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Abstract
Aims: Atherosclerosis is considered both a systemic and focal disease. Current diagnostic tools do not allow

adequate in vivo identification and characterisation of lesions. Advanced spectral analysis of IVUS

backscatter has displayed the potential for real-time plaque characterisation. The aim of this study is to

determine the ex vivo accuracy of automated plaque characterisation by spectral analysis of intravascular

ultrasound (IVUS) backscatter.

Methods and results: Plaques (n=184) from 51 coronary arteries were imaged by IVUS. The arteries were

then pressure fixed and matching histology collected. Regions were selected from histology and correspon-

ding IVUS data were used to build the plaque classification system using spectral analysis and classi-

fication trees. Tissue-maps were validated ex vivo by comparison with histology via 899 selected regions

(n=94 plaques) that comprised 471 fibrous tissue (FT), 130 fibro-fatty (FF), 132 necrotic-core (NC) and

156 dense-calcium (DC) regions. The overall predictive accuracies were 93.5% for FT, 94.1% for FF,

95.8% for NC, and 96.7% for DC with sensitivities and specificities ranging from 72% to 99%. The Kappa

statistic was calculated to be 0.845 indicating very high agreement with histology.

Conclusions: Automated spectral analysis of IVUS backscatter provides accurate ex vivo information on

plaque composition, with considerable potential for assessment of plaque vulnerability in real-time.
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Introduction
The prevention of acute coronary syndromes is the primary objec-

tive of the treatment of coronary artery disease. Current methods for

studying human coronary artery disease, while accepted as the

standard-of-care, nonetheless face certain important limitations.

Angiography allows for evaluation of the geometry of the unobstruct-

ed part of the lumen, but it does not provide adequate information

on the structure of the arterial wall itself which is essential to under-

standing the atherosclerotic process. Unlike angiography, intravas-

cular ultrasound (IVUS) facilitates the demarcation of the three 

layers of the vessel wall and holds the potential for plaque charac-

terisation. It is generally thought that in standard IVUS grey-scale

images, calcified regions of a lesion and dense fibrous components

generally reflect ultrasound energy well and thus appear bright and

homogeneous. Conversely, regions of low echo-reflectance in IVUS

are referred to as “soft” or “mixed” lesions. However, previous 

studies have shown that discrimination of plaque components from

grey-scale IVUS images is inconsistent at best1,2.

Many studies have demonstrated the potential of IVUS based 

spectral analysis of ultrasound backscatter for discerning lesion

components3-7. However, few quantitative histological comparisons

or validations exist. Recently, we reported on the ability of IVUS

based spectral analysis methodology (or Virtual Histology) to differ-

entiate coronary plaques into four tissue components, and that the

classification had predictive accuracies in the range of 79.7 

to 92.8%5. However, these studies used preliminary analysis algo-

rithms, were limited to post processing of data, and did not compare

plaque morphology directly with the virtual histology (VH) image 

for validation purposes. Thus, the objective of this study was to 

determine the ex vivo sensitivity, specificity, and predictive accuracy

of VH by direct comparison to corresponding histological sections.

Methods

Subjects

IVUS backscatter data were collected from 51 left anterior descend-

ing coronary artery (LAD) samples that were obtained within 24 hours

of death. Subjects ranged in age from 35 to 80 years (mean

54±10 years) and comprised 37 males and 14 females (36 white and

15 black). The study sample was limited to those without prior PCI 

or surgical revascularisations. Additionally, data were not acquired

from alcohol or drug abuse cases. The LAD was harvested, as it most

often contains significant disease and is the site of most acute coro-

nary events. All studies were IRB approved by the Cleveland Clinic.

