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Abstract: In cardiology, optical coherence tomography (OCT) is an invasive imaging technique based on the principle of 

light coherence. This system was developed to obtain three-dimensional high resolution images to examine coronary ar-

tery normal and/or pathological structure. This technique replaces the ultrasound used by its main alternative procedure, 

intravascular ultrasound, by a near-infrared light source. Acute coronary syndromes due to atherosclerotic vascular disease 

are the leading cause of mortality in developed and developing countries. As a consequence, intravascular imaging sys-

tems became an important area of research and 1991 marks the first use of OCT in coronary artery observations. Since its 

first appearance in invasive cardiology, OCT maintains a strong presence in the research environments for the identifica-

tion of vulnerable plaques, as it is able to overcome difficulties presented by other techniques such as virtual intravascular 

ultrasound, near-infrared spectroscopy, and histology. Moreover, OCT is increasingly being used in the clinical practice as 

a guide during coronary interventions and in the assessment of vascular response after coronary stent implantation. This 

review focuses on the relevance of OCT in research and clinical applications in the field of invasive cardiology and 

discusses the future directions of the field. 
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INTRODUCTION 

 For many, the first symptom as a consequence of their 
atherosclerotic plaque is an acute coronary syndrome (ACS), 
which can have devastating clinical consequences. Unfortu-
nately, the main problem is that there is no standard method 
to accurately identify the presence of vulnerable coronary 
atheromas in time to facilitate treatment and offer preventa-
tive options. Early detection of this condition is difficult as 
coronary arteries are extremely small and too deep to be ex-
amined accurately from the surface. Furthermore, most pre-
ventative procedures for asymptomatic patients are geared 
towards non-invasive and inexpensive procedures, which 
severely limit early detection. In the last decades, cardiolo-
gists have searched for new approaches and methods to de-
fine location, composition and consequences different types 
of plaque (stable vs. unstable). Furthermore, the introduction 
of percutaneous coronary intervention (PCI) created the need 
for the development of techniques to evaluate coronary con-
ditions before the treatment, as well as ways to assess the 
results, both short and long term. 

 Optical coherence tomography (OCT) opened the door to 
a new way to assess coronary lesions, allowing the progres-
sion from indirect and less accurate methods used previously 
to a direct way to visualise vessel (Fig. 1), plaque morphol-
ogy, coronary thrombosis (Fig. 2) as well as vascular re-
sponse after stent implantation. Growing evidence indicates  
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that OCT may hold the answer to reliable and effective intra-
coronary imaging and potentially make significant contribu-
tions. Although not new, this system went through several 
years of improvements to remove original limitations. The 
major question at this stage is what can OCT offer that other 
systems cannot? While examining OCT images, it is easy to 
be struck by all the detail and resolution, but ultimately the 
future of this technique lies on its ability to accurately and 
effectively detect atherosclerotic plaque and identify its 
composition. OCT already has a place in research and very 
specific clinical applications in invasive cardiology; how-
ever, defining its optimal use and clinical impact requires 
further large, longitudinal, and well-designed investigations. 
This review is structured in three parts. In light of the in-
creasing use of OCT in invasive cardiology, we will initially 
focus on the basic technical aspects of OCT. Second, we will 
discuss the relevance of OCT in research settings, with a 
special focus on the detection of vulnerable plaques. Finally, 
we will consider the main clinical applications of OCT in 
invasive cardiology and discuss the future directions of the 
field. 

TECHNICAL ASPECTS OF TYPES OF OCT IN CAR-
DIOLOGY: COMPARATIVE ANALYSIS  

 An in-depth analysis of the principles behind OCT is 
outside the scope of this paper and has been extensively re-
viewed elsewhere [1-3]. Briefly, using an interferometer, 
infrared light is emitted from the OCT