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Response to Reviewers  

I would like to thank the reviewers for their assessment.  The response to the reviewers’ comments 

is below.   

 

Reviewer 1  

Chapter 3: Quantitative and Qualitative Coronary Plaque Assessment Using Computed 

Tomography Coronary Angiography: A Comparison with Intravascular Ultrasound 

Comment 1. Methods: AF, obesity and renal impairment, for differing reasons, may impair CT 

image quality. Were these sorts of patients excluded? If not, what means were used to optimize 

image quality in such patients? 

Response: This was retrospective study and the patients were included in the final analysis based 

on image quality.  The images with severe calcification that precluded accurate interpretation were 

excluded. Although AF, obese patients and those with renal impairment were not excluded, image 

quality was improved in such patients by either widening the window if heart rate was an issue or 

the KV was increased to ensure adequate tissue penetration in obese patients.  No specific 

precautions were taken for patients with renal failure.  

 

Comment 2. Methods: Both the rotational 40 MHz and steady-state 20 MHz IVUS systems were 

used. These are fundamentally different to each other in terms of the type of image resolution 

produced, and in phantom testing, confer different biases. It is known that the 20 MHz systems 

tends to overestimate lumen dimensions relative to the 40 MHz rotational system, with the 

difference being exaggerated in smaller vessels. Perhaps this is less of an issue here given the 

inherent comparisons with CT, however the investigators should consider this as a source of bias-
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error. 

Response: We agree that the use of different IVUS catheters could have been a source of bias – 

error. We acknowledge this limitation and we have now included a statement in the limitation 

section. Page 112, paragraph 2. 

 

3. Comments: Methods - Why wasn’t percent atheroma volume (PAV) (or plaque area as a 

function of vessel area) measured? TAV was used here to measure plaque volume, yet in IVUS 

progression-regression studies, PAV (due to its lower coefficient of variation and association with 

MACE) tends to figure as the primary endpoint, with TAV as a secondary endpoint. 

Response: We have described in the discussion section, the inherent differences between CTCA 

and IVUS, which lead to inter method variability. Our aim was to establish the comparability of 

IVUS and CTCA in the measurement of plaque volume.  Whilst the CT overestimates the lumen 

due to blooming from the contrast, it also overestimates the vessel volume as it does not track 

external elastic membrane the way IVUS does.  Hence, for comparison purpose, TAV was better 

than PAV.  In the past, studies that compared CT vs IVUS have also used TAV and not PAV. The 

next chapter dealt with the longitudinal plaque assessment where PAV and TAV changes were 

calculated and compared between the imaging modalities.  

 

 

4. Comment: Methods - It seems that there are 24 segments per patient, translating to 8 segments 

per artery. A simple pictorial representation of arterial segmentation might help the reader to 

understand how the vessels were segmented and what rules were followed. 

Response: We acknowledge that the usage of terminology of segments and slices is confusing. We 

examined only the proximal and the mid segments of coronary arteries. We divided the coronary 

artery on CTCA into slices of 0.5mm thickness from the ostium of the artery proximally to the 

distal point from where IVUS pull back was commenced. These slices were then matched to the 
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IVUS images based on fiduciary points.  The slices that could not be matched were excluded. Page 

105, paragraph 2.  

 

5. Comment: Results - In the automated CT section, there are some typos/missing words. What 

units of plaque are used, presumably mm3? The results weave from a per vessel analysis to a per 

slice analysis. How/where/which were slices were chosen and why? 

Response: Thank you for pointing this out. The measurements are in mm3 and the typos have been 

rectified. The vessels on CTCA were divided into slices of 0.5 mm thickness and were matched 

with the images on IVUS based on fiduciary points.  The slices that were not matched with IVUS 

were excluded. Per vessel analysis included all the matched slices in a vessel. Page 107, paragraph 

4 

 

6. Comment: Results - The Bland-Altman plots are missing 

Response:  Thank you for bringing this to our attention. Bland Altmans plot are inserted.  Page 124 

and 125 

 

7. Comment: Results  - Tables 3 and 4 are missing, Fig 2 is missing 

Response:  Thank you for bringing this to our attention. Table 3 and 4 and fig 2 have been 

included.  Page 119, 120 and 122 

 

 

Chapter 4: Longitudinal Assessment of Coronary Plaque Using Computed Tomography 

Angiography and Intravascular Ultrasound 

1. Comment: Methods - the sample size is very small, thus limiting any major conclusions drawn 

from this analysis 

Response: We agree that the sample size was small and it was a hypothesis generating study 
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2. Comment: Methods - The 0.5 mm stepping interval appears fine for image tracing, however 

given the limited sample size, consideration could have been given for a smaller stepping interval 

(i.e. 0.25 mm) in order to increase the sampling given the relative paucity of slices analyzed 

Response: Although 0.25 slices would increase the no. of slices available for assessment, 

technically it is not possible to analyse slices less than 0.5mm in thickness  on CTCA due to 

software limitations.  Cardiac CT is also limited by temporal and special resolution.   

 

3. Comment: Methods - The PAV and TAV calculation equations are repeated in the Methods 

section 

Response: The repeated PAV and TAV equations have been deleted. 

 

4. Comment: Results - In the 2nd paragraph, ‘plaque volume’ is mentioned. Does this refer to PAV 

or TAV? 

Response: Plaque volume refers to TAV.  TAV refers to the normalised TAV. We apologise for 

this confusion and we now have appropriately labelled them as TAV, nTAV and PAV.  

 

5. Comment: Results - What is essentially demonstrated is that there was a concordance rate of 

70% in terms of each modality (CT and IVUS) measuring either plaque progression or regression. 

Thus a 30% discordance rate seems quite high. 

Response: Concordance was 70% for PAV and 100 % for TAV. Due to the intermethod variability, 

in our experience, PAV may not be the ideal measurement to compare CT with IVUS due to the due 

to the differences in the lumen and the vessel volume between CTCA and IVUS. A similar 

observation was made in a prospective study that compared CT to IVUS where normalised TAV 

was found to be the best tool to study the difference in plaque measurement between the imaging 

modalities. We discussed these aspects in the discussion section.  
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6. Comment: Results - Furthermore, the main issue appears to be that on CT, the EEM is much 

harder to define, which is why PAV measurements track less well on CT compared with IVUS. 

TAV, on the other hand, appears more consistent. What we see therefore is a disparity in the 2 

imaging modalities for measuring these 2 plaque volumetric endpoints used in clinical trials of 

disease progression-regression. IVUS trials have shown a correlation between PAV (but not TAV) 

with MACE, and a much lower coefficient of variation in Core Lab analyses. This is important 

when powering for clinical trials and attempting to show a difference in disease progression (which 

may be subtle, yet significant) between 2 potential therapeutic strategies. 

Hence the results of the present analysis, albeit in a very limited sample size, could have important 

implications for the CT world moving forwards in terms of its utility for assessing disease 

progression-regression, and choice of endpoints. 

Response: We completely agree with the comments which are very valid.  Larger studies are 

required to study this difference between PAV and TAV between CTCA and IVUS.  

The first step would be to establish the feasibility of using CTCA to measure plaque change over 

time.  We agree that moving forward, it would be important to establish the choice of end points for 

CTCA by comparing the performance of normalised TAV and PAV change in CTCA in a larger 

study.   

 

7. Comment: Results -What is PV? You’ve measured TAV, PAV, so what is PV? 

Response: PV was plaque volume (TAV) and TAV was normalised TAV.  We apologise for the 

confusing terminology. We have now labelled them as TAV, nTAV and PAV  

 

8. Comment: Discussion - I would suggest to greatly temper the discussion in terms of the utility of 

CT giving us IVUS-like results for measuring plaque progression-regression. The results here do 

not reflect that, and much work needs to be undertaken to standardize the process for CT moving 
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forwards in this space. If I was a potential academic investigator or drug-developer, I’m not sure I’d 

be hugely confident of using CTCA for demonstrating potentially subtle yet meaningful and 

significant differences in plaque progression rates based on these data! That being said, this 

argument is contingent upon how much delta plaque volume change one would anticipate from the 

therapies being tested. 

Response: The results of the study are encouraging that CTCA could be developed further for serial 

plaque measurements. We do not believe that it is ready for commercial use and further refinements 

are required as rightly pointed out. Larger studies are needed to replicate the findings of this study 

  

 

Chapter 5: Quantitative Plaque Characterization and Association with Acute Coronary 

Syndrome on Medium- to Long-Term Follow-Up: Insights from Computed Tomography Coronary 

Angiography 

1. Comment: Methods - Perhaps the authors should make it clearer if subsequent ACS events, and 

corresponding culprit lesion characteristics, geographically match the precise location in the 

coronary vasculature that were analyzed on CT. This is the crux of this paper and should be 

reinforced. 

Response: Thank you making the suggestion. This point has been reinforced in the article.  Page 

159, paragraph 1 

 

2. Comment: Results - Figure 2: Perhaps better to change the Y-axis scale such that you can show 

the differences in MACE more clearly 

Response: Thank you for your comment.  We will aim to change the Y axis scale for the final 

manuscript.  
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3. Comment: Results - Figure 5: HRP is described in figure legend yet in the figure there is ‘VP.’ 

Please be consistent with terminology 

Response: The terminology has been amended. Page 171 

 

4. Comment: Results - Perhaps ROC curves may be better in demonstrating the incremental value 

of HRP and OS (with net reclassification index)? 

Response: We agree with the comments. However, on multi-variate analysis we were able to show 

the incremental diagnostic value of HRP over OS. 

 

General comments: The limitations section is very important as it clearly spells out the biases in 

sample population. Also, ‘ACS’ is lumped together as a term and endpoint, yet we know that the 

plaque substrate and phenotype for NSTEMI and STEMI may differ. Plaque erosion plays an 

important, and likely underestimated role in NSTEMI. The underlying composition and burden of 

plaques with erosion will thus vary. I also wander if some sort of time-point analysis is worthwhile 

relative to CT scan date to the date of ACS, relative to plaque burden/OS. The longer time frame, 

the more likely that underlying plaque burden in the culprit lesion at time of baseline imaging 

would be lower. This is important, as true stenosis severity in STEMI patients is likely to be much 

higher/greater than previously published and perpetuated. Many patients, if specifically questioned, 

to admit to angina/chest discomfort prior to their sentinel STEMI event. Whilst these plaques may 

have been 30-40% obstructive on baseline imaging in the remote past, the time period leading to the 

STEMI usually shows a much more stenotic plaque that rapidly progressed 

likely due to repeat plaque rupture/healing in the time preceding the STEMI. 

Response: We agree that pathophysiology of STEMI and NSTEMI differs.  As far as time point 

analysis is concerned we have observed that HRP with obstructive stenosis presented early with 

ACS compared to the HRP without obstructive stenosis. This illustrates the point that true stenosis 

is likely to be more severe close to an event.  
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Chapter 6: Diagnostic Accuracy of ASLA Score (A Novel CT Angiographic Index) and Aggregate 

Plaque Volume in the Assessment of Functional Significance of Coronary Stenosis 

Comment: How are we able to be relatively certain, before we subject our patient to radiation and 

IV contrast, that we will obtain images relatively unaffected by calcium blooming? Is it protocol to 

perform a low-dose scan just to look for Ca2+, and if 

Agatson score is > a specific threshold (i.e. 300), then better not to move forwards with the full 

protocol as accuracy may be limited due to blooming? Surely in the presence of calcified arteries, a 

CTCA would be less accurate than invasive coronary angiography? 

Response: Calcium can cause blooming artefact and can potentially make CTCA uninterpretable. 

Currently we do not have a protocol to assess calcium score prior to a CTCA.  We think it is a very 

good suggestion to perform calcium score prior to performing CTCA in select patients.  However, 

the current generation CTCA involves very low radiation and with appropriate patient selection 

avoiding very elderly, those with renal impairment and long standing diabetes may mitigate the 

problem to some extent.  

 

 

Chapter 7: Novel Non-invasive CT-derived Fractional Flow Reserve Based on Structural and Fluid 

Analysis (CT-FFR) for Detection of Functionally Significant Stenosis: A Comparison with Invasive 

Fractional Flow Reserve 

General comment: Is correlation the correct means of ascertaining novel indices against a known 

gold standard or reference? One could be systematically 2-fold more than the 

reference/goldstandard yet have an R-value close to 1 (i.e. perfect correlation!). I think Bland-

Altman curves is what counts most, especially around the grey-zones, and how the re-classification 

results. Also, it’d be interesting to compare your novel CT-FFR method with QFR 
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Response: This was a novel study where we used correlation to compare against the gold standard 

test.  Further studies utilising CT FFR are underway at our institution and will employ Bland-

Altman analysis.  We agree that it would be interesting to compare CT FFR to QFR and we thank 

you for the suggestion.  

 

 

Chapter 8: Conclusions 

Comment: This is generally appropriate – however I feel the conclusions pertaining to the utility of 

CT for assessing serial plaque volume, especially PAV. Pharma studies show often-subtle yet 

significant between-group differences in plaque volume changes over much larger study 

populations. Delta PAV correlates with MACE, as it inherently considers the remodeling process in 

addition to simply the flux in plaque. We need a much more rigorous and standardized validation of 

CTCA derived approaches for serial plaque evaluation/quantification before this imaging modality 

is to provide equivalent sensitivity and accuracy as IVUS. This however is inevitable as imaging 

technologies move forward. 

 Response: We completely agree with the reviewer comments.  With improving technology and 

with improvement in spatial and temporal resolution of CTCA, accuracy of plaque measurement 

will inevitably improve.  Further refinements are required before CTCA could be used for serial 

plaque measurements. At present it appears that normalised TAV is best suited to detect plaque 

change on CTCA.  
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Reviewer 2 

Comment: Other concerns include the authorship of the candidate in the list of published papers; In 

five out of eight published papers, the candidate was not the first author. 

Response: I would like to clarify that I am the first author in six of the seven papers.  

 

Comment: The usefulness ASLA score has been previously published before by one of the 

candidate’s co-researchers. Hence, the study of ASLA score appears to be the extension from its 

previous study and it is no longer a novel study. 

Response: ASLA score was developed by my colleagues and was tested in only vessels with 

discrete lesion of intermediate severity. We explored the utility of the score in vessels with varying 

stenosis severity and multiple stenoses, which was never done before.  

 
Comment: The conclusion chapter was a bit short; I would expect much more detailed discussion 

about what have been done in the studies covered by this thesis 

Response: The limitations and future potential of the research undertaken was explained in the 

individual papers separately. The final conclusion was more of an overview. 
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Abstract 
 
We undertook comprehensive plaque assessment in this thesis with the purpose of expanding the 

clinical utility of computed tomography coronary angiography (CTCA) beyond the diagnosis of 

luminal stenosis.  

1) Quantitative plaque assessment  

Although CTCA has been shown to be comparable to IVUS with small mean differences in plaque 

volumes, the limits of agreement have been generally wide.  To improve plaque quantification, we 

developed novel methods that were accurate and reproducible and demonstrated excellent 

correlation and agreement with narrow limits for plaque measurements between CTCA and IVUS.  

Subsequently, in a prospective study that involved serial imaging with CTCA and IVUS, we 

demonstrated no significant differences in plaque volume measurements at baseline and follow up 

and there was excellent correlation for normalised total atheroma volume change between CTCA 

and IVUS.  These results suggest that CTCA can be used in an individual patient to monitor plaque 

changes in response to various anti atherosclerotic therapies. In addition, we also confirmed that CT 

derived high-risk plaques correlate to the presence of echo attenuated and echo lucent plaques on 

IVUS, which have been shown to be associated with future events.  

 

2) Qualitative plaque assessment  

In a study of 1254 patient with follow up date for 7 years, we demonstrated that CTCA derived 

high-risk plaques (HRP) characterised by positive-remodelling, low-attenuation-plaque and spotty-

calcification) are an independent predictor of future ACS beyond traditional cardiovascular risk 

factors. HRP with obstructive stenosis (>50%) had more frequent ACS and presented early. Cross 

sectional single slice LAP volume at the site of maximum stenosis added further prognostic value 

and identified the plaques that were at greatest risk of future ACS. Stenosis severity alone without 

HRP was not predictive. Identification of at-risk patient may pave way for individualised therapies.  
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3) Determination of functional significance of coronary stenosis 

We compared the performance of %aggregate plaque volume (APV) and ASLA score (area 

stenosis, lesion length and area of myocardium subtended), a novel CT index in the identification of 

functionally significant lesions on CTCA. Both these techniques were previously described in 

vessels with discrete lesion of intermediate stenosis. We applied these techniques in vessels with 

multiple lesions and with varying degree of stenosis. The novel plaque quantification techniques 

that we derived allowed accurate plaque quantification needed for calculating %aggregate plaque 

volume. We observed that only ASLA score, which take five minutes to apply, predicted ischaemia 

specific lesions but %APV did not.  The extremes of ASLA score can accurately rule out or confirm 

ischemia help in further streamlining patient management.  

 

 FFR CT has been shown to be most accurate in detecting ischaemia. However, the existing model is 

complex involving super computer based calculations and requires offshore processing and cost. 

We demonstrated a highly reproducible alternative non-invasive CT-FFR technique based on 

structural and fluid analysis using a reduced-order flow model, which improved the accuracy of 

CTCA to detect FFR significant lesion compared to CTCA alone This technique can be applied 

readily at point of care and takes less than 30 minutes.  
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This thesis contains no material which has been accepted for the award of any other 
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Print Name: Ravi Kiran Munnur 
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INTRODUCTION TO THESIS 

Computed tomography coronary angiography (CTCA) is an established, safe first line investigation 

for patients presenting with chest pain. In addition, it also provides valuable information on the 

atherosclerotic burden and composition. As the technology advances with reduction in radiation 

doses and with improvement in temporal and spatial resolution, we foresee a pivotal role for CTCA 

in future in the prevention, diagnosis and management of coronary artery.  

 

The focus of the thesis was to address some of the gaps in our knowledge and expand the clinical 

utility of CTCA beyond the diagnosis of luminal stenosis. We undertook comprehensive coronary 

plaque assessment using CTCA and our aims were threefold: i) To develop techniques for accurate 

plaque quantification on CTCA; ii) To determine the predictors in CTCA derived high-risk plaques 

that are at high risk of causing future cardiac events based on quantitative and qualitative plaque 

assessment; iii) To derive physiological information from anatomy in determining functional 

significance of coronary stenosis;  

 

The first chapter is an in depth review on coronary atherosclerosis, its characteristics and 

composition in various susceptible groups. Atherosclerosis is a complex multifactorial disease and 

we now appreciate the varying influence of different cardiovascular risk factors on disease onset, 

plaque composition and progression, and future events.  Understanding these differences was vital 

as we sought to use CTCA derived plaque characteristics to identify the patients who are at risk of 

future cardiac events.  

 

The second chapter is a comprehensive review article summarising the diagnostic capability and 

utility of CTCA, its emerging role in plaque quantification, predictive ability of future 

cardiovascular events based on CTCA derived high risk plaque features and its evolving role in 

determining function significance of coronary stenosis.  This chapter highlights the important 
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advancement made over the years in the application of CTCA and helped understand the gaps in the 

knowledge that still exist.  

. 

Results section  

i) Quantification of coronary plaque on CTCA 

Chapter 3 

In our first results section, we compared plaque quantification and the presence of high-risk plaques 

on CTCA to IVUS. This was an important chapter that laid the foundation for plaque quantification 

techniques that were used throughout this thesis and forms the basis for ongoing and future plaque 

quantification studies at our institution. Multiple studies in the past have shown that although the 

mean plaque volume differences between CTCA and IVUS were small, the limits of agreement 

have generally been wide. This implies that CTCA can be used at a population level but not in an 

individual patient. We developed novel methods for plaque measurement that best suited our scan 

protocols. In this retrospective study, we demonstrated excellent agreement for plaque volume 

between CTCA and IVUS with good correlation and narrow limits of agreement. In addition, we 

also confirmed that CT derived high-risk plaques correlate to the presence of echo attenuated and 

echo lucent plaques on IVUS, which have been shown to be associated with future events. This 

chapter also laid the foundation for qualitative plaque analysis and an important result of the study 

was in defining the Hounsfield unit (HU) threshold for low attenuation plaque (LAP). We observed 

that < 56 HU cut off was more accurate for our CT images compared to the LAP definition of < 

30HU in the literature, which was based on old CT scanners that used higher radiation dose.  

 

Chapter 4  

In this results chapter we compared the serial plaque change measurements between CTCA and 

IVUS in a prospective study. We found good agreement and correlation between CTCA and IVUS 

for total atheroma volume change and percent atheroma volume change.  The results of the chapter 
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confirmed that CTCA could reliably detect plaque volume change in an individual patient. It was 

important to demonstrate CTCA’s ability to detect plaque progression / regression that was 

comparable to IVUS if CTCA was to become an alternative investigative tool to test the efficacy of 

various anti atherosclerotic therapies.  

 

ii) To determine the predictors in CTCA derived high-risk plaques that are at high risk of causing 

future cardiac events based on quantitative and qualitative plaque assessment. 

Chapter 5 

In this results chapter we studied the association between CT derived high-risk plaques (HRP) and 

acute coronary syndrome (ACS) or cardiac death and the results were in agreement with the 

previous studies that have established an unequivocal relationship beyond cardiovascular risk 

factors. Despite knowing this relationship, the management of these high-risk plaques is not well 

understood, partly due to the low event rates.  In this chapter we further analysed the high-risk 

plaques using quantitative techniques developed in chapter one to differentiate the identify those 

that were more likely to cause events. Patients with obstructive high-risk plaques appear to be at 

greatest risk and plaque volume (PV) and low attenuation plaque (LAP) are important determinants 

of future risk. Quantitative plaque measurement is time consuming but we have shown that it is 

feasible to derive the prognostic information by measuring LAP volume just at a single cross 

section at the site of maximum stenosis to identify the patients who at the greatest risk of future 

events. 

 

iii) Determination of functional significance of coronary stenosis 

Chapter 6 

We compared the performance of percent aggregate plaque volume and ASLA score (area stenosis, 

lesion length and area of myocardium subtended), a novel CT index conceptualised previously by 

co-authors, in determining functional significance of coronary stenosis.  Both these techniques were 
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previously described in vessels with discrete lesion of intermediate stenosis. We applied these 

techniques in vessels with multiple lesions and with varying degree of stenosis. The plaque 

quantification techniques developed in the first chapter allowed accurate plaque quantification 

needed for calculating percent aggregate plaque volume. The results demonstrated that only ASLA 

score predicted functionally significant lesions. This score can be readily applied at the time of 

reporting CTCA and may help in further streamlining patient management. At low ASLA score 4 or 

less provided 100% sensitivity negative predictive value ruling out ischemia specific lesions and at 

high score of > 15 had >94% specificity and positive predictive value for identifying functionally 

significant lesions.  ASLA score can be applied in < 5 minutes and has the potential to streamline 

patient management.  

 

Chapter 7 

In this results chapter, we explored novel CT fractional flow reserve (FFR) technique based on 

alternative boundary conditions.  Amongst the emerging techniques for the assessment of functional 

significance of coronary stenosis, FFR CT has been shown to be most accurate.  The existing model 

is complex involving super computer based calculations and requires offshore processing and cost.  

We demonstrated a highly reproducible non-invasive FFR technique based on structural and fluid 

analysis using a reduced-order flow model, which improved the accuracy of CTCA to detect FFR 

significant lesion compared to CTCA alone. This technique can be applied readily at point of care 

and takes less than 30 minutes.  Further refinements of technique and studies are underway at our 

institution.  
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Introduction 
 

Coronary artery disease (CAD) is the leading cause of death and disability worldwide(1, 2). 

Atherosclerosis, which is the primary pathophysiologic mechanism for the development of plaque 

leading to CAD, is a multifactorial process resulting from a complex interplay between genetic 

susceptibility and various risk factors such as hypertension, dyslipidaemia, diabetes mellitus and 

smoking(3). In addition, influences from other disease states such as chronic kidney disease, obesity 

and the metabolic syndrome as well as gender and ethnic diversity also contribute to the disease 

process. Insights from pathological observations and advances in cellular and molecular biology 

have helped us understand the process of plaque formation, progression and rupture leading to 

events. Several intravascular imaging techniques such as intravascular ultrasound (IVUS), Virtual 

histology IVUS (VH-IVUS) and optical coherence tomography (OCT) allow in vivo assessment of 

plaque burden, plaque morphology and response to therapy. In addition, non invasive assessment 

using coronary artery calcium (CAC) score allows risk stratification and plaque burden assessment 

whilst computed tomography coronary angiography (CTCA) allows evaluation of luminal stenosis, 

plaque characterisation and quantification.  
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This review aims to summarise the results of invasive and non-invasive imaging studies of coronary 

atherosclerosis seen in various high-risk populations including diabetes mellitus, metabolic 

syndrome, obesity, chronic kidney disease and, gender differences and ethnicity.  Understanding the 

phenotype of plaques in various susceptible groups may allow potential development of 

personalised therapies.   

 

Background: Atherosclerosis - Pathophysiology 

Atherosclerosis is a result of deranged lipids, inflammation and endothelial dysfunction(4). 

Dyslipidemia is the most important risk factor in the pathogenesis of atherosclerosis, which is 

evident in patients with genetic hyperlipidemia who have increased incidence of coronary artery 

disease even in the absence of other risk factors. Conversely, lower levels of lipids are sufficient to 

cause atherosclerosis in the presence of other cardiovascular risk factors. The mechanism of this 

interaction and the role of individual cardiovascular risk factors in the pathogenesis of 

atherosclerosis are not well understood. Atherosclerotic plaques have a predilection to develop in 

regions of an artery with low or oscillatory endothelial shear stress. Binding of low density 

lipoprotein – Cholesterol (LDL-C) to intimal proteoglycans is an important initial step (5) followed 

by LDL modification by oxidation and aggregation resulting in foam cells (6). This leads to 

endothelial dysfunction, smooth muscle cell migration and stimulation of innate and adaptive 

immune responses. Higher levels of LDLs are required to initiate the disease than to sustain the 

lesions once they have formed (7, 8). Foam cells, macrophages and smooth muscle cells undergo 

apoptosis, and along with intraplaque haemorrhage lead to formation of necrotic core. The lesion is 

then described as a fibroatheroma. Smooth muscles cells undergo modulation and migration, and 

are a source of fibrous cap made of type I collagen  that replaces the arterial intima and separates  

the necrotic core from the lumen (9).  Some plaques undergo fibrosis whilst in some, apoptotic 

cells, extracellular matrix and necrotic core material act as nidus for microscopic calcium granules 

which can expand subsequently to forms plates or large lumps of calcium deposits (10).  During 
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atherogenesis, the vessel segment undergoes positive remodelling, expanding outward in such a 

way that the lumen is not compromised. This is often seen in fibroatheromas and is positively 

correlated to the size of necrotic core and inflammation (11, 12). Constrictive remodelling is seen in 

plaques that are rich in fibrous tissue (12). The development of atherosclerosis may lead to either 

obstruction of lumen limiting blood flow or may lead to acute coronary syndrome (ACS) due to 

plaque rupture, and less often due to plaque erosion and calcified nodule.  

 

 

Diabetes Mellitus 

Diabetes mellitus (DM) is a growing epidemic worldwide and is highly atherogenic with 

contributing factors being hyperglycaemia, advanced glycation end products along with 

inflammation and oxidative stress(13). Amongst the traditional cardiovascular risk factors, it is the 

strongest predictor of future myocardial infarction, and is associated with significantly higher 

mortality as well as poorer outcome after percutaneous coronary intervention when compared to 

non-diabetic counterparts.  (14), (15) (16). Necropsy studies have suggested that DM is associated 

with a greater and more diffuse disease burden particularly in the distal vessels(17) and numerous  

imaging studies have allowed us to understand the disease in vivo.  

 

In a systematic analysis of 2,237 subjects from randomised controlled studies evaluating plaque 

progression in response to various pharmacological therapies using serial IVUS, the extent of 

coronary atherosclerosis, pattern of arterial remodelling and disease progression was compared 

between DM and non-DM patients. It was observed that DM subjects had more extensive 

atherosclerosis and total atheroma volume (TAV) when compared to non-DM subjects. Despite the 

presence of more extensive disease, DM subjects had smaller lumen and similar external elastic 

membrane (EEM) accounting for greater percent atheroma volume (PAV).  It was also observed 

that insulin-requiring diabetics had even smaller EEM and lumen volumes resulting in even larger 
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PAV. Although the prevalence of hypertension (HT) and dyslipidaemia was higher in DM group, 

DM was an independent predictor of increased plaque burden. Surprisingly, in this systematic 

analysis the number of segments affected was not different in DM and non-DM subjects raising the 

possibility that DM could lead to a more aggressive localised disease and not necessarily a 

generalised disease as previously thought. DM patients were more likely to have plaque PAV 

progression and were less likely to undergo plaque regression despite the use of established medical 

therapies (18). Plaque regression rates achieved with an intensive lowering regimen of low-density 

lipoprotein cholesterol (LDL-C) in DM, achieves the same regression rates as non-DM subjects 

with non-intensive lowering regimens. Of note, the achieved LDL-C level in this pooled study was 

80mg/dL. However, target LDL levels of 61 mg/dL were achieved in the SATURN trial, where the 

response rate to high intensity statin therapy demonstrated equivalent degrees of PAV and TAV 

regression in DM and non-DM subjects when an LDL-C <70 mg/dL was achieved (19). Although 

there was comparable TAV regression in both groups when post-therapy LDL-C was >70 mg/dL, 

PAV regression was greater in the non-DM group. These observations suggest that abnormalities of 

arterial remodelling also influence the clinical expression of atherosclerotic disease in DM. (Fig1) 

 

To examine the natural history of vascular remodelling and predictors of vessel shrinkage, 237 DM 

patients were examined using IVUS(20). Significant lumen shrinkage was associated with vessel 

shrinkage and was identified in 37.1% of segments. Independent predictors were insulin 

requirement, glycated haemoglobin, Apolipoprotein B, HT, the number of diseased vessels and 

prior revascularisation. It was observed in another study that even at angiographically normal sites, 

mild atherosclerosis was detected by IVUS in both DM and non-DM patients. Despite both the 

groups having similar plaque area and vessel area, lumen area was smaller in DM group, again 

suggesting a constrictive mechanism even in early stages of atherosclerosis (21). Furthermore, it has 

been noted that in pre-DM patients there is evidence of smaller coronary size and diffuse luminal 

narrowing particularly in the distal left anterior descending artery (22).  The mechanisms that 
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promote impaired arterial remodelling in diabetic subjects is not fully understood and it has been 

postulated that impaired endothelial-dependent relaxation (23), increased deposition of calcium (24) 

and fibrous tissue (25) deposition in arterial wall may limit vessel expansion from plaque 

accumulation.  This is particularly more pronounced in insulin-treated patients leading to 

speculation that smooth muscle proliferation and fibrous tissue deposition in response to insulin 

may impair arterial wall expansion (26). 

 

 

The use of VH-IVUS and OCT imaging has allowed us to determine plaque composition in addition 

to the assessment of plaque burden.  In a study of stable angina pectoris patients using VH-IVUS, 

the percentage area of necrotic core and dense calcium was found to be significantly higher in DM 

group compared to non-DM group.  It was also observed that the frequency of VH-IVUS derived 

thin cap fibro-atheroma (TCFA) and fibro calcific plaques were higher in DM group (27).  

Although the incidence of ruptured plaques and TCFA at culprit lesion sites were similar, non-

culprit lesion (NCL) TCFA were observed more frequently in DM patients than in non-DM 

patients, in a three-vessel OCT study of patients presenting with acute coronary syndrome(28). DM 

patients demonstrate a larger lipid index (LI = averaged lipid arc x lipid length) and higher 

prevalence of calcification and thrombus, and those with HbA1C of ≥ 8 % have larger LI and the 

highest prevalence of TCFA and macrophage infiltration (29). In addition, among DM subjects, 

those with higher insulin resistance were observed to have more frequent TCFA’s with significantly 

thinner cap thickness compared to DM subjects with lower insulin resistance (30). These 

observations suggest that poorly controlled DM and insulin resistance is associated with high-risk 

plaque features.   