Tissue preparation and data acquisition
Human hearts were procured within 24 hours of death, and IVUS data
were acquired within 24 hours after excising the LAD. Each artery was
dissected from the ostium to the apex, including approximately 40 mm
of surrounding fat and myocardial tissue. Inclusion of surrounding 
tissue ensured the maintenance of proper vessel mechanical support
and reduced ultrasound artefacts due to reflections from the tissue-
surrounding media interface. The vessels were then submerged in
PBS to eliminate all remaining effects of the tissue and air interface 
on the ultrasound data. The harvested arteries were mounted in a
paraffin tray. Ostia were cannulated and side branches were ligated 
to reduce flow and to maintain physiological perfusion pressure.
Constant flow and pressure was ensured with a SmartMap™ pressure
wire system (Volcano Corporation, Rancho Cordova, CA, USA) and 
a computer-controlled air valve system that pressurised a 20 L PBS
tank to 100 mmHg. The PBS was delivered within a physiological 
temperature range, warmed by a heating coil and measured by a ther-
mistor (P/N WM103C, Sensor Scientific, Fairfield, NJ, USA). This
imaging system was developed in-house and its usage has been doc-
umented and published by our research group8.
IVUS data were acquired with an InVision Plus IVUS console and
20 MHz, 3.5 Fr, phased-array EagleEye™ IVUS catheters (Volcano
Corporation, Rancho Cordova, CA, USA). These catheters have an
array of 64 ultrasound piezoelectric transducers mounted on a
catheter that transmit and receive ultrasound signals multiple times
resulting in 512 single scan lines or backscatter signals that span 360°
inside an artery to produce one IVUS cross-sectional image. To assess
the extent of disease, the IVUS catheter was introduced into the ves-
sel as far distally as possible and manually pulled back until the
catheter was back in the introducer. This pullback was used to identi-
fy regions of significant disease (approximately > 30% stenosis) which
were subsequently imaged. The ultrasound backscatter data repre-
senting lesions on the IVUS monitor were digitised (12-bit resolution,
100 MHz sampling rate) in the IVUS system and then transferred and
stored to a PC for off-line analysis. This region was then physically
located on the vessel with a surgical needle and simultaneously iden-
tified on the IVUS monitor. A suture was placed at this location, avoid-
ing any damage to the vessel. This step was performed to ensure 
an exact location marker when correlating the IVUS data to the corre-
sponding histology section. The procedure was repeated as the
catheter was manually advanced toward the proximal end of each ves-
sel, for an average of 3-4 diseased sections per vessel yielding
184 sections from the 51 LAD specimens. Following RF data acquisi-
tion, each artery was perfusion fixed with formalin for 6-8 hours at
100 mmHg without changing its orientation. Tissue samples were
excised, centred on each suture-marked region by approximately
2 mm on each side, and placed in histology preparation cassettes,
maintaining the orientation. The suture remained in the excised 
section as a marker. The tissue was then processed, embedded in
paraffin, and sectioned according to standard laboratory procedures.
Multiple sections were collected from each block at the suture and
stained with hematoxylin and eosin (H&E) and Movat pentachrome.

Abbreviations and acronyms
H&E: Hematoxylin and Eosin

IVUS: Intravascular Ultrasound

LAD: Left Anterior Descending coronary artery

MI: Myocardial Infarction

PBS: Phosphate Buffered Saline

PCI: Percutaneous Coronary Intervention

ROI: Region of Interest

TCFA: Thin Cap Fibro-Atheroma

VH: Virtual Histology, spectral analysis plaque characterisation

methodology
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VH Images and histology correlation
Digital histology images were acquired, 24-bit, full-colour, at 2.5x

magnification using a Leica DMRXA2 motorised microscope (Leica

Microsystems AG, Wetzlar, Germany) and a Spot RT colour camera

controlled via the Spot Advanced software (version 3.4.2, Diagnos-

tic Instruments, Sterling Heights, MI, USA). The resolution of the

microscope and camera is at least an order of magnitude higher

than the resolution of IVUS and is therefore a good “gold standard.”

Table 1 outlines how each stained section was interpreted to iden-

tify various plaque components. Histology was reviewed by one

author, who was blinded to the VH analysis.

IVUS grey-scale images were reconstructed from the backscatter

ultrasound data. For each IVUS grey-scale image, a corresponding

histology section was selected that best matched the surrounding

tissue layout, such as side branches, orientation of myocardium,

veins etc. and the shape of plaque (eccentric or concentric). 

The corresponding digitised histology sections were morphed to

maintain correspondence in orientation with its IVUS counterpart.

Previously described software, developed in-house, was used to

perform this operation8. The VH plaque tissue classification scheme

was developed using these data by spectral analysis and automat-

ed data normalisation as described recently by our group5,9. Briefly,

the Movat pentachrome stained and morphed histology images

were used to very carefully select region of interest (ROI) that 

represented only one of four plaque components (Figure 1) –

fibrous tissue, fibro-fatty, necrotic core, and dense calcium. The

corresponding regions were highlighted on the reconstructed IVUS

grey-scale images, and the original ultrasound data samples repre-

senting those ROI were retrieved from the ultrasound backscatter

(Figure 2). The ROI selection process was not limited to any partic-

ular distance in each plaque; rather they were chosen at various

distances within the plaque from the centre of the vessel lumen.

