detailed CFD modeling, in this pilot study we found that low 

WSS was associated with late-stage SVG disease, although a larger prospective clinical 

trial is necessary to validate our findings. If patients could be identified early who are 

at increased risk of SVG failure, they may benefit from more intensive medical therapy 

and/or from increased surveillance to identify early SVG disease and possible percutaneous 

interventions as needed to maintain graft patency.

Strengths and Limitations

A major strength of our study was that we selected patients as their own controls. This 

approach allowed matched pairs of SVGs that were identical in all potential systemic 

confounders and only differed in local flow parameters. Another strength was that we used 

detailed CTA models and inputs from echocardiography that allowed for patient-specific 

hemodynamic computations. Lastly, although our cohort size is relatively small, this is the 

largest and most well-defined CFD study to investigate SVG disease.

A key limitation was that we lacked prospective data, and thus, had to virtually reverse the 

stenosis to approximate pre-diseased conditions. While our virtual reversal may not have 

accurately captured the immediate post-CABG anatomy, it likely is a good approximation 

of the pre-diseased state. Since there is a lack of literature on coronary flow distribution 
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in post-CABG patients, our boundary conditions were based on literature data of healthy 

volunteers, which may add uncertainty to the predicted flow rates. However, in spite of this 

limitation, our vein graft flow rates of 0.75 ± 0.39 ml/s compared reasonably to previously 

reported doppler-measured flow rates of 1 ± 0.3 ml/s in SVGs to the LAD29. Even though 

the pathophysiological mechanisms of graft failure are not completely understood, it is 

known that the interplay between local hemodynamics and vascular biology determines 

long-term outcome of the graft. Our CFD models lack the cellular and sub-cellular scales 

needed to capture the evolving nature of SVG adaptation and work in this direction is 

ongoing.

CONCLUSIONS

We presented the first detailed CFD study to characterize hemodynamic and anatomic 

parameters in CABG patients who developed SVG stenosis. We found a significant 

difference in normalized WSS in local SVG regions that developed stenosis compared to 

control segments. We found no significant difference in whole SVG hemodynamic and 

anatomic parameters. Our study is a crucial step towards developing CFD-based predictive 

strategies to identify high-risk post-CABG patients who may benefit from improved medical 

management and closer follow-up.
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Fig 1: 
A) Stenosis with a severity of 77% area reduction at the mid-portion of the SVG. B) Virtual 

removal of the stenosis to obtain pre-diseased state. C) Anatomic parameters computed 

from 3D models reconstructed from patients’ CTA data. D) Schematic view of a multi-scale 

patient-specific model of the coronary circulation, coupling a closed-loop lumped parameter 

network (LPN) to a 3D model. The LPN parameters, such as resistances and capacitances, 

were tuned to match clinical targets to within 10%.
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Fig 2: 
Paired plots of anatomic (A) and hemodynamic (B) parameters of diseased vs. control 

saphenous vein graft (SVG) segments. (C) 95% confidence intervals. WSS, wall shear stress, 

WSS*, normalized wall shear stress; OSI, oscillatory shear index.
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Fig 3: 
Receiver operating characteristic (ROC) curve of local saphenous vein graft (SVG) 

parameters (A). ROC curve of whole SVG parameters for (B) anatomic and (C) 

hemodynamic parameters. The diagonal line corresponds to the line of no-discrimination. 

WSS, wall shear stress, WSS*, normalized wall shear stress; LSA, low shear area; OSI, 

oscillatory shear index.

Khan et al. Page 16

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 4: 
Paired plots of anatomic (A) and hemodynamic (B) parameter of diseased and control 

saphenous vein grafts (SVGs). C) 95% confidence intervals. WSS, wall shear stress, WSS*, 

normalized wall shear stress; LSA, low shear area; OSI, oscillatory shear index.
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Fig 5: 
Distribution of normalized wall shear stress (WSS*) in diseased and control segments 

in three representative patients. The labels indicate the target vessel to which the SVG 

was anastomosed. Red and black color fonts represent diseased and control segments, 

respectively. * indicates that the diseased region was segmented from a stent rather than a 

stenosis on the CTA. OM, obtuse marginal; Diag, diagonal; RCA, right coronary artery.
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Fig 6: 
Shear stress profile in region immediately distal to a severe stenosis. The left panel shows 

a 3D CTA visualization of a patient with stenosed SVG that was completely occluded 

at 1-year follow up. The green arrow identifies the stenosis. The right top and bottom 

panels show registered straightened image of the stenosed vessel at baseline and at 1-year 

follow, respectively. Inset in the top panel shows shear stress map of the stenosed SVG 

that highlights regions of very low WSS immediately downstream of the stenosis and an 

expansive remodeling phenomenon. Calcified plaque is visualized in the occluded SVG at 

1-year follow-up and is marked with yellow arrow.
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Table 1:

Definition of shear stress-based parameters.