 

Another study evaluated angiographic and OCT parameters in DM and non-DM patients with an 

index acute coronary syndrome (ACS) (31). Angiographically, although DM was associated with 



Page | 32  
 

higher stenosis score and extent index, these patients surprisingly had more collateral vessels 

directed towards the culprit artery. On OCT examination, minimum lumen area (MLA) of the 

culprit segment was similar in both the groups. In DM patients, less lipid quadrants, smaller lipid 

arcs, more frequent superficial calcified nodules, greater number of calcified quadrants and a wider 

calcified arc were noted (Fig 1). Despite accelerated atherosclerosis seen in diabetic patients, they 

do not present early with ACS and it has been speculated that there may be an unknown protective 

mechanism might delay the onset of a first event (32).  

 

In a sub-analysis of the TRUTH study, the effect of statin therapy on plaque composition was 

studied in DM and non-DM groups using serial VH-IVUS (33). Although there was reduction in the 

fibro fatty component in both groups, the DM group had less reduction at follow up. In an IVUS 

study that examined the relationship between glycaemic status and CAD, fasting blood sugars, 

HbA1C and DM were associated with severity and progression of atherosclerosis (34). A similar 

observation was made in the COSMOS study, where despite similar improvements in lipid levels, 

plaque regression was less pronounced in patients with high HbA1C.  

 

DM is often associated with HT and dyslipidaemia and it is not surprising that greatest clinical 

benefit of medical management in diabetes is seen with optimisation of blood pressure (35) and 

lipids (36). In an IVUS study, disease progression was compared in patients who were stratified 

according to the achievement of treatment goals of individual risk factors: HbA1C<7 %, LDL-C < 

2.5 mmol/L, Triglycerides < 1.7 mmol/L, systolic blood pressure (SBP) < 130 mmHg, high 

sensitivity CRP (hsCRP) < 2 mg/L). It was observed that slowing of progression of PAV correlated 

with the greater number of risk factors that achieved treatment goals (37). 

 

DM is a significant CV risk factor that causes accelerated coronary atherosclerosis, vessel shrinkage 

and increased events. It is further complicated by attenuated plaque regression in response to 
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conventional treatment modalities. Optimisation of all other associated risk factors apart from 

intense management of sugars and lipids appears to be the best strategy.  

 

 

METABOLIC SYNDROME  

Metabolic syndrome as defined by National Cholesterol Education Program Adult Treatment Panel 

III criteria (38) consists of ≥ 3 of the following criteria: Body mass index (BMI) ≥ 30kg/m2, 

triglyceride level ≥ 150 mg/dl, HDL-C (<40 mg /dL in men and, <50 mg/dl in women), impaired 

fasting glucose (100 to 125 mg/dL), and high systolic or diastolic blood pressure (≥ 130mmHg or 

≥85mmHg respectively). It is not clearly understood if the metabolic syndrome is truly a syndrome 

or just a cluster of risk factors. Although the metabolic syndrome is associated with higher clinical 

events, it has been suggested that the risk is equal to the sum of individual risk factors (39).  

 

The extent and progression of atherosclerosis was compared between DM, metabolic syndrome and 

those with neither diagnosis from data pooled from 7 clinical trials involving 3,459 patients who 

were studied with serial IVUS (40).  In keeping with previous observations, DM was associated 

with more extensive disease, greater lumen constriction and greater plaque progression. Despite the 

metabolic syndrome group having the most risk factors, the extent of atherosclerosis and 

progression rate was no greater than those with neither diagnosis.  Another observation was that 

EEM and lumen were larger in metabolic syndrome group for the same amount of PAV and TAV. 

Interestingly, the IVUS findings in sole DM patients vs. DM patients with concomitant metabolic 

syndrome were no different.  In a Korean study involving 2,869 symptomatic subjects who 

underwent CTCA, metabolic syndrome was independently associated with the presence and 

severity of CAD only in the non-DM group but not in the DM group (41). These observations 

highlight the significant risk of coronary atherosclerotic disease progression when metabolic 

syndrome leads to DM. 
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It has been observed that although metabolic syndrome was an independent predictor of plaque 

progression, when its individual components were used it was no longer significant. Whilst 

hypertriglyceridemia and BMI were independent predictors in one study (42), abdominal obesity 

and high blood pressure were found to be significantly associated in another study where 

asymptomatic subjects were assessed using CTCA (43).  The impact of metabolic syndrome and its 

components on coronary plaque progression in response to intensive statin therapy was studied in 

the JAPAN-ACS trial (44).  Although percent change in PAV was no different between metabolic 

syndrome and non-metabolic syndrome group, in the former, response to therapy was attenuated 

with increasing number of metabolic syndrome components, especially ≥ 4 risk factors.  In addition, 

it was observed that percent BMI change was an independent predictor of plaque regression. It has 

also been demonstrated that prognostic information is added to the diagnosis of metabolic syndrome 

if stratification is performed by hsCRP (45). 

 

Although a previous VH-IVUS study showed a higher prevalence of TCFA in patients with DM 

and metabolic syndrome (46) (Fig 2 & 3), no such association was seen in PROSPECT trial and 

other VH-IVUS studies (47, 48). DM, metabolic syndrome and a control group were compared 

where OCT was used to characterize coronary plaque. It was observed that Lipid Index was higher 

in DM and metabolic syndrome group compared to those with neither diagnosis while calcification 

was more frequent in DM group.  Of note, frequency of TCFA, macrophage accumulation and 

micro vessels did not differ among the 3 groups and ACS was the only independent predictor of 

TCFA (28). Yet in another study, when clinical predictors of culprit plaque rupture were assessed 

on IVUS in ACS patients who were divided into two groups based on the presence or absence of 

plaque rupture (49), the prevalence of metabolic syndrome was higher in the plaque rupture group. 

The waist circumference in these patients was greater and they had lower HDL-C levels.  
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Metabolic syndrome as a syndrome or due to individual risk factor components appears to be 

associated with atherosclerotic disease progression. The presence of high-risk plaque features such 

as high lipid content and positive remodelling, and the association of metabolic syndrome with 

plaque rupture suggests that this is a high-risk group. In addition, as metabolic syndrome is 

regarded as a prediabetic state (50), aggressive risk factor management, especially central adiposity,  

is essential to prevent cardiovascular disease progression from the development of frank DM.  

 

 

GENDER  

IVUS analysis has demonstrated that woman have less extent of CAD compared to men, which has 

also been confirmed by pathologic studies. (51, 52) (53, 54). It has also been proposed that women 

take longer to develop significant atherosclerosis, which may relate to differences in the influence 

of risk factors between the sexes. It has been hypothesised that oestrogen has an anti-inflammatory 

effect that might stabilise existing plaque and slow plaque progression with postmenopausal women 

(>65 years) having the same risk of CAD as men. However, oestrogen has shown no protective 

effect against plaque erosion which is more common in women (55).   

 

In patients presenting with ACS, no significant sex difference was seen in culprit plaque 

characteristics as determined by OCT and IVUS (56, 57). In a follow-up VH-IVUS analysis of 

culprit lesions in ACS patients, (58) it was noted that women had a greater prevalence of TCFA. 

However, women were also more likely to be diabetic and have higher high sensitivity C-reactive 

protein (hsCRP) levels, which when adjusted for on multivariate analysis, negated the differences 

seen in the presence of TCFA.   

In the PROSPECT study, it was demonstrated that majority of future MACE arose from plaques 

that caused only mild stenosis angiographically (diameter stenosis  < 50%) but were characterised 

by high risk plaque features such as large plaque burden ≥ 70%, small MLA ≤ 4 mm2, and / or are 
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TCFA’s as assessed by VH-IVUS (59). A sex-based analysis of patients from the PROSPECT trial 

revealed that   women had fewer vessels with NCL and more focal NCL, with, less calcium, 

necrotic core and fibrous volume.  Whilst women were more likely to have at least one high risk 

plaque feature, the attributable risk of MACE appears to be highly associated with TCFA in women 

and PB > 70% in men. Despite these differences, the NCL MACE between men and women at 3 

years was similar (6.1% Vs. 7.5%, p=0.49)(60). The authors postulate that these observed 

differences in NCL plaque characteristics might balance out to explain the similar event rates. It is 

important to note that most of these sex differences are usually seen in patients <65 years of age and 

that plaque characteristics become increasingly similar between men and women with increasing 

age (56). 

 

In a meta-analysis of 170,000 participants women demonstrated the greatest proportional benefit in 

terms of reduction of plaque and MACE events (61), however the factors that contribute to these 

effects are poorly understood.  . In the SATURN trial of intensive lipid-lowering therapy (62), 

female sex female sex was independently associated with coronary atheroma plaque regression to 

statin treatment (Fig 4). Women achieved greater PAV reduction only if LDL-C levels reached 

<=70 mg/dL despite fewer women reaching target levels compared to men and it was suggested that 

women may derive greater benefit from rosuvastatin compared to atorvastatin.  Interestingly, plaque 

regression was more likely to occur in women with diabetes mellitus, stable angina pectoris, and 

higher baseline LDL-C and CRP levels.  The reduction was irrespective of HDL-C levels, which is 

in contrast to the findings in the REVERSAL trial where HDL-C levels above the collective mean 

were significantly associated with plaque regression (63).  Of note, it was observed that on 

treatment CRP levels and not the absolute LDL-C change was shown to be associated with plaque 

reduction and MACE in a sub study of SATURN (64).   
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These findings highlight the complex interaction between female sex, cardiovascular risk factors, 

CRP and HDL-C and their association with plaque regression, response to therapy and events.  

 

 

ETHNICITY 

 Differences in atherosclerotic disease patterns have been identified in various ethnic groups. It is 

not well understood as to whether this is attributable to genetic differences or due to the differences 

in prevalent risk factors. In seven clinical trials that utilized serial IVUS, African American patients 

were compared to Caucasians, and were more likely to be female with a greater number of co-

morbidities. Despite a higher use of anti-atherosclerotic therapies, African American patients had 

higher LDL-C, CRP and SBP at baseline and follow up.  Although baseline atheroma volume did 

not differ, at follow up there was greater atheroma progression in the African American group 

despite adjustment for the differences in risk factor control (65). 

 

Ethnic differences were assessed in an IVUS comparison of left main artery disease between white 

and Asian patients (Japanese and South Korean) with matching parameters of age, gender and 

prevalence of DM.  Asian patients had lower BMI and lipid levels, and were observed to have 

smaller lumen, larger vessel area and larger plaque burden, while white patients had greater 

calcification despite having less plaque volume.  On the contrary, when coronary angiography was 

used to compare coronary lesions between Mainland Chinese and Australians, the incidence of left 

main artery and left anterior descending artery lesions in Australians were higher than that for 

Chinese of the same gender. It was observed that Australians typically have artery lesions 10 years 

earlier (66).   

 

South Asians from Mediator of Atherosclerosis in South Asians living in America (MASALA) 

study were compared to the ethnic groups in Multi-Ethnic Study of Atherosclerosis (MESA) 
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consisting of whites, African Americans, Latinos and Chinese (67). CAC score was used for 

comparison and it was observed that South Asian men had similar CAC burden as white men but 

higher scores than other ethnic groups. South Asian women ≥ 70 years were found to have higher 

CAC than most other groups (Fig 5). Additionally, in a study that used CTCA and CAC to compare 

symptomatic South Asians and Caucasians with similar risk factors, it was observed that in patients 

aged ≥ 50 years, South Asians had a greater mean number of arterial segments with both obstructive 

and non obstructive plaque, and higher CAC scores. Interestingly, in patients ≤ 50 years, 

Caucasians showed a higher mean number of diseased segments with non obstructive plaques with 

similar CAC scores suggesting that Caucasians are likely to have more diffuse atherosclerosis at an 

earlier age although South Asians had higher prevalence and severity of disease (68).   

 

In a quantitative coronary angiography study, symptomatic South Asians were observed to have a 

higher percentage multivessel disease, higher mean percent stenosis per vessel and smaller proximal 

LAD luminal diameters when compared to Caucasians (69).  These findings are important as South 

Asians form 20% of the world’s population and are among the fastest growing ethnic groups in 

various countries. It is estimated that by 2020, South Asians will contribute to 40% of the global 

cardiovascular burden (70).  

 

These observations highlight the differences in coronary plaque burden and prevalence that is seen 

in various ethnic groups. The effects of ethnicity may contribute to cardiovascular disease burden 

beyond traditional risk factors and further studies are needed to confirm these findings.  

 

 

Chronic Kidney Disease 

Studies of coronary atherosclerosis in chronic kidney disease (CKD) patients are limited and 

heterogeneous. Studies differ significantly in methodology and patient inclusion with some 
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dedicated to patients requiring renal replacement therapy (RRT), and others involving those with 

progressively declining glomerular filtration rate (GFR) not yet on dialysis. Therefore there is 

marked variation in results from these studies. What is of certainty however is that there is a very 

high prevalence of obstructive CAD in these patients (96) and the primary cause of death is due to 

cardiovascular events (95).  

 

The pathophysiology of vascular disease in CKD patients differs to the general population (97). In 

addition to traditional risk factors, there is a complex and poorly understood interplay between 

malnutrition, inflammation, atherosclerosis and calcification that play a role in the development of 

vascular disease (106). Autopsy studies have confirmed that CKD patients have an extensive 

atherosclerotic burden. Schwarz et al performed a post-mortem analysis of 27 end stage renal 

disease (ESRD) patients comparing epicardial artery plaque characteristics with age and sex 

matched normal renal function patients. The authors demonstrated that ESRD patients had a greater 

proportion of calcified plaques, greater media thickness and reduced lumen area with a trend to 

higher intima thickness but no overall difference in plaque area(71). Further pathologic analysis has 

confirmed this greater proportion of dense coronary calcific disease and media thickness, amongst 

all groups of renal dysfunction compared to normal controls, independent of other cardiovascular 

risk factors(72).  

 

There is a limited literature with respect to non-invasive techniques; CACS has been widely 

investigated in patients with CKD with clear evidence of increasing CACS burden as GFR 

decreases (73, 74). As calcification in ESRD tends to be within the media as described 

pathologically, this partly explains the probably reduced specificity for obstructive disease(75). 

CTCA is an ideal non-invasive tool for coronary luminal plaque assessment. However the large 

degree of coronary calcification may impact upon interpretation and the rates of unevaluable 

segments or patients’ ranges from 10-27%(76-78). Despite this, the sensitivity and negative 
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predictive value for obstructive disease remains high (93% and 97%) at the expense of reduced 

specificity and positive predictive value (63% and 41%) as was seen in a study of 138 CKD patients 

undergoing both CTA and invasive coronary angiogram(76). No CT study has yet imitated invasive 

studies to evaluate high-risk plaque features between normal, CKD and ESRD patients.  

 

 

There have been several small in-vivo analyses of coronary plaques to investigate the impact of 

renal function, predominantly with the use of IVUS. Several studies have demonstrated that plaque 

characteristics worsen significantly with declining GFR.  Miyagi and colleagues evaluated two 

groups (GFR <60mL/min and >60mL/min) of patients undergoing percutaneous intervention (PCI) 

with IVUS guidance and found that impaired renal function related to a higher percentage of lipid 

volume and reduced percentage of fibrous volume; however there were no dialysis patients included 

in this analysis nor was calcific plaque assessed(79). A study of 136 ACS patients who underwent 

culprit artery angioscopy revealed a greater proportion of “yellow plaques” with CKD being an 

independent predictor of multiple yellow plaques per vessel(80).  Furthermore, in a study of 310 

ACS patients that had culprit artery IVUS interrogation, progressively declining GFR was an 

independent predictor of plaque rupture, with patients in the lowest creatinine clearance group 

having a greater degree of lesion site plaque burden and plaque length(81).  

 

In a substudy of the PROSPECT trial that included only ACS patients, CKD patients had a higher 

prevalence of necrotic core, dense calcium and lower fibrous tissue in non-culprit artery plaques 

(82). Similarly, an OCT study of non-culprit plaques in a group of patients by Kato et al observed 

higher lipid index and higher calcium prevalence and plaque disruption in patients with GFR <60 

(83). Ogita et al established that in a study of stable angina patients, diabetics with CKD, had a 

greater proportion of dense calcium and necrotic core compared to non-diabetics, with a progressive 

increase in necrotic core associated with declining renal function; in particular the highest values 
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were seen in RRT patients (84). Kono et al evaluated both stable angina and ACS patients and 

clearly demonstrated on IVUS that as GFR reduced there was a significantly increased volume of 

dense calcification and necrotic core with the highest values in ACS patients on RRT(85). Finally, 

A meta-analysis of 989 patients from plaque progression studies stratified patients by GFR >60 and 

<60 (including RRT patients) and concluded that there was no difference in progression rates of 

atheroma volume despite preventive therapies(86).  

 

 

Obesity 

The worldwide prevalence of obesity is reaching pandemic status and there are strong links between 

obesity and CAD, which makes imaging of these plaques all the more relevant. There is compelling 

evidence to support an association between obesity and CACS as was seen in over 6000 patients 

analysed in the MESA study(87). Furthermore, in a cross-sectional study of 14,828 metabolically 

healthy adults without CAD, individuals with a higher BMI had a greater CACS prevalence 

compared to their normal weight counterparts (88). The question of progression of plaque burden in 

obese patients was evaluated by Cassidy et al in a study that reviewed baseline CACS and follow up 

at a median of 8.9 years. This demonstrated that waist circumference; waist-to-hip ratio and BMI 

were all strongly associated with an increased progression of CACS in those initially deemed to be 

of low risk(89). Additionally, Imai et al studied 553 patients who underwent serial CT coronary 

angiography and noted that the risk of non-calcified plaques increased as visceral adipose tissue 

increased regardless of underlying CAD risk factors.  

 

Few invasive studies have been performed with the specific aim of evaluation of obesity and 

coronary plaque with most studies utilising IVUS to assess the effects of pharmacologic therapy on 

plaque progression. A large systematic review of 7 serial IVUS studies comprising 3459 patients to 
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monitor atheroma progression in patients with the metabolic syndrome demonstrated that a BMI 

>=30 independently predicted plaque progression (42).  

 

Plaque vulnerability and its association with obesity have also been reviewed by multi-modality 

assessment. Ohashi et al showed that visceral adiposity independently predicted the presence and 

extent of noncalcified coronary plaque that also contained multiple features of plaque vulnerability 

(positive remodelling, spotty calcification and low attenuation plaque) – however BMI itself was 

not found to be a significant predictor(90). Similarly, another prospectively performed CTCA study 

demonstrated that visceral abdominal fat predicted the progression of noncalcified but not calcified 

plaque after a mean of 38 month follow up independent of other risk factors(91). In a large 

retrospective database of 3158 patients to evaluate plaque characteristics, 32% of patients with BMI 

>25kg/m2 demonstrated evidence of high-risk plaque features and BMI itself was an independent 

predictor of future ACS events (92). 

Regarding invasive methods to assess plaque vulnerability, Kang et al reviewed 780 patients 

undergoing PCI with IVUS also performed, and noted that increasing BMI was associated with a 

greater plaque burden and plaque area compared to lower BMI controls(93). Tani et al 

demonstrated that increasing BMI attenuated statin induced atherosclerotic regression and BMI was 

well correlated with precent plaque volume and an independent predictor of plaque volume 

change(94). Finally Yonetsu et al studied patients undergoing 3-vessel OCT in patients with and 

without diabetes and the metabolic syndrome. Those with the metabolic syndrome had higher BMIs 

and longer lipid plaque length and index compared to control patients(28).  

 

Obesity is not only linked with increased atherosclerotic plaque burden and progression, but is also 

associated  with attenuated response to therapies, increased plaque vulnerability and events.  Its 

association with metabolic syndrome and DM further complicates the management of obesity. 
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CONCLUSION 

Intravascular imaging techniques give unparalleled information about atherosclerotic plaques and 

CTCA allows assessment of plaque extent and morphology non-invasively.  These imaging 

techniques allows us to appreciate in vivo the various stages of plaque development, determine 

plaque burden, identify high risk plaque features, monitor response to therapy and appreciate the 

differences in disease pattern in various “at risk” groups. Understanding the differences in 

phenotype and response to therapy in various susceptible groups is vital in our endeavours to 

develop personalised medicine.  
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FIGURES  

 

Fig 1  

 

Optical coherence tomography findings at the minimal lumen area (MLA) site (A and B) and along the culprit 

vessel (C–E) in diabetic and non-diabetic patients. (A) Lipid plaque with a lipid arc of 121° was imaged at the 

MLA site in a diabetic patient. (B) Lipid plaque with a wider lipid arc (360°) was imaged at the MLA site in a 

non-diabetic patients. (C) Calcified plaque with a large calcified arc (161°) was imaged along the culprit 

vessel in a diabetic patient. (D) A typical superficial calcified nodule in a diabetic patient. The nodule has a 

length of 1.87 mm and a mean depth of 0.68 mm. (E) Calcified plaque with a small calcified arc (89°) was 

imaged along the culprit vessel in a non-diabetic patients. 

(Adapted from Niccoli G et al, Eur Heart J. 2013;34(10):729-41.) 
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Fig 2 

 
Intravascular ultrasound and typical Virtual Histology (VH) intravascular ultrasound (IVUS) images of VH IVUS-derived thin-cap 

fibroatheroma (VHD-TCFA) and VH IVUS-derived fibrocalcific atheroma (VHD-FCA). VHD-TCFA: (A-1) greyscale IVUS image 

of target lesion. Note the heterogeneity of the plaque. (A-2) Colour-coded map of A-1 reconstructed by VH IVUS. Note a 

necrotic core rich plaque without evidence of fibrous cap. VHD-FCA: (B-1) greyscale intravascular ultrasound image at target 

lesion. Note the significant deep calcium plate with acoustic shadow. (B-2) Colour-coded map of B-1. Note the confluent dense 

calcium at bottom of the plaque. (Adapted from Nasu K et al, Heart. 2008;94(4):429-33.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 52  
 

 

 

Fig 3 

 

VH-TCFAs in Regard to Being With or Without Risk Factors 
The virtual histology–intravascular ultrasound–derived thin-cap fibroatheroma (VH-TCFA) was 
significantly more frequent in diabetes mellitus (DM) patients or metabolic syndrome (MS) patients than 
in the patients without DM or MS. FH = family history of coronary artery disease; HCL = high cholesterol 
level; HTN = hypertension; SM = smoking. 
(Adapted from Zheng M et al, JACC Cardiovasc Interv. 2011;4(5):503-10.) 
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Fig 4 

 

Sex-Related Variations of Changes in TAV Versus Average On-Treatment LDL-C Levels 
Locally weighted (moving average) plot outlining the relationship between predicted changes in total 
atheroma volume (TAV) from baseline versus average on-treatment LDL-C levels stratified according to 
sex. The average on-treatment LDL-C values on the x-axis reflect the first to 99th percentile LDL-C values 
in the SATURN (Study of Coronary Atheroma by Intravascular Ultrasound: Effect of Rosuvastatin Versus 
Atorvastatin) study; blue represents men, pink represents women. The dotted green line represents an 
on-treatment LDL-C value of 70 mg/dl. For on-treatment LDL-C <70 mg/dl, the least squares mean (LSM) 
changes in TAV for women versus men are –10.1 ± 1.13 mm3 vs. –7.16 ± 0.65 mm3 (p = 0.023). For on-
treatment LDL-C ≥ 70 mg/dl, the LSM changes in PAV for women versus men are –5.26 ± 1.43 mm3versus 
–5.55 ± 0.89 mm3 (p = 0.87). 

(Adapted	from	Puri	R	et	al,	JACC	Cardiovasc	Imaging.	2014;7(10):1013-22.)	
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Fig 5 

 
Mean coronary artery calcium score by age for five ethnic groups by sex, the MASALA and MESA studies 
(Adapted	from		Kanaya	AM	et	al	,	Atherosclerosis.	2014;234(1):102-7.)	
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Fig 6 

 

 
 
.A, Nonculprit lesion showing TCFA (large lipid arc [dashed line] and fibrous cap <65 µm [arrows]) with 

disruption of the fibrous cap (arrowhead). B, Nonculprit plaque showing TCFA (large lipid arc [dashed line] 

and fibrous cap <65 µm [arrows]). C, Culprit lesion with plaque rupture: massive thrombus (arrowhead) 

overlying a ruptured plaque (C, cavity; L, lumen). D, Nonculprit lesion showing lipid-rich plaque with spotty 

calcification (asterisk) inside the lipid core (dashed line). 

(Adapted	from	Vergalo	R	et	al	Am	Heart	J.	2014;167(1):59-67).	
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Fig 7  

 

Images	of	Coronary	Angiographic,	Grayscale	IVUS,	IB-IVUS,	and	OCT	at	baseline	and	follow		up	after	statin	therapy.		
(Adapted	from	Hattori	K	et	al,	JACC	Cardiovasc	Imaging.	2012;5(2):169-77.)	
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Abstract: Cardiac computed tomographic angiography (CCTA) is a robust non-invasive method to 

assess coronary artery disease (CAD). Qualitative and quantitative assessment of atherosclerotic 

coronary stenosis with CCTA has been favourably compared with invasive coronary angiography 

(ICA) and intravascular ultrasound (IVUS). Importantly, it allows the study of preclinical stages of 

atherosclerotic disease, may help improve risk stratification and monitor the progressive course of 

the disease.  The diagnostic accuracy of CCTA in the assessment of coronary artery bypass grafts 

(CABG) is excellent and the constantly improving technology is making the evaluation of stents 

feasible. Novel techniques are being developed to assess the functional significance of coronary 

stenosis. The excellent negative predictive value of CCTA in ruling out disease enables early and 
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safe discharge of patients with suspected acute coronary syndromes in the emergency department.  

In addition, CCTA is useful in predicting clinical outcomes based on the extent of coronary 

atherosclerosis and also based on individual plaque characteristics such as low attenuation plaque, 

positive remodelling and spotty calcification. In this article, we review the role of CCTA in the 

detection of coronary atherosclerosis in native vessels, stented vessels, calcified arteries and grafts; 

the assessment of plaque progression, evaluation of chest pain in the emergency department, 

assessment of functional significance of stenosis and the prognostic significance of CCTA. 

Key Words 
CCTA = Computed Coronary Tomographic Angiography 
ACS = Acute coronary Syndrome 
CAD = Coronary Artery Disease 
Vulnerable plaques 
Atherosclerosis 
  

Introduction 

Coronary artery disease (CAD) is the leading cause of morbidity and mortality worldwide and 

makes up for more than half of all cardiovascular events in men and women < 75 years of age in 

United States (1). Atherosclerosis is a chronic disease characterised by plaque formation inside the 

arteries as a result of complex interaction between lipoproteins, endothelium and inflammatory 

cells. All the cardiovascular risk factors contribute to the pathogenesis by aggravating the 

underlying inflammation (2). The development and progression of atherosclerosis is likely 

determined, in part, by other still unidentified risk factors and genetic host susceptibility. It initially 

begins as fatty streak and grows over many years to become advanced atherosclerotic plaque. In 

majority of men and women with coronary atherosclerosis, the initial presentation is with acute 

myocardial infarction or sudden cardiac death and two thirds of acute coronary syndromes (ACS) 

are due to disruption of atherosclerotic plaque. The features of ruptured plaques on histopathology 

include large plaque volumes and large necrotic cores that are covered by thin fibrous cap (<65µm), 

and typically infiltrated with monocytes and macrophages (3). Plaques vulnerable to rupture are 

termed thin cap fibroatheroma (TCFA) which share similar histopathological characteristics as 
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ruptured plaques except that the fibrous caps are still intact. The term “vulnerable plaque” has 

therefore been used to describe rupture prone plaques before an event occurs (4). Studies of 

disrupted plaques with invasive intravascular imaging such as intravascular ultrasound (IVUS) have 

identified imaging characteristics of plaque vulnerability. These features include positive 

remodelling, large lipid core and spotty calcification (5, 6). Intravascular techniques are however 

limited by high cost and invasive nature of the test. It is therefore desirable to have a non-invasive 

imaging technique which can assess plaque burden and detect vulnerable plaque. Coronary 

computed tomographic angiography (CCTA) has established itself as a non-invasive modality with 

high sensitivity and high negative predictive value for detecting coronary artery stenosis (7). In 

addition, CCTA permits the assessment of coronary atherosclerotic plaque morphology and 

composition in good agreement with IVUS (8).  

 

Coronary Plaque Imaging of Atherosclerotic Plaques by CCTA 

CCTA is performed on multidetector CT (MDCT) systems after the injection of iodine contrast 

media for opacification of lumen. Current generation scanners range from 64-320 detector rows 

with spatial resolution of approximately 230 to 625µm and temporal resolution of approximately 75 

to 175ms. The spatial resolution of latest generation CT scanners is marginally lower than the 

100µm and 200µm afforded by IVUS and invasive coronary angiography (ICA) respectively. The 

improved temporal resolution of new generation scanners permit scan acquisition for patients with 

atrial fibrillation and higher heart rates with preserved image quality. Plaques are identified on 

CCTA as any discernible structure outside the lumen that is either calcified or has attenuation value 

less than the lumen. They are usually classified into 3 categories: non-calcified, mixed or calcified.  

 

Qualitative assessment of Coronary Plaque and Stenosis Assessment - Comparison with 

Invasive Coronary Angiography 
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Invasive coronary angiography (ICA) is established in the assessment of coronary arteries and in the 

measurement of severity of luminal stenosis. There are several studies that have compared the 

diagnostic accuracy of CCTA to ICA, based on visual assessment using a binary approach in 

classifying lumen stenosis as < 50 or ≥50%.  64 detector CCTA identified significant coronary 

artery stenosis with a sensitivity of 85-99%, specificity of 64–90% and a negative predictive value 

of 83–99% when compared to ICA in three large multicentre studies (9-11). These patients had low 

to intermediate risk of CAD. In a meta-analysis comprising 7,516 patients with suspected and 

known CAD in 89 studies, the per-patient sensitivity and specificity for >16 slice CCTA was 98% 

and 89%, respectively (12). Furthermore, there was excellent interobserver and intraobserver 

agreement for stenosis ratings in high quality images (13, 14). These studies demonstrate that 

among all other non-invasive imaging modalities, CCTA most closely resembles ICA in terms of 

providing coronary assessment. Accordingly current European and US guidelines advocate the use 

of CT in patients with low to intermediate risk of CAD with a Class IIa and Class IIb indication (15, 

16). In addition, since 2010, the ACC/ AHA appropriate use criterion has  recommended that it is 

appropriate to use CCTA as an upfront investigation in this population (17). 

  

Quantitative assessment of atherosclerotic plaques 

Comparison with IVUS 

CCTA provides vessel lumen geometry and volumetric assessment of plaque which had previously 

been obtained only on IVUS. Geometric parameters including minimal lumen area, minimal 

luminal diameter, diameter stenosis and area stenosis can be quantified using dedicated computed 

software (Fig 1). Furthermore, the total volume of plaque in a coronary segment, defined as the 

volume between the vessel lumen and outer wall, can be determined using a semi-automated 

method based on software detection of the lumen and outer vessel walls (Fig 1). Plaque area or 

burden, defined as (vessel area- lumen area) / vessel area, can be quantified and volume of calcified 

and non-calcified plaque based on relative CT densities can also be derived. 
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In a recent meta-analysis by Voros et al. (18), including a cohort of 946 patients from 33 studies 

that compared the accuracy of 64-detector CCTA to IVUS (18), CCTA was demonstrated to have 

an excellent sensitivity (94%) and specificity (92%) to qualitatively detect atherosclerotic plaque 

(Fig. 2). Compared to IVUS, CCTA was found to slightly overestimate luminal area (0.46mm2 or 

by 6.7%; p = 0.005), while there was no significant differences in plaque area (0.09mm2; p = 0.88), 

volume (5.3mm3; p = 0.21) and percent area stenosis (−1.81%; p = 0.12) (Fig. 3). In addition, two 

separate studies showed that CCTA underestimated plaque volume in non-calcified plaques and 

overestimated plaque volume in mixed / calcified plaque (19, 20). The overestimation in calcified 

plaque is typically related to blooming artefact.  

