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Abstract
Purpose of Review Tissue characterization using imaging is
important to understand the pathophysiology of atherosclero-
sis and subsequent outcomes. In this review, the clinical utility
of virtual histology intravascular ultrasound (VH-IVUS),
which provides a quantitative and more objective evaluation
of tissue characterization compared with grayscale IVUS, will
be summarized.
Recent Findings Patient clinical characteristics, including cor-
onary risk factors and medications, are associated with lesion
morphology, especially plaque vulnerability. Different levels
of vulnerability cause different clinical presentations and as-
sociated long-term outcomes. For example, in the first natural
history study (Providing Regional Observations to Study
Predictors of Events in the Coronary Tree [PROSPECT]),
we showed that large plaque burden, small lumen area, and
presence of thin-cap fibroatheroma were associated with sub-
sequent outcomes at 3-year follow-up.
Summary VH-IVUS has contributed significantly to our un-
derstanding of atherosclerosis.

Keywords Virtual histology intravascular ultrasound . Acute
coronary syndromes . Vulnerable plaque .Major adverse
cardiac event

Abbreviations
ACS Acute coronary syndromes
CAD Coronary artery disease
CTO Chronic total occlusion
DC Dense calcium
IVUS Intravascular ultrasound
MACE Major adverse cardiac event
MLA Minimum lumen area
NC Necrotic core
NSTE Non-ST-segment elevation
STEMI ST-segment elevation myocardial infarction
TCFA Thin-cap fibroatheroma
VH Virtual histology

Introduction

Tissue characterization is important in order to understand the
pathophysiology and treatment efficacy of coronary artery dis-
ease (CAD); however, reproducible or automatic tissue char-
acterization using grayscale intravascular ultrasound (IVUS) is
difficult. Because grayscale IVUS uses only the amplitude of
reflected ultrasound (power) from each region of interest, the
accuracy to evaluate lipid-rich plaque (a key tissue type to
predict future events) is limited. Virtual histology (VH) IVUS
has been developed to overcome these limitations [1•].

Using not only amplitude, but also frequency information,
VH-IVUS can categorize tissue into four types with accept-
able accuracy and reproducibility: necrotic core (NC, red),
dense calcium (DC, white), fibrous tissue (dark green), or
fibrofatty (light green) (Fig. 1). Based on ex vivo validation
of 20 MHz phased array IVUS and using pathology as a gold
standard in 94 plaques of 51 coronary arteries, the predictive
accuracy is reported as 93.5–96.7% for each tissue type [2].
The predictive accuracy using 45 MHz rotational IVUS is
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reported to be 85.8–90.8%; this improves to 93.0–96.8% after
eliminating regions of interest behind calcium because most
ultrasound is reflected at the surface of calcium and the infor-
mation behind calcium is limited [3]. Hartmann et al. [4]
showed reproducibility of the measured volume of each tissue
component; relative differences were 0.22–1.12% for intra-
observer using the same pullback, 0.85–2.66% for intra-
observer using repeated pullbacks, and 1.58–3.85% for inter-
observer using the same pullback.

In the Providing Regional Observations to Study Predictors
of Events in the Coronary Tree (PROSPECT) study, we de-
veloped 5 VH-IVUS plaque phenotypes similar to pathology
[5••, 6•, 7] (Fig. 1). Thin-cap fibroatheroma (TCFA) was de-
fined as a plaque having >10% of confluent NC that abutted to
the lumen with >30° of circumference in ≥3 consecutive
slices. Because of the limited pixel resolution (150–200 μm)
of VH-IVUS, it was not possible to detect fibrous cap thick-
ness <65 μm—the pathologic definition of a thin fibrous cap;
therefore, the “diagnosis” of VH-TCFAwas inferred and pre-
sumably included fibroatheromas having a fibrous cap thick-
ness of 65~200 μm. If there was a visible fibrous cap on top of
the NC, the plaque was defined as a thick-cap fibroatheroma.
If the plaque had a mixture of fibrofatty, spotty NC, and fi-
brous tissue, it was defined as pathological intimal thickening.
Plaque with mainly fibrous tissue was defined as fibrotic
plaque, and plaque with mainly DC and fibrous tissue was
defined as fibrocalcific plaque. The intra-observer and inter-
observer variability yielded good concordance for lesion phe-
notype ( = 0.90 and 0.87, respectively).