These regions were 32 data samples in length (approximately 246 µm),

and 28±9 scan lines in width (512 scan lines span 360°) and were

used only for development of the VH algorithm. Figure 2 schemati-

cally illustrates ROI selection and retrieval of the backscatter data

representing an ROI. The ultrasound data for each ROI were

extracted for the four plaque components and spectral analysis was

performed via the improved automated algorithms recently devel-

oped by our group9,10. Eight variables or spectral parameters were

used in the VH classification scheme (maximum power, frequency

Clinical research

Table 1. Characteristics of the two histology stains used to identify
the necessary vessel wall structures.

Stain Colour Feature

H & E Pink Lumen border
Dark pink Lipid (with nuclei)

Necrosis (no nuclei)
Purple Micro-calcification 

Movat Pentachrome Yellow Fibrous tissue
Purple Dense calcium
Red Media (smooth muscle cells)
Black IEL & EEL (medial extent)

H&E is haematoxylin and eosin stain; IEL = internal elastic lamina;
EEL = external elastic lamina

Figure 1. Virtual histology (VH) plaque component descriptions. Data from Movat pentachrome stained histology sections are selected to repre-
sent one of these four homogeneous tissue types found in atherosclerotic plaques that are of interest to interventional cardiologists. In VH images,
dark green is fibrous tissue, light green is fibro-fatty, red is necrotic core, and white is dense calcium.

Fibrous tissue

Fibro-fatty Dense calcium

Necrotic core
Densely packed bundles
of collagen fibers with no
evidence of intra-fiber
lipid accumulation. No
evidence of macrophage
infiltration. Appears dark-
yellow/green on Movat
stained histology section
and dark green on VH.

Focal area of dense calcium.
Appears purple or deep blue
on Movat. Usually falls out
of histology section, but
calcium crystals are evident
at borders. White on VH.

Highly lipidic necrotic region with remnants of foam cells and
dead lymphocytes present. No collagen fibers are visible and 
mechanical integrity is poor. Cholesterol clefts and micro-
calcifications are clearly visible. Red on VH.

Loosely packed bundles of collagen fibers with regions of
lipid deposition present. These areas are cellular and have 
no cholesterol clefts or necrosis present. Increase in extra-
cellular matrix. Appears turquoise on Movat-stained
histology section, light green on VH.
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at maximum power, minimum power, frequency at minimum power,

slope, intercept, mid-band fit and the integrated backscatter). The

resulting classification scheme was used to calculate VH images for

all IVUS data that had been matched to corresponding histology

sections. The VH tissue maps were coloured by raster scanning with

an analysis window size of a fixed width (32 ultrasound data sam-

ples ≈ 246 µm).

VH ex vivo accuracy assessment

The VH algorithm accuracy was previously determined by testing on

a subset of the ROI used in construction of the spectral analysis

classification algorithm5. Such validation is only representative of

the accuracy of the classification scheme based on the homogene-

ity of these regions. Plaques are very heterogeneous by nature and

dividing a plaque into four tissue components is difficult due to the

amorphous overlap of the tissue components (Figure 3). Such cau-

tiously selected ‘homogeneous’ ROI are useful for studying ultra-

sound backscatter spectral characteristics to build a tissue classifi-

cation scheme. However, they should not be used to assess the

validity of the algorithm since the spectral analysis is applied to the

entire ultrasound image, not just the areas with one tissue compo-

nent. Hence, a different validation procedure, which is more suit-

able to the heterogeneous nature of the atherosclerotic disease

process, was employed in the present study.

The colour-coded VH tissue maps derived from the spectral analy-

sis and classification scheme were paired with the corresponding

matched histology sections. Three experts were engaged in the task

of systematically and quantitatively dividing each image pair into

numerous regions that were individually assessed for accuracy. The

process is outlined as follows (Figure 4):

Step 1: The first expert was provided printouts of the Movat pen-

tachrome histology images digitised at 2.5x and transparent papers

with a grid printed on them. The grid was of squares 1/3x1/3 mm in

dimension. Healthy media in coronary arteries is about 300-500 µm

and plaque thickness less than that is not considered pathological.

Therefore, histology images were broken into square regions of

approximately 330 µm in length and width to assess VH ex vivo
accuracy. A transparent paper with the grid was overlaid on each

histology printout and the plaque outline was sketched on it.

Alternating grid boxes that fit within the plaque outline were then

selected as the ROI for accuracy assessment. Plaques that were not

thick enough to include at least one complete grid box were exclud-

ed from the study. The first expert was blinded to the pathology and

the VH results.