Albeit the high diagnostic accuracy of CCTA to qualitatively assess plaque, its accuracy and 

reproducibility to quantify plaque is important, as this may determine the potential use of CCTA to 

non-invasively monitor plaque progression. Two studies have demonstrated that the mean 

difference in quantifying minimal luminal diameter and minimal luminal area between two 

experienced observers was small (13, 21). There was excellent interobserver correlation for 

quantification of plaque volume with r values ranging between 0.83 and 0.99, although the limits of 

agreement were wide ranging from 87 to 226% (22). High quality images were used in these studies 

and were found to significantly improve reproducibility. The reported mean interobserver difference 

in  calcified and non-calcified plaque volume was  −0.74% and −0.76% with corresponding limits 

of agreement of ±23.5% and ±11.5%, respectively in high quality coronary CCTA datasets (13). 

Otzuka and colleagues demonstrated that interobserver and intraobserver reproducibility was 

optimised by exclusion of images with heavy calcification and image blurring (23). 

 

Assessment of Coronary Arteries with High Calcium Score 

The “Achilles heel” of cardiac CT is calcification, which hampers diagnostic accuracy by causing 

blooming artefact (Fig 4). As a result, the specificity of CCTA in calcified vessels is significantly 
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reduced. Recent studies have shown that a higher coronary artery calcium score (CACS ≥400 or 

≥600) resulted in reduction in specificity by 35 to 48% (24, 25).  Therefore, current guidelines do 

not recommend CCTA for patients with very high CACS. These patients should instead undergo a 

functional assessment or ICA based on their pre-test probability of CAD. Subtraction algorithms 

have been developed to be applied on CT images acquired using dual energy CT scanners which 

may remove calcium and improve the evaluation of coronary artery segments with heavy 

calcification (26, 27). Clinical studies examining the utility of this technique to assess CAD are 

currently underway. 

 

Assessment of Coronary Artery Bypass Grafts 

CCTA is also used to assess coronary bypass grafts with the accuracy being higher in grafts than in 

native vessels. This superior diagnostic accuracy may be due to larger vessel diameter of the grafts, 

lower propensity to develop calcified plaque and due to lower motion artefacts in the grafts (Fig 5) 

(28-30). In addition, grafts that cannot be detected or accessed by ICA can be visualised with 

CCTA. 32 detector CCTA was used in a study to evaluate 52 patients with a mean follow up period 

of 9.6+/-7.2 years following CABG surgery (31). The diagnostic accuracy of CCTA for the 

detection or exclusion of significant stenosis in arterial and venous grafts on per segment analysis 

was 100%. The sensitivity and specificity were lower in the distal runoffs and in the native vessels. 

In a meta-analysis by Hamon et al. (32), the diagnostic accuracy of assessing grafts by 16 and 64 

slice CCTA was exceptionally high (sensitivity, 97.6%; specificity, 96.7%; and NPV, 98.9%). 

 

Assessment of In-stent Restenosis 

The evaluation of stents by CCTA is more challenging than that of native coronary arteries (33). 

This is predominantly attributable to beam hardening and partial volume artefact from stent struts. It 

has been demonstrated that a difference in CT density in Hounsfield units (HU) of ≤ 19%  between 

a reference vessel (aorta) and inside the lumen of a stent, along with a mean CT density of  ≥ 300  
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inside a stent correlated with a patent stent with high sensitivity and specificity (34). According to a 

meta-analysis, the diagnostic accuracy of 64 slice CCTA for stents was 90%, with sensitivity of 

89.7%, specificity of 92.2%, positive predictive value (PPV) of 72.5%, and NPV of 97.4%. When 

non-assessable segments were included, the sensitivity and specificity significantly decreased to 

79% and 81% respectively (35). The diagnostic accuracy is also influenced by the diameter of the 

stent. Overall, diagnostic accuracy is significantly higher in stents with diameter ≥3m (Fig 6) (35-

38). When CCTA was used to evaluate instent resteonsis using IVUS as reference standard, it was 

demonstrated that the sensitivity, specificity, PPV, NPV, and accuracy were 67%, 78%, 57%, 85%, 

and 75%, respectively, for stents <3.0mm in diameter; whereas for stents ≥3.0mm in diameter, the 

sensitivity, specificity, PPV, NPV, and accuracy were 89%, 100%, 100%, 97%, and 98%, 

respectively (39). Moreoever, the diagnostic performance of CCTA has been found to be superior in 

stents with thinner struts (< 100µm) compared to stents with thicker struts (40, 41). Due to these 

limitations, use of CCTA for evaluation of instent restenosis is not considered for routine clinical 

use, except for the assessment of unprotected left main stent (42). High definition cardiac 

tomography (HDCT) equipped with superior spatial resolution of 0.23mm compared to 0.625mm 

offered by standard CCTA, may improve the accuracy of CCTA in assessing stents. HDCT 

improved coronary stent visualisation with an increase in luminal stent diameter from 42.3% to 

54.1% and area visualisation from 25.8 to 54% when compared to standard CCTA in an ex vivo 

phantom model (43). In a comparison study of HDCT vs. standard definition CCTA, 25 stents were 

assessed in 14 patients who were examined by both the scanners on the same day. Partial volume 

effects were significantly reduced by HDCT resulting in an increase in percentage of stents with no 

or only minor artefacts, from 44% to 96% (44).  

 

Assessment of Plaque progression 

While invasive imaging modalities such as IVUS and OCT have been used to evaluate the efficacy 

of various anti-atherosclerotic therapies on plaque progression, a non-invasive test would be more 
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assessable and safe. CCTA has been touted as the non-invasive imaging modality to study the 

surrogate end points for cardiovascular outcomes, such as plaque progression. Several studies have 

explored this potential. Zeb et al. (45) studied the effect of statin on plaque progression in 100 

patients using CCTA with a mean follow up of 406 ± 92 days. Total plaque progression was 

significantly reduced among subjects on statin compared to those who were not (-33.3mm3±90.5 vs. 

31.0mm3±84.5, p = 0.0006). Statin use was associated with reduced progression of non-calcified 

plaque (NCP) volume (-47.7mm3± 71.9 vs. 13.8mm3±76.6, p < 0.001) and low attenuation plaque 

(LAP) volume (-12.2mm3±19.2 vs. 5.9mm3±23.1, p < 0.0001) as quantified on CT.  Similar 

reduction in total plaque volumes and LAP volumes were demonstrated in two other studies in 

patients on statin therapy. These changes were more pronounced in non-calcified and in mixed 

plaque (46, 47). Although these studies highlight the potential use of CCTA to monitor plaque 

progression/regression, studies comparing CCTA to IVUS in the longitudinal assessment of plaque 

progression are scarce. 

 

Assessment of the Hemodynamic Significance of Coronary Atherosclerosis 

Although CCTA accurately assesses coronary plaque and stenosis, it is limited in evaluating the 

hemodynamic significance of coronary stenosis. As functional significance of coronary stenosis 

determines prognosis and the need for revascularisation, it is of relevance in the management of 

patients with stable CAD (55-57). Recently, three novel techniques have been demonstrated to 

accurately detect vessel-specific ischemia using the gold standard invasive fractional flow reserve 

(FFR) as a reference (48-50). They are 1) Non-invasive FFR (CT FFR) 2) Transluminal attenuation 

gradient (TAG) and 3) CT perfusion imaging (CTP). These techniques may broaden the use of 

CCTA to assess coronary ischemia in addition to anatomy (51-53). 

 

CT FFR 
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Non-invasive FFR or CT FFR is derived by applying computational fluid dynamics. Using a 

supercomputer, three dimensional models throughout the cardiac cycle representing the pressure 

and flow along all points of the arteries are generated during rest and simulated maximal 

hyperaemic conditions. Blood viscosity is assumed to be constant and CT features that affect 

coronary flow are taken into consideration. Currently, the technique requires 5 hours of processing 

time and a non-invasive FFR is derived based on approximated pressure measurements (54, 55). In 

a multicentre, prospective cohort of 159 vessels in 103 patients, Koo et al. demonstrated that CT 

FFR, using a threshold of ≤0.8, detected FFR-significant (≤0.8) stenoses with a sensitivity of 84% 

and specificity of 82% (56). Overall, there was a good correlation between CT FFR and FFR (r = 

0.72, p < 0.001) and the area under the ROC curve (AUC) was 0.90, which was significantly higher 

than CCTA alone (0.70, p < 0.0001). A similar improvement in ROC curve was reported when the 

study was repeated in a larger multicentre prospective cohort of 285 patients. (57). In a recent 

prospective multicentre study (the NXT trial), diagnostic accuracy, sensitivity and specificity for CT 

FFR were 81%, 86% and 79% respectively. Again, there was an improvement in ROC curve 

(CCTA AUC = 0.8 vs. FFR CT AUC = 0.90, p = 0.0008) (58).  

 

TAG 

TAG is defined as the linear regression coefficient between intraluminal attenuation (HU) and axial 

distance. TAG evaluates the slope of decline in intraluminal contrast attenuation from the ostium to 

the distal coronary vessel (Fig. 7). Choi et al. demonstrated that in a cohort of 127 patients (370 

vessels) with multivessel disease, TAG performed on resting CCTA was significantly lower in 

occluded vessels compared to those with lesions of 0 – 49% stenosis on quantitative coronary 

angiography (QCA) (−13.46 ± 9.59HU / 10mm vs. −2.37 ± 4.67HU / 10mm, p < 0.001) (59). The 

addition of TAG to the interpretation of CCTA improved diagnostic accuracy for anatomical 

stenosis severity (p = 0.001), especially in vessels with calcified lesions and provided a net 

reclassification improvement of 0.095 (59). As the 320 detector row scanner allows isophasic, 
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single beat imaging of the entire coronary tree, it was postulated that it would be the ideal platform 

for TAG assessment. The accuracy and incremental value of TAG on a 320-detector row scanner 

has been evaluated by Wong et al. in a cohort of 53 stable CAD patients. TAG assessed in FFR-

significant vessels was significantly lower than that found in FFR non-significant vessels (−21 vs. 

−11HU / 10mm, p < 0.001) (50). Using a retrospectively determined TAG320 cut-off of −15.1HU / 

10mm, TAG320 was reported to predict FFR ≤ 0.8 with 77% sensitivity and 74% specificity. 

Importantly, the AUC for the combined use of TAG320 and CCTA was 0.88. 

 

CT Stress Myocardial Perfusion Imaging 

Myocardial perfusion imaging on CCTA is the acquisition of images during the first pass of 

iodinated contrast from the arteries into the myocardium where hypo perfusion is represented by 

hypo-attenuated areas (Fig 8). CTP has been evaluated in numerous single centre studies to date. 

The sensitivity ranges from 71 to 100% and specificity from 72 to 98% depending on the scanner 

type and the studied population when compared with single-photon emission computed tomography 

- myocardial perfusion imaging (SPECT-MPI), invasive FFR and magnetic resonance imaging 

(MRI) perfusion imaging. In a study by George et al., CTP had a sensitivity of 81% and a 

specificity of 85% when compared with SPECT-MPI (60). More recently, in the Core320 study, 

which is a multicentre study with a cohort of 381 patients, the combined protocol of CCTA and 

CTP was compared to SPECT-MPI. The sensitivity and specificity for the combined protocol was 

80% and 74% respectively (61). Four studies thus far have compared CTP with FFR, all 

demonstrating that the use of CTP provided  incremental diagnostic accuracy when added to CCTA 

alone, by increasing the specificity and positive predictive value for FFR-significant stenoses (48, 

49, 62, 63). Ko et al. (62) demonstrated using a 320-detector CT, in a prospective cohort of 40 

patients  including 120 vessels with suspected CAD, that CCTA detected FFR-significant stenoses 

(≤0.8) with 95% sensitivity and 78% specificity (62). The additional use of CTP increased the per-

vessel specificity to 95% while sensitivity was maintained at 87%. The combined use of CCTA and 
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CTP was associated with an increase in the ROC AUC from 0.93 vs. 0.85 using CCTA alone (p = 

0.0003). In a study by Bettencourt et al., improved diagnostic accuracy was noted for FFR <0.8, 

from 78% using 64 detector CCTA alone, to 85% with combined protocol, which was non inferior 

to the accuracy of MR perfusion imaging of 88%. 

 

Prediction of Clinical Outcomes Using Cardiac CT 

A number of studies have demonstrated that the presence and burden of calcified plaque as 

represented by the CACS is associated with an increased risk of future adverse cardiovascular 

events (64-66). A direct relationship was observed between plaque burden and the rate of plaque 

progression to cardiovascular outcomes in a study that used IVUS to assess coronary atherosclerotic 

burden (67). Similarly, plaque burden assessed by CCTA predicts prognosis. In addition, the 

location of the lesions, number of vessels with lesions and, the presence of normal, non-obstructive 

and obstructive vessels determine prognosis..  

CCTA meets three fundamental criteria as a good prognostic test: (1) it identifies patients at very 

low risk for events (2) it provides definition of clear gradations of risk based on test results and (3) 

it enables the concentration of resources in management of patients with abnormal tests (68).  

 

Presence of Obstructive Disease predicts prognosis: In a single-centre consecutive cohort of 

1,127 symptomatic patients, Min et al. demonstrated that all-cause mortality was predicted by a 

number of angiographic features as assessed on CCTA. This included the presence of moderate 

(≥50%) or severe (≥70%) coronary stenosis in any coronary artery (p = 0.007 and p < 0.001, 

respectively) (Fig. 9), the presence of a severe stenosis in any proximal segment of a major 

epicardial vessel (p = 0.001) and the presence of obstructive left main or left anterior descending 

artery stenosis (p = 0.001). It was also demonstrated that CCTA-derived Duke prognostic CAD 

index, clinical coronary artery plaque score including a segment stenosis score and segment 

involvement score, were significant predictors of all-cause mortality (p < 0.001) (69). 
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In a pooled analysis of 18 CCTA prognostic studies involving 9,592 symptomatic patients with 

predominantly suspected CAD (70), Hulten et al. (Fig 10) analysed the annual event rates for major 

cardiac events and death. The event rates in obstructive coronary disease defined as the presence of 

any lesion with ≥50 % stenosis was 8.8 and 3.2 % which was significantly higher (p < 0.005) than 

patients with non-obstructive disease (1.4 and 0.74 %) and normal coronary arteries on CCTA (0.17 

and 0.15 %), respectively. 

 

In the CONFIRM Registry, a large international multicentre registry which included 24, 775 

patients at a mean follow up of 2.3 years, it was demonstrated that the presence of obstructive 

disease on CCTA not only risk stratified patients into clinically important risk tertiles (71), but was 

also a significant predictor of all-cause mortality and provided significant incremental value to 

LVEF and clinical variables with a net reclassification index of 17.8 % (p < 0.001) (72). 

Furthermore, using data from the same registry, Hadamitzky described the novel use of an 

optimised score which accounted for the number of proximal segments with a stenosis >50 % or 

with mixed or calcified plaque (73). The use of this CCTA-based scoring system was demonstrated 

to significantly improve overall risk prediction beyond the National Cholesterol Education Program 

Expert Panel on Detection, Evaluation and Treatment of High Blood Cholesterol in Adults (ATP 

III) score (73). 

 

Presence of Non-obstructive Disease predicts prognosis: Lin et al. (74) demonstrated that the 

presence of non-obstructive coronary artery stenosis (<50%) on CCTA was associated with higher 

mortality (hazard ratio (HR) 1.98, p = 0.03) when compared with normal findings. The highest risk 

was among those who had non-obstructive CAD in three epicardial vessels (HR 4.75, p = 0.0002) 

and ≥5 coronary segments (HR 5.12, p = 0.0002) in a cohort of 2,583 symptomatic patients with 

mean follow up of 3.1 years. Importantly the higher mortality for non-obstructive disease was 
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observed even in patients with low 10-year Framingham risk (3.4%, p < 0.0001), as well as those 

with no traditional, medically treatable cardiovascular risk factors including diabetes mellitus, 

hypertension and dyslipidemia (5.7%, p < 0.0001). 

 

Presence of normal findings predicts prognosis: Lastly, normal findings on CCTA were found to 

be associated with very low event rates (69-72). This is comparable to the background event rate 

among healthy low-risk individuals (<1%) (75) and is similar to that reported in patients with 

normal stress testing evaluated on echocardiography or nuclear myocardial perfusion imaging (76). 

 

CT Plaque Quantification predicts prognosis: Verteylen et al. demonstrated that the use of a 

semi-automated plaque quantification algorithm may provide additional prognostic value in 

prediction of future ACS beyond conventional CT assessment of stenosis alone and Framingham 

risk scores (77). At a mean 26 ± 10 months, patients with ACS were found to have higher total 

plaque volume (94 vs. 29 mm3, p < 0.001), non-calcified plaque volume (28 vs. 4 mm3, p < 0.001) 

and plaque burden (57% vs. 36%, p < 0.01).  

 

CCTA - Acute Coronary Syndrome 

Predicting Acute Coronary Syndrome 

There is growing evidence to suggest that the susceptibility of an individual to develop an acute 

coronary event is determined by plaque morphology rather than the extent of luminal stenosis. In 

the COURAGE study (78) where patients who received optimal medical management, the 

consistent predictor of death, myocardial infarction and non-ST segment elevation ACS was the 

anatomic burden and not the ischemic burden. The occurrence of major adverse clinical outcomes 

may be because of the disruption rather than by the ischemia-producing nature of obstructive 

plaques.  In this context, the prognostic significance of CCTA assumes importance as it has the 
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advantage of being a non invasive test that can be used to assess individual plaque characteristics 

apart from the assessment of luminal stenosis. 

 
 

CT Plaque Characteristics Predict Future ACS 

Two-thirds of ACS is caused by atherosclerotic plaque rupture. A number of CT-based coronary 

plaque characteristics of a “vulnerable plaque" associated with culprit lesions for future ACS have 

been identified in retrospective observational studies (Fig. 11).  

 

CCTA features of LAP, positive remodelling and spotty calcification predict ACS 

Motoyama et al. compared CCTA features of 38 patients with ACS to 33 patients with stable angina 

(79). Plaques in ACS group had higher frequency of non-calcified plaque NCP <30HU (79% vs. 

9%, p < 0.0001), spotty calcification (63% vs. 21%, p = 0.0005) and positive remodelling (87% vs. 

12%, p < 0.0001). Presence of all 3 features showed a high positive predictive value, and their 

absence demonstrated a high negative predictive value for future ACS. Furthermore, mean plaque 

volumes were higher in ACS group 192.8±114.9mm3 vs. 103.8±51.8mm3 (p=0.001) (80). It has 

been shown in pathological studies, that the size of necrotic core in TCFAs ranges from 1.6 to 

1.7mm2 with a length of 8mm (range, 2–17mm), and in ruptured plaques ranges from 2.2 to 

3.8mm2 with a length of 9mm (range, 2.5–22mm) (81, 82). Imazeki and colleagues demonstrated 

that remodelling detected on CCTA correlated with IVUS and Remodelling Index (RI) was 

significantly larger in patients with ACS (1.19±0.18) than in those with stable angina (0.89±0.10, 

p<0.0001) (83, 84). Pathological studies have established a relationship between positive vessel 

remodelling and plaque vulnerability, showing an increase in inflammatory marker concentrations, 

larger lipid cores, paucity of smooth muscle cells, and medial thinning in positively remodelled 

vessels (84). In a large prospective study with a cohort of 1,059 patients, Motoyama et al. 

demonstrated that the CT angiographic features of LAP and positive remodelling were associated 

with subsequent development of acute coronary events (85). ACS developed in 10 (22%) of 45 
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patients who had these two CT features against 4 (0.5%) in 820 patients who did not have LAP or 

positive remodelling. None of the 167 patients with normal CCTA sustained acute events (p < 

0.001). Both features were independent predictors of acute coronary events (hazard ratio = 23, 95% 

confidence interval 7–75, p < 0.001). Importantly, the plaques associated with early ACS when 

compared with late ACS had larger LAP volume. 

 

CCTA features of Napkin ring sign, plaque ulceration and intraplaque dye penetration predict ACS 

Vulnerable or rupture prone atherosclerotic plaques have histologically been described as thin-cap 

fibroatheroma (TCFA), distinguished by a large necrotic core with an overlying thin intact fibrous 

cap, macrophage infiltration and often increased number of intraplaque vasa vasorum (81). 

Pathological studies have demonstrated the thickness of the fibrous cap thickness is the most 

important plaque characteristic to identify plaque vulnerability, followed by the magnitude of 

macrophage inflammation and the size of necrotic core (86). Kashiwagi and colleagues proposed 

that the presence of a ring-like attenuation in a CT angiographic cross section may be a surrogate 

marker of TCFAs after comparing optical coherence tomography (OCT) and CCTA findings (87).  

In a total of 100 patients with ACS, coronary lesions were divided into TCFA and non-TCFA group 

based on OCT findings. CCTA-verified positive remodelling was observed more frequently in the 

TCFA (75%) than in the non-TCFA group (30 %, p < 0.001). The TCFA group also demonstrated 

LAP more frequently; CT attenuation value in the TCFA group (35 ± 32 HU) was significantly 

lower than the non-TCFA group (62 ± 34 HU, p < 0.001). Notably a ring-like attenuation in the 

TCFA group was found to be 11-fold more frequent than in the non-TCFA group (44% vs. 4%, p < 

0.001). The sensitivity, specificity, positive predictive value, and negative predictive value of ring-

like enhancement for detecting TCFA are 44%, 96%, 79%, and 85%, respectively (41). In another 

study by Tanaka and colleagues, 67 patients with de novo angina were divided into a plaque rupture 

group (n=27) and a non-rupture group (n=40) based on the IVUS. The 64-slice CCTA revealed that 

the prevalence of an ulcer-like enhancement space (37% vs. 5%, p<0.01), a ring-like sign (41% vs. 
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18%, p=0.04), in the plaque rupture group was higher than those in the non-rupture group (88). It is 

postulated that the ring like enhancement represents highly active vasa vasorum neovascularisation. 

Vasa vasorum density is seen as surrogate marker of plaque vulnerability as it strongly correlated 

with macrophage infiltration in atherosclerotic plaque (89). In addition, it has also been postulated 

that the ring-like enhancement may be due to large central lipid core surrounded by fibrous plaque 

tissue or intra mural thrombus (90).  

 

 Lastly, CT feature of plaque disruption including plaque ulceration and intraplaque dye penetration 

in patients with unstable angina, have been described to be modestly sensitive (53–81%) and highly 

specific (82–95%) for plaque erosion and / or intraplaque haemorrhage as demonstrated on invasive 

angiography. Madder, R.D et al. demonstrated that in 294 plaques with >25% stenosis on CCTA, 

37% had features of disruption, including 27% with intraplaque dye penetration and 18% with 

ulceration. In addition, when compared with non-disrupted lesions, they were more voluminous 

(313±356 mm3 versus 18±93 mm3 p<0.0001) and were more often complex by ICA (57.8% versus 

8.1%, p<0.0001) (91). 

 

Use of CCTA in the assessment of acute chest pain in Emergency Departments  

Acute chest pain is one of the leading symptoms in emergency departments all over the world. 

Exclusion of ACS is difficult when patients with typical chest pain have normal initial ECG and 

biomarkers  (92). The standard evaluation of these patients includes hospital admission to undergo 

serial ECG's, troponin assessment with or without additional stress testing and only a minority of 

such patients are eventually diagnosed with cardiac ischemia (93).  Despite this expensive and 

comprehensive approach, 2 to 5 % of ACS is still missed (94). The high sensitivity and negative 

predictive value of CCTA for the detection of coronary stenosis allows safe rule-out of CAD, 

especially in population with low to intermediate risk. 
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Use of CCTA in ED 

CCTA has been studied in comparison with invasive coronary angiography for detection of ACS in 

several observational cohort studies. The Rule Out Myocardial Infarction / Ischemia Using 

Computer Assisted Tomography (ROMICAT) study, found that CCTA had excellent sensitivity and 

negative predictive value to rule out ACS in 368 subjects with inconclusive clinical evaluation of 

chest pain in ED (95). Hollander et al (96) demonstrated that 84% of 568 patients with potential 

ACS and low Thrombolysis In Myocardial Infarction (TIMI) risk score, were discharged after 

CCTA. Compared to standard evaluation, when CCTA was included in triaging patients who 

presented with chest pain to ED, there was a reduction in the length of stay in hospital and increased 

discharge rates from ED without hospitalisation (97, 98). These studies demonstrate that CCTA is 

an efficient and safe tool to assess patients with chest pain, particularly those with low to 

intermediate likelihood of CAD. In a meta-analysis of 64-detector CCTA, which included 1559 

patients presenting with chest pain, CCTA had a 99.3% negative predictive value in excluding 

major adverse cardiac events (MACE) for 30 days after initial symptom presentation in 85.2% of 

the study population (99). The ROMICAT and CT-STAT studies showed that the absence of 

significant coronary atherosclerosis is associated with the absence or a minimum number of MACE 

at 6 months of follow-up (95, 100). Nasis et al followed up 506 patients without plaque, patients 

with nonobstructive plaque and at most mild to moderate stenosis (<40% luminal narrowing). These 

patients were discharged from ED without further investigation and some of them, after a single 

troponin measurement. At median 47.4 month follow-up there were no major adverse events (0% 

for all; 95% CI: 0%, 0.7%) (101). 

 

Better risk stratification 

Among low to intermediate risk patients who presented with chest pain to the ED, CCTA was found 

to be a better predictor of CAD and cardiovascular outcomes than the use of TIMI score, global 

registry of acute coronary events (GRACE) score and risk assessment by traditional risk factors. In 
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a study involving 250 patients evaluated by CCTA, correlation with CAD was poor for the TIMI (r 

= 0.12) and GRACE (r = 0.09-0.23) scores. Only older age and male sex were significant 

independent predictors of CAD while CCTA identified severe CAD in all subjects with adverse 

outcomes (102). In another study involving 93 patients, CCTA accurately identified ten patients 

(8.13%) with obstructive CAD requiring myocardial revascularization; all had a low TIMI score (0-

2) and eight had a low GRACE score (103). Similarly, Linde et al evaluated the clinical impact of 

CCTA on 600 patients who were randomised to a CCTA-guided strategy (299 patients) or standard 

care (301 patients). Referral rate for ICA was 17% with CCTA vs. 12% with standard care (p=0.1). 

ICA confirmed significant coronary artery stenoses in 12% vs. 4% (p=0.001), and 10% vs. 4% were 

subsequently revascularised (p=0.005). The positive predictive value for the detection of significant 

stenoses was 71% with CCTA vs. 36% with standard care (p=0.001) (104). 

 

Costs and resource utilization 

Poon et al demonstrated that the routine use of CCTA in ED evaluation of chest pain may reduce 

healthcare resource utilization. The overall admission rate was lower with CCTA (14% vs. 40%; 

p < 0.001). Standard evaluation was associated with a 5.5-fold greater risk for admission (odds ratio 

[OR]: 5.53; p < 0.001), 1.6 times longer expected ED length of stay (OR: 1.55; p < 0.001), 5 times 

greater likelihood of returning to ED with chest pain within 30 days (OR: 5.06; p = 0.022) and a 7-

fold greater likelihood of invasive coronary angiography without revascularization (OR: 7.17; p < 

0.001). There were no differences in the rates of death and acute myocardial infarction within 30 

days of the index visit between the two groups (105). CCTA was found to be cost- effective 

compared to myocardial perfusion imaging (106). In a comprehensive cost-effectiveness model by 

Ladapo et al. (107), the increased overall cost of CCTA due to detection of CAD was partially 

offset by reduction of event rates by 3% and by lower costs of care for myocardial infarction and 

stroke. 
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CONCLUSION 

Coronary CT angiography provides robust non-invasive, qualitative and quantitative assessment of 

coronary atherosclerosis with high reproducibility and accuracy. The constant advances in scanner 

technology; image acquisition and reconstruction techniques have expanded the use of CCTA.  In 

addition to the anatomical information, it is now possible to assess the hemodynamic significance of 

atherosclerotic plaque and to predict clinical outcomes based on plaque burden and plaque 

morphology. 
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FIGURES  

 

 

Figure 1.  A: Invasive coronary angiography, B: CCTA , C: automated assessment of plaque on CCTA, D: IVUS 

assessment of plaque. There is a severe complex lesion in mid RCA. Adapted from Collin Fischer et al, Coronary CT 

angiography versus intravascular ultrasound for estimation of coronary stenosis and atherosclerotic plaque burden: a 

meta-analysis. Journal of cardiovascular computed tomography ,2013.	
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Figure 2. Pooled Sensitivity and Specificity for Coronary CTA Versus IVUS 
 
Pooled sensitivity and specificity for coronary CTA vs. IVUS (Adapted from Voros S, Rinehart S, Qian Z et al. 

Coronary atherosclerosis imaging by coronary CT angiography: current status, correlation with intravascular 

interrogation and meta-analysis. JACC Cardiovasc Imaging 2011;4:537–48. With permission from Elsevier) 
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Figure 3. Coronary CTA vs. IVUS to compare vessel lumen area (a), plaque area (b), plaque volume (c) and percent 

area stenosis (d) (Adapted from Voros S, Rinehart S, Qian Z et al. Coronary atherosclerosis imaging by coronary CT 

angiography: current status, correlation with intravascular interrogation and meta-analysis. JACC Cardiovasc Imaging 

2011;4:537–48. With permission from Elsevier) 
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Figure 4. A heavily calcified mid right coronary artery.  Due to blooming artefact from calcium, accurate assessment 

of luminal stenosis is not possible. In addition, this is a poor quality image with motion artefacts which may prohibit 

accurate image interpretation. 
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Figure 5. (A) 3D rendered image showing left internal thoracic artery (LIMA) graft insertion into mid left anterior 

descending artery  (B) A well opacified LIMA with no obvious stenosis. The insertion of graft into LAD is visible with 

good distal run off. 
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Figure 6. (A) < 3mm Stent in mid LAD. Partial volume artefact duet to stent makes assessment difficult. (B) > 3mm 

stent in mid RCA. The lumen is well visualised and there is no significant instent restenosis. 
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Figure 7. Transluminal attenuation gradient. Left anterior descending artery with significant obstructive plaque 

burden imaged by CCTA. Axial and representative cross-sectional views with corresponding luminal attenuation (HU) 

of CCTA. Black square dots represent 5 mm intervals at which intraluminal attenuation (HU) was measured. TAG was 

−38.3, and the FFR was 0.76 (Adapted from Wong DT, Ko BS, Cameron JD et al. Transluminal Attenuation Gradient 

in Coronary Computed Tomography Angiography Is a Novel Non-invasive Approach to the Identification of 

Functionally Significant Coronary Artery Stenosis: A Comparison With Fractional Flow Reserve. Journal of the 

American College of Cardiology 2013 Mar 26;61(12):1271–9. With permission from Elsevier) 
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Figure 8. CT perfusion imaging and invasive angiography. Stress perfusion defects are demonstrated on CT in the 

mid and distal anterior wall corresponding to a severe stenosis in the mid LAD associated with an FFR of 0.33 (Adapted 

from Ko BS, Cameron JD, Meredith IT et al. Computed tomography stress myocardial perfusion imaging in patients 

considered for revascularization: a comparison with fractional flow reserve. Eur Heart J 2012;33:67–77. With 

permission from Oxford University Press) 
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b 

 

Figure 9. Cumulative survival in patients with severe plaque. (a) 3-year Kaplan Meier Survival by the maximal per-

patient presence of none, nonobstructive and obstructive CAD. (b) 3-year Kaplan Meier Survival by the presence, 

extent and severity of CAD by CCTA (Adapted from Min JK et al. J Am Coll Cardiol 2011;58:849–60. With 

permission from Elsevier) 
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FIgure 10. Annual event rates stratified by CTA result (Adapted from Hulten EA, Carbonaro S, Petrillo SP, Mitchell 

JD, Villines TC. Prognostic value of cardiac computed tomography angiography: a systematic review and meta-

analysis. J Am Coll Cardiol 2011;57:1237–47. With permission from Elsevier) 
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Figure 11. Vulnerable plaque characteristics. Features of vulnerable plaque including the presence of low attenuation 

plaque, positive remodelling, spotty calcification (a), ring-like sign (b) and plaque ulceration with intraplaque contrast 

penetration (c). (a) Adapted from Motoyama S, Sarai M, Harigaya H et al. Computed tomographic angiography 

characteristics of atherosclerotic plaques subsequently resulting in acute coronary syndrome. J Am Coll Cardiol 

2009;54: 49–57. With permission from Elsevier. (b) Adapted from Kashiwagi M, Tanaka A, Kitabata H et al. 