VH-IVUS does not have an algorithm for thrombus.
Intramural thrombus is usually colored as fibrous tissue or
fibrofatty, and the presence of thrombus reduces the accuracy
of VH-IVUS [8].

Clinical Presentation and VH-IVUS Lesion Morphology

Using the largest cohort of 3-vessel non-culprit VH-IVUS
lesion analysis from PROSPECT and both culprit and non-
culprit lesions from the Assessment of Dual AntiPlatelet
Therapy with Drug-Eluting Stents (ADAPT-DES) study, we
reported the association between patient clinical characteris-
tics and VH-IVUS lesion morphology.

When we compared culprit lesion morphology among pa-
tients who presented with ST-segment elevation myocardial
infarction (STEMI), non-ST-segment elevation acute coro-
nary syndromes (NSTE-ACS), and stable CAD, STEMI le-
sions had a higher prevalence of VH-TCFA and plaque rup-
ture along with greater plaque burden and positive remodeling
compared with NSTE-ACS or stable CAD lesions [9]. In ad-
dition, the relation between clinical presentation and underly-
ing plaque morphology was correlated to patient age and sex
[10, 11]. In patients <65 years of age (the median age of this
cohort), lesions in men with STEMI or NSTE-ACS had more
VH-TCFA and plaque rupture than in women; however, in
patients ≥65 years of age, there was no sex-related difference.
Patients statin naïve before admission more often presented as
ACS and had more VH-TCFA and NC versus those taking
statins before admission, suggesting that statin therapy affects
lesion morphology and subsequent clinical presentation [12].

We also evaluated anatomical characteristics that were as-
sociatedwith plaque rupture in non-culprit lesions. Overall, 74
ruptured f ibroatheromas and 2396 non-ruptured
fibroatheromas were identified in non-culprit vessels [13].
The majority of fibroatheromas (73.6%) were located within
40 mm of the ostium, and the vessel area and plaque burden
progressively decreased from proximal to distal fibroatheroma
location. Shorter distance from the ostium to the maximum

Fig. 1 Virtual histology plaque phenotype. a Necrotic core is shown as
red, dense calcium is shown as white, fibrofatty is shown as light green,
and fibrous tissue is shown as dark green. b Virtual histology (VH) thin-
cap fibroatheroma (TCFA) is defined as a fibroatheroma (confluent
necrotic core >10%) abutting to the lumen >30° (white double headed
arrow) in ≥3 consecutive frames (~1.5 mm in length). If there is a visible

fibrous cap (white arrow) on the top of NC, a fibroatheroma is defined as
thick-cap fibroatheroma. Pathological intimal thickening is defined as a
mixture of fibrofatty plaque, spotty necrotic core, and fibrous tissue. A
fibrotic plaque contains mainly fibrous tissue, and a fibrocalcific plaque
contains mainly fibrous tissue and dense calcium
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NC site, larger plaque burden and vessel area, and right coro-
nary artery location were positively associated with non-
culprit plaque rupture. On the other hand, presence of calcium
was negatively associated with non-culprit plaque rupture.

Risk Factors and VH-IVUS Morphology

Renal insufficiency affects plaque morphology [14, 15].
Patients with worse renal function have greater amounts of
calcium or calcified thick-cap fibroatheroma compared to
those with normal renal function in both culprit and non-
culprit lesions, indicating a systemic rather than a local effect.

The effect of smoking on plaque morphology has been
related to age and severity of atherosclerosis. In patients
≤65 years of age (but not in patients >65 years of age),
smoking (current or former) has a vascular constrictive effect
(ie, smaller vessel size) that contributes to luminal stenosis
severity in non-culprit lesions. On the other hand, smokers
>65 years of age have more plaque with greater plaque insta-
bility (plaque rupture) in both culprit and non-culprit lesions
[16, 17].