Step 2: The second expert was asked to compare the transparent

papers, with the histology outlines and square ROI drawn on the

grid, to corresponding VH images. A matching region was identified

on the VH images for each 1/3x1/3 mm ROI on the histology image

outlines. ROI that could not be matched were excluded from the

study. The expert was then asked to determine the tissue type in the

ROI on the VH images. If multiple VH colours were present within

any ROI, the tissue type with the maximum pixels within that ROI

was selected as the VH result for that ROI. For example, if an ROI

consisted of less white (dense calcium) and more light green (fibro-

fatty), it was listed as a fibro-fatty region. This expert was blinded to

the true pathology of each ROI.

Step 3: The last expert was asked to determine the pathology of

each ROI from the histology outlines by examining the original his-

tology slides. This expert was blinded to the VH results including the

assessment of the second expert. Hence, the truth for each ROI was

determined by the third expert and the VH outcome was deter-

mined by the second expert. A truth-table was constructed with the

outcome of all regions broken into the four plaque components of

interest: fibrous tissue, fibro-fatty, necrotic core and dense calcium.

Figure 4 illustrates the procedure of ROI selection in accuracy

assessment.

Figure 3. Virtual histology tissue spectrum is indicative of disease
progression and illustrates the possible overlap zones between the
four plaque component types used in this study; fibrous tissue, fibro-
fatty, necrotic core, and dense calcium.

Figure 2. Movat pentachrome stained histology section (left) and IVUS image (middle) with ultrasound backscatter data (right). A representative
homogenous region of interest is indicated by the white box marked on each image. Spectral analysis of the backscatter data from such regions
was used to build the database of spectral parameters for plaque characterisation.



Statistical analyses

Statistical analyses consisted of calculating various measures of

accuracy for each VH plaque component from the truth-table.

Sensitivity, specificity and predictive accuracy were calculated for

the four VH plaque types using standard formulae commonly

accepted in medical literature11.

(1)

(2)

(3)

Data were not considered to be clustered and each ROI was treat-

ed as an independent data point even though each artery yielded

multiple sections which then yielded multiple ROI. Confidence

intervals were calculated for sensitivity and specificity for each tis-

sue component based on conventional formulae assuming inde-

pendent data points.

(4)

where X is either the sensitivity or specificity and N is the number

of decisions used in the denominator for calculating the sensitivity

or specificity.

In addition to the above measures of accuracy, the validity of the

overall VH algorithm was tested ex vivo by calculating the Kappa

statistic as a measure of agreement between the ROI on VH

images and corresponding histology interpretation. This metric was

originally proposed by Cohen to determine the level of agreement

between two observers12. It is calculated as:

(5)

where is the observed proportion of agreement and is the

expected proportion of agreement resulting from chance. Kappa has

since been used widely in medical literature for assessing agreement

between observers and in testing diagnostic tools against the truth.

The measure should fall between 0 and 1 and has been interpreted

differently by various groups but most concur that a test result 

of 0 indicates low agreement (i.e., low VH accuracy) and a test with

0.75 < > 1 would indicate a very high level of agreement (i.e.,

high VH accuracy)13. One important attribute is that Kappa is use-

ful in correcting for agreements that result from chance13. Another

attractive quality is that while conventional sensitivity, specificity and

predictive accuracy are widely recognised as standards of accuracy

in diagnostic tools for a two outcome disease (for e.g., benign 

or malignant, in case of diagnosing tumours), they are not well

defined for multiple outcome tools, such as VH. VH currently has

four outcomes of tissue types and a misclassification of necrotic

core as fibro-fatty might not have the same importance as a mis-

classification of fibrous tissue with necrotic core. Also, tests like

specificity and predictive accuracy are heavily affected by preva-

lence of a particular disease, where as Kappa could be interpreted

to be less dependent on disease prevalence. Both forms of accura-

cy were reported in this study to reduce bias in results.

Results

VH image and histology correlation
These qualitative analyses yielded conclusive results on comparing

multiple 4 µm thick histology images to approximately 300 µm thick

VH images. Of the 184 sections imaged, 115 sections were well

matched between histology and IVUS data using information from

surrounding tissue and plaque shape. The remaining 69 sections

were excluded from the study. Of the 115 lesions that were used for

accuracy assessment, a further 17 lesions were excluded by the

first expert since the level of stenosis was below the perceived 30%

required for inclusion in the study. A square of 1/3x1/3 mm could

not be fitted on the grid overlaid on any of these 17 lesions.