Feasibility of noninvasive assessment of thin-cap fibroatheroma by  multidetector computed tomography. JACC 

Cardiovasc Imaging 2009;2:1412–9. With permission from Elsevier. (c) Adapted from Madder RD, Chinnaiyan KM, 

Marandici AM, Goldstein JA. Features of disrupted plaques by coronary computed tomographic angiography: correlates 

with invasively proven complex lesions. Circ Cardiovasc Imaging 2011;4:105–13. With permission from Wolters 

Kluwer Health  
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ABSTRACT 

Objective 

To compare coronary angiography (CTCA) with intravascular ultrasound (IVUS) in quantitative and 

qualitative plaque assessment.  

 

Methods 

Patients who underwent IVUS and CTCA within 3 months for suspected coronary artery disease 

were retrospectively studied. Plaque volumes on CTCA were quantified manually and with 

automated-software and were compared to IVUS.  High-risk plaque features were compared 

between CTCA and IVUS.  

 

Results 

There were 769 segments in 32 vessels (27 patients) included. Manual plaque quantification on 

CTCA was comparable to IVUS per slice (mean difference of 0.06 ± 0.07 mm3, p=0.44; Bland-

Altman 95% limits of agreement  -2.19 to 2.08 mm3, bias of -0.06mm3) and per vessel (3.1 mm3 ± -

2.85 mm3, p=0.92). In contrast, there was significant difference between automated-software and 

IVUS per slice (2.3 ± 0.09mm3, p<0.001; 95% LoA -6.78 to 2.25 mm3, bias of -2.2mm3) and per 

vessel (33.04 ± 10.3 mm3, p <0.01).   

The sensitivity, specificity, positive and negative predictive value of CTCA to detect 

plaques that had features of echo-attenuation (EA) on IVUS was 93.3%, 99.6%, 93.3% and 99.6% 

respectively. The association of ≥2 high-risk plaque features on CTCA with EA plaque features on 

IVUS was excellent (86.7%, 99.6%, 92.9% and 99.2%).  In comparison, the association of high-risk 

plaque features on CTCA and plaques with echo-lucency on IVUS was only modest.  

 

 

 



Page | 101  
 

Conclusion  

Plaque volume quantification by manual CTCA method is accurate when compared to IVUS.  The 

presence of at least two high-risk plaque features on CTCA is associated with plaque features of 

echo attenuation on IVUS.  

 

Keywords 

Computed Tomography coronary angiography, Intravascular Ultrasound, Echo-attenuated plaques, 

Plaque quantification, Low-attenuation plaque 

 

Key Points 

• Manual plaque volume quantification on CTCA is highly comparable to IVUS  

• Accurate quantitative and qualitative analysis of plaques on CTCA is feasible with 

appropriate window setting 

• Plaques with features of echo attenuation on IVUS are detectable on CTCA 

• CTCA was poor in detecting plaques with features of echo lucency on IVUS 

  

 

Abbreviations 

CTCA: Computed tomography coronary angiography 

IVUS: Intravascular Ultrasound 

ICA: Invasive coronary angiography 

HU: Hounsfield units  

PR: Positive remodelling 

LAP: Low attenuation plaque  

SC: Spotty Calcification 

EEM: External elastic membrane  

EA: Echo-attenuated 

EL: Echo-lucent  
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SM: Supplementary Material 

 

 

 

Introduction 

Computed tomography coronary angiography (CTCA) is an established non-invasive test to 

assess coronary stenosis with excellent negative predictive value and correlates favourably with 

invasive coronary angiography (ICA) (1). CTCA is also an emerging tool for detection, 

quantification and characterisation of high-risk plaque (2, 3). Intravascular ultrasound (IVUS) is the 

gold standard for plaque volume quantification and in serial IVUS evaluation studies it has been 

observed that clinical events are linked to atheroma burden and to the rate of plaque progression (4, 

5). However, IVUS is limited by the high cost and invasive nature of the test. It is therefore 

desirable to have a non-invasive tool for serial plaque volume assessment, which can serve as a 

surrogate for future clinical trials of atherosclerosis evaluation. Although some studies have 

described satisfactory correlation of CTCA vs. IVUS-derived plaque quantification, wide limits of 

agreement on Bland-Altman analysis suggests only modest agreement (6). Moreover, majority of 

these studies were performed on older generation CT scanners with variable scanning protocols and 

parameters. In the current era of 320-detector row CT with improved scanning techniques and 

iterative reconstruction, the accuracy of plaque quantification requires further validation. Additional 

refinements in techniques as well as algorithms are necessary as plaque quantification on CTCA is 

affected by several factors such as mean luminal Hounsfield units (HU), window settings, image 

quality and calcium blooming (7).  

 Manual, semi-automated and automated methods have been described to quantify plaque on 

CTCA (8-11). Even though manual quantification has been the most accurate, it is time consuming 

and technically difficult, requiring specific expertise and therefore prone to inter-observer 

variability (12, 13). Meanwhile, automated plaque assessment using dedicated software (14, 15) is 
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appealing as it is quick and reproducible but is less accurate (16). The diagnostic accuracy of these 

techniques needs further rigorous comparison against each other using IVUS as the reference gold 

standard.  

The detection of high-risk plaque before it ruptures would be a watershed moment in the 

management of atherosclerotic coronary artery disease. Recently, plaques with IVUS features of 

echo-lucency (EL) and echo-attenuation (EA) have been shown to be associated with the presence 

of fibroatheroma with a necrotic core on autopsy studies and may represent a high-risk plaque (17). 

High-risk plaque features on CTCA such as positive remodelling (PR), low attenuation plaque 

(LAP), spotty calcification (SC) and napkin ring sign (NR) have also been described and are 

associated with adverse outcomes (18-21). Very few studies however have assessed the association 

of these high-risk plaque features on CTCA with IVUS features of echo-lucency and echo-

attenuation(8, 22).   

The primary objective of this study is to compare the accuracy of plaque quantification by 

automated and manual methods on CTCA using IVUS as the reference standard.  

Secondary objectives were to assess the association between plaques with features of EA 

and EL on IVUS with high-risk plaque features on CTCA.  

 

Methods 

This was a retrospectively performed study of patients who underwent clinically indicated 

CTCA for suspected coronary artery disease and also had subsequent invasive coronary 

angiography with concomitant IVUS imaging. Specific inclusion on the basis of CTCA was the 

presence of atherosclerotic plaque in the proximal or mid segments of any major epicardial 

coronary vessel. Patients had to have angiography and IVUS performed within a three-month period 

of initial CTCA. Patients were excluded if they had impaired left ventricular function, moderate or 

greater valvular heart disease, severely calcified vessels that precluded CTCA interpretation, poor 
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quality CTCA and/or IVUS images and if CTCA or IVUS segments were unable to be matched due 

to a lack of fiduciary points. The institutional ethics committee approved this study.  

 

CT coronary angiography  

CT coronary angiography was performed using 320-detector row CT scanner (Aquilion Vision; 

Toshiba Medical Systems, Nasu, Japan). Pre-scanning heart rate of 65 beats per minute was 

achieved using beta-blockers, and nitroglycerine was administered to optimise vasodilatation in 

accordance with previous institutional protocol and major society guidelines (23). A bolus of 70 ml 

of 100% ionexol 56.6-g/75 ml (Omnipaque 350; GE Healthcare, Princeton, NJ) was injected into an 

antecubital vein at a flow rate of 6 ml/sec, followed by 30 ml of saline. Scan parameters for CTCA 

were: detector collimation: 320 x 0.5 mm; tube current: 300 to 500 mA; tube voltage: 100 to 120 

kV; gantry rotation time: 270 ms; and temporal resolution: 135 ms. Prospective electrocardiogram 

gating was used, covering 70% to 99% of the R-R interval. For images acquired at heart rate of 65 

beats per minute or slower, scanning was completed with a single R-R interval utilizing an 1800 

segment. In patients with heart rate greater than 65 beats per minute, data segments from two 

consecutive beats were used for multisegment reconstruction with an improved temporal resolution 

of 87 msec.  

Invasive Coronary Angiography  

All the patients in the study underwent clinically indicated coronary angiography. Invasive 

coronary angiography was performed as per the standard catheterisation in accordance with the 

American College of Cardiology guidelines for coronary angiography (24).  

 

IVUS acquisition 

IVUS was done for clinical indications and in a standard fashion using commercially 

available catheters (40MHz, Atlantis SR Pro, Boston Scientific, Boston, Massachusetts and 

Volcano Eagle Eye IVUS-catheter 20 MHz, electronic transducer or Volcano Inc., Rancho 
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Cordova, California). After intracoronary administration of 100-200 µg of nitroglycerine, IVUS 

images were acquired using automated mechanical pullback devices at a continuous pull back speed 

of 0.5 mm/s (25). The images were stored on a CD-ROM for offline analysis in a core lab (South 

Australian Health and Medical Research institute, Adelaide, Australia).  

Analysis of CT coronary angiograms 

Data was transferred to an external workstation (Vitrea 6, version 6.0; Vital Images, 

Minnetonka, Minnesota) for further analysis. Quantitative plaque burden analysis was done using 

attenuation-based-automated SurePlaque (Vitrea 6, version 3.0; Vital Images and Toshiba Medical 

Systems) software for vessel and plaque analysis. The coronary vessels were assessed on a 0.5mm 

slice-by-slice basis from ostium proximally and distally to the point of IVUS pull back. These slices 

were matched to IVUS images based on fiduciary points. Plaque area was defined as the area between 

the vessel wall and the lumen. Manual quantification of plaque was performed after delineation of the 

lumen and the vessel wall using the window settings of 230W and 83 L [if the luminal Hounsfield unit 

(HU) was <500]; and 300W and 150 L  [if the luminal HU was >500] (26). Additional window and 

level settings of 740W and 220L were used if necessary to assess the outer vessel wall (7, 10) (Figure 

1). These window and level settings were adopted as they best suited our vendor, contrast and 

acquisition protocols. In the presence of calcium, settings were modified according to luminal HU (W= 

Luminal HU x 2.07; L= luminal HU x 0.72)(27). Two experienced cardiologists (KM, DW) who were 

blinded to the results of coronary angiography and IVUS measurements performed the analysis 

independently. 

  

The segments on CTCA were matched to the IVUS segments based on fiduciary points such as branch 

points or calcified plaques. The reference diameter and area were determined as an average of the 

vessel dimension immediately proximal and distal to the lesion where there was minimal or no plaque.  

In ostial lesions, only distal reference was used.  Remodelling was calculated as the ratio of the 
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diameter of the vessel at the lesion site to the reference segment, and positive remodelling was defined 

as ratio > 1.1(20) 

Total atheroma volume was calculated as the summation of plaque area in each measured image.  

 

In a second step, plaque characterization was defined based on HU (< 56 HU for LAP, 56 – 150 HU 

for fibrous plaque and > 150 HU for calcified plaque) (28). The presence of high-risk plaque 

features on CTCA such as positive remodelling, low attenuation plaque, spotty calcification and 

napkin ring sign (NR) were evaluated. NR sign on CTCA is the presence of a ring like attenuation 

and has been suggested to be a marker for thin cap fibro atheroma (29) (SM Figure 2).  In addition, 

the location of the high-risk plaque was noted based on the American College of Cardiology (ACC) 

17 segment model of coronary arteries 

 

IVUS plaque volume measurements 

All the images were analysed in a core laboratory (South Australian Medical Research Institute) 

that was blinded to the CT results and patient demographics. The cross-sectional images that were 

analysed were 0.5 mm in thickness. Lumen and vessel wall (external elastic membrane) were manually 

traced. The measurements were performed according to the American College of Cardiology 

recommendations(25). The leading edges of the lumen and external elastic membrane (EEM) were 

traced by manual planimetry. Plaque area was defined as the area occupied between these leading 

edges. Total atheroma volume was calculated as the summation of plaque area in each measured image.  

 

Echo-attenuated plaque (EA) was identified by plaque that was either hypo-echoic or isoechoic to the 

reference adventitia with no bright calcium and by the absence of ultrasound signal behind the plaque. 

Echo-lucent (EL) plaque contained an intraplaque zone of low or absent echogenicity which is lower 

that of reference adventitia and is surrounded by tissue of greater echodensity (30).  The location of EA 

and EL plaque was noted based on the American College of Cardiology (ACC) 17 segment model of 
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coronary arteries. The association of EL and EA on IVUS to the presence of high-risk plaque features 

on CTCA was assessed on per segment / plaque based analysis. (Figure 3) 

 

 

Statistical Analysis 

Continuous variables were expressed as mean ± standard deviation. Pearson’s correlation, 

paired t-test and Bland Altman analysis with 95% limits of agreement were used to assess 

agreement between CTCA to IVUS measurement and for intra and inter observer variability for 

CTCA measurements.  A 2-sided p-value < 0.05 was considered statistically significant. Sensitivity, 

specificity, positive and negative predicate values were calculated with confidence intervals 

adjusted for clustered data at a per patient level. Statistical analysis was performed using statistical 

software (SPSS, 20 Chicago, IL, USA and Stata MP/14, StataCorp). 

 

 

Results 

There were 769 segments analysed from 32 vessels in 27 patients. The patient characteristics are 

shown in Table 1. The distribution of stenosis was: left main (n = 9), left anterior descending artery 

(n = 16), left circumflex artery (n = 4) and right coronary artery (n = 3). The average time interval 

between CTCA and IVUS examinations was < 90 days.  

 

Automated CTCA luminal cross section area, vessel cross section area and plaque volume 

compared to IVUS 

When automated software was used for plaque quantification on CTCA, there was a significant 

plaque volume difference compared to IVUS, on per slice analysis (5.51 ± 0.08 vs. 3.26 ± 0.05 

mm3, mean difference 2.3 ± 0.09, p <0.0001) and per vessel (126.04±17.55 vs. 93±11.58 mm3, 
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mean difference of 33.04±10.3, p<0.01). The difference was less for calcified vessels (0.4 ± 

0.12mm3) (p=0.001) compared to non-calcified vessels (1.78 ± 0.4mm3) (p<0.001). 

 

On per slice analysis, there was no significant difference between luminal cross-section area on 

CTCA and IVUS lumen (8.422 ± 0.1171 vs. 8.346 ± 0.1228 mm2, mean difference 0.07338 ± 

0.1697, CI: -0.2595 to 0.4062, p=0.6655) 

 

There was significant difference between vessel cross sectional area on CTCA and IVUS  (19.51 ± 

0.223 mm2, n=765 vs. 14.88 ± 0.1843, n=769, mean difference of 4.635 ± 0.2892, CI: 4.067 to 

5.202, p= <0.0001) (Table 2) 

 

Bland Altman analysis demonstrated satisfactory bias and 95% limits of agreement between IVUS 

and CTCA for lumen volume (-5.3 to 5.17 mm3, bias of -0.06), vessel volume (-14.84 to 5.6 mm3, 

bias of -4.61 mm3) and plaque volume (-6.78 to 2.25 mm3, bias of -2.26) (SM Figure 4). 

 

Manual CTCA luminal cross section area, vessel cross section area and plaque volume compared to 

IVUS  

When plaque volumes were quantified manually on CTCA, there was no significant 

difference when compared to IVUS, on per slice analysis (3.31± 0.05 mm3 vs. 3.26± 0.05 mm3, 

mean difference of 0.06± 0.07, p=0.44) and per vessel (96.1 ± 11.56 vs. 93± 11.58 mm3, mean 

difference of -3.1 mm3 ± -2.85 mm3, p=0.92). The difference was lower in non-calcified vessels 

(0.19 ± 0.09 mm3, p= 0.25) compared to calcified vessels (0.25 ± 0.6 mm3, p <0.001).  

 

On per slice analysis, there was no significant difference between CTCA and IVUS for luminal 

cross sectional area and (8.54 ± 012 and 8.39±0.12 mm2, mean difference of 0.19± 0.17, CI: -0.15 
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to 0.53, p=0.26) and for vessel cross sectional area  (15.1± 0.17 and 14.88 ±0.18 mm2, mean 

difference of 0.22± 0.25, CI: -0.27 to 0.72, p=0.37) (Table 2).  

 

Bland Altman 95% limits of agreement and bias between IVUS and CTCA were excellent for 

lumen volume (-3.85 to 3.56mm3, bias of -0.14), vessel volume (-5.23 to 4.8mm3, bias of -0.19 

mm3) and plaque volume (-2.19 to 2.08mm3, bias of -0.06) (SM Figure 5).  

 

Inter-observer and Intra-observer variability for manual and automated CTCA plaque volume 

quantification 

Manual plaque volume measurement was highly reproducible with intra-observer intra-class 

correlation coefficient of 0.99 (95% CI: 0.90 - 0.99) and inter-observer intra-class correlation 

coefficient of 0.85 (95% CI: 0.40 - 0.96).  

Automated plaque volume quantification had excellent reproducibility with intra-observer infraclass 

correlation coefficient of 1 (95% CI: 1 - 1) and inter-observer intraclass correlation coefficient of 1 

(95% CI: 1 – 1) (SM Table 3).  

 

High-risk plaque features on CTCA and IVUS 

The sensitivity, specificity, PPV and NPV of CTCA to detect an echolucent plaque compared to 

IVUS were 52.4%, 98.4%, 73.3% and 96.1% respectively with AUC of 0.75. The association of EL 

on IVUS with the presence of ≥ 2 HRP features on CTCA was modest with sensitivity, specificity, 

PPV and NPV of 47.6%, 98.4%, 71.4% and 95.7% with AUC of 0.73.  

Notably, the sensitivity, specificity, PPV and NPV of CTCA to identify EA when compared to 

IVUS was 93.3%, 99.6%, 93.3% and 99.6% with AUC of 0.93.  The association of EA on IVUS 

with the presence of ≥ 2 HRP features on CTCA was excellent with sensitivity, specificity, PPV and 

NPV of 86.7%, 99.6%, 92.9% and 99.2% and AUC of 0.93 (SM Table 4).  
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Discussion 

Our results confirm that 1) manual plaque volume quantification on CTCA is comparable to 

IVUS with good agreement 2) manual CTCA plaque volume quantification is superior to automated 

software with IVUS as the reference standard 3) Automated software is accurate in luminal 

assessment and has agreement with IVUS 4) The high risk CTCA plaque features of positive 

remodelling and low attenuation plaque are significantly correlated with echo-attenuated plaque 

detected on IVUS. 5) There is modest correlation between echo-lucent plaque on IVUS and high-

risk CTCA plaque features.  

 

Automated CTCA plaque volume compared to IVUS 

 Plaque quantification using automated software in our study was inferior to manual plaque 

quantification. However, the results were better compared to previous studies that assessed plaque 

quantification using automated software with IVUS as reference (14, 16). Automated software used 

for plaque quantification relies on threshold levels that allow rapid assessment of volume of plaque. 

Software differentiates between tissues based on the difference in HU and appears to perform best 

for luminal assessment. Delineation of the outer wall was less accurate and inconsistencies were 

also observed at branch points and in the presence of calcified or low attenuation plaque. In 

previous studies and in our experience, automated plaque quantification potentially can over 

estimate and underestimate plaque volume (16). The challenge and further research would therefore 

be in refining algorithms that would allow automated software to better detect vessel wall edge.  

 

Manual CTCA plaque volume compared to IVUS  

Manual quantification of plaque volume on CTCA was comparable to IVUS in our study. 

Using specific window settings that allowed proper visualization of outer wall, vessel cross 

sectional area was more accurate and this lead to improvement in plaque volume quantification. The 

window settings (W 230, L 83 & W 300, L 150) adopted for this study significantly brighten the 
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lumen and the plaque in relation to the surrounding tissue making it easy for delineation. The 

additional settings aid in accurately delineating the outer wall in the presence of non-calcified 

plaque or calcified plaque. In previous studies comparing CTCA to IVUS, although the mean 

plaque volumes were similar, the limits of agreement were generally wide suggesting only modest 

agreement (6, 8-11, 14, 15, 31, 32). Moreover, significant inter-observer variability has been 

reported (8, 9, 33). The improved accuracy and agreement, and excellent inter-observer and intra-

observer variability in our study with manual plaque quantification may have been contributed by 

the pre-specified window settings  

 

High-risk plaque features  

In a large post mortem study of human coronary samples; it was observed that echo-

attenuated plaque on IVUS was the most reliable signature for identifying a high-risk plaque and 

corresponded to a fibroatheroma with a necrotic core (frequently > 40% of the plaque volume). 

Cardiovascular deaths were more frequent compared to non-cardiovascular deaths in patients with 

echo-attenuation compared to those with echo-lucency, which had significantly smaller necrotic 

core. In our study, all echo-attenuated plaques on IVUS were identifiable on CTCA with the 

presence of at least two high-risk CTCA plaque features. In contrast, echo-lucent plaques on IVUS 

did not correspond with high-risk features on CTCA and may be less identifiable on CTCA due to 

blooming effect from the lumen and adjacent plaque with higher HU. Of note, we defined low 

attenuation plaque as < 56 HU based on a recent study involving 320 row detector CTCA with 

contemporary radiation doses where the cut-off for the discrimination between lipid pool and 

fibrous plaque was 56 HU (28).  The cut off HU of 56 for LAP with our CT acquisition protocols is 

also validated by the excellent agreement in our study between echo-attenuated plaques on IVUS 

with low attenuation plaques on CTCA. Previous studies that defined low attenuation plaque as HU 

< 30 were performed on older generation scanners with higher radiation doses (34).  
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Future directions 

For plaque quantification purposes, it is imperative that institutions adopt or derive 

customised optimal window and level setting for the assessment of outer wall and lumen, as image 

acquisition techniques, contrast protocols and vendors vary. Accurate quantification of plaque on 

CTCA is essential for it to become the non-invasive tool to measure plaque progression or 

regression, which would greatly assist in testing the efficacy of novel anti-atherosclerotic drugs. 

Improvement in automated methods would be ideal if plaque quantification is to be applied as 

routine practice to predict outcomes and for risk stratification.  Identification of patients at increased 

risk of future events based on non-invasive quantitative and qualitative plaque assessment may aid 

in the development of personalized preventative therapies.   

 

 

 

Limitations 

This is a small, retrospective single centre study and larger prospective studies are needed to 

confirm our findings. There are several technical limitations in any comparative studies between 

CTCA and IVUS for plaque volume quantification.  Manual plaque quantification is time 

consuming and is operator dependent. Spatial and temporal resolution constraints of CTCA and 

partial volume effects of calcium and lumen contrast enhancement may have affected plaque 

quantification. In addition, severely calcified plaques are difficult to analyse on CTCA and on IVUS 

due to problems of blooming artefact and acoustic shadowing respectively, and these were excluded 

from our cohort. Despite diligent effort using fiduciary points for co-registration between CTCA 

and IVUS, some discrepancies may have also affected the results.  Lastly the different IVUS 

catheters used in the study could have been a source of bias-error.  
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Conclusion 

Plaque volume quantification by manual CTCA method is accurate when compared to 

IVUS.  The presence of at least two high-risk plaque features on CTCA highly corresponds to echo 

attenuated plaques on IVUS.  
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Table 1. Baseline Patient Characteristics (n= 27) 

Age, years 64.29 ± 8.4  

Male  16 (59 %) 

Risk factors  

Hypertension 59 % (16) 

Diabetes mellitus 15 % (4) 

Dyslipidaemia 74 % (20) 

Current smoker 26 % (7) 

Obesity 19 % (5) 

Ex Smokers 26 % (7) 

Family history of IHD 56 % (15) 

Distribution of Vessels (32) 

Left main artery 28% (9) 

Left anterior descending artery 50% (16) 

Left circumflex artery 12.5 % (4) 

Right coronary artery 9 % (3) 
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Table 2: Comparison between manual and automated using IVUS as reference 
 
Parameter Manual Automated 

 Mean difference +/- 
SEM between 
CTCA and IVUS 

P value  Mean difference +/- 
SEM between 
CTCA and IVUS 

P value 

LCSA 0.19 ± 0.17mm2 0.26 0.07 ± 0.16mm3 0.66 

VCSA 0.22 ± 0.25 mm2 0.37 4.6 ± 0.28mm3 <0.001 

Plaque volume 
(Per slice) 

0.06±0.07mm3 0.44 2.3 ± 0.09mm3 <0.001 

Calcified  0.25 ± 0.6mm3 <0.001 0.4 ± 0.12mm3 0.001 

Non Calcified 0.19 ± 0.09mm3 0.25 1.78 ± 0.4mm3 <0.001 

Plaque volume 
(per vessel) 

3.1 ± 2.8mm3 0.92 33.04 ± 9 mm3 <0.01 

 
LCSA: luminal cross sectional area, VCSA: vessel cross sectional area 
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Table 3. Intra and Inter observer variability for manual plaque volume quantification on CTCA 
 
Manual Plaque 
quantification 

Intra observer  
 

Inter observer  

Intra class correlation  
 
Coefficient  

0.99 (95% CI: 0.9 - 0.99). 0.85(0.4 – 0.96) 

 
Bland Altman 
Mean difference  
 

0.114±1.96% 0.54±3.66% 

P value  
 

p =0.86 p=0.65 

Limits of agreement  
 

3.84 - 3.62 7.72 - 6.64 
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Table 4.  Association between high-risk plaque features (HRP) on CTCA and plaques with features 
of echolucency (EL) and echo attenuation (EA) on IVUS 
 
 EL on IVUS Vs. 

HRP features on 
CTCA 

EA on IVUS 
Vs. HRP feature 
on CTCA 

EL on IVUS Vs. 
≥2HRP feature 
on CTCA 

EA on IVUS 
Vs. ≥2 HRP 
feature on 
CTCA  

 
Sensitivity 

 
52.4 
 

 
93.3 
 

 
47.6 

 
86.7 

 
Specificity 

 
98.4 
 

 
99.6 

 
98.4 

 
99.6 

Positive 
Predictive Value 

 
73.3 

 
93.3 

 
71.4 

 
92.9 

Negative 
Predictive Value 

 
96.1 

 
99.6 

 
95.7 

 
99.2 

 
AUC  

 
0.75 
 
 

 
0.93 

 
0.73 

 
0.93 
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Figure 1: (A) Cross section of a vessels with a non-calcified plaque on unadjusted window settings (B) The 
lumen and the outer wall are better delineated on window settings of width 230 and level of 83. (C) The 
outer vessel wall (yellow line) and the lumen (blue line) are drawn (D) Various components of plaque are 
represented in colour (red – low attenuation plaque, blue – fibrous plaque and green – lumen).  
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Figure 2: High-risk plaque A) Yellow arrow indicating plaque at the distal segment of left main artery 

extending into proximal left anterior descending artery. The plaque displays high-risk features such as 

positive remodelling and low attenuation plaque B) Cross section of the high-risk plaque C) Cross section of 

the high-risk plaque with various plaque components depicted in colour. Napkin ring sign: Low attenuation 

plaque (lipid pool) is shown in red surrounded by fibrous plaque (blue). Lumen is represented by green 

colour.  
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Figure 3: A) Multiplanar reconstruction image of left main and left circumflex artery (LCx). There is a non 

–calcified plaque at the distal left main extending into the proximal segment of LCx. B) Cross section of the 

distal left main on CTCA with plaque components shown. Low attenuation plaque is represented in red 

colour, fibrous plaque in blue, calcified plaque in yellow and the lumen in green. C) IVUS image of the same 

plaque in the distal left main artery showing echo attenuation due to the deep lipid pool close to the outer 

wall.  

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 



Page | 124  
 

Figure 4: Bland-Altman plots A) lumen B) Vessel Volume and C) plaque volume between intravascular 

ultrasound and Computed tomography coronary angiography using automated software.  
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Figure 5: Bland-Altman plots for limits of agreement for A) lumen B) Vessel volume and C) plaque volume 

between intravascular ultrasound and computed tomography coronary angiography using manual methods 

for plaque quantification.  
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Figure 6: Plaque quantification on CTCA. A) Unadjusted cross sectional image showing non-calcified 

plaque with positive remodelling and the corresponding multiplanar reconstruction (MPR) image below B) 

Automated plaque assessment where the outer wall passes through the plaque with underestimation of plaque 

volume shown in MPR image C) Manual plaque quantification with adjusted vessel wall and corresponding 

MPR image accounting for the entire plaque.  
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Abstract 

Objective: To determine the accuracy of quantitative Computed Tomography Coronary 

Angiography (CTCA) coronary plaque progression / regression against Intravascular Ultrasound 

(IVUS). 

 

Background:  

Intravascular ultrasound (IVUS) is the current gold standard test to evaluate the efficacy of medical 

therapies on coronary atheroma progression. Although studies have shown that measurement of 

coronary plaque on computed tomography coronary angiography (CTCA) correlates with IVUS, 

serial quantitative CTCA plaque measurements have never been compared to IVUS.  

 

Methods:  

Ten patients (7 men, ages 61 ±5.4 years) in a prospective study underwent serial invasive coronary 

angiography, IVUS and CTCA with a median interval of 334.5 (IQR: 288 – 438) days. Plaque 

geometry and composition was quantified after spatial co-registration using fiduciary points on 

segmental and slice-by-slice (0.5mm) basis on IVUS and CTCA. Baseline and follow up total 

atheroma volume, percent atheroma volume (PAV) and normalised total atheroma volume (nTAV) 

were assessed. PAV and nTAV change were calculated and compared between CTCA and IVUS.  

 

Results:  

Analysis was performed on 300 slices and each patient had a median of 31.5 slices. There was no 

significant difference in total atheroma volume measurement between CTCA and IVUS at baseline 

(202.1 ± 122.1 vs 195.4 ± 111.7, p=0.49; r=0.97) and at follow up (195 ± 134.3 vs. 182.33 ± 127.3, 

p=0.21; r=0.96). Between CTCA and IVUS, PAV change (-2.61 ± 3.44 vs. 0 ± 4.88, p=0.53, 

r=0.65) was moderately correlated with no significant difference and nTAV change (-17.98 ± 28.8, 

p=0.26, r=0.84) was strongly correlated with no significant difference. 
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Conclusion:  

This is the first validation that serial CTCA quantitative measurements of coronary plaque change 

correlate with IVUS. There was good agreement between CTCA and IVUS in plaque measurement 

at baseline and follow up. CTCA was comparable to IVUS in the measurement of plaque volume 

change over time. 