Parameter Definition Description

Wall shear stress (WSS)
1
T ∫0

T τw dt Measure of flow-induced shear forces on the SVG wall. The values typically range 
from 10 – 50 dynes/cm2.

Normalized wall shear 
stress (WSS*)

W SS
32μQ
πD3

Measure of flow-induced shear forces on the SVG wall compared to a straight 
pipe. μ, Q and D correspond to blood viscosity, flow rate and mean graft diameter, 
respectively.

Low shear area* (LSA)
1

AT
∫0

XA < 10%W SSdx Measure of SVG surface area exposed to very low shear stress.

Oscillatory shear index 

(OSI)
a 0.5 1 −

∫0
T τwdt

∫0
T τw dt

Measure of multi-directionality of wall shear stress. Values are bounded between 0 
– 0.5. Low values indicate purely forward shear and high values indicate uniaxial 
wall shear stress with reversal or multi directional wall shear stress*.

a
OSI cannot distinguish between a uniaxial shear stress with complete reversal or multidirectional shear stress. SVG, saphenous vein graft.
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Table 2:

Demographic and clinical characteristic of study population (n=15)

Age, y 71.5 ± 9.5

Female, n (%) 1 (7)

Years since CABG, y 10 ± 6

Body mass index, kg/m2 25.2 ± 2.2

Diabetes, n (%) 7 (47)

Hypertension, n (%) 14 (100)*

Hyperlipidemia, n (%) 14 (100)*

Smoking history, n (%) 6 (40)

Family history of CAD, n (%) 11 (73)

Previous MI, n (%) 14 (100)*

LVEF 48% ± 15%

No. of SVGs per patient 2.7 ± 0.7

No. of patients with LIMA grafts 12 (80%)

No. of patients with RIMA grafts 1 (7%)

Data are mean and standard deviation when appropriate. CAD, coronary artery disease; MI, myocardial infarction; LVEF, left ventricle ejection 
fraction; LIMA/RIMA, left/right internal mammary artery.

*
Data for one patient was not available.
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Table 3:

Saphenous vein graft (SVG) target vessels and patency status.

Total No. of SVGs 40

 • Stented/Stenosed (>60%) 17

 • Non-stenosed 23

Stenosed/Stented SVG target vessel (n=17)

 • Diagonal, n (%) 2 (12)

 • OM, n (%) 10 (59)

 • RCA, n (%) 5 (29)

Non-stenosed SVG target vessel (n=23)

 • LAD, n (%) 4 (18)

 • Diagonal, n (%) 4 (18)

 • OM, n (%) 7 (30)

 • RCA, n (%) 7 (30)

 • Ramus, n (%) 1 (4)

No. of SVGs with stents (N=5)

 • Diagonal, n (%) 2 (40)

 • OM, n (%) 3 (60)

OM, obtuse marginal; RCA, right coronary artery; LAD, left anterior descending artery.
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Table 4:

Results from univariate statistical analysis, showing median and interquartile range (IQR) for diseased vs 

control segments of saphenous vein grafts (SVGs). a) anatomic parameters, b) hemodynamic parameters.

Parameter Diseased SVG Segment Control SVG Segment P AUC

Median IQR Median IQR

a Curvature (1/cm) 0.51 0.28 0.49 0.41 0.69 0.52

Area (cm2) 0.094 0.061 0.091 0.060 0.48 0.52

b WSS (dynes/cm2) 9.40 4.59 10.01 8.66 0.55 0.51

WSS* 1.22 0.43 1.73 0.81
0.012

† 0.71

OSI 0.0051 0.019 0.013 0.016 0.38 0.62

WSS, wall shear stress; WSS*, normalized wall shear stress; OSI, oscillatory shear index.

†
indicates statistical significances.
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Table 5:

Results from univariate statistical analysis, showing median and interquartile range (IQR) for diseased vs. 

control whole saphenous vein grafts (SVGs). a) anatomic parameters, b) hemodynamic parameters.

Parameter Diseased SVG Control SVG P AUC

Median IQR Median IQR

a Curvature (1/cm) 0.46 0.13 0.47 0.14 0.76 0.52

Tortuosity 0.34 0.13 0.30 0.20 0.66 0.57

Length (cm) 11.59 3.92 12.39 5.95 0.22 0.56

Area (cm2) 0.098 0.032 0.099 0.063 0.77 0.52

Area 0.29 0.12 0.31 0.20 0.48 0.54

b WSS (dynes/cm2) 8.37 5.56 9.00 10.40 0.61 0.50

WSS* 1.27 0.27 1.34 0.42 0.54 0.57

LSA* 0.0038 0.0090 0.0081 0.011 0.17 0.60

OSI 0.019 0.014 0.024 0.035 0.37 0.60

Flow (mL/s) 0.76 0.71 0.63 0.32 0.66 0.53

WSS, wall shear stress; WSS*, normalized wall shear stress; LSA*, low shear area; OSI, oscillatory shear index.
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