VH ex vivo accuracy assessment
The VH ex vivo accuracy assessment was dependent on the truth

table constructed as a result of the second and third experts’ inter-

pretation of ROI on VH images and corresponding histology slides,

respectively. Another four sections were further excluded from the

study at this stage by the second expert since the ROI from these

histology outlines could not be reasonably located on the VH

images. The remaining 94 lesions yielded a total of 947 ROI that

were 1/3x1/3 mm in dimension. The corresponding ROI were located

on VH images and interpreted by the second expert. Of the 947 ROI

used by the second expert, 58 ROI were then excluded by the third

- 117 -
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A B

C
Figure 4. Region of interest (ROI) selection for ex vivo accuracy
assessment. Three experts were engaged in the separate tasks of (B)
drawing histology image outlines on transparent paper with a grid of
1/3x1/3 mm regions and highlighting alternating regions; (C) finding
matching regions on corresponding VH images and interpreting the
VH outcome in each ROI; and finally (A) interpreting the pathology
outcome in all ROI. The experts were blinded to each others’ results.
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expert. The grid overlay on the histology images for these 58 ROI

indicated areas that were damaged due to histology processing 

and hence could not be classified as any particular tissue. The final

tally after all exclusion criteria were met was: 94 lesions with

889 ROI, comprising fibrous tissue (n=471), fibro-fatty (n=130),

necrotic core (n=132) and dense calcium (n=156) as interpreted

from histology by the third expert. 

The VH and histology interpretation of the 889 ROI are reported in

Table 2. The sensitivity, specificity and predictive accuracy of each

plaque component are listed in Table 3. VH characterised athero-

sclerotic plaque with combined predictive accuracy > 93% for all

four VH plaque components and at very high sensitivities (72-96%)

and specificities (91-99%). The Kappa statistic of this VH algorithm

was calculated to be 0.845 indicating extremely high agreement

with histology13.

Discussion
The validation results in this study demonstrate that VH images pro-

vide > 90% accurate information on the composition of atheromas.

The VH classification system in this study was built with data

acquired from 51 LAD of varying stenosis and composition.

Atherosclerosis is a complex disease and is heterogeneous in com-

position at all stages of development. The lesions were reviewed by

an expert and certain ROI in those lesions were divided into four

important categories that can together define various types of

plaques. Therefore, the current VH images are a representation of

these four tissue types – fibrous tissue, fibro-fatty, necrotic core and

dense calcium. Figure 3 illustrates the overlap between these

plaque components highlighting the possible source(s) of inaccura-

cy in VH. Areas of fibrous tissue and fibro-fatty tissue could overlap

in VH images with progression of disease between these two com-

ponents. Similarly, overlap could be observed between necrotic core

and dense calcium which is expected from their natural association

(see definitions in Figure 1). Such overlap is demonstrated in the

truth table (Table 2). As few as 3% of fibrous tissue ROI were 

misclassified as fibro-fatty, and as many as 29% of fibro-fatty were

misclassified as fibrous tissue. This is indicative of higher specifici-

ty of fibro-fatty and lower specificity of fibrous tissue. Plaques are

generally fibrous in nature and as such the ROI used to build the

VH algorithm are also possibly influenced by a bias towards fibrous

tissue. This fact, due to prevalence of a certain plaque component,

might tend to affect the accuracy metrics. In addition, medical liter-

ature currently lacks a statistical measure that can easily be applied 

to assess diagnostic tools with multiple (> 2) outcomes. Therefore,

it is prudent to report the entire truth table in addition to surmising

accuracies from it. The Kappa statistic is a single metric that

attempts to combine all the aspects of a truth table for simpler eval-

uation of a diagnostic tool. Although =0.845 well represents the

high accuracy of the algorithm, individual sensitivities and specifici-

ties are important to judge a plaque characterisation tool 

to justify its usage in plaque regression and progression studies

where the focus may be to study changes in certain plaque compo-

nents only in response to certain drugs. Therefore, validation 

metrics using unbiased ROI selection are important (Figure 5).
Another approach to address these issues might be to eliminate the
ROI selection process and any human biases associated with it by
comparing the entire VH image and its attributes to corresponding
histology images. Efforts are ongoing to classify the entire 
two-dimensional image as one plaque type (for e.g., TCFA 
or fibroatheroma) and compare with serial sectioned histology to
assess lesion accuracy with VH. The present study provides an 
ex vivo validation of VH as assessed by single two-dimensional
lesions and by comparing truth from 4 µm histology data to approx-
imately 300 µm thick IVUS data. Care should be exercised in inter-
preting these results in relation to three-dimensional volumetric data
acquired in vivo. Three-dimensional in vivo validations are still ongo-
ing and there are only a few studies that currently exist with histol-
ogy comparisons14-17. That said, the VH software provides interven-
tional cardiologists with a pan-arterial approach to investigate total
artery plaque burden and individual plaque component volumes 
or detailed view of a focal three-dimensional ROI with plaque 
composition in real-time; information thus far unavailable in the
catheterisation laboratories.