 
 
Key words 

Computed Tomography Coronary Angiography, Intravascular Ultrasound, Plaque quantification, 

plaque progression, Coronary Artery Disease  

 

Abbreviations 

CTCA: Computed Tomography Coronary Angiography 

IVUS: Intravascular Ultrasound 

PAV: Percent atheroma Volume 

TAV: Total atheroma Volume  

CAD: Coronary artery disease  

ICA: Invasive coronary angiography 

ACS: Acute coronary syndrome 

nTAV: Normalised Total atheroma volume 

PAV: Percent atheroma volume  

EEM: External elastic membrane 

IQR: Interquartile range 

QCT: Quantitative computed tomography 
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Introduction  

Atherosclerotic coronary artery disease (CAD) is the leading cause of morbidity and 

mortality in the developed world (1). Sub clinical disease develops slowly and progresses over 

many decades before abruptly causing clinical manifestations (2). There is a large body of evidence 

that has established the direct relationship between burden of coronary atherosclerosis, its 

progression and adverse cardiovascular events (3-6). Intravascular ultrasound (IVUS) is the current 

gold standard for precise quantitative assessment of plaque volume and has been used in clinical 

trials to evaluate the efficacy of medical therapies on coronary atheroma progression (7-10). IVUS 

is however limited by invasive nature of the test and high cost.  

Computed tomography coronary angiography (CTCA) is an established non-invasive test to 

assess coronary stenosis with excellent negative predictive value and correlates favourably with 

invasive coronary angiography (ICA) (11). Quantitative measurements of coronary plaque using 

CTCA have been shown in previous studies to correlate with IVUS (12-16). Although CTCA has 

been touted as a promising non-invasive tool to assess coronary atheroma progression in response to 

antiatherosclerotic therapies, serial quantitative CTCA plaque measurements have never been 

compared to IVUS. The objective of this study is to determine the accuracy of quantitative CTCA 

coronary plaque progression / regression against IVUS. 

 

Methods 

From August 2014 to March 2016, patients who underwent clinically indicated CTCA or 

invasive coronary angiography (ICA) were prospectively recruited. ACS patients with non-culprit 

artery stenosis on invasive coronary angiography and patients referred for CTCA with suspected 

coronary artery disease were approached to participate in this study. In ACS patients undergoing 

invasive ICA, IVUS assessment of the non-culprit vessel with mild to moderate stenosis was 

performed.  In patients with stable coronary artery disease, any epicardial coronary artery with mild 

to moderate stenosis was also assessed by IVUS. At baseline and at follow up after 9-15months, 
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CTCA and IVUS were performed within two weeks interval. Institutional ethic committee approved 

the study and informed consent was obtained from participants. All patients included in this study 

had coronary artery disease in major epicardial vessels in the proximal or mid segments with at least 

30% stenosis. Excluded were patients with allergy to contrast material, renal insufficiency, acute 

ST-segment elevation myocardial infarction, impaired left ventricular function, valvular heart 

disease, severely calcified vessels precluding CTCA interpretation, poor quality CTCA and IVUS 

images, and CTCA/IVUS segments that could not be matched due to lack of fiduciary points.  

 

CT coronary angiography 

Patients underwent cardiac CT assessment using a 320-row detector CT scanner (Aquilion One 

Vision; Toshiba Medical Systems Corp., Tokyo, Japan). All patients received sublingual 

nitroglycerine, and additional beta-blockers were administered to achieve a pre-scan heart rate of 

<60 beats/min in accordance with Society of Cardiovascular Computed Tomography guidelines 

(17). 

A bolus of 55 mL of 100% iohexol 56.6 g/75 mL (Omnip- aque 350; GE Healthcare, Princeton, NJ) 

was injected into an antecubital vein at a low rate of 5 mL/sec, followed by 20 mL of a 30:70 

mixture of contrast material and saline, followed by 30 mL of saline. Scanning parameters were as 

follows: detector collimation: 320 x 0.5 mm; tube current: 300–500 mA (depending on body mass 

index), tube voltage: 120 kV; gantry rotation time: 350 msec; and temporal resolution: 175 msec. 

Prospective electrocardiographic gating was used; covering phases 70%– 80% of the R-R interval. 

For images acquired at heart rates of 65 beats per minute or slower, scanning was completed with a 

single R-R interval utilizing a 180° segment. In patients with a heart rate greater than 65 beats per 

minute, data segments from two consecutive beats were used for multi-segment reconstruction with 

an improved temporal resolution of 87 msec.  

Invasive Coronary Angiography  
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All the patients in the study underwent clinically indicated coronary angiography. Invasive 

coronary angiography was performed as per the standard catheterisation in accordance with the 

American College of Cardiology guidelines for coronary angiography (18).  

 

IVUS acquisition 

IVUS was done in a standard fashion using commercially available catheters (40MHz, 

Atlantis SR Pro, Boston Scientific, Boston, Massachusetts or Volcano Eagle Eye IVUS-catheter, 20 

MHz, electronic transducer or Volcano Inc., Rancho Cordova, California). After intracoronary 

administration of 100-200 µg of nitroglycerine, IVUS images were acquired using automated 

mechanical pullback devices at a continuous pull back speed of 0.5 mm/s (19). The images were 

stored on a CD-ROM for offline analysis in a core lab (South Australian Health and Medical 

Research institute).  

Analysis of CT coronary angiograms 

Data was transferred to an external workstation (Vitrea 6, version 6.0; Vital Images, 

Minnetonka, Minnesota) for further analysis. Plaque quantification was performed using a dedicated 

attenuation based software tool (Sure Plaque, Vitrea 6, version 3.0; Vital Images and Toshiba Medical 

Systems). Manual quantification of plaque was performed after delineation of the lumen and the outer 

vessel wall using the window settings of 230W and 83 L if the luminal Hounsfield unit (HU) was <500; 

and if the luminal HU was >500, settings of 300W and 150 L were used (20). Additional window and 

level settings of 740W and 220L was used if necessary to assess outer vessel wall (21) (Figure 1). In 

the presence of calcium, outer wall was assessed with modified setting according to luminal HU (W= 

Luminal HU x 2.07; L= luminal HU x 0.72)(22). Two experienced cardiologists (KM, DW) who were 

blinded to the results of coronary angiography and IVUS measurements performed the analysis 

independently. Vessels with stenosis in proximal or mid segment were included in the study after 

agreement between the cardiologists.  
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Normalised total atheroma volume (TAV) was calculated as follows  

TAVnormalized= (Σ (outerwallarea−lumenarea)/no. of images analysed) ×median no. of images in cohort. 

 

Firstly, plaque volume was calculated by subtracting lumen area from outer wall followed by 

summation.  The summated plaque areas (TAV) were multiplied by the number of images in the cohort 

divided by the number of images analysed for the patient. Normalisation of TAV was done to 

compensate for the differences in the segment length between subjects.  

 

Percent atheroma volume (PAV) was calculated as follows: 

PAV= (Σ (Outer wallarea−lumenarea)/Σ outerwallarea)×100,  

 

PAV was calculated by first summating the plaque area. This value was then divided by summation 

of outer-wall area multiplied by 100.  

 

IVUS plaque volume measurements 

All the images were analysed in a core laboratory (South Australian Medical Research Institute) 

that was blinded to the CTCA results. The cross sectional images that were analysed were 0.5 mm in 

thickness. Lumen and vessel (external elastic membrane) were manually traced. The measurements 

were performed according to the American College of Cardiology recommendations (19). The leading 

edges of the lumen and external elastic membrane (EEM) were traced by manual planimetry. Plaque 

area was defined as the area occupied between these leading edges. Total atheroma volume was 

calculated as the summation of plaque area in each measured image.  

 

PAV and TAV were calculated. The IVUS images and CTCA images were analysed on a 0.5mm 

segments commencing from a major landmark such as a branch. The analysed sections on both the 
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imaging modalities were matched based on branch points and calcified plaques. A maximal 

discrepancy of 1.5 mm of segment length was considered acceptable between the two imaging 

modalities (13)  

 

The inter and intra observer variability of CTCA plaque volume measurements were assessed for 

20% of the CTCA segments.  

 

Results 

Of the 15 patients enrolled, five patients were excluded. In 3 of these patients, the IVUS image 

quality was not sufficient for analysis due to unsteady pullbacks, 1 patient had myocardial 

infarction prior to follow up and 1 patient withdrew from the study. Of the ten patients included in 

the study, 2 had ACS whilst 8 patients had stable coronary artery disease. The mean age was 61 

±5.4 years and 7 patients were male. The median duration between CTCA and IVUS was 29 (IQR: 

25.5-31.5) days at baseline and 6.5 (IQR: 6-11) days at follow up. The median duration between 

baseline and follow up investigations was 334.5 (IQR: 288 – 438) days. The baseline characteristic 

of the patients is shown in Table 1. There were ten vessels comprising seven anterior descending 

arteries, three left circumflex arteries and one ramus intermediate artery.  There was a total of 300 

slices analysed and median number of slices per patient was 31.5.  

 

There was excellent correlation and no significant difference in total atheroma volume measurement 

between IVUS and CTCA at baseline (195.4 ± 111.7 vs. 202.1 ± 122.1, p=0.49; r=0.97). There was 

also excellent correlation and no significant difference between means of follow up plaque volume 

between IVUS and CTCA (182.33 ± 127.3 vs. 195.2 ± 134.3, p=0.21; r=0.96) (SM Table 3).  

 

There was no significant difference in baseline %PAV between IVUS and CTCA (41.6±8.4 vs. 

38.7±7.1, p=0.11, r =0.7) and the agreement was good for follow up %PAV (39.01±9.4 vs. 
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38.76±10.5, p=0.9, r=0.96). There was no significant difference between IVUS and CTCA for PAV 

change with moderate correlation (-2.61±3.44 vs. 0±4.88, p=0.53, r=0.65) (SM Table 4) (Fig 2).  

Nine out of 10 vessels had PAV regression as assessed on IVUS compared to 6 out of 10 vessels as 

assessed on CTCA. The classification of progression or regression of PAV was concordant in 7 

vessels between IVUS and CTCA (Table 2).  The PAV change between CTCA and IVUS was 

comparable with low bias (-2.28) with narrow limits of agreement (-9.67 to 5.11) (Fig 3). 

 

 

There was excellent agreement between IVUS and CTCA for baseline nTAV (211.9±58.9 vs. 

209.9±49.9, p=0.84, r=0.84) and for follow up nTAV (193.96±67.35 vs. 197.62±53.3, p=0.7, r=0.9) 

There was no significant difference between IVUS and CTCA for nTAV change (-17.98±28.8, 

p=0.26, r=0.84) (SM 5) (Fig 2 & 3). Eight vessels had nTAV regression as assessed on IVUS and 

CTCA. The classification of progression or regression of nTAV was concordant in all 10 vessels 

between IVUS and CTCA.  The nTAV change between CTCA and IVUS was comparable with low 

bias (-2.28) with narrow limits of agreement (-17.64 to 10.39) (Fig 3). 

 

 

Plaque quantification was highly reproducible with an intraobserver mean difference of 

0.114±1.96%, p =0.86, limits of agreement: 3.84 - 3.62 and a correlation coefficient of 0.99 (95% 

CI: 0.9 - 0.99). There was good interobserver variability with mean difference of 0.54±3.66%, 

p=0.65, limits of agreement 7.72 - 6.64 and a correlation coefficient of 0.85(0.4 – 0.96) (Table 3) 

 

Discussion  

This study has demonstrated that serial assessment of plaque progression / regression on CTCA was 

feasible and comparable to the gold standard IVUS.  Our finding also lends support to the numerous 

studies that have shown good correlation between CTCA and plaque measurements. We found 
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excellent correlation and no significant difference in plaque volume measurement between IVUS 

and CTCA at baseline (p=0.49, r=0.97) at follow up (p =0.21, r = 0.96).   

 

Although past studies have shown good correlation between CTCA and IVUS for plaque 

measurements with small mean differences for various geometrical parameters, the limits of 

agreement have generally been wide (23). This implies that quantitative CTCA assessment might be 

suitable for population studies with suitable sample size but has limited accuracy on a per-patient 

basis. In our study, in addition to good correlation between CTCA and IVUS for PAV and nTAV 

change, we found low bias and narrow limits of agreement for PAV and nTAV change. The 

classification of progression or regression of nTAV and PAV was concordant in all 10 vessels and 7 

vessels respectively between CTCA and IVUS. Our results suggest that it is feasible to study plaque 

progression using CTCA in an individual patient. Our findings lend support to a recent study that 

found good correlation between segmental plaque volume changes on IVUS with total plaque 

volume change on CTCA (24).  Whilst the authors noted no correlation between IVUS and CTCA 

for plaque volume measurements, there was correlation  (r =0.62) for plaque volume change on per 

patient analysis. The correlation improved significantly (r = 0.82) when changes in normalised 

coronary plaque volume were considered. We have also observed that when normalised for mean 

length of all the vessels included in the study, nTAV change had a better correlation (r= 0.84) 

compared to PAV change (r=0.65).  In addition, we found excellent agreement and correlation 

between CTCA and IVUS for baseline plaque volume, follow up plaque volume, baseline 

normalised TAV and follow up normalised TAV. As the plaque change over time can be small, 

considering total coronary segment length would be of importance for the determination of TPV in 

serial IVUS or CTCA studies (25). The luminal volume and vessel volume on CTCA can be 

influenced by timing or dose if nitroglycerin and the measurements can be influenced by image 

quality and contrast load.  Hence, normalised TPV taking into account the mean length of assessed 
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coronary segment of all the subjects in the study may be a more reliable measure of plaque volume 

change in serial CTCA studies.  

 

 

There have been a few retrospective studies that assessed plaque progression using CTCA (26-29).  

Notably, in a prospective randomised double blind trail, lipid therapy was tested in human 

immunodeficiency virus (HIV) patients and CTCA measured total plaque volume change of +12% 

was observed in placebo group vs -4.7% in atorvastatin group (30). These studies are encouraging 

and demonstrate the feasibility of CTCA for plaque progression studies. In this context, 

demonstration of the accuracy of CTCA to track plaque volume changes over time that is 

comparable IVUS as shown in our study assumes importance.  

 

Despite the advancements in the treatment of coronary artery disease, patients with coronary disease 

continue to be at risk of cardiovascular events. In the Prove-It Trial, 22.4% of patients experienced 

a coronary event during 2 years of intensive statin therapy (31). It is possible that these treatments 

fail to target some of the inflammatory pathways implicated in the disease and novel therapies are 

required to prevent plaque growth and to promote plaque stabilisation. Measurement of subclinical 

disease with a non-invasive test such as CTCA will greatly assist in designing clinical trials that 

determine the efficacy of various therapies and in monitoring of preventive treatments to reduce the 

risk of clinical cardiovascular disease. 

 

 

Differences between CTCA and IVUS  

There are several differences between IVUS and CT that can potentially lead to inter-method 

variability.  Firstly, the resolution of IVUS is superior to CTCA. Secondly, the plaque measure on 

IVUS is between the intima and the external elastic lamina, whereas, on CT, the outer-wall could 

include adventitia, as the EEM is not visualised on CT. Thirdly, there is blooming artefact on CT 
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due to the contrast in the lumen with the potential to overestimate the luminal area.  Calcium also 

causes blooming artefact on CTCA and acoustic shadowing from calcium makes it challenging for 

analysis even on IVUS.  Due to these inter method variability, differences in plaque volume 

measurement between the modalities is inevitable. We have shown in this study that with 

appropriate window settings and manual adjustment, accuracy and reproducibility of plaque 

measurement on CTCA correlates well with IVUS. Specifically, appropriate window settings are 

required to improve the accuracy of delineating the vessel wall, which is usually the biggest 

limitation when it comes to plaque quantification due to the low HU difference between vessel wall 

and the adjacent tissues. 

 

 These window settings have been derived based on the acquisition protocols at our institution and 

based on a relatively higher HU contrast intensity in the lumen. Hence, it is imperative that to 

improve accuracy, institutions adopt the window settings based on vendor, contrast and acquisition 

protocols. 

 

 

Manual vs. Automated plaque quantification 

Manual plaque quantification using appropriate window setting is the most accurate method but is 

time consuming and is expert dependant.  Accurate fully automated software that is reproducible 

would be ideally suited for plaque progression studies and it has been shown in a few studies to be 

comparable to IVUS for plaque quantification (12). Automated software differentiates between 

tissues based on HU and appears to perform best for luminal assessment. Delineation of outer wall 

was less accurate and inconsistencies were observed, especially at branch points and in the presence 

of non-calcified plaque requiring additional contouring adjustments. In our experience, automated 

QCT can potentially overestimate as well as underestimate plaque volume. In a study by Park et al, 

automated plaque assessment was compared to manual plaque quantification by expert and non-
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expert readers quantitative computed tomography (QCT). Although there was no significant 

difference in the mean plaque volume between the groups, it was significantly underestimated by 

automated QCT (152.20 ± 87.20 vs. 129.92 ± 75.26, p < 0.001).  As several serial imaging studies 

have shown that plaque volume change over time is small, improvement in the accuracy of 

automated plaque quantification is desirable (6). The challenge and further research is needed in 

refining algorithms that would allow automated software to better detect the outer wall.  

 

Serial CTCA imaging 

For serial CTCA plaque quantification, high quality CTCA images are essential as the plaque 

volume changes over time are small.  Moreover, CTCA has poor tissue penetration and the outer 

wall demarcation is optimised at low noise, which usually requires higher radiation doses. However, 

serial CTCA also exposes patients to additional radiation. Over the years, there has been substantial 

reduction in radiation doses for CTCA acquisition. In a multicentre analysis, a median dose of 12.5 

mSv was reported in 2009 and in contrast, the latest third generation CT scanners report comparable 

image quality at sub milisivert dosage (32, 33). Technical improvements such as multi energy CT, 

improved detector systems and faster acquisition speeds may help plaque quantification at low 

radiation doses(34). In addition, of aid would be improvements in image reconstruction algorithms 

aimed at improving resolution and reducing noise and artefacts(35).  

 

Future directions 

We have shown in this study that with appropriate window settings and manual adjustment, 

accuracy and reproducibility of plaque measurement on CTCA correlates well with IVUS. We 

acknowledge that ours was a small study but a step in the right direction.  

Larger studies are needed to compare CTCA and IVUS in serial plaque assessment using   rigorous 

methodology. Careful planning and standardization of CTCA protocols is also needed to ensure that 

baseline and follow up scan parameters are similar. Lastly, appropriate window settings according 
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to the vendor, contrast and acquisition protocols are essential.   

 

 

Limitations 

Ours was a single centre; single vendor study with limited number of patients and requires 

confirmation in larger studies.  Although the segments on IVUS and CTCA were matched diligently 

based on fiduciary points, some discrepancies may have influenced the results.  

 

Conclusions  

Manual plaque assessment on CTCA had good correlation and agreement with IVUS in the 

longitudinal assessment of coronary plaque.  CTCA was comparable to IVUS in tracking plaque 

changes over time.  
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Table 1.  Patient characteristics (n=10) 
Hypertension 7 

Hyperlipidaemia 6 

Ex smoker 2 

Current smoker  1 

Diabetes Mellitus 1 

Family history of ischaemic heart disease 3 

Obesity 1 

Acute coronary syndrome at initial 

presentation  

2 
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Table 2.  Baseline and follow up TAV, PAV, nTAV, %PAV change and  %nTAV  change:  
                Comparison between CTCA and IVUS  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 CTCA IVUS P 
Value 

Correlation P 
Value 

Mean difference 
(95%CI) 

 
 

Baseline 
 TAV (mm3) 195.4±111.7 202±122 0.49 0.97 <0.001 6.7 (-27.9, 14.5) 

 
 

PAV (%)PAPA 41.6±8.4 38.8±7.1 0.11 0.79 0.007 2.9 (-0.8, 6.6) 
 
 

Baseline 
nTAV (mm3) 

211.9±58.9 209.9±49.9 0.84 0.84 0.002 2.1 (-20.5, 24.7) 
 
 

Follow up 
TAV (mm3) 182.3±127.3 195.2±134.3 0.21 0.97 <0.001 12.9 (-34.6, 8.8) 

 
 

PAV (%)PAV 39.0±9.4 38.8±10.5 0.9 0.8 0.005 0.25 (-4.3, 4.8) 
 
 

NTAV (mm3) 194.0±67.4 197.6±53.3 0.7 0.9 <0.001 3.7 (-25.1, 17.8) 
 
 

Change 
PAV (%) -2.6±3.4 0±4.9 0.05 0.65 0.04 2.6 (-5.3, 0) 

 
 

nTAV (mm3) -18.0±28.8 -12.3±22.2 0.26 0.85 0.002 5.7 (-16.6, 5.1) 
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Table 3. Inter and Intra observer variability for plaque volume quantification on CTCA 
 
Plaque quantification Intra observer  

 
Inter observer  

Intra class correlation  
 
Coefficient  

0.99 (95% CI: 0.9 - 0.99). 0.85(0.4 – 0.96) 

 
Bland Altman 
Mean difference  
 

0.114±1.96% 0.54±3.66% 

P value  
 

p =0.86 p=0.65 

Limits of agreement  
 

3.84 - 3.62 7.72 - 6.64 
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Table 4. Baseline and follow up plaque volumes of IVUS and CTCA 
  
Patient No.  Baseline 

IVUS 
TAV 

Follow-up 
IVUS 
TAV 

Change in 
IVUS 
TAV 

Baseline 
CT TAV 

Follow up 
CT TAV 

Change in 
CT TAV 

1 465.19 502.85 -37.66 467.3 498.4 -31.1 
2 239.2 215.5 23.7 236.8 226.6 10.2 
3 71.96 64.3 7.66 72.9 60.4 12.5 
4 199.4 103.7 95.7 187.5 131.9 55.6 
5 138.4 132.24 6.16 116.1 114.2 1.9 
6 74.82 67.73 7.09 58 56 2 
7 246.87 248.79 -1.92 330.3 336 -5.7 
8 157.79 143 14.79 174.2 171.5 2.7 
9 178.3 166.23 12.07 181.9 166.8 15.1 
10 182 179 3 195.9 190.4 5.5 
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Table 5. Baseline and follow up PAV on IVUS and CTCA  
 
Pt. no.  Baseline 

IVUS 
PAV 

Follow up 
IVUS 
PAV 

Change in 
IVUS 
PAV   

Baseline 
CT PAV 

Follow up 
CT PAV 

Change in  
CT PAV 

1 47.3 502.85 1.34 45.3 498.4 7 
2 30.8 215.5 -0.4 27.5 226.6 0.9 
3 37.5 64.3 -5.9 36.6 60.4 -3.4 
4 38.3 103.7 -10.8 32.3 131.9 -7.7 
5 41.7 132.24 -2.7 34.9 114.2 -1.1 
6 53.7 67.73 -1.7 41.7 56 -4.2 
7 37.5 248.79 -0.9 44.8 336 -0.9 
8 55.9 143 -2.7 51.3 171.5 5.3 
9 32 166.23 -0.6 33.7 166.8 -2.3 
10 41.6 179 -1.8 39.5 190.4 6.4 
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Table 6. Baseline and follow up nTAV on IVUS and CTCA 
 
  
Pt. no.  Baseline 

IVUS 
nTAV 

Follow up 
IVUS 
nTAV 

Change in 
PAV on 
nTAV 

Baseline 
CT nTAV 

Follow up 
CT nTAV 

Change in 
CT nTAV 

1 271.4 293.3 21.9 272.6 290.7 18.1 
2 123.5 110.8 -12.7 122.3 117 -5.3 
3 283.3 253.1 -30.2 287 237.8 -49.2 
4 184.7 96 -88.7 173.7 122.2 -51.5 
5 272.5 260 -12.5 228.6 224.8 -3.8 
6 261.87 237 -24.87 203 196 -7 
7 162 163.3 1.3 216.8 220.5 3.7 
8 171.4 155.3 -16.1 189.2 186.3 -2.9 
9 233.9 218.2 -15.7 238.7 218.9 -19.8 
10 154.9 152.6 -2.3 166.8 162 -4.8 
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Figure 1: (A) Cross section of a vessels with a non-calcified plaque on unadjusted window settings (B) The 

lumen and the outer wall are better delineated on window settings of width 230 and level of 83. (C) The 

outer vessel wall (yellow line) and the lumen (blue line) are drawn using window setting of W740 L 220 (D) 

Various components of plaque are represented in colour (red – low attenuation plaque, blue – fibrous plaque 

and green – lumen).  
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A 
 

 
B 
 
Fig 2.  Line graph showing (A) Moderate correlation for % PAV change between CTCA and IVUS (r = 0.65, 

p = 0.53) and (B) excellent correlation for % TAV change between CTCA and IVUS (r = 0.84, p = 0.26) 
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A 
 
 
 

 
B 
 
Fig 3. Bland Altman plot for (A)% PAV change between CTCA and IVUS. There was small difference in 

mean values with narrow limits of agreement and  

(B) % TAV change between CTCA and IVUS. There was small mean difference with relatively narrow 

limits of agreement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bias -2.28 
LoA -9.67 to 5.11 

Bias of – 2.28 
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ABSTRACT  

Objectives 

To study the association between computed tomography coronary angiography (CTCA) derived 

high-risk plaques (HRP) and subsequent acute coronary syndrome on a medium to long term follow 

up. To assess the utility of quantitative analysis to further discriminate HRP that are likely to cause 

ACS.  

 

Background 

Although several studies have identified the association of HRP on CTCA and future ACS, there is 

paucity of studies that examined predictors for ACS amongst HRPs.  

Culprit precursor lesions have been found to cause only mild stenosis in several studies and the 

relevance of stenosis severity to ACS occurrence is not completely understood.  

 

Methods 

Retrospective study of patients who underwent CTCAA for suspected coronary artery disease 

(CAD). Plaque composition, and the presence of HRP and its constituents: positive remodelling 

(PR), low attenuation plaque (LAP < 56HU) and spotty calcification (SC) were recorded.  Cross 

sectional quantitative analysis of HRP was performed at the site of minimum luminal area (MLA), 

which included plaque burden, plaque volume (PV), LAP volume, minimum luminal diameter 

(MLD). Other assessed parameters included lesion length, obstructive stenosis (OS) defined as ≥ 

50% stenosis, plaque, composition (calcified, non calcified and mixed plaque), segmental 

involvement score (SIS) and segmental stenosis score (SSS) scores. Primary end point was fatal or 

non-fatal ACS on follow up. 

 

Results  
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Included were 1254 patients (mean age and 50.9% male) with a median follow up period of 7.24 

years (IQR 5.53 yrs. to 7.7years). ACS occurred in 45 patients (3.6%):  34 (13.9%) of 243 HRP (+) 

patients and 11 (1%) of 1011 HRP (-)(HR 14.5: 95% CI 7.3 -28.6; p<0.001). The occurrence of 

ACS was significantly higher in HRP (+) patients compared to HRP (-) patients and patients with 

no plaques (20.5% vs. 1.6% vs. 0.4%, log-rank test p < 0.001). Only the presence of HRP was an 

independent predictor of ACS (HR 14.99, 7.47-30.06, p < 0.001) and none of the cardiovascular 

risk factors were significant. Among patients with ACS, the time to event was shorter in patients 

with HRP features (HR 3.34 (1.16-9.63), p=0.03; Kaplan Meier log-rank 0.02) and 100% of HRP(-) 

patients were event free at the end of one year and had lower event rates up to five years of follow 

up.  

 

ACS occurred in 24 (11.4%) of 209 OS (+) patients compared to 21 (2%) of 1045 OS (-) patients 

(HR 6.3: 3.5-11.4; p<0.001). ACS was more frequent in HRP (+)/ (OS (+) patients with 22 (20.7%) 

of 106 developing ACS.  In comparison, 12 (8.6%) of 136 HRP (+)/OS (-) patients, 2 (1.8%) of 111 

HRP (-)/ OS (+) patients and 9 (1.0%) of 900 HRP (-)/OS (-) patients developed ACS  

 

Obstructive stenosis, cross sectional PV and the presence of very low attenuated plaque (<30HU) 

identified those HRP lesions that were more likely to cause future ACS. ACS occurred early (mean 

duration of 2.6 yrs) and more frequently in HRP lesions with obstructive stenosis [22 (17%) of 128 

lesions] compared to ACS occurring later (mean duration of 3.75 yrs) and less frequently [13(7.1%) 

of 182 HRP lesions] in HRP lesions with non-obstructive stenosis.  Cross-sectional LAP volume in 

HRP lesions with obstructive stenosis added incremental prognostic value in predicting ACS 

(p=0.008).  SIS and SSS scores were not predictive of ACS.  

 

Conclusions  
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CTCA derived HRP is an independent predictor of future ACS beyond traditional cardiovascular 

risk factors. The absence of HRP features was associated with event free survival at one year and 

reduced annual risk compared to those with HRP features up to five years of follow up.  The risk of 

future ACS appears directly related to the degree of stenosis caused by the high-risk plaque 

components with plaque volume and LAP volume being the important determinants. ACS occurred 

early and more frequently in HRP lesions with obstructive stenosis and cross-sectional LAP volume 

provided further incremental prognostic value in predicting ACS. Irrespective of the presence of 

obstructive stenosis, absence of HRP was associated with low rates of ACS.  

 

 

Key Words: Coronary artery disease, High-risk plaque, acute coronary syndrome, Computed 

tomography coronary angiography  
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HRP: High risk plaque 

MLD: Minimum luminal diameter 

FFR: Fractional flow reserve 

PB: Plaque burden 

PV: Plaque volume 

OS: Obstructive stenosis  

 
 
Introduction  
 
Acute coronary syndrome is a major public health issue (1). It can be the initial manifestation in 

many patients with coronary artery disease causing significant mortality and morbidity. Majority of 

acute coronary syndromes are due to plaque rupture and pathological studies have identified plaque 

characteristics of thin cap fibroatheroma (TCFA), lipid rich necrotic pool and inflammation as key 

determinants (2). Despite our improved understanding of the disease process and management, 

appropriate risk stratification is lacking. Identification of at risk-patients and development of 

preventative strategies is a major public health issue. Although, in vivo identification of these 

rupture prone plaque is possible with intra coronary imaging techniques and a wealth of data is 

available in patients for secondary prevention, their utility in primary prevention population is 

limited (3,4). Computed tomography coronary angiography (CTCA) is a non-invasive test that in 

addition to the diagnosis of luminal stenosis, provides information on degree of atherosclerotic 

plaque burden and plaque composition (5-7). CTCA derived high-risk plaque (HRP) features of 

positive remodelling (PR), low attenuation plaque (LAP), spotty calcification (SC) and napkin ring 

sign (NR) correlate well with adverse plaque characteristics on intracoronary imaging. Despite the 

association between HRP and ACS being shown in short to medium term follow up studies, only a 

minority of patients develop ACS (8,9).  Apart from the presence of HRP, the underlying 

atherosclerotic plaque burden assessed by Agatston score, segmental involvement score (SIS), 

segmental stenosis score (SSS) have also been shown to offer prognostic information (10,11). 
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Additionally in PROSPECT trial which studied non culprit lesion lesions in ACS patients, IVUS 

derived predictors of future ACS were thin-cap fibroatheroma, plaque burden and minimal luminal 

area and majority of culprit lesion precursors had only mild stenosis (12). These observations 

highlight the relevance of plaque burden, plaque composition and stenosis severity to future ACS. 

Given that CTCAA is now a front line investigation in the assessment of chest pain, it is uniquely 

positioned to study the natural progression of coronary atherosclerosis leading to ACS in primary 

prevention population.  

 

Further differentiation of the HRP lesions that are rupture prone on CTCA is needed for 

optimisation of risk stratification in stable patients. There have been very few studies have assessed 

the incremental benefit of quantitative plaque analysis in patients with HRP (13,14). Specifically, 

lesion based analyses of HRP on CTCA that includes assessment of plaque burden, plaque volume, 

LAP volume, MLD and MLA may aid further in prognostication. We sought to study the 

association between ACS and CTCA derived HRP, plaque burden and stenosis severity on a 

medium to long term follow up. By employing quantitative plaque analysis and various CT scores, 

we aimed to differentiate the HRP lesions that are at a higher risk of causing ACS.  