High on-treatment platelet reactivity has also been corre-
lated to clinical risk factors and presentation (older age, more
diabetes and renal insufficiency, more ACS) [18]. High on-
treatment platelet reactivity is associatedwith increased culprit
lesion atherosclerotic burden and adverse plaque morphology
(more fibroatheromas) [19].

Chronic Total Occlusion

Fifty CTO lesions after guidewire crossing were evaluated by
VH-IVUS. Fibroatheromas were observed in 84% of CTO
segments. This prevalence was similar to lesions proximal to
the CTO [20].

In-Stent Restenosis

Kang et al. [21] reported VH-IVUS analysis in 117 lesions
with angiographic in-stent restenosis and >50% neointimal
hyperplasia. Percentages of NC and DC within the in-stent
neointima increased over time, suggesting the development
of neoatherosclerosis. In a separate cohort of patients who
had both VH-IVUS and optical coherence tomography, a large
NC was correlated with the presence of neointimal TCFA by
optical coherence tomography [22].

Cardiac Transplantation

Two independent groups reported that both NC and DC in-
creased over the time along with an increase in intimal area in
patients with cardiac transplant of various duration (1 month
to 15 years) [23, 24]. Although VH-IVUS was validated in de
novo coronary artery lesions and not in transplant

vasculopathy, the results of these findings were consistent
with pathological reports or other imaging studies.

Prediction of Distal Embolization

A meta-analysis including 1697 patients, 17% of whom de-
veloped distal embolization during stent implantation, showed
that the amount of NC by VH-IVUS (absolute amount of NC
or amount of NC relative to plaque burden) and the presence
of VH-TCFA were significantly greater in the embolization
group compared to the non-embolization group [25].

Serial Changes in Tissue Composition After Lipid
Lowering Therapy

Hong et al. [26] randomized 100 statin-naïve stable patients to
either 20 mg of simvastatin or 10 mg of rosuvastatin; angio-
graphically non-significant lesions were evaluated with VH-
IVUS at baseline and 1-year follow-up. Although there were
no differences between groups, the amount of NC significant-
ly decreased in the rosuvastatin-treated group from baseline to
follow-up (15.5 to 13.0 mm3, p = 0.02) but not in the
simvastatin-treated group (15.8 to 14.4 mm3, p = 0.22).
Subsequently, Park et al. [27] randomized patients 2:1 to
high-dose (40 mg) versus low-dose (10 mg) rosuvastatin in
patients who had a VH-IVUS fibroatheroma without physio-
logic ischemia. Although there was no difference between
groups, analysis of the overall cohort showed that %NC de-
creased significantly from baseline to 12months (21.3 ± 6.8 to
18.0 ± 7.5%, p < 0.001), and the prevalence of VH-TCFA also
decreased from 54.7 to 29.3% (p < 0.001). In the Study of
Coronary Atheroma by intravascular Ultrasound: Effect of
Rosuvastatin Versus Atorvastatin (SATURN), which com-
pared the effect of 40 mg of rosuvastatin versus 80 mg of
atorvastatin, volumetric change of NC was negatively corre-
lated with time-weighted average (on-treatment) levels of se-
rum high-density lipoprotein cholesterol (r = −0.27) and pos-
itively correlated with C-reactive protein (r = 0.25). The prev-
alence of fibroatheroma increased from baseline (33.1%) to
follow-up (44.3%) [28]. The Integrated Biomarker and
Imaging Study-2 (IBIS-2) study evaluated the efficacy of
darapladib (an oral Lp-PLA2 inhibitor) compared to placebo
using VH-IVUS and showed that at 12 months there was a
significant difference in NC between groups (−5.2 mm3,
p = 0.01) without a change in total atheroma volume
(p = 0.95) [29].