Potential for identification of vulnerable plaques
A recent study by Glaser et al determined that as many as 5.8% 

of PCI patients will undergo non-culprit lesion progression requiring

further PCI on the non-target lesion within the first year of the initial

procedure; indicating new lesion instability18. Hence, the potential-

ly unstable, but non-culprit lesions should also be identified and/or

treated during initial PCI or with more efficient systemic therapy 

to prevent future events. The lesions that harbour these plaques are

frequently only mildly stenotic on angiographic examination.

Identification of plaques that have a high likelihood of causing clin-

ical events will undoubtedly create new opportunities for treatment

before the onset of acute ischaemic syndromes. Systemic stabilisa-

tion of arteries is increasingly becoming the theme in interventions

Table 2. Truth table with VH interpretation vs. histology 
interpretation.

VH interpretation

VH plaque 
component FT FF NC DC TOTAL

FT (n=471) 451 14 3 3 471

FF (n=130) 27 94 8 1 130

NC (n=132) 6 1 121 4 132

DC (n=156) 5 1 15 135 156

TOTAL 489 110 147 143 889

FT = fibrous tissue; FF = fibro-fatty; NC = necrotic core; DC = dense calcium

Table 3. VH accuracy.

VH plaque Predictive Sensitivity Specificity
component accuracy % CI % CI

FT (n=471) 93.5% 95.7% 94 - 98 90.9% 88 - 94

FF (n=130) 94.1% 72.3% 65 - 80 97.9% 97 - 99

NC (n=132) 95.8% 91.7% 87 - 96 96.6% 95 - 98

DC (n=156) 96.7% 86.5% 81 - 92 98.9% 98 - 100

FT = fibrous tissue; FF = fibro-fatty; NC = necrotic core; DC = dense
calcium; CI = 95% confidence interval
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even for patients with acute MI19 and VH allows improved interpre-

tation of the disease in the entire artery with volumetric data of the

individual VH plaque components. This unique facet could also

enable plaque regression or progression studies and facilitate the

evaluation of systemic therapies.

The identification of the at-risk non-critical lesions is dependent 

on the interpretation of each VH image. The current perspective 

of experts on vulnerable plaques suggests that plaques prone 

to rupture are not the only vulnerable plaques20. These could vary

in description and be identified as the typical large lipid-necrotic

core with thin fibrous cap, or the sub-occlusive thrombus with early

organisation, or the proteoglycan matrix in smooth muscle cell-rich

plaque, or intra-plaque haemorrhage, or the calcified nodule close

to the lumen, and finally the chronically stenotic plaque with dense

calcium, organised thrombus and an eccentric lumen20. All of these

plaque descriptions can be recognised by an interventional cardiol-

ogist viewing VH images with the four plaque components and their

relevant location within the plaques (exception is the detection 

of early or organising intra-luminal thrombus, which is currently

excluded) as was recently described by Rodriguez-Granillo et al16.

Thus, techniques such as VH have tremendous potential to gain

clinical importance in the assessment of plaque vulnerability. This

might require certain level of training and further understanding 

of VH in relation to clinical end-points, yet is a huge leap from grey-

scale ultrasound that limits plaque-composition to guess-work.

Study limitations

The window size currently applied for selection of ROI and eventual 

tissue map or VH image reconstructions is approximately 246 µm in the

radial direction. Therefore, detection of a thin fibrous cap < 65 µm 

in thickness21,22, is below the resolution of IVUS and detection by VH 

is compromised. This may restrict the identification of some vulnerable

atheromas. However, the sensitivity of detecting necrotic core is 92%

(Table 3) which bodes well for detection of TCFA since its definition

includes a necrotic core > 40% of the total plaque volume in addition

to the thin fibrous cap21. Similarly, in vessel wall sections with a low

extent of disease, plaque classification depends on analysis of RF data

spanning < 246 µm and could cause errors in the predictions.

However, results from a recent study by Rodriguez-Granillo et al are

encouraging where TCFA identified with VH were well correlated to pos-

itive remodelling16. Efforts are under way to improve VH and make full

use of resolutions possible with commercially available IVUS systems

(100 - 150 µm)23. Exploring advanced spectral analysis techniques and

refining ultrasound data post-processing to enhance compensation 

for attenuation due to intervening tissue are some such improvements.