 

Methods 

Of the 1735 eligible patients with follow up data that underwent CTCA at our institution from 

January 2008 to March 2013, patients with prior CABG (103), previous ACS or PCI (84), 29 

patients with poor CT images, 128 patients with early revascularisation, 157 deaths from non-

cardiac causes were excluded. The remaining 1254 patients were followed up until 30th November 

2017 for development of ACS (Figure 1). A structured questionnaire was completed for every 

patient prior to CTCA and it captured patient information such as age, height, weight, symptoms 

and cardiac risk factors. Follow up information on patient outcomes was obtained by assessment of 

hospital medical records, detailed structured questionnaires sent by mail/email, or, if the 
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questionnaire was not returned, by telephone contact. Records from the registry of birth and deaths 

were also obtained. All reported events were verified by hospital records and adjudicated by two 

cardiologists in consensus. It was ensured that subsequent ACS events and corresponding culprit 

lesion geographically matched the precise location of HRP that was analysed on CTCA.  The 

institutional Human Research and Ethics Committee approved the study. 

The primary end-point of this study was MACE defined by a composite of cardiac death and acute 

coronary syndrome (myocardial infarction and unstable angina). Cardiac death was defined as any 

death caused by acute myocardial infarction. Acute coronary syndrome was defined as per the basis 

of the third universal definition of myocardial infarction (15) and the Canadian Cardiovascular 

Society grading of angina pectoris (16) that included presentation with typical sounding chest pain 

associated with troponin elevation with or without ECG changes. In the event of no troponin rise, 

chest pain that was Canadian Cardiovascular Society class 3 or 4 was considered significant.  

Determination of the culprit vessel was done by a combination of electrocardiographic and invasive 

coronary angiographic findings.  

 
 
CT coronary angiography 

Patients underwent cardiac CT assessment using a 320-row detector CT scanner (Aquilion One 

Vision; Toshiba Medical Systems Corp., Tokyo, Japan). All patients received sublingual 

nitroglycerine, and additional beta-blockers were administered to achieve a pre-scan heart rate of 

<60 beats/min in accordance with Society of Cardiovascular Computed Tomography guidelines 

(17). The studies were performed according to established guidelines(18) and departmental 

protocols (19,20) at the time of the scan. 

 

CTCA Analysis  
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Data was transferred to an external workstation (Vitrea 6, version 6.0; Vital Images, Minnetonka, 

Minnesota) for further analysis. Two level III experienced readers (DW and RKM) who were 

blinded to the patient’s clinical information evaluated all the scans. In case of disagreement, a joint 

reading was performed and a consensus decision was reached. All the CTCA images were analysed 

on axial, coronal, sagittal, cross-sectional and curved multiplanar reconstructed images. Studies 

were interpreted according to current guidelines (21) using a 16-segment model. Plaque was defined 

as tissue structures >1 mm2 within the coronary artery lumen or adjacent to the lumen that could be 

discriminated from the surrounding pericardial tissue, epicardial fat, or vessel lumen itself.  Each 

coronary segment >2mm in diameter was analysed for the presence of plaque and the diameter 

stenosis of each lesion was visually graded and categorised as follows: no stenosis (0%), minimal  

(<25%), mild (25 – 49%), moderate (50 -69%), severe (70 -99%), occluded (100%) (22). 

Obstructive disease was defined as >50% stenosis. Plaque composition was classified as non-

calcified, calcified, or mixed.  

 

The measure of total coronary atherosclerotic plaque burden was performed using the segmental 

involvement score (SIS) and segmental stenosis score (SSS). SIS was calculated as the total number 

of coronary segments with plaque, irrespective of the degree of luminal stenosis within each 

segment (range 0 to 16). SSS was calculated by grading each coronary segment as having no to 

severe plaque (scores from 0 to 3) based on stenosis severity followed by summation of the scores 

of all 16 individual segments to yield a total score (range 0 to 48) (23). 

 

High-risk plaque characteristics 

Binary evaluation of HRP characteristics included low attenuation plaque (LAP), spotty calcification 

and positive remodelling was done. Low attenuation plaque is defined as plaques with <30 Hounsfield 

unit (HU) (24). Spotty calcification was defined when calcification was < 3 mm in size. Positive 
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remodelling was defined as remodelling index ≥ 1.1(8). The napkin ring sign on CTCA is another 

previously described HRP feature but was not included in this analysis due to its infrequent presence.   

 

Quantitative plaque analysis 

Quantitative plaque analysis was performed on all plaques with HRP features using attenuation-

based-automated SurePlaque (Vitrea 6, version 3.0; Vital Images and Toshiba Medical Systems) 

software (25) with appropriate manual correction. Cross sectional quantitative analysis was 

performed solely at the site of MLA in HRP lesions and assessed parameters included, plaque 

volume (PV), plaque burden (PB), minimal luminal area (MLA), minimal luminal diameter (MLD) 

and plaque composition using predefined HU thresholds: low attenuation plaque (< 56 HU), 

fibrofatty (56 to 130 HU), fibrous (131 to 350 HU), and calcified plaque (≥350 HU) (26). The cut 

off <30HU has been found to be specific for lipid rich plaque with higher positive predictive value 

but lacked sensitivity. The cut-off of <56 HU was more sensitive with higher negative predictive 

value and was more suitable for quantification purposes. It has previously been shown to be more 

suited for current CT scanners and scanning protocols studies to identify LAP.  (27,28)  

 
The  LAP volumes were classified according to tertiles of low, mid and high LAP volume. Each of 

these groups was further divided into OS (-) or OS (+) groups. There were six group comprising: 

OS (-)/Low LAP, OS (+)/Low LAP, OS (-)/mid  LAP, OS (+)/mid  LAP, OS (-)/high  LAP and OS 

(+)/high  LAP. 

  

Statistical Analysis 

Categorical data are presented as raw numbers and percentages and compared with chi-square test. 

Continuous data is displayed as mean ± standard deviation if data was normally distributed, or 

medians [interquartile range] for non-normal data and compared with t-tests or Mann-Whitney tests 

as appropriate. Kaplan-Meier plots were constructed and the log-rank test used to assess the 

differences in equality of curves. Univariable Cox proportional hazard regression models were 
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performed to assess clinically relevant variables on the outcome of interest. Variables of clinical 

relevance or with a p<0.20 on univariate assessment were considered for the multivariable model. 

Final multivariable covariates included gender, hyperlipidaemia, smoking, presence of vulnerable 

plaques and obesity. Conditional proportional hazards assumptions were visually inspected by 

plotting Schoenfield residuals. The incremental prognostic value of including assessment of low 

attenuation plaque values and obstructive stenosis >50% was compared by Harrell's c-statistic. A 2-

sided p-value of <0.05 was considered statistically significant. Statistical analysis was performed 

using Stata MP/14 (StataCorp, College Station, Texas). 

 

 

Results  

Study population and clinical characteristics 

Included in the study were 1254 patients (Mean age 60.9±13.7, 50.9% were male) with a median 

follow up period of 7.24 years (IQR 5.53 yrs. to 7.7years). Of these, 583 patients had hypertension 

(46%), 581 hyperlipidaemia (46%), 138 had diabetes mellitus (10.9%), 128 (10.2%) patients were 

active smokers and 152 patients (12.1%) were obese. On comparison of the traditional risk factors, 

only smoking was associated with ACS (Table 1). 

 

Coronary computed tomography angiography results 

Of 1254 patients, 209 patients (16.6%) had a ≥ 50% stenotic lesion in at least 1 coronary artery, 

only 17 (0.6%) patients had severe stenosis (≥ 70%) and 475 (37.8%) patients had no coronary 

atherosclerosis. There were 243 (19.3%) patients who had HRP with at least one high-risk feature 

and 106 (8.4%) patients had HRP with obstructive stenosis.  On comparison of the traditional risk 

factors, only diabetes mellitus and smoking were associated with the presence of HRP (Table 2). 

There were 195 HRP (+) patients with ≥ 2 features (plaques with ≥ 2 of PR, LAP and SC), 48 HRP 
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(+) patients with 1 feature (either PR, LAP or SC), 539 HRP (-) patients had plaques with no HRP 

features and 475 patients had no plaques.   

 

Patient level analysis  

Of the 1254 patients, 45 (3.6%) patients had ACS during the follow up. Three patients had ACS 

related death, 34 (2.7%) patients had myocardial infarction and 8 (0.6%) patients had unstable 

angina.  Culprit lesion precursors were identified by both invasive coronary angiography (ICA) and 

CTCA in 42 (93%) patients and were not known in three patients who died of acute myocardial 

infarction.  The culprit lesion was found in 21 left anterior descending arteries, 3 left circumflex 

arteries and 19 right coronary arteries.  

 

Plaque composition and stenosis severity: Association with ACS 

Of the 45 patients who had ACS, 34 patients had HRP while 11 patients had no HRP. During 

follow up, 32 (16.4%) of 195 patients with HRP (+) patients with ≥ 2 features developed ACS. In 

comparison, 2 (4.1%) of 48 HRP (+) patients with one HRP feature, 9 (1.6%) of the 539 HRP (-) 

patients and 2 (0.4%) of the 475 patients without any plaque developed ACS. (Figure 1 and 2)  

 

Compared to 9 HRP (+) patients who had ACS, none of the HRP (-) patients developed ACS within 

the first year of follow up.  From year one to year five of the follow up duration, HRP (+) patients 

had more events compared to HRP (-) patients (1-2yrs: 6 vs. 3 patients; 2-3yrs: 5 vs. 0 patients; 3-

4yrs: 2 vs. 1 patients; 4-5yrs: 4 vs. 3 patients; >5yrs: 8 vs. 4 patients). 

 

Overall, ACS occurred in 24 (11.4%) of 209 OS (+) patients compared to 21 (2%) of 1045 OS (-) 

patients.  When the relationship between HRP and OS was assessed, ACS was more frequent in 

HRP (+)/ (OS (+) patient with 22 (20.7%) of 106 developing ACS.  In comparison, 12 (8.6%) of 
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136 HRP (+)/OS (-) patients, 2 (1.8%) of 111 HRP (-)/ OS (+) patients and 9 (1.0%) of 900 HRP (-

)/OS (-) patients developed ACS (Figure 3 and 4). 

 

Predictive value of plaque characteristics 

The presence of HRP was associated with ACS (HR 14.5: 95% CI 7.3 -28.6; p<0.001) as were its 

constituents PR  (HR 14.5: 7.3-28.7; p<0.001), SC (HR 5.4: 3-9.9; p<0.001) and LAP 30 (HR 16.7: 

9.1-30.5; p<0.001). The presence of ≥ 2 HRP features (HR 14.4: 7.46-26.44; p<0.001), obstructive 

stenosis ≥ 50% (HR 6.3: 3.5-11.4; p<0.001) and plaques with any HRP features and obstructive 

stenosis (10.3: 5 – 21.2; p < 0.001) were associated with ACS (Table 3).  

 

On multivariate Cox regression analysis of variables comprising sex, hyperlipidaemia, smoking, 

diabetes mellitus, obesity and presence of at least one HRP feature, only the presence of HRP was 

an independent predictor of ACS (HR 14.99, 7.47-30.06, p < 0.001). The occurrence of ACS was 

significantly higher in HRP (+) patients compared to HRP (-) patients and patients with no plaques 

(20.5% vs. 1.6% vs. 0.4%, log-rank test p < 0.001). Significantly higher rate of ACS was observed 

in HRP(+)/OS(+) patients compared to (HRP(+)/OS(-) and HRP(-)/OS(+) patients (20.7% vs. 8.6% 

vs. 1.8%, log-rank test p < 0.001). 

 

Survival Analysis 

On survival analysis of patients with events limited to five years of follow up, the time interval 

between the CTCA and event was shorter in HRP (+) patients (HR 3.34 (1.16-9.63), p=0.03; 

Kaplan Meier log-rank 0.02).  The comparison of proportion of patients surviving, between HRP(+) 

patients to HRP(-) annually was 73% and 100%; 56% and 82%; 41% and 82%; 35% and 82%; 24% 

and 64% respectively for up to 5 years follow up (Table 6, Figure 5).  

 

Lesion level analysis: Assessment of ACS predictors among plaques with HRP features 
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Among 234 HRP (+) patients with at least one HRP feature, there were 310 HRP lesions. 11 

patients had 3 HRP lesions, 44 patients had 2 HRP lesions and 188 patients had 1 HRP lesion. PR 

was a feature in all HRP lesions while LAP was present in 161 lesions. Obstructive stenosis was 

present in 128 lesions (41.2%). The mean SIS score was 3.6 ± 0.9 and the mean SSS score was 6.1 

± 4.32.  

 

 During follow up, ACS developed in 34 HRPs (10.9%). LAP was the most common determinant of 

ACS in a HRP with 28 (17.3%) of 161 HRPs with LAP developing ACS.  In comparison 7 (4.6%) 

of 149 HRPs without LAP developed ACS. The development of ACS was more frequent in 

HRP(+)/OS(+) lesions with ACS occurring in 22 (17%) of 128 lesions compared to the ACS 

occurring in 13(7.1%) of 182 HRP (+)/OS(-) lesions . In addition, patients with HRP(+)/OS(+) 

lesions presented earlier with ACS (mean duration of 2.6 yrs.) compared to those with HRP(+)/ 

OS(-) lesions (mean duration of 3.75 yrs.). 

 

On quantitative plaque analysis of HRPs, only the presence of LAP (HR 3.77: 1.64-8.67; p=0.002) 

and PV (HR 1.08: 1.02-1.14; p=0.007) were associated with ACS (Table 4).  The lesions that lead 

to ACS had larger mean LAP  volume (2.9 ± 1.9mm3 vs. 2.1 ± 2.1mm3, p = 0.04) and PV (13.9 ± 

5.9mm3 vs. 11.2 ± 4.9mm3, p = 0.005) compared to the lesions that did not lead to ACS. Lesions 

with ≥ 50% stenosis (HR 2.46: 1.23-4.91; p=0.01) but not MLA (p=0.61) or MLD (p=0.73) was 

associated with ACS. Plaque composition such as calcified, mixed or non-calcified plaque was not 

associated with ACS (p=0.56, 0.27 and 0.97 respectively). Plaque length (p=0.78), plaque burden 

(p=0.58) and in addition, the measures of total atherosclerotic plaque burden such as SIS (p=0.11) 

and SSS (p=0.09) were also not associated with ACS. 

 

In the 11 HRP (-) patients who developed ACS during follow up, all culprit lesions were identified. 

On assessment of CTCA, only 2 patients had stenosis ≥50%, 4 lesions had <25% stenosis, 3 culprit 
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lesions had 25-49% stenosis and 2 culprit lesions had no plaque. The mean SIS and SSS in these 

patients were 2.9 and 5.1.  

 
 
 
Obstructive disease and LAP volume 
 
On comparison of the HRPs at lesion level using OS (-)/low LAP as reference, lesions with OS 

(+)/mid LAP (HR 4.08: 1.06 – 15.79; p=0.04) and OS (+)/high LAP (HR 5.68: 1.59- 20.2; p=0.007) 

were associated with ACS (Table 5).  

 

Predictive value of HRP and obstructive stenosis of ACS 

The predictive value of each quantitative plaque characteristics of ACS during follow up was 

evaluated by ROC analysis. The AUC for OS (+) was 0.64 and LAP volume was 0.65. The 

predictive value increased to AUC of 0.71 when obstructive stenosis and LAP 56 volume were 

combined. On comparison of AUC, this was statistically significant when compared to obstructive 

stenosis alone (p=0.008).  

 

Discussion  

We investigated the predictors of ACS in low risk population undergoing CTCA on a medium to 

long term follow up and the salient findings of our study are 1) CTCA derived HRP is an 

independent predictor of future ACS beyond traditional cardiovascular risk factors 2) The absence 

of HRP features was associated with event free survival at one year and reduced annual risk 

compared to those with HRP features up to five years of follow up 3) Obstructive stenosis, cross 

sectional PV and the presence of very low attenuated plaque (<30HU) identified those HRP lesions 

that were more likely to cause future ACS 4) ACS occurred early and more frequently in HRP 

lesions with obstructive stenosis and cross-sectional LAP volume added further incremental 

prognostic value in predicting ACS. 5) Irrespective of the presence of obstructive stenosis, absence 

of HRP was associated with low rates of ACS.  
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CTCA is an established non-invasive imaging modality for the assessment of coronary artery 

disease and is now a front line test in the investigation of chest pain (29). We observed increased 

rates of ACS in patients with HRP (+) patients compared to HRP (-) patient or those with no 

plaques, which is in agreement with several previous studies that have established an association 

between the presence of HRP and future ACS on a short to medium term follow up (8,9,24). We 

demonstrated that this association exists even at a significantly longer duration of follow up. HRP 

(+) patients presented early with events and had more events per year for up to five years of follow 

up compared to HRP (-) patients. Our study differs from previous studies as we excluded patients 

with prior ACS. Our cohort also had low prevalence of patients with severe stenosis (≥70%) with 

overall low atherosclerotic plaque burden reflected in the low SIS and SSS scores. Furthermore, 

82% of ACS events in our study were due to myocardial infarction as compared to < 5% in 

previous studies (12,13). The patients in this study may therefore potentially represent the “real 

world” population with stable chest pain.  

 

We observed that HRP (+) patients with ≥ 2 had more events compared to HRP (+) patient with 

only one HRP feature. Low attenuation plaque was an important determinant with ACS occurring 

more frequently in HRP (+) plaques with LAP compared to HRP (+) plaque without LAP (17.3% 

vs. 4.6%). Majority of ACS are caused by plaque rupture and is related to the size of necrotic core 

(30). The CTCA derived LAP volumes in HRPs were found to be larger in those that resulted in 

ACS compared to stable HRPs and strikingly, even larger in those presenting with ACS in the first 

year.  In such cases, LAP occupied 21% of plaque area similar to pathological descriptions of 

ruptured plaques (2,24). In our study, HRPs with obstructive lesions had more frequent events and 

presented early. Despite the presence of expansive remodelling, presence of obstructive stenosis 
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signifies a large LAP volume in these plaques. We observed that cross sectional LAP56 volume just 

at the site of MLA, added further incremental predictive value in predicting ACS obstructive HRP 

lesions and may act as a surrogate for entire LAP quantification. In the ICONIC (Incident coronary 

syndrome identified by computed tomography) nested case control study, fibrofatty plaque and 

necrotic core were observed to be a consistent predictor of ACS, albeit with a relatively low 

sensitivity of 69%(26).  This may be due to the low prevalence of LAP (24.03%) in culprit lesion 

precursors and LAP presence may have been underestimated as the study consisted of subjects from 

different countries with a wide array of CTCA scanner and acquisition protocols. Plaque density is 

affected by lumen contrast density and tube voltage and more contemporary CT studies have used 

<56HU for LAP definition (27). This could be explained by the fact that the definition of LAP as < 

30HU was validated against IVUS on old generation CT scanners with tube voltage of 135KV (31). 

Considerable overlap exists between LAP and fibrous plaque and a recent histopathological 

validation study observed that LAP30 had high specificity and positive predictive value but had low 

sensitivity. In comparison higher cut off values were sensitive with higher negative predictive value 

but had low specificity (28). Hence, in modern CT acquisition protocols with low KV as 

demonstrated in our study, the presence of very low attenuation plaque measuring < 30 HU 

signifies true presence of necrotic core, whereas LAP 56 with higher negative predictive value was 

more suitable for quantification of the entire LAP volume with fibro fatty components.  

 

In several previous studies, majority of culprit precursor lesions were non-obstructive.  However, 

angiographic studies have demonstrated that culprit lesions were more likely to be > 50% stenosis 

when evaluated close to an event and < 50% stenosis when assessed many months prior (32-34). 

Pathological studies of ruptured plaques demonstrated layering from multiple healed plaque 

ruptures suggesting that silent plaque ruptures and healing may contribute to rapid plaque growth in 

HRP prior to an event (35). In this study, 53% of culprit precursor lesions had obstructive stenosis 

and overall ACS occurred in 11.4 % in OS (+) patients vs. 1.6% in OS (-) patients. However, it was 
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not the stenosis severity but the presence of concomitant HRP that determined future events as only 

1.8% of HRP (-)/OS(+) patients developed ACS. Events rarely occurred from non-fibroatheromas 

regardless of stenosis severity even in PROSPECT study. From these observations we can conclude 

that underlying plaque composition determines whether stenosis severity becomes a prognostic 

indicator, greater the stenosis in a lesion with high-risk plaque features, greater the future risk of 

ACS. This is supported by our findings that HRP(+)/OS+) patients had more frequent ACS and 

presented early compared to HRP(+)/OS(-). Additionally, on quantitative analysis of HRP lesions 

we found that only OS(+)/mid or high LAP were predictive whereas OS(+)/low LAP did not. 

 

The interplay between plaque burden, plaque progression and plaque composition and their role in 

future events is complex and our understanding of the pathophysiology is still evolving. In the 

ICONIC study, when stenosis severity was accounted for, it was observed that culprit precursor 

lesions compared to control lesions had greater overall PV as well as fibrofatty and necrotic core 

components. We made similar observation that PV and presence of very low attenuated plaque 

measuring < 30HU in a cross section at site of MLA in a HRP further differentiated the ones that 

were more likely to result in ACS.  These observations are also in keeping with findings made in 

ACS patients that whilst the dimensions of fibrous cap thickness differentiated between ruptured 

and unruptured plaques, ruptured culprit plaque had greater necrotic plaque burden and lesser 

luminal area compared to the ruptured non-culprit lesions(36).  It has therefore been suggested that 

there is a potential gap in the predictive ability of CT scores such as Agatston score, SIS score and 

SSS scores that determine plaque burden, as they do not account for plaque composition (37,38). 

This is confirmed in a quantitative CTCA study, which demonstrated that LAP volume provided 

incremental prognostic information beyond calcium score (13).  It has been shown in intra coronary 

imaging studies that multiple plaques exist at different stages of evolution in the same coronary tree 

and atherosclerosis is a dynamic process (39,40). Although stenosis severity and plaque burden are 

relevant, it may be assumed that plaque progression and conversion to HRP may be the final 
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pathway before plaque ruptures, with the burden of adverse plaque composition being an important 

determinant. This is well illustrated in patients who underwent serial CTCA’s, where it was 

observed that several HRP (-) plaques that become HRP (+) plaques and subsequently developed 

ACS and HRP(-) plaques that had plaque progression had worse outcomes compared to HRP(+) 

plaques at baseline that did not progress and remained free of events (8). Hence, any 

prognostication should consider PV as well as plaque composition. Lastly, adverse haemodynamic 

parameters measured on CTCA including Δ FFR CT, wall shear stress and plaque stress in non-

culprit lesions were also found to predict ACS.  Interestingly, plaques exhibiting these parameters 

were more likely to have greater diameter stenosis, LAP and spotty calcification (14,41). 

 

Consistent with previous studies, we observed that compared to HRP(+) patients, HRP(-) patients 

had how low events and those with no plaques had even lower event rate. We also observed that the 

absence of HRP features confers 100% event free survival rate up to one year. Compared to HRP 

(+) patients, patients with HRP (-) continued to have survival advantage up to five years of follow 

up.  

 

None of the traditional risk factors apart from the presence of HRP features were predictive of ACS. 

The presence HRP identifies a cohort of patients from primary prevention group to have a higher 

risk of ACS and their prognostic importance is now recognised and is reflected in the 

recommendation on CTCA reporting (22).  Despite the known increased risk, the event rate even 

among patients with HRP is overall low and current guidelines do not recommend treatment or 

management of CTCA identified HRPs (42). Our findings suggest that a prediction model similar to 

PROSPECT study could potentially be applied to HRP(+) patients on CTCA. In HRP (+) patients, 

along with obstructive stenosis, cross sectional examination at the site of MLA for PV and the 

presence of very low attenuation plaque measuring < 30 appears to identify those patients in this 

high-risk group who are at an even higher risk of ACS.  
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Based on the results of our study, perhaps a higher proportion of plaques with obstructive stenosis 

with large PV and LAP volumes are more likely to progress and rupture.  Quantitative plaque 

analysis on CTCA is time consuming and expert dependent and for it to be used as a tool for risk 

stratification, incremental benefit over and above the existing scores should be proven. It appears 

that we get the relevant information if quantification is performed just at the site of MLA, which 

can be readily performed in a short duration at the time of reporting CTCA as against quantification 

of entire plaque.  

 

Atherosclerosis is a result of complex interplay between genetic, environmental and various 

cardiovascular risk factors and whilst the local plaque features may grab our attention, they may 

help identify at-risk patient and addressing entire atherosclerotic process and prevention of plaque 

progression through aggressive risk factor modification is important.   Even in patients with HRP 

features, the slow progression of disease and the long time interval between CTCA and coronary 

events makes designing any trial that involves intervention difficult. Given the dynamic nature of 

these plaques, selecting at risk patients with HRP with moderate stenosis and significant LAP 

volume for future trials aimed at intense medical or other preventative therapies with assessment of 

progress through serial imaging may be the way forward.   

 
Limitations  

Ours was single centre retrospective study.  Treatment information following CTCA and 

compliance to medications was not known.  Patients included in the study had CTCA from 2008 to 

2012 on old generation scanners and do not represent the current generation of CT scanners.  

Patients included were investigated for chest pain and there may have also been some referral bias. 

Several aspects may have influenced our results: Firstly, patients with incomplete datasets were 

excluded from the study, which may have lead to information bias.  Secondly, patients with 

significant baseline plaque burden who underwent early revascularisation were excluded from the 
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study.  Thirdly, we did not assess those patients who needed late revascularisation due to 

progression of disease without ACS.  Lastly, assessment of luminal stenosis may have been over 

estimated in calcified lesions and under estimated in non-calcified lesions.  

 
Conclusion  

Absence of CTCA derived HRP features confers event free survival for one year and low events 

rates up to five years when compared to the presence of HRP features. CTCA derived HRP is an 

independent predictor of future ACS beyond traditional cardiovascular risk factors. All the HRP 

features of PR, LAP, SC were associated with increased risk.  The risk of future ACS appears 

directly related to the degree of stenosis caused by the high-risk plaque component with plaque 

volume and LAP volume being the important determinants. In this very high-risk group of patients 

with obstructive HRP lesions, LAP volume had incremental predictive value to predict ACS. 

Stenosis severity in the absence of HRP was a not a predictor of ACS. 
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Table 1. Patient characteristics  
 
 
 Overall 

(1254) 
ACS (45) 

 
No ACS (1192) P 

value 
Age 

 
60.9±13.7 59.9 ±	11.7 61 ±	13.8 0.86 

Male gender  
 

638 (50.9%) 29 (64%) 610 (51%) 0.41 

Hypertension 
 

583 (46%) 23 (51%) 560(45%) 0.76 

Hypercholesterolemia 
 

581 (46%) 18(40%) 563 (45%) 0.05 

Diabetes mellitus 
 

1398(11.2%) 8 (18%) 131 (11%) 0.39 

Smoker 
 

128 (10.3%) 9 (20%) 119 (10%) 0.03 

Ex smoker 
 

223 (18%) 8 (18%) 215 (18%) 0.84 

Family history of IHD 
 

536 (43.3%) 19 (42%) 517 (43%) 0.42 

Obesity (BMI >30) 
 

152 (12.2%) 7 (16%) 145 (13%) 0.16 
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Table 2. Patient characteristics – Variables associated with HRP  
 

 HRP (243) 
 

No HRP (991) P value 

Age 
 

63.5±12.9 60.5±13.8 0.7 

Male gender 
 

160 (66%) 482 (49%) 0.42 

Hypertension 
 

113 (47%) 461 (47%) 0.99 

Hypercholesterolemia 
 

123 (51%) 446 (45%) 0.12 

Diabetes mellitus 
 

38 (16%) 100 (10%) 0.015 

Smoker 
 

35 (14%) 94 (9%) 0.03 

Ex smoker 
 

48 (20%) 174 (18%) 0.43 

Family history of IHD 
 

99 (41%) 437 (44%) 0.34 

Obesity (BMI >30) 
 

26 (11%) 126 (13%) 0.39 
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Table 3. ACS development per patient and stenosis characteristics  
 

Parameter 
 

Hazard Ration P value 

HRP presence 
 

14.5 (7.3-28.6) < 0.001 

HRP – PR 
 

14.5 (7.3-28.7) <0.001 

HRP – SC 
 

5.4 (3.0-9.9) < 0.001 

HRP – LAP 
 

16.7 (9.1-30.5) < 0.001 

HRP ≥ 2 features 
 

14.04 (7.46-26.44) < 0.001 

Stenosis ≥ 50 
 

6.3 (3.5-11.4) < 0.001 

HRP + Stenosis ≥ 
50 
 

10.3 (5-21.2) 
 

< 0.001 

Remodelling index 
 

0.98 (0.96-0.99) < 0.004 
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Table 4. Quantitative plaque analysis of HRP segments and association with ACS 
 
 
Parameter  ACS No ACS HR P value 

 
Stenosis ≥ 50 
 

22 83 2.4 (1.19-4.83) 
 

0.01 

SC 
 

17 127 0.76 (0.38-1.50) 0.42 

Presence of LAP 
 

31 132 3.77 (1.64-7.72)  0.005 

≥ 2 HRP features 
 

32 167 2.66 (0.81-8.67) 0.11 

MLA 6.54 6.5 1.02 (0.94-1.12) 
 

0.43 

MLD 
 

2.27 2.23 1. 08(0.7-1.65) 0.55 

SIS 1.61 1.9 0.71 (0.47-1.08) 
 

0.08 

SSS 
 

2.17 2.6 0.8 (0.62-1.04) 0.37 

Calcified plaque 
 

2 5 1.53 (0.37-6.38) 0.38 

Non-Calcified plaque 8 35 0.98 (0.44-2.18) 
 

0.72 

Mixed plaque 
 

20 123 0. 68(0.34-1.35) 0.34 

Total plaque length 
 

14.9 14.8 1.0 (0.96-1.06) 0.64 

Total plaque burden 56.7 56.7 1.00 (0.97-1.04) 
 

0.84 

Total plaque volume 170 169.5 1.00 (0.99-1.00) 
 

0.32 

LL plaque burden 64.8 64.9 1.01 (0.98-1.03) 
 

0.57 

LL Plaque volume 
 

11.9 11.9 1.08 (1.02-1.15) 0.007 
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Table 5.  ACS predictors – Per plaque at lesion level analysis determined by 
stenosis and LAP volume  
Parameter  
 

n Hazard ratio P value 

Non-obstructive + Lap low LAP 53 Reference 
 

 

Obstructive + Lap low LAP   
 

29 1.72 (0.35-8.54) 0.51 

Non-obstructive +  mid LAP 
 

46 0.65 (0.11-3.91), 0.64 

Obstructive +  mid LAP  
 

32 4.08 (1.06-15.79) 0.04 

Non-obstructive + high LAP 
 

46 2.26 (0.58-8.81) 0.24 

Obstructive +  high LAP 
 

37 5.68 (1.59 -20.2) 0.007 
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Table 6. Survival analysis in only patients with events limited to 5 year follow-up 

HRP: HR 3.34 (1.16-9.63), p=0.03; Kaplan Meier log-rank 0.02 

Comparing proportion surviving at annual time point  

Year 
 

HRP absent HRP present 

0 
 

100% 100% 

1 
 

100% 73% 

2 
 

82% 56% 

3 
 

82% 41% 

4 
 

82% 35% 

5 
 

64% 24% 
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Figure1:  Acute Coronary Events in Patients based on plaque characteristics 

During follow up ACS occurred in 32 (16.4%) of 195 HRP(+) patients with ≥ 2 features compared to 2 

(4.1%) of 48 HRP(+) patients with one feature, 9 patients (1.6%) of the 539 HRP(-) patients and 2  (0.4%) of 

the 475 patients without any plaque. 