Dynamic Evolution of Plaque Phenotype

We reported the evolution of plaque phenotype in 216 non-
culprit lesions in 99 patients (77% stable CAD) from baseline
to 12-month follow-up [30]. Among 20 baseline VH-TCFAs,
15 (75%) became non-TCFAs (13 thick-cap fibroatheromas
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and 2 fibrotic plaques), and only 5 remained VH-TCFAs.
Conversely, 12 new VH-TCFAs appeared, and the overall
prevalence of VH-TCFA was similar between baseline and
12-month follow-up.

In patients presenting with STEMI from the Harmonizing
Outcomes with Revascularization and Stents in Acute
Myocardial Infarction (HORIZONS-AMI) trial, the frequency
of non-culprit VH-TCFA increased from 41% at baseline to
54% at 13-month follow-up [31]. In lesions classified as VH-
TCFA, the minimum lumen area (MLA) decreased from
8.1 mm2 (7.4–8.8) at baseline to 7.8 mm2 (7.2–8.4) at
follow-up along with an increase in NC.

Prediction of Future Events

In PROSPECT, there was an 11.6% non-culprit lesion event
rate at 3-year follow-up [5••]. Using pre-specified criteria in-
cluding VH-IVUS plaque phenotype, the presence of VH-
TCFA (hazard ratio [HR] 3.21, 95% confidence interval [CI]
1.77–6.36, p < 0.001), MLA ≤4 mm2 (HR 3.21, 95% CI 1.61–
6.42, p = 0.001), and plaque burden ≥70% (HR 5.03, 95% CI
2.51–10.11, p < 0.001) were independent predictors of subse-
quent non-culprit lesion-related major adverse cardiac events
(MACE). These results were confirmed in two similar studies.
In VH-IVUS in Vulnerable Atherosclerosis (VIVA) and the
European Collaborative Project on Inflammation and Vascular
Wall Remodeling in Atherosclerosis - Intravascular
Ultrasound Study (ATHEROREMO-IVUS), VH-TCFA and
large plaque burden (>70%) were associated with non-
culprit lesion-related MACE [32,33].

We have reported various post-hoc analyses from
PROSPECT. First, we hypothesized that a severe stenosis had
a worse outcome compared with a less severe stenosis because
of more vulnerable or advanced lesion morphology [34]. When
we divided non-culprit lesions into quartiles according to the
angiographic diameter stenosis, there were increases in the prev-
alence of lesions with VH-TCFA,MLA ≤4mm2, plaque burden
≥70%, plaque rupture, and more NC from mild to severe steno-
sis along with a greater prevalence of VH-TCFAs having mul-
tiple NCs (presumably multiple healed plaque ruptures).
Second, we evaluated calcified nodules defined as an irregular
and protruding calcium with a convex luminal surface by gray-
scale IVUS [35]. Patients with calcified nodule were older and
had more plaque volume and more VH-TCFA compared to
those without. Third, we evaluated the negative predictive value
of VH plaque phenotype [36]. When we compared patients
without any fibroatheroma versus those with at least one
fibroatheroma, 3-year MACE was 3.7 versus 12.9%, p = 0.03,
respectively. After adjusting other morphological factors, ab-
sence of fibroatheroma was a significant predictor of a lower
3-year rate of non-culprit MACE (HR 0.23, 95%CI 0.06–0.95,
p = 0.04). Fourth, we assessed remodeling and reported three
different patterns: Negative remodeling (non-culprit remodeling

index [vessel area at the MLA divided by reference vessel area]
<0.88), intermediate remodeling (remodeling index 0.88–1.00),
and positive remodeling (remodeling index >1.0) [37]. Non-
culprit lesion-related MACE occurred more often in both the
negative and positive remodeling lesions compared with inter-
mediate remodeling lesions. Negative remodeling lesions had
the smallest MLA, positive remodeling lesions had the largest
plaque burden, and VH-TCFAwith multiple NCs (presumably
more advanced NC) were most common in negatively remod-
eling lesions. Lastly, untreated, non-culprit plaque ruptures seen
in 14.1% of patients did not impact subsequent MACE [38].

Conclusions

By VH-IVUS, there is a clear and consistent association be-
tween clinical characteristics/medications and lesion morphol-
ogy that predicts subsequent outcomes.
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