Another limitation of the current VH algorithm is the lack of identifi-

cation of early or organised thrombus which also limits the recogni-

tion of certain at-risk plaques. However, the high accuracy observed

with VH with the four plaque components has established the value

of spectral analysis and statistical classification trees. Endeavours

are being made to study thrombus formation for subsequent inclu-

sion in the VH family of plaque components.

Conclusion
VH was tested ex vivo to provide accurate (93-97%) information 

on plaque composition. VH has considerable potential for assess-

ment of plaque vulnerability by interrogating the entire length 

of the artery. It could assist in stent deployment, evaluation of sys-

temic therapies, and provide crucial information in real-time on tar-

get lesions. This technique also has the promise to enable prospec-

tive patient outcome studies, thus far impossible, due to lack of

commercially available plaque characterisation techniques.

Clinical research

Figure 5. Four examples of region of interest (ROI) selected on Movat pentachrome histology slides and their interpretation compared to virtual
histology (VH) images. (A) Illustrates fibro-fatty, (B) necrotic core, (C) fibrous tissue and (D) calcified region, all marked by the blue box.

VH - Fibro-fatty

A B

C D

Histology - Fibro-fatty VH - Necrotic core Histology - Necrotic core

VH - Fibrous Histology - Fibrous VH - Dense calcium Histology - Dense calcium



- 120 -

Characterising plaque by IVUS spectral analysis

Acknowledgements
This study was partially funded by the NIH RO1HL64686 (DGV -

PI). In addition, the authors would like to thank scientists and

engineers at Volcano Corporation, Rancho Cordova, California,

for invaluable support with software development and graduate

student Meghna Sareen from Case Western Reserve University,

Cleveland, Ohio, for help with data acquisition. Discussions with

Dr. Nancy Obuchowski in the department of Quantitative Health

Sciences at Cleveland Clinic were very important in guiding the

statistical analyses employed in this study. Lastly, Ms. Christine

Kassuba, from the department of Biomedical Engineering, at

Cleveland Clinic, provided useful editorial assistance.

References
1. Palmer ND, Northridgem D, Lessells A, McDiken WN, Fox KA. In

vitro analysis of coronary atheromatous lesions by intravascular ultra-
sound; reproducibility and histological correlation of lesion morphology.
European Heart Journal. 1999;20:1701-1706.

2. Peters RJ, Kok WE, Havenith MG, Rijsterborgh H, van der Wal AC,
Visser CA. Histolopathological validation of intracoronary ultrasound images.
Journal of the American Society of Echocardiography. 1994;7:230-241.

3. Kawasaki M, Takatsu H, Noda T, Sano K, Ito Y, Hayakawa K,
Tsuchiya K, Arai M, Nishigaki K, Takemura G, Minatoguchi S, Fujiwara T,
Fujiwara H. In vivo quantitative tissue characterization of human coronary
plaques by use of integrated backscatter intravascular ultrasound and
comparison with angioscopic findings. Circulation. 2002;105:2487-2492.

4. Moore MP, Spencer T, Salter DM, Kearney PP, Shaw TR, Starkey IR,
Fitzgerald PJ, Erbel R, Lange A, McDicken NW, Sutherland GR, Fox KA.
Characterization of coronary atherosclerotic morphology by spectral analy-
sis of radiofrequency signal: In vitro intravascular ultrasound study with
histological and radiological validation. Heart. 1998;79:459-67.

5. Nair A, Kuban BD, Tuzcu EM, Schoenhagen P, Nissen SE, Vince DG.
Coronary plaque classification using intravascular ultrasound radiofre-
quency data analysis. Circulation. 2002;106:2200-2206.

6. Sano K, Kawasaki M, Okubo M, Yokoyama H, Ito Y, Murata I, Kawai T,
Tsuchiya K, Nishigaki K, Takemura G, Minatoguchi S, Zhou X, Fujita H,
Fujiwara H. In vivo quantitative tissue characterization of angiographically
normal coronary lesions and the relation with risk factors - a study using
integrated backscatter intravascular ultrasound. Circulation Journal.
2005;69:543-549.

7. Watson RJ, McLean CC, Moore MP, Spencer T, Salter DM,
Anderson T, Fox KA, McDicken WN. Classification of arterial plaque by
spectral analysis of in vitro radio frequency intravascular ultrasound data.
Ultrasound in Medicine & Biology. 2000;26:73-80.

8. Nair A, Kuban BD, Obuchowski N, Vince DG. Assessing spectral
algorithms to predict atherosclerotic plaque composition with normalized
and raw intravascular ultrasound data. Ultrasound in Medicine & Biology.
2001;27:1319-1331.