CABG = Coronary artery bypass grafting, ACS = acute coronary syndrome 
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Figure 2; Kaplan Myer curve of patients with 3HRP with 3 features vs. HRP with 2 features vs. HRP 

with 1 feature vs. No HRP features  	

Of the 45 patients who had ACS, 34 patients had HRP while 11 patients had no HRP. During follow up, 32 

(16.4%) of 195 patients with HRP (+) patients with ≥ 2 features developed ACS. In comparison, 2 (4.1%) of 

48 HRP (+) patients with one HRP feature, 9 (1.6%) of the 539 HRP (-) patients and 2 (0.4%) of the 475 

patients without any plaque developed ACS. 
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Figure 3.  Acute coronary syndrome based on stenosis severity 

Overall, ACS occurred in 24 (11.4%) of 209 OS(+) patients compared to  21 (2%) of 1045 OS(-) patients.  

When the relationship between HRP and OS was assessed, ACS was more frequent in HRP(+)/(OS(+) 

patient with 22 (20.7%) of 106 developing  ACS.  In comparison, 12 (8.6%) of 139 HRP(+)/OS(-) patients,  

2 (1.8%) of 111 HRP(-)/OS(+) patients and 9 (1.0%) of 900 HRP(-)/OS(-)patients developed ACS. 
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Figure 4: Kaplan Meier curve of patient with HRP(+)/OS(+) vs. HRP(+)/OS(-) vs. HRP(-)/OS(+) vs. HRP(-

)/OS(-). 

ACS was more frequent in HRP (+)/ (OS (+) patient with 22 (20.7%) of 106 developing ACS.  In 

comparison, 12 (8.6%) of 136 HRP (+)/OS (-) patients, 2 (1.8%) of 111 HRP (-)/ OS (+) patients and 9 

(1.0%) of 900 HRP (-)/OS (-) patients developed ACS 
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Figure 5: Kaplan Myer curve of patients with HRP vs. patients with no HRP 

On survival analysis of patients with events limited to five years of follow up, the time interval between the 

CCTA and event was shorter in HRP(+) patients (HR 3.34 (1.16-9.63), p=0.03; Kaplan Meier log-rank 0.02).  

The comparison of proportion of patients surviving, between HRP(+) patients to HRP(-) annually was 73% 

and 100%; 56% and 82%; 41% and 82%; 35% and 82%; 24% and 64% respectively for up to 5 years follow 

up 
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ABSTRACT 
 
BACKGROUND: Visual assessment of diameter-stenosis on Computed tomography coronary 

angiography (CTCA) lacks specificity to determine functional significance of coronary artery 

stenosis. Percent-aggregate plaque volume (%APV) and ASLA score, which incorporates Area of 

Stenosis, Lesion length, and area of myocardium subtended estimated by APPROACH score 

(Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease) have been 

described to predict lesion specific ischaemia in focal lesions with intermediate stenosis.  

METHODS AND RESULTS: Included were 81 patients (mean age 64.7±9 years, 62% male; 94 

vessels) who underwent 320- detector-row CTCA, invasive coronary angiography and fractional-

flow-reserve (FFR). We examined vessels with wide range of diameter stenosis (mid to severe) and 

with multiple lesions. Invasive FFR of ≤ 0.8 was considered functionally significant.  

The first 54 patients (62 vessels) formed the derivation cohort. ASLA score was the best predictor 

of FFR≤ 0.8 (AUC 0.83, p <0.001) compared to %APV (0.72), CT >50% (0.76), APPROACH 

score (0.79), area-stenosis (0.73), diameter-stenosis (0.74), minimum-luminal-diameter (0.74), 

minimal-luminal-area (0.72), and lesion-length (0.67). ASLA score and not %APV, provided 

incremental predictive value when added to CT>50 [(NRI 0.71, p=0.005) vs. (NRI 0.01, p=0.96)]. 

In the validation cohort of 27 patients (32 vessels), the ASLA score (AUC 0.85) was again a better 

predictor of FFR≤ 0.8 compared to %APV (0.71), CT>50% (0.66) and other CT indices. The AUC 

of ASLA score was superior to CTCA>50% (p=0.001). 

 

CONCLUSION: ASLA score is a novel predictor of functional significance of coronary stenosis 

and adds incremental predictive value to CT>50 but %APV did not. 

 
 
 
Key Words: Coronary artery disease, Fractional Flow Reserve, ASLA score Computed 

Tomography Coronary Angiography, percent Aggregate Plaque Volume 

 

ABBREVIATIONS 
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CTCA: Computed Tomography Coronary Angiography 

ICA: Invasive coronary angiography 

CAD: Coronary artery disease 

APV: Aggregate Plaque Volume 

ASLA: Area stenosis, lesion length, area of myocardium subtended by APPROACH score 

IVUS: Intravascular Ultrasound 

FFR: Fractional flow reserve 

APPROACH: Alberta Provincial Project for Outcome Assessment in Coronary Heart     Disease 

ASLA: Area stenosis Lesion length Approach Score 

SM: Supplementary material 

 
Introduction 
 
Computed Tomography Coronary Angiography (CTCA) is an established non-invasive test to detect 

coronary stenosis in individuals with low to intermediate risk of coronary artery disease (CAD) (1, 2). 

However, CTCA is limited by low specificity to predict lesion specific ischaemia and visual or 

quantitative assessments of coronary stenosis do not correlate well to fractional flow reserve (FFR)(3). 

In addition, even the presence of obstructive disease on CTCA had poor predictive value of ischaemia 

on myocardial perfusion tests (4-6). Studies have shown that besides diameter stenosis, predictors of 

fractional flow reserve (FFR) ≤ 0.8 are area stenosis, lesion length and ischaemic burden (7-9). In 

addition, for intermediate stenosis, lesions in proximal LAD with larger myocardial supply and 

ischaemic burden had more significant FFR values compared to distal LAD, left circumflex artery and 

right coronary artery(10). Based on these observations, the ASLA (Area Stenosis Lesion length and 

APPROACH score) score has been described. It was demonstrated to predict significant FFR and 

provide incremental predictive value over individual indexes alone(11). It incorporates lesion length, 

area of stenosis and the area of myocardium subtended by coronary stenosis estimated by APPROACH 

score (Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease).  

 

In addition to the identification of luminal stenosis, plaque quantification can also be derived from 

CTCA (12). Nakazato et al demonstrated that percent aggregate plaque volume (% APV) was the best 
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predictor of FFR significant lesions amongst various CTCA indexes and it was shown to provide 

incremental diagnostic value when added to individual CTCA indexes (13).  To date, diagnostic 

accuracy of the ASLA score and percent APV have been evaluated only in vessels with focal lesions 

with intermediate diameter stenosis severity. In this study, we assessed and compared the diagnostic 

accuracy of ASLA score and percent APV in vessels with wide range of stenosis severity and in vessels 

with multiple stenoses.  

 

Methods 

We included consecutive patients with suspected coronary artery disease who underwent clinically 

indicated 320 detector–row CTCA and ICA with FFR within a three month period between December 

2013 and January 2015.   FFR assessment was performed in at least one lesion of mild (>30%) severity 

as visually assessed on CTCA. Our institutional Human Research Ethics Committee approved the 

study. Excluded were patients with  > 3 months duration between CTCA an FFR, poor quality images, 

prior coronary artery bypass grafting, left ventricular dysfunction, acute coronary syndrome and vessels 

with more than one severe lesion, severe calcification, diffuse disease, severe stenosis in the distal 

segment, intra coronary stents and small vessel diameter (<2mm).  

 

CT coronary angiography 

Patients underwent cardiac CT assessment using a 320-row detector CT scanner (Aquilion One 

Vision; Toshiba Medical Systems Corp., Tokyo, Japan). All patients received sublingual 

nitroglycerine, and additional beta-blockers were administered to achieve a pre-scan heart rate of 

<60 beats/min in accordance with Society of Cardiovascular Computed Tomography guidelines 

(14). 

A bolus of 55 mL of 100% iohexol 56.6 g/75 mL (Omnip- aque 350; GE Healthcare, Princeton, NJ) 

was injected into an antecubital vein at a low rate of 5 mL/sec, followed by 20 mL of a 30:70 

mixture of contrast material and saline, followed by 30 mL of saline. Scanning parameters were as 



Page | 191  
 

follows: detector collimation: 320 3 0.5 mm; tube current:300–500 mA (depending on body mass 

index), tube voltage: 120 kV; gantry rotation time: 350 msec; and temporal resolution: 175 msec. 

Prospective electrocardiographic gating was used, covering phases 70%– 80% of the R-R interval. 

Scanning was completed with a single R-R interval utilizing a 180° segment if heart rate was < 65 

beats per minute or slower and data segments from two consecutive beats were used for multi-

segment reconstruction with an improved temporal resolution of 87 msec in patients with a heart 

rate greater than 65 beats per minute,  

Analysis of CT coronary angiograms 

Data was transferred to an external workstation (Vitrea 6, version 6.0; Vital Images, Minnetonka, 

Minnesota) for further analysis. Two experienced cardiologists (KM & DW) who were blinded to 

the results of coronary angiography and FFR measurements performed the analysis independently. 

Plaque quantification was performed using a dedicated software tool (Sure Plaque, Vitrea 6, version 

3.0; Vital Images and Toshiba Medical Systems). Further manual adjustments were performed for 

the lumen and the outer vessel wall using dedicated window settings [230W and 83 L if the luminal 

Hounsfield unit (HU) was <500; and 300W and 150 L if the luminal HU was >500] (15). If 

necessary, additional window setting of 740W / 220L and 1400W / 400L were used in the presence 

of non-calcified and calcified plaque respectively, to assess outer vessel wall (16) (Figure 1) (SM 

Fig 4).  

 

Vessels were categorised based on visual diameter stenosis of >50% (CT>50) and quantitative 

computed tomography (QCT) stenosis > 70%. APPROACH score was used to evaluate the 

proportion of the myocardium perfused by each artery as previously described (17, 18) (SM Table 

3). The modified score considers the location of the lesion (proximal, middle, or distal) and the 

dominance and size of the secondary branches and provides an estimate of the percentage of 

supplied myocardium beyond the considered coronary lesion. For the assessment of ASLA score, 

each lesion was assigned individual score based on lesion length, area stenosis and APPROACH 
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score as previously described (11). ASLA score was derived after addition of individual scores for a 

possible total of 18 points (Table 1). In vessels with multiple stenoses, the most significant lesion 

was analysed for minimal luminal area (MLA), minimal luminal diameter (MLD), lesion length and 

ASLA score (SM Fig 3). 

 

For the assessment of percent APV, ostium to the distal edge of the lesion in vessels with single lesion 

and from the ostium to the distal edge of the distal lesion in vessels with multiple lesions was 

considered. As a first step, plaque area defined as the area between the outer contour of the vessel 

(vessel area) and the lumen at each slice (0.5mm) was determined. Secondly, aggregate plaque volume 

was obtained by summation of all plaque areas. Thirdly, total vessel volume was derived from the 

summation of all vessel areas.  Percent aggregate plaque volume was calculated as aggregate plaque 

volume divided by total vessel volume and reported as percentage (13).  

 

Invasive coronary angiography and FFR measurement 

Invasive coronary angiography was performed as per standard catheterisation procedure in accordance 

with the American College of Cardiology guidelines for coronary angiography (19). FFR was measured 

using pressure sensor tipped guide wire (Pressure wire Certus; St Jude Medical, St Paul, Minn) as 

previously described. Intracoronary glyceryl trinitrate (100 µg) was injected to minimise vasospasm. 

Intravenous adenosine was administered at 140 µg/kg/min through an intravenous line in the 

antecubital fossa.  At steady state hyperaemia, FFR was assessed by using the Radi Analyser Xpress (St 

Jude Medical) and was calculated by dividing the pressure obtained distal to the stenosis to the mean 

aortic pressure measured through the guide catheter. An FFR of 0.8 or less was considered to indicate 

lesion-specific ischaemia (20). 

 

Statistical analysis 
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Continuous variables are expressed as mean ± standard deviations or with 95% confidence interval. 

Categorical variables are expressed as percentages. Continuous and categorical variables were 

compared using t test, Mann-Whitney or chi-square as appropriate. Correlations between coronary CTA 

parameters and FFR were assessed by calculating Pearsons correlation coefficient. Inter-observer 

variability was assessed by using the intra-class coefficient and Bland Altman test.  For Univariate 

binary logistic regression analysis, standardised odds ratio coefficients were added to enable direct 

comparison of predictors. Any cut off value of 0.25 on univariate analysis are usually included in the 

multivariate analysis and we chose covariates with P <0.2 on univariate analysis to be included in the 

multivariate analysis by using the “enter” approach. For the multivariate logistic regression analysis, 

odds ratios were reported. 

  

To examine discrimination, area under the receiver operating characteristic curves (AUC) were 

calculated and compared for the different CTCA parameters using De Long method (21). We 

determined the net reclassification improvement of ASLA score and percent APV over CT>50 to 

predict FFR ≤ 0.8. To determine intra-observer and inter-observer variability for calculation of percent 

APV and ASLA score, eighteen random subjects were selected (eight patients with FFR ≤ 0.8). A p 

value of < 0.05 was considered statistically significant. Statistical analysis was performed with SPSS 

18 (SPSS, Chicago, III). 

 

Results 

Patient characteristics 

There were 145 patients who underwent CT and FFR assessment in our institution during the study 

period. All the patients in the study had CTCA initially for assessment of chest pain and the treating 

physician decided on the need for further investigations. Patients were excluded from the study for 

the following reasons: presence of minimal stenosis < 30% (n=16), poor image quality (n=7), vessel 

diameter < 2mm (n=14), excessive calcification (n=17) and multiple severe tandem lesions (n=10). 
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The remaining 81 patients (mean age 64.7 ± 9 years, 62% male) with 94 vessels were included for 

analysis. The time interval between CTCA and FFR was less than three months. Of the 94 vessels 

(56 - LAD, 16 - LCx and 22 - RCA) included in the study, 42 vessels were FFR significant, 41 

vessels had single lesion and 63 vessels had multiple lesions. There were 29 vessels with non-

calcified plaque and remaining vessels had calcified or partially calcified plaque. Participants in the 

study did not undergo revascularisation between CTCA acquisition and FFR measurement and there 

were no events during this period. Patient characteristics are shown in table 2.  

The first 62 vessels were analysed for the assessment of diagnostic accuracy of ASLA score, %APV 

and various CT indices and formed the derivation cohort. The subsequent 32 vessels formed the 

validation cohort where the results were tested again. 

 

DERIVATION COHORT (54 patients and 62 vessels)  

Relationship between CTCA parameters and significant FFR.  

There were 39 vessels (61%) with CT>50 stenosis. On per vessel analysis, the sensitivity, specificity, 

negative predictive value (NPV) and positive predictive value (PPV) of CT>50 for predicting 

significant FFR were 95%, 59%, 90% and 68% respectively. There were 22 vessels (35%) with CT>70 

stenosis and on per vessel analysis, the sensitivity, specificity, NPV and PPV of CT > 70 were 57%, 

84%, 68% and 77% respectively. On univariate analysis, there was significant association between FFR 

≤ 0.8 and CT>50 (AUC: 0.76; 95% CI: 0.64, 0.89, p=0.004), CT >70 (AUC: 0.71; 95% CI: 0.57, 0.84, 

p=0.001), diameter stenosis (AUC: 0.74; 95% CI: 0.61, 0.87; p < 0.004), MLD (AUC: 0.74; 95% CI: 

0.61, 0.87; p < 0.004), MLA (AUC: 0.72, 95% CI: 0.59, 0.85; p = 0.005), CTCA QCT (0.68; 95% CI: 

0.55, 0.82, p < 0.004) and APPROACH score (0.79; 95% CI: 0.68, 0.9; p < 0.001). There was no 

significant association between lesion length and FFR ≤ 0.8 (AUC: 0.67; 95% CI: 0.54, 0.81; p < 

0.077) (SM Table 4 and Fig 5). 

 

Relationship between ASLA score and significant FFR 
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The mean ASLA score in vessels with FFR ≤ 0.8 was 13.6 ± 4.06 compared to 7.6 ± 4.4 versus for 

vessels with FFR > 0.8 (p < 0.001). On a per vessel analysis, the AUC of ASLA score for predicting 

FFR ≤ 0.8 was 0.83 (95% CI: 0.73-0.93; p < 0.001) and was superior compared to area stenosis, lesion 

length and APPROACH score. The measurement of ASLA score was highly reproducible with 

excellent intra-observer and inter-observer intra-class correlation coefficient of 0.99 (95% CI: 0.99 – 

0.99) and 0.99 (95% CI: 0.99 – 0.99) respectively (SM Table 5). The ASLA score ≤ 4 (100 % 

sensitivity and NPV) and ASLA score ≥ 15 (94% specificity and 86% PPV) were able to identify FFR 

insignificant and FFR significant lesions respectively (Figure 2). On an average it took 4.7 minutes 

(range: 3 to 8 minutes) to calculate ASLA score.  

 

 

Relationship between percent APV and significant FFR 

The mean percent APV in vessels with FFR ≤ 0.8 was 54.9 ± 9 mm3 compared to 48.8 ± 12.6 mm3 for 

vessels with FFR > 0.8 (p < 0.03). On a per vessel analysis, the AUC for percent APV to identify lesion 

specific ischaemia was 0.72 (95% CI: 0.59-0.85; p < 0.039).  The percent APV measurements was 

reproducible with intra-observer and inter observer intra-class correlation coefficient of 0.99 (95% CI: 

0.90 - 0.99) and 0.85 (95% CI: 0.40 - 0.96) respectively (SM Table 6). On an average, it took 42 

minutes to calculate percent APV.  

 

We performed 2 multivariate models. Model 1 included ASLA score, CT>50, lesion length, area 

stenosis and APPROACH score. Model 2 included percent APV as a co-variate in addition to the 

parameters in Model 1.  Only ASLA score was predictive for lesion specific ischemia in both the 

models whilst the other parameters were not significant. 

 

Incremental predictive value of ASLA score to predict significant FFR 
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When added to CT>50%, only ASLA score provided incremental predictive value [Net reclassification 

index 0.71, p < 0.005) and percent APV did not (NRI 0.01, p = 0.96). On direct comparison of AUC, 

ASLA score (0.83) had a trend of being superior to APV (0.72) for predicting significant FFR but did 

not reach statistical significance (p = 0.07). 

 

VALIDATION COHORT (27 patients, 32 vessels) 

The results from the validation cohort confirmed that ASLA (AUC of 0.85, p= 0.007) was the best 

predictor of significant FFR compared to % APV (0.71), CT> 50 (0.66), MLD (0.80), MLA (0.81), 

area stenosis (0.81), diameter stenosis (0.79), lesion length (0.81), Approach score (0.73).  CT>50 [OR 

8.3 (CI: 0.88 – 0.78) p=0.07, n=10] and CT>70 [OR 2.5 (CI: 0.55-11.33), p= 0.24, n=10] were not 

significant in predicting functionally significant lesions. On comparison of AUC of ASLA score to 

CT>50, ASLA score was found to be superior (p =0.001). 

 

ASLA score < 5 (100% sensitivity and 100% NPV) and ASLA score of > 14 (94 % specificity and 94% 

PPV) were able to identify FFR insignificant and FFR significant vessels respectively. ASLA score of 

10 had sensitivity of 86% and specificity of 71% in the identification of lesion specific ischaemia.  

 

Discussion 

To our knowledge, this study is the first to compare the diagnostic accuracy of ASLA score and 

aggregate plaque volume using 320-detector row CT with invasive functional standard FFR as 

reference. ASLA score was the best parameter at predicting functional significance of stenosis. 

ASLA score but not aggregate plaque volume, added incremental predictive value when added to 

CT >50 for predicting significant FFR.  

ASLA score is a predictor of functionally significant lesions 

Following a CTCA, although visually determined diameter stenosis greatly determines the need for 

further investigations, it lacks specificity in identifying functionally significant lesions (22). In our 
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study, only ASLA score provided incremental predictive value when added to CT > 50 suggesting that 

there may be a role for ASLA score to further streamline patient management. Our findings indicate 

that lesions on CTCA with ASLA score ≤ 4 could potentially be managed conservatively while those 

with ASLA score of ≥ 15 referred for cardiac catheterisation. Patients with scores between 5 and 14 

require further assessment by a functional test or FFR (SM Fig 6). The addition of ASLA score is 

attractive as on average it takes < 5 minutes to calculate at point of care, is reproducible and improves 

the diagnostic ability of CTCA without the need for additional imaging, reconstruction or cost.  

 

Coronary flow is complex and is determined by various factors.  Poiseuille equation illustrates that the 

pressure gradient across a coronary lesion is directly proportional to the coronary blood flow, blood 

viscosity and lesion length, and is inversely proportional to the 4th power of the radius. ASLA score 

takes into account most of these components and its performance in our study is consistent with 

previous observations and broadens the use of ASLA score beyond its application in focal lesions of 

intermediate stenosis. In vessels with multiple lesions, the ASLA score was superior to percent APV 

and other CT parameters in predicting significant FFR, when the score was applied to the most severe 

lesion. There are several other CT parameters that have been studied to assess their suitability to 

identify haemodynamically significant lesions.  Non-invasive CT-FFR (23) appears to the best tool 

available but is limited by high cost and long processing time involving the use of an offsite super 

computer. Computational CT-FFR using novel algorithms with prototype software appears promising. 

In two small studies, CT –FFR was found to be the best predictor of lesion specific ischaemia (AUC of 

0.91 and AUC of 0.85) compared to various other CT parameters (24, 25). As the technology further 

improves and until CT-FFR is more readily available, ASLA may serve as a complementary technique 

to CTCA visual diameter stenosis assessment. 

 

Although lesion length and percent APV were shown to be associated with lesion specific ischaemia (7, 

11, 13), Park et al demonstrated the association of these parameters to significant FFR only in lesions 
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with stenosis > 50% (26). Whereas in our study, whilst significant association between lesion length 

and FFR ≤ 0.8 was observed only in the validation cohort, we found no association between percent 

APV and FFR significant lesions, and percent APV did not add incremental value to CT>50. We differ 

from previous studies as we assessed vessels with varying degree of stenosis and number of lesions, 

which may have contributed to the difference in the significance of lesion length and percent APV.  

Several IVUS studies have found inconsistent relationship between plaque burden and FFR. The 

location of the lesion (proximal vs. distal) and the vessel involved (LAD vs. non-LAD) appear to 

influence the results, which may be due to the difference in the myocardium subtended. In addition, it 

has been observed in post mortem studies that positive or negative remodelling affects lumen 

differently regardless of the plaque size (27, 28). Hence, it is possible for the effect of percent APV to 

vary depending on the location of the lesion and extent of remodelling.  

 

Limitations 

Our study was retrospective and limited to a single centre involving a selected small number of 

patients and the results need confirmation in larger multicentre studies. The ASLA score is also of 

clinical utility at extremes of scores and is applicable in selected patients.  Calcification limits 

application of ASLA score due to blooming artefacts.  In addition, there is a possibility of missing 

mild calcification due to high luminal HU leading to an error in the assessment of stenosis severity 

(29).  The performance of ASLA score was not tested in vessels with severe stenosis in distal 

segments, in bypass graft lesions and in patients with impaired left ventricular function. 

Furthermore, we have not assessed the clinical impact of plaque composition in our study. 

Fractional flow reserve was clinically indicated at physician’s discretion, which may have lead to a 

selection bias. In vessels with more than one lesion, the most severe lesion was considered for 

analysis and the other less severe lesions in the same vessel could also have influenced FFR results. 

In our study, we assessed only the images with Likert score of ≥ 3 and we acknowledge that it may 
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have impacted our results. Lastly, this is a single vendor study and only one platform was used for 

imaging analysis. Therefore, result may not be universally applicable. 

 
Conclusion 

ASLA score is a novel predictor of functional significance of coronary stenosis. ASLA score adds 

incremental predictive value to CT>50 but percent APV did not. If the performance of ASLA score 

is confirmed in larger studies, it has the potential to be used in routine clinical practice to improve 

the diagnostic accuracy of CTCA. 
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Table	1:		ASLA	Score	

 
Variable and Value Score assigned 

Area of Stenosis  

> 63 7 

47- 63 2 

31- 46 1 

<31 0 

Lesion Length  

>28 6 

10.8 - 28 1 

< 10.8  0 

APPROACH Score 

>44 5 

25.1- 44 2 

18 - 25 1 

< 18 0 

TOTAL MAX = 18 
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Table 2. Baseline Patient Characteristics  

 Derivation Cohort 

(n=54) 

Validation Cohort 

(n=27) 

Age, years 64.7 ± 9  63.2± 7 

Male  62 % 66% (18) 

Risk factors                                                                                      

Hypertension 64% (32) 88% (24) 

Diabetes mellitus 18% (9) 33% (9) 

Dyslipidaemia 58% (29) 66% (18) 

Current smoker 18% (9) 14% (4) 

Obesity 4% (2) 11% (3) 

Prior AMI / Prior PCI  6% (3) 7% (2) 

Family history of IHD 46% (23) 40% (11) 

Distribution of Vessels  

Left anterior descending artery 59% (56) 65% (21) 

Left circumflex artery 17% (16) 21% (7) 

Right coronary artery 25% (24) 12% (4) 

Lesion Characteristics  

Obstructive lesions (> 50% stenosis) 43% (41) 75% (24) 

Vessels with non-calcified plaques 30% (29) 18% (6) 

Vessels with mixed / calcified plaques  70% (13) 81% (26) 
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A                                                                              B 
 
Figure 1: A- CTCA image with an analysed left anterior descending artery (LAD) segment with 

severe stenosis. Lumen is depicted in green, non-calcified plaque in blue with low attenuation plaque 

in red and calcium in yellow. The % APV was 45.2%.  ASLA score was 18 [6 for lesion length 

(59.5mm) + 7 for area stenosis (91%) + 5 (44.5) for APPROACH score). B- Corresponding LAD 

image on invasive angiogram with significant FFR (0.53) 
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Figure 2: Scatter Plot showing distribution of FFR values and ASLA scores. ASLA score of 4 ≤ had 

100% sensitivity and negative predictive value of 100% in excluding lesion specific ischaemia. ASLA 

score ≥ 15 had 94% specificity and positive predictive value of 86% in predicting FFR significant 

lesions.  
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Culprit  

lesion  

location  

 

Infarct related artery  

Side branches      ! 

    

  "     

Diagonal artery for LAD occlusion only 

Or  

Posterolateral artery for all others  

Small or or 

absent  

Medium Large  

LAD  

(RD or LD) 

 Distal  13.75 14.8 15.9 

Mid  27.5 29.7 31.8 

Proximal  41.25 44.5 47.75 

Proximal 

LCx (RD) 

 

     OM 

Small or 

absent 

9.25 12.5 15.75 

Medium  15.25 18.5 21.75 

Large 21.25 24.5 27.75 

Proximal 

LCx (LD) 

 

     PDA 

Small or   

absent 

23.5 28 32.5 

Medium 29.5 34 38.5 

Large 35.5 40 44.5 

Mid LCx  

(LD)  

or  

RCA (RD) 

 

     PDA 

Small or 

absent 

9.25 12.5 15.75 

 

Medium  15.25 18.5 21.75 

Large  21.25 24.5 27.75 

Mid LCx  

(RD) 

 3.25 6.5 9.75 

 

Table 3: APPROACH Score. APPROACH score is calculated based on the culprit lesion location 
(represented in the table in the first column) and the size of the side branches (represented by the 
second column and the top right row). For instance, APPROACH score for a lesion in proximal 
LAD with a large diagonal artery would be 47.75. On the other hand, APPROACH score for a 
lesion in RCA with a small PDA and a small PLV would be 9.25.  
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Table 4. Computed tomography coronary angiography parameters of studied lesions as a 

function of fractional flow reserve  

Parameter FFR > 0.8 (34) FFR ≤ 0.8 (34) P Value 

Percent APV (%) 48.8 ± 12.6  54.9 ± 9  0.03 

Length (mm) 22.8 ± 14.8  29.7 ± 14.4 0.07 

Area Stenosis (mm2) 60.6 ± 23.8  79.3 ± 17.5 0.001 

Diameter Stenosis (mm) 51.2 ± 22.6  68.5 ± 17.2 0.001 

MLD (mm) 1.7 ± 0.87  1.09 ± 0.67 0.002 

MLA (mm2) 5.04 ± 3.37  2.6 ± 2.44 0.002 

ASLA Score 7.6 ± 4.4 13.6 ± 4.06 <0.001 

APPROACH score 25.3 ± 11.9 37.2 ± 9.6 <0.001 
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Table 5.  ASLA score: Interobserver Variability 
 
Assessment of ASLA score parameters and Interobserver Variability 

(Lesion characteristics quantified according to CT and Interobserver Variability) 

Characteristic Mean ± Standard 

Deviation 

Interobserver interclass 

Correlation Coefficient 

Area of Stenosis (%) 47.8 ± 24 0.977 (0.91,0.99) 

Lesion Length (mm) 19.5 ±11.4 0.954 (0.824,0.988) 

APPROACH Score 26.5 ±11.9 1.0 (1.0,1.0) 

ASLA Score 8.85 ± 4.84 0.97 (0.88, 0.99) 
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Table 6:  Intraobserver and interobserver variability of percent APV 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Percent aggregate plaque 

volume 

Intraobserver Interobserver 

Intraclass coefficient (35) 

      Bland Altman 

           Mean difference  

           p value 

           Limits of agreement 

 

0.991 (0.903 - 0.999) 

0.114 ± 1.96% 

0.86 

-3.84 – 3.62 

 

0.851 (0.401 – 0.963) 

-0.544 ± 3.663% 

0.65 

-7.72 – 6.64 
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Figure 3: CTCA image of LAD with severe proximal segment stenosis and further moderate mid 

segment stenosis. ASLA score was calculated for the proximal lesion. The ASLA score was 18 (7 for 

area stenosis, 6 for lesion length and 5 for Approach score). Invasive FFR was 0.73.  Percent APV 

was calculated from the ostium to the distal edge of the distal lesion.  
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A                                                                         B 

Figure 4: A- CTCA image with an analysed mid segment of left anterior descending artery (LAD) 

with moderate stenosis. The % APV was 52.9%.  ASLA score was 5 [1 for lesion length (19.3mm) + 

2 for area stenosis (58%) + 2 for APPROACH score (29.75)].  

B- Corresponding LAD image on invasive angiogram with an FFR of 0.86 which was not significant 
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Figure 5.  Receiver operating characteristic curves of ASLA score, APPROACH score, area of 
stenosis, lesion length and percent aggregate plaque volume (from derivation cohort). The AUC for 
ASLA score, area stenosis, lesion length, APPROACH score and percent APV were 0.83. 0.77, 0.67, 
0.79 and 0.72 respectively.  
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PROXIMAL 
LAD 

Figure 6: Flow chart for ASLA score application  
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Objectives: To describe the feasibility and accuracy of a novel CT technique (CT-FFR) to derive 

fractional flow reserve based on alternative boundary conditions. 

Background:  Techniques used to compute fractional flow reserve (FFR) based on images acquired 

from coronary CT angiography (CTCA) have been described. Boundary conditions are typically 

determined by allometric scaling laws and assumptions regarding microvascular resistance. 

Alternatively boundary conditions can be derived from the structural deformation of coronary 

lumen and aorta though its accuracy remains unknown.  