9. Nair A, Calvetti D, Kuban BD, Vince DG. Novel technique for nor-
malization of intravascular ultrasound backscatter data: Toward automat-
ed and real-time plaque characterization. American Journal of Cardiology,
Suppl. S. 2004;94:123E.

10. Nair A, Calvetti D, Vince DG. Regularized autoregressive analysis of
intravascular ultrasound backscatter: Improvement in spatial accuracy of
tissue maps. IEEE Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 2004;51:420-431.

11. Metz CE. Basic principles of roc analysis. Seminars in Nuclear
Medicine. 1978;VIII:283-298.

12. Cohen J. A coefficient of agreement for nominal scales. Educational
and Psychological Management. 1960;20:37-46.

13. Munoz SR, Bangdiwala SI. Interpretation of kappa and b statistics
measures of agreement. Journal of Applied Statistics. 1997;24:105-111.

14. Fujii K, Carlier SG, Mintz GS, Wijns W, Colombo A, Bose D, Erbel R,
de Ribamar Costa J Jr, Kimura M, Sano K, Costa RA, Lui J, Stone GW,
Moses JW, Leon MB. Association of plaque characterization by intravas-
cular ultrasound virtual histology and arterial remodelling. American
Journal of Cardiology. 2005;96:1476-1483.

15. Nasu K, Tsuchikane E, Katoh O, Margolis M.P., Vince D.G., 
Virmani R, Takeda Y, and Suzuki T. Correlation of in vivo intravascular
ultrasound radiofrequency data analysis with in vitro histopathology in
human coronary atherosclerotic plaques (VH-DCA Japan trial). European
Society of Cardiology Congress. Stockholm, Sweden, 2005.

16. Rodriguez-Granillo GA, Garcia-Garcia HM, Mc Fadden EP,
Valgimigli M, Aoki J, de Feyter P, Serruys PW. In vivo intravascular ultra-
sound-derived thin-cap fibroatheroma detection using ultrasound
radiofrequency data analysis. Journal of the American College of
Cardiology. 2005;46:2038-2042.

17. Rodriguez-Granillo GA, Serruys PW, Garcia-Garcia HM, Aoki J,
Valgimigli M, van Mieghem CA, McFadden E, de Jaegere PP, de Feyter P.
Coronary artery remodelling is related to plaque composition. Heart.
2006;92:388-391.

18. Glaser R, Selzer F, Faxon DP, Laskey WK, Cohen HA, Slater J,
Detre KM, Wilensky RL. Clinical progression of incidental, asymptomatic
lesions discovered during culprit vessel coronary intervention. Circulation.
2005;111:143-149.

19. Tanaka A, Shimada K, Sano T, Namba M, Sakamoto T, Nishida Y,
Kawarabayashi T, Fukuda D, Yoshikawa J. Multiple plaque rupture and c-
reactive protein in acute myocardial infarction. Journal of the American
College of Cardiology. 2005;45:1594-1599.

20. Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger J,
Badimon JJ, Stefanadis C, Moreno P, Pasterkamp G, Fayad Z, Stone PH,
Waxman S, Raggi P, Madjid M, Zarrabi A, Burke A, Yuan C, Fitzgerald PJ,
Siscovick DS, de Korte CL, Aikawa M, Airaksinen KE, Assmann G, 
Becker CR, Chesebro JH, Farb A, Galis ZS, Jackson C, Jang IK, Koenig W,
Lodder RA, March K, Demirovic J, Navab M, Priori SG, Rekhter MD,
Bahr R, Grundy SM, Mehran R, Colombo A, Boerwinkle E, Ballantyne C,
Insull W Jr, Schwartz RS, Vogel R, Serruys PW, Hansson GK, Faxon DP,
Kaul S, Drexler H, Greenland P, Muller JE, Virmani R, Ridker PM, Zipes DP,
Shah PK, Willerson JT. From vulnerable plaque to vulnerable patient: 
A call for new definitions and risk assessment strategies: Part I.
Circulation. 2003;108:1664-1672.

21. Kolodgie FD, Burke AP, Farb A, Gold HK, Yuan J, Narula J, Finn AV,
Virmani R. The thin-cap fibroatheroma: A type of vulnerable plaque: 
The major precursor lesion to acute coronary syndromes. Current Opinion
in Cardiology. 2001;16:285-292.

22. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: A comprehensive morphological classifica-
tion scheme for atherosclerotic lesions. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2000;20:1262-1275.

23. Nissen SE, Yock P. Intravascular ultrasound: Novel pathophysio-
logical insights and current clinical applications. Circulation.
2001;103:604-616.