Methods:  Forty-two patients (78 vessels) in a single institution prospectively underwent 320-

detector-CTCA and FFR. Deformation of coronary cross-sectional lumen and aorta, computed from 

CTCA images acquired over diastole, was used to determine the boundary conditions based on 

Hierarchical-Bayes modelling. CT-FFR was derived using a reduced-order model performed on a 

standard desktop computer and dedicated software.  First 12 patients (20 vessels) formed the 

derivation-cohort to determine optimal CT-FFR threshold to detect functional stenosis defined as 

FFR≤0.8, which was validated in the subsequent 30 patients (58 vessels).   

Results: Derivation-cohort results demonstrated optimal threshold for CT-FFR was 0.8, with 67% 

sensitivity, 91% specificity. In the validation-cohort, CT-FFR was successfully computed in 56/58 

vessels (97%). Compared with CTCA, CT-FFR ≤0.8 demonstrated a higher specificity (87% vs 

74%) and positive predictive value (74% vs 60%), with comparable sensitivity (78% vs 79%), 

negative predictive value (89% vs 88%) and accuracy (AUC 0.88 vs 0.77, P=0.22). Based on 

Bland-Altman analysis, mean intra-observer and inter-observer variability for CT-FFR was -

0.02±0.05 (95% limit of agreement -0.12 to 0.08) and 0.03±0.06 (0.07-0.19). Mean per-patient time 

for CT-FFR analysis was 27.07±7.54 minutes. 

Conclusions: CT-FFR based on alternative boundary conditions and reduced-order fluid model is 

feasible, highly reproducible and may be accurate in detecting FFR≤0.8. It requires a short 

processing time and can be completed at point-of-care. Further validation is required in large 

prospective multicentre settings.   
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Clinical Perspective: 

Competency in medical knowledge 

Non-invasive CT fractional flow reserve (CT-FFR) using boundary conditions determined by 

assessing coronary luminal and aortic deformation during diastole and a reduced-order fluid model 

is feasible, highly reproducible and may be accurate in detecting FFR≤0.8. It requires a short 

processing time and can be completed at point-of-care. 

 

Translational Outlook 

The diagnostic performance of CT-FFR requires further evaluation and validation using on large 

prospective multicentre observational studies. 
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Introduction 

Ischemia assessment remains the cornerstone management of stable coronary artery disease (CAD), 

as its presence and burden determine outcomes and benefit from revascularization (1). Traditional 

stress tests and imaging modalities provide assessment of overall ischemic burden, yet remain 

limited in ischemia localisation and guiding revascularization on per vessel basis. Invasive 

fractional flow reserve (FFR) is the established standard to assess the functional significance of 

coronary stenosis. It represents the ratio of distal coronary and aortic pressure and leads to improved 

clinical outcomes when used to guide revascularization compared to invasive angiography (1,2).  

 

HeartFlow FFRCT is a technique used to non-invasively derive invasive FFR by applying the 

principles of computational fluid dynamics (CFD) and image based modelling on typically acquired 

CT coronary angiography (CTCA) images which permit computation of coronary flow and 

pressures along the length of the entire coronary tree. Compared with invasive FFR, the diagnostic 

accuracy range between 73-81%, with sensitivity of 86-93%, and specificity of 54-79% (3,4), and 

its potential cost effectiveness when compared with invasive angiography has been described (5,6).  

 

In CFD-based techniques, pressure and flow along the coronary tree are derived using 3 broad steps 

(7), 1) generation of an anatomical model using CT data, 2) application of mathematical principles 

to derive coronary boundary conditions 3) the use of a numerical solution which accounts for fluid 

dynamics to simulate flow and pressure. 

 

In FFRCT, the boundary conditions are determined by allometric scaling laws and assumptions 

regarding coronary microvascular resistance (7) and the numerical solution used to simulate fluid 

dynamics permits three dimensional pressure and flow evaluation in each pixel of the coronary tree.  

 

In this paper, we describe a novel technique (CT-FFR) in which boundary conditions are derived by 

accounting for the structural deformation changes in the coronary lumen and adjacent aorta across 
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the entire diastolic phase of the cardiac cycle (8,9). The numerical solution used to simulate fluid 

dynamics in CT-FFR is a reduced order (one dimensional) fluid model which permits evaluation of 

pressure and flow at each luminal cross-section of the coronary tree. (10). 

 

Phantom feasibility studies using a pump connected to flexible tubes with varying degrees of 

stenosis have demonstrated excellent correlation between CT-FFR and invasive FFR measurements 

(8,9). However the feasibility and diagnostic performance of CT-FFR in human populations, and its 

incremental value when compared with CTCA remain unknown. Our primary aim is to determine 

the feasibility and diagnostic accuracy of CT-FFR to detect functionally significant stenosis. Our 

secondary aim is to evaluate the incremental value of CT-FFR upon CTCA. Fractional flow reserve 

was used as the reference standard.  

 

Methods 

 Symptomatic patients with no known CAD who were at intermediate or high risk (11) and were 

scheduled for clinically mandated elective invasive coronary angiography (ICA) at Monash Medical 

Centre were screened Exclusion criteria included age <40 years, atrial fibrillation, renal 

insufficiency (eGFR <60mL/min/1.73m2), bronchospastic lung disease requiring long term steroid 

therapy, morbid obesity (BMI≥40) and contraindications to iodinated contrast. Screened patients 

were included in the study upon providing consent to undergo a research indicated CTCA and 

invasive FFR in a least one major epicardial vessel with > 2mm diameter during invasive coronary 

angiography. Among the 42 patients who were recruited in the study, the first twelve patients 

formed the derivation cohort and the subsequent thirty patients formed the validation cohort.  The 

study was approved by the institutional human research ethics committee and all participants gave 

written informed consent. 

Computed tomography imaging protocol  
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Patients underwent cardiac CT assessment using a 320-row detector CT scanner (Aquilion ONE 

ViSIONTM, Toshiba Medical Systems Corporation, Japan).  The CT protocol consisted of calcium 

score followed by CT coronary angiography. All patients received sublingual nitroglycerine and 

additional beta-blockers were administered to achieve a pre-scan heart rate of <60 beats per minute 

(bpm) in accordance to societal guidelines (12). Scanning was triggered in the arterial phase using 

automated contrast bolus tracking with a region of interest placed in the descending aorta, and 

automatically triggered at 300 Hounsfield units.  Scan parameters for CTCA were: Detector 

collimation 320x0.5mm; tube current 300-500mA; tube voltage 100-120kV; gantry rotation time 

270ms; and temporal resolution 135ms. Prospective electrocardiogram (ECG) gating was used 

covering 70-99% of the R-R interval. Effective radiation dose was calculated by multiplying the 

dose-length product (DLP) by a constant (k=0.014mSv/mGy/cm) (13). 

CTCA analysis  

Stenosis severity on CTCA were interpreted on a dedicated workstation (Vitrea Fx 6, Vital Images, 

MN, USA) by two experienced CT angiographers (SF, KT) at the Juntendo CTCA core laboratory, 

blinded to the results of ICA and FFR in accordance to the 18 coronary segment model (14) with 

disagreement resolved by consensus. A vessel was considered significant if there was ≥1 segment 

which was non-evaluable or with a >50% luminal stenosis. 

CT-FFR analysis 

The CT-FFR analysis was performed by two experienced post processing technicians (YF, TS) at 

the Toshiba Medical Systems Corporation core laboratory blinded to the results of the invasive FFR 

using a standard desktop computer (Intel Xeon E5-2620, 6 core x 2 processor) and dedicated 

software (Toshiba Medical Systems, Japan) (Figure 1). Three-dimensional models of the coronary 

tree were constructed from the CT slice data using the FC03 reconstruction kernel (SurePlaque, 

Toshiba, Japan). Vessel centerline and luminal contours were automatically processed. Manual 

adjustments were performed as required.  
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Four CT images were reconstructed from the available phases (at 70, 80, 90, and 99% of R-R 

interval). Each mm of the coronary tree from the vessel inlet to outlet (up to 1.8mm in diameter) 

was registered and permitted calculation of structural data including the cross sectional luminal 

deformation, volume variation in the vessels and aortic root. Blood was modelled as a non-

Newtonian fluid using the Herschel-Bulkley fluid constitutive model.    

 

A number of physical principles and relationships were used to derive the boundary  conditions 1) 

the volume variation in the aorta is related to inlet coronary flow rate during diastole (70-100%), 2) 

the boundary pressures of the coronary outlets during diastole relate to the cross sectional luminal 

deformation, vessel stiffness, cross sectional luminal shape and the pressure at when flow rate is 0, 

3) the extent of pressure loss between the aorta and coronary artery outlets relates to the flow rate of 

the coronary outlets, 4) microvascular resistance is minimized during diastole and constant such that 

pressure is proportional to flow (15).  

 Hierarchical Bayes modelling was used to integrate the CT data and structural and fluid analysis 

conditions. This model takes into account the probability distribution based on observed structural 

measurements and prior data, the latter is generated using simulation-based parameter surveys and 

Markov-Chain Monte Carlo simulation.   

 

Based on the finite element mesh model reconstructed from the CT data, structural and fluid 

analysis was performed using the finite-difference method based on the continuity, momentum and 

constitutive equations. A reduced order fluid model was used with a fluid resistance database which 

provided one-dimensional pressure and flow simulations across the coronary tree. The clinical site 

provided the Toshiba core laboratory with the distance measured from the vessel ostium to pressure 

sensor of FFR wire for each interrogated vessel in order to directly match the FFR result with CT-

FFR estimate. CT-FFR values were calculated from the derived pressures along the length of the 

vessel to a minimum diameter width of 1.8mm.  



Page | 222  
 

 

Invasive angiography and FFR 

Invasive coronary angiography was performed as per standard practice either via the femoral or 

radial approach. FFR was performed during ICA in at least 1 vessel with diameter ≥ 2mm and 10% 

to 90% visual stenosis, and was chosen at the discretion of the operator blinded to the CT findings. 

The pressure wire (Pressure wire Certus 7, St Jude Medical, USA) was calibrated and electronically 

equalised with the aortic pressure before being placed in the distal third of the coronary artery being 

interrogated. Intracoronary glyceryl trinitrate (100mcg) was injected to minimise vasospasm. 

Intravenous adenosine was administered (140mcg/kg/min) through an intravenous line in the 

antecubital fossa. At steady-state hyperaemia, FFR was recorded and calculated by dividing the 

mean coronary pressure measured with the pressure sensor placed distal to the stenosis by the mean 

aortic pressure measured through the guide catheter. The pressure sensor was then pulled back into 

the tip of the guiding catheter, and only runs with ≤0.03 drift were accepted for analysis. A FFR 

value ≤0.8 was chosen to define functionally significant stenosis (1). 

Quantitative coronary angiography 

Quantitative coronary angiography was performed using a 18-segment coronary model (14). This 

was performed using a semi-automated edge detection system (Xcelera Cath R3.2, Philips, 

Netherlands) by two experienced cardiologists (YM, ML) at the Monash Heart core laboratory who 

were blinded to FFR and CT findings with disagreement resolved by consensus. Each coronary 

segment was visually assessed for degree of luminal stenosis and a vessel was considered 

significant if there was ≥1 segment which was non-evaluable or with a >50% luminal stenosis. 

Statistical analysis 

Continuous variables are presented as mean ± standard deviation if normally distributed. 

Categorical variables are displayed as frequencies (percentage). Sensitivity, specificity, positive 

(PPV) and negative predictive value (NPV) were calculated to predict the ability of each modality 

to identify functionally significant stenoses on per vessel basis. The association between the studied 
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CT technique and FFR was assessed using a generalised estimating approach. Patient identity was 

included as a cluster variable to account for likely within-individual correlations, given that 

repeated measures were made from each individual. FFR as a dichotomous variable was assumed to 

have a binomial probability distribution. Interobserver and intraobserver reproducibility was 

performed on 16 randomly selected vessels.  Receiver-operating characteristic curve (ROC) 

analysis was undertaken to evaluate the discriminatory ability of CTCA and CT-FFR for FFR ≤0.8. 

The optimal CT-FFR threshold in the derivation cohort that provided at least 65% sensitivity and 

maximised the sum of sensitivity and specificity was chosen as threshold for the validation cohort.  

Areas under the ROC curves (AUC) were compared using the approach of DeLong et al. (16) with 

Bonferroni’s adjustment for pair-wise comparisons. The incremental value of CT-FFR to CTCA in 

discriminating significant FFR was assessed by 2 methods. The integrated discrimination 

improvement (IDI) index and category-free net reclassification index (17) were used to determine 

whether CT-FFR improve vessel classification as hemodynamically significant, compared with 

CTCA alone (18). An IDI index that is significantly greater than zero is taken to demonstrate the 

incremental value of the studied technique when added to coronary CTCA. The NRI can be 

calculated by consideration of the sum of two separate components: vessels with FFR≤0.8 and 

vessels with FFR>0.8. For vessels with FFR≤0.8, we assign 1 for upward reclassification, -1 for 

downward and 0 for vessels which do not change their risk category by applying CT-FFR when 

compared with CTA alone. For vessels with FFR>0.8, the opposite is performed. The sum of the 

individual scores is divided against the number of vessels in each group. Intra-observer and inter-

observer variability in assessment of CT-FFR were determined using Bland-Altman analysis. 

Statistical analysis was performed with SPSS version 20 (SPSS, Chicago, Illinois) and STATA 

version 13.1 (STATA Corp, College Station, Texas). A P value <0.05 was considered statistically 

significant.  

 

Results 
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In the derivation cohort, twelve patients including twenty vessels were retrospectively studied. A 

CT-FFR threshold ≤0.8 provided optimal sum of sensitivity and specificity. The ROC AUC using 

this threshold was 0.87 (95% confidence interval 0.68-1.0), with a sensitivity of 66.7% and 

specificity of 90.9%.  

 

In the validation cohort, thirty-four consecutive patients with suspected coronary artery disease 

underwent 320 detector CTCA and invasive coronary angiography with FFR measurement in 

Monash Medical Centre (n=34) between July 2014 and January 2016 (Table 1). Four patients were 

excluded due to inaccurate FFR assessment (n=1), inability to perform CT assessment due to 

deviation from image acquisition protocol (n=1), intramyocardial bridging (n=1) and poor image 

quality (n=1). Finally 58 vessels were analysed from 30 patients. 

 

Mean age was 60 years and 70% were male.  Of the 58 coronary arteries, 24 were left anterior 

descending (LAD), 2 diagonal branches, 20 left circumflex arteries (LCx) or marginal branches, 2 

ramus branches, and 10 right coronary arteries (RCA). Baseline patient and vessel characteristics 

are listed in tables 1 & 2. CT scan parameters are listed in Table 3. The number (percentage) of 

vessels with FFR≤0.80 was 19 (33%).  

 

Relationship of CT-FFR with FFR 

CT-FFR was successfully computed in 56/58 vessels (97%). The CT data in one patient (including 

2 vessels) was corrupted and precluded analysis.  CT-FFR was significantly lower in vessels with 

hemodynamically significant stenoses compared to vessels without hemodynamically significant 

stenosis, 0.63 vs 0.87 (P<0.0001). Figure 2 illustrates the correlation between CT-FFR and invasive 

FFR. CT-FFR demonstrated a statistically significant yet modest correlation with invasive FFR 

(Pearson’s R = 0.57, P<0.0001).  On Bland Altman analysis, there was good agreement between 

FFR and CT-FFR with a difference of 0.065 ± 0.137 (95% CI -0.20 to 0.33) (Figure 3).  
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Diagnostic performance of CTCA, and CT-FFR 

The diagnostic performance of CTCA and CT-FFR for diagnosis of hemodynamically significant 

stenosis is summarised in Table 4 and Figure 4.  Two case examples of correlation are provided in 

Figures 5 and 6. The ROC curve analysis for CTCA alone showed an AUC of 0.77 (P=0.001). 

Sensitivity, specificity, PPV and NPV were 78.9%, 74.3%, 60% and 87.9% respectively. Four 

hemodynamically significant stenoses (3 LAD, 1 LCx, FFR range 0.68-0.78) were identified as 

<50% stenosis on CTCA. 

 

 

Using a CT-FFR threshold of ≤0.80, the ROC curve analysis for CT-FFR demonstrated an AUC of 

0.88 (P<0.001), which was comparable with CTCA (P= 0.22). This resulted in 14 true positives, 33 

true negatives, 5 false positives (1 in LAD, 2 in LCx, 2 in RCA) and 4 false negatives (2 in LAD, 1 

in LCx, 1 in RCA). Sensitivity, specificity, PPV and NPV of CT-FFR were 78%, 87%, 74% and 

89%. The net reclassification index for CT-FFR when compared with CTCA was 1.29 (SE 0.29, P 

<0.0001). The integrated discrimination improvement for CT-FFR was 0.21 with standard error of 

0.06, (P=0.0002).  

 

Time taken and reproducibility of CT-FFR analysis 

The mean per patient time required for CT-FFR analysis was 27.07 ± 7.54 mins. There was a mean 

intraobserver variability of -0.02 ±0.05, and the 95% limit of agreement was -0.12 to 0.08. The 

mean interobserver variability was 0.03±0.06 (-0.07-0.19)  

 

 

Discussion 
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In this prospective study, we demonstrate the feasibility and high diagnostic accuracy of a novel 

CT-based technique CT-FFR to assess the functional significance of coronary stenosis as 

determined by invasive fractional flow reserve. When compared with CTCA alone, our results 

demonstrate CT-FFR provides superior specificity and positive predictive value, while the 

sensitivity, negative predictive and accuracy are comparable. CT-FFR also provided incremental 

benefit when compared with CTCA alone. The lack of difference in overall accuracy as represented 

by the ROC AUC may be attributed to an underpowered sample size.  

 

CT-based techniques to derive non-invasive FFR all require three broad steps, 1) generation of an 

anatomical model based on CT data, 2) application of mathematical principles to derive boundary 

inlet and outlet conditions which represent cardiac output, aortic pressures, outlet coronary flow and 

pressure and microvascular resistance and 3) to perform a fluid simulation using identified 

boundary conditions to derive flow and pressures along the entire coronary tree. The differences in 

methodology between CT-FFR and HeartFlow FFRCT are highlighted in Table 5. They differ 

primarily in the mathematical principles in which boundary conditions are derived and the fluid 

model in which coronary flow and pressure are simulated. In FFRCT, form and function 

relationships of arteries and the myocardium were used to derive boundary conditions. Typically the 

technique only requires one CT acquisition phase (for example at 75% of R-R interval) during 

diastole. In CT-FFR, boundary outlet and inlet pressure conditions are derived from determining the 

change in the cross sectional area of coronary vessels and aorta across the entire diastole.  This 

information is obtained using 4 phases of CT acquisition typically at 70%, 80%, 90% and 99% of 

the R-R interval.  

 

The ideal CTCA based CFD technique is one which permits accurate and timely functional 

assessment of coronary stenosis. The numerical solution to simulate fluid dynamics for FFRCT is 

one which is based on a 3-dimensional fluid model, which permits pressure and flow estimation for 
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each point or pixel along the coronary tree. This rigorous process is aimed to provide added 

information and accuracy though requires a prolonged processing time and the use of a 

supercomputer at HeartFlow in California USA. For this reason, the technique currently requires a 

turnover time of 24 hours which includes the need for offsite image transfer and an image 

processing time of 1-4 hours depending on disease burden and CT image quality (4). In CT-FFR, 

fluid simulation is based on a reduced-order (one dimensional) model (9,19), which permits 

assessment of pressure and flow at each luminal cross section of the coronary tree. The theoretical 

concern is that this may reduce diagnostic performance when compared with the 3 dimensional 

model. This report demonstrates the promise of CT-FFR which was found to have a high diagnostic 

accuracy despite the use of the reduced order fluid model comparable with that reported for other 

resting CTCA based CFD techniques (19,20). The advantage offered by this model is the much 

reduced processing time required and the ability to derive this information without the use of a 

supercomputer. Our results demonstrate the feasibility to process CT-FFR in less than 30 minutes, 

using standard desktop computers which permits point of care CT-FFR calculation. Notably our 

results demonstrate excellent reproducibility, with little inter-observer and intra-observer variability 

on repeated measures. 

 

The study has a number of inherent limitations. It is a single centre study with a small sample of 

subjects and vessels. Accordingly it is not powered to detect AUC differences when compared with 

CTCA alone, as such numerical comparisons with previous CFD-based CT studies should be 

interpreted cautiously. Larger multicentre, well powered prospective studies are required to further 

establish the diagnostic performance of CT-FFR. For the same reason, sub-analyses into 

intermediate, major sub-branch or calcified lesions will be vastly underpowered and only 

hypothesis generating.  The population studied were patients awaiting elective invasive coronary 

angiography, hence the potential for selection bias.  Patients with previous revascularisation or 

myocardial infarction were excluded from the study, for that reason, the accuracy of CT-FFR in 
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these populations remain unknown. All scans were performed using 320-detector CT, and the 

feasibility of this technique when applied to narrow detector CT is not known. Finally the influence 

of heart rate, motion and calcification which may affect image quality and impact diagnostic 

performance has not been evaluated in this study. 

Conclusion 

Non-invasive fractional flow reserve based on structural and fluid analysis using a reduced order 

flow model is a highly reproducible technique. This pilot data suggests that it may provide accurate 

detection of functionally significant coronary stenosis and can be processed over < 30 mins.  Larger 

multicentre prospective studies are required to further establish its diagnostic performance and 

incremental value upon CTCA. 
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Figures 

Figure 1 – CT-FFR Methodology 

An anatomical luminal model is reconstructed from CTCA (Steps 1 and 2), the boundary conditions 

are determined by assessment of luminal deformation of coronary arteries and aorta during diastole 

and Hierarchical Bayes modelling (Steps 3 and 4). Fluid simulation is based on a reduced order 

model using standard desktop computer. Pressure, flow and CT-FFR are determined along coronary 

tree (Steps 5 and 6). 

 

 

 

 

 

 

Figure 2 – Correlation of CT-FFR & invasive FFR 
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FFR = fractional flow reserve, CT-FFR = Non-invasive fractional flow reserve derived from CT 

coronary angiography. 
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Figure 3– Bland Altman Plot of CT-FFR & invasive FFR 

Abbreviations as per Figure 2 
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Figure 4 – Receiver operating characteristics curves of CT-FFR in the derivation cohort and 

CTCA and CT-FFR in the validation cohort, in predicting FFR significant stenosis  

Abbreviations as per Figure 2 
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Figure 6   Representative case example from study 

53 year old man with intermediate risk of coronary artery disease, presents with chest pains. CT 

coronary angiography demonstrated a moderate (51-70%) stenosis in the mid LAD (Panel A). The 

CT –FFR was 0.73 in the distal LAD (Panel B). Invasive coronary angiography again demonstrated 

a moderate stenosis in the mid LAD (Panel C), fractional flow reserve was 0.75 in the distal LAD. 

 

 

Figure 6   Representative case example from study 

A 66 year old woman with intermediate risk of coronary artery disease, presents with atypical chest 

pains. CT coronary angiography demonstrated a moderate (51-70%) stenosis in the mid LAD after 

the 2nd diagonal bifurcation (Panel A). Invasive coronary angiography demonstrated the stenosis 
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was severe at 70% (Panel B). Fractional flow reserve in the distal LAD was 0.84 (Panel C). CT-

FFR, performed blinded to the FFR result, was 0.82 (Panel D). 
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Table legend 

Table 1- Patient Characteristics 

 

  

 

N = 30 Patients 

Age (years)  

  Mean ± SD (N) 60.0±8.5(30) 

  Median 60 

  Range (Min, Max) (43.0, 80.0) 

Gender  

  Male 70.0% (21/30) 

  Female 30.0% (9/30) 

Diabetes mellitus 30.0% (9/30) 

Hypertension* 73.3% (22/30) 

Hyperlipidemia† 80.0% (24/30) 

Smoking  

  Former Smoker 33.3% (10/30) 

  Current Smoker 26.7% (8/30) 

  Never Smoked 40.0% (12/30) 

Prior Myocardial Infarction 0.0% (0/51) 

Angina Type*  

  Typical 13.3% (4/30) 
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  Atypical 66.7% (20/30) 

  Non cardiac chest pain 20.0% (6/30) 

Updated Diamond-Forrester risk score, %  

Intermediate (20%-80%) pre-test risk 86.7%(30) 

Body mass index  

  Mean ± SD (N) 28.5±4.6(30) 

  Median 29 

Creatinine (mmol/L)  

  Mean ± SD (N) 79.1±16.2 (30) 

  Median 80.5 

 

SD indicates standard deviation; *Blood pressure >140/90 mmHg or treatment for hypertension.  

†Total cholesterol >180 mg/dl or treatment for hypercholesterolemia.   
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Table 2:  Vessel characteristics  

  

 

Characteristics 

 

N = 30 Patients  

N = 58 Vessels 

 Calcium Score (Agatston Units)  

     Mean ± SD (N)  910.3±1075.6 (30) 

     Median  528 

   

   Patients with CTCA maximum stenosis >50%  50% (15/30) 

   Vessels with CTCA maximum stenosis >50%  43.1% (25/58) 

   

   

 Patients with QCA maximum stenosis >50% 53.3% (16/30) 

 Vessels with QCA maximum stenosis  on >50% 29.3% (17/58) 

   

 Patients with CT-FFR ≤ 0.80 48.3% (14/29) 

 Vessels with CT-FFR ≤ 0.80 33.9% (19/56) 

   

 Patients with FFR ≤ 0.80 46.7% (14/30) 

 Vessels with FFR ≤ 0.80 33.0% (19/58) 
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 Patients with FFR <= 0.80 in >1 vessel 10% (3/30) 
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Table 3: Scan characteristics 

CT Scan acquisition characteristics N = 30 Patients  

Heart Rate Prior to CTCA (bpm)  

  Mean ± SD (N) 52.5±6.8(30) 

  Median 52.0 

Nitrates Administered 100.0% (30/30) 

Beta Blockers Administered 90.0% (27/30) 

Radiation Calculated from DLP (mSv)  

  Mean ± SD (N) 4.9±2.2(30) 

  Median 4.7 

kV  

  100 46.7% (14/30) 

  120 53.3% (16/30) 

mA  

  Mean ± SD (N) 630.3±157.8 

  Range (Min, Max) (340, 820) 

Single beat acquisition 100% (30/30) 
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Table 4 – Per vessel diagnostic accuracy of CTCA, CT-FFR, quantitative and invasive 

coronary angiography compared with FFR. 

 

  CTCA (≥50%) CT-FFR (≤0.80) QCA (≥50%) Visual ICA (≥50%) 

N 58 56         58 58 

True positive 15 14 9 17 

True negative 29 33 31 21 

False positive 10 5 8 18 

False negative 4 4 10 2 

     
Accuracy (%) 77.6  83.9   69.0 65.5 

Sensitivity (%) 78.9 (53.9-93.0)  77.8 (51.9-92.6)  47.4 (25.2-70.5) 89.5 (65.5-98.2) 

Specificity (%) 74.3 (57.6-86.4) 86.8 (71.1-95.1)  79.5 (63.1-90.1) 53.8 (37.4-69.6) 

PPV (%) 60.0 (38.9-78.2) 73.7 (48.6-89.9)  52.9 (28.5-76.1) 48.6 (31.7-65.7) 

NPV (%) 87.9 (70.9-96.0) 89.2 (73.6-95.6)  75.6 (59.4-87.1) 91.3 (70.5-98.5) 

AUC 0.77 (0.65-0.88) 0.88 (0.76-1.0) 0.67 (0.51-0.83) 0.82 (0.71-0.94) 
 

 

Table 5: Comparison of FFRCT and CT-FFR  

 HeartFlow FFRCT Toshiba CT-FFR 
   
Scan characteristics    
Scanner requirements ≥64 detector CT 320 detector CT 
Scan acquisition  Prospective ECG gating  Prospective ECG gating  
Phases required   One phase (typically 75% of R-R interval) 4 phases between 70-100% (typically 70%, 

80%, 90%, 99% of R-R interval) 
Requirements for 
nitrates and heart rate 
control 

Compulsory  Compulsory 

   
CT Anatomical 
model  

  

How is it generated? Semi-automated using dedicated software, 
with manual adjustments.  

Semi-automated using Sure Plaque software, 
with manual adjustments as required  
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Mathematical 
Model 

  

Derivation of 
boundary outlet 
conditions 

1) Boundary outlet pressure and 
resistance are derived from 
diameter of coronary outlets 
and myocardium subtended  
(allometric scaling laws) 

2) Assumptions are made 
regarding microvascular 
resistance – assumed to be 
0.24 of microvascular 
resistance at rest. 

 

1) Boundary outlet pressure is 
derived from the changes in 
luminal CSA, vessel stiffness 
vessel shape and flow at rate 0 

2) Pressure difference from aorta to 
coronary outlet determines outlet 
coronary flow.  

3) Assumption is made that 
resistance is constant such that 
pressure is proportional to flow. 

 
 
 

Derivation of 
boundary inlet 
conditions 

1) Brachial pressure is used to 
derive aortic pressure 

2) Total coronary inlet flow is 
proportional to the total 
amount of myocardium 
subtended  

1) Common blood pressure is used 
to derive aortic pressure.  

2) Coronary inlet flow during diastole 
is proportional to the change in 
aortic volume at the same time.  

Fluid assumptions Blood modelled as Newtonian fluid Blood modelled as non-Newtonian fluid 
   
Numerical solution 
to account for fluid 
dynamics 

  

How is computed? 1) Using a finite element mesh 
model derived from CT data  

2) 3 Dimensional fluid model of 
coronary arteries generated to 
estimate flow and pressure at 
each pixel of coronary tree 

1) Using a finite element mesh 
model derived from CT data 

2) Reduced order (one dimensional) 
fluid model of the coronary outlets 
generated to estimate flow and 
pressure at each luminal cross 
section of the coronary tree. 

   
Practical 
considerations 

  

Operator Processed by technician at HeartFlow in 
California USA. 

Feasible by radiographer / physician at point 
of care 

Computational 
requirements 

Parallel supercomputer required for 
computing the fluid analysis model 

Standard desktop computer.  

Time 1-4 hours 30 mins 
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Chapter 8: Conclusion  

In order to broaden the use of computed tomography coronary angiography (CTCA), 

comprehensive plaque assessment was carried out in this thesis and we note several positive 

outcomes. 

  

We demonstrated that accurate and reproducible plaque quantification on CTCA was feasible and 

comparable to intravascular ultrasound.  Appropriate window and level setting is the key which 

inturn is determined by vendor, contrast and acquisition protocols. Our results suggest that 

measurement of plaque changes in an individual patient on CTCA is feasible and comparable to 

IVUS. CTCA has the potential to become an alternative imaging tool to study plaque response to 

various therapies.  

 

Although it is well known that high-risk plaques are associated with events, our inability to identify 

the plaques that are likely to rupture has limited our management options. We observed that patients 

with obstructive high-risk plaques appear to be at greatest risk and plaque volume (PV) and low 

attenuation plaque (LAP) are important determinants. Quantitative plaque measurement is time 

consuming but we have shown that it is feasible to derive the prognostic information by measuring 

LAP volume just at a single cross section at the site of maximum stenosis to identify the patients 

who at the greatest risk of future events. This may pave to clinical trials in these vulnerable patients 

for targeted therapies.  

 

Determination of functional significance of coronary stenosis on CTCA will make it a ‘one stop 

shop’ for the assessment of coronary artery disease. ASLA score was found to be the best predictor 

of ischaemia specific lesions among various CT indices. It take has the potential to be applied at the 

time of reporting and at extremes of ASLA scores it is feasible to rule out or identify ischaemia 

specific lesion with high accuracy. CT fractional flow reserve (FFR) is an emerging tool that has 
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generated tremendous enthusiasm. In one of the first studies of its kind, we tested novel methods of 

CT FFR, which can be applied routinely and has the ability to identify functionally significant 

lesions with high accuracy.  There is potential for these applications to reduce health care costs by 

reducing downstream testing for identification of ischaemic lesions.  

 

 

 

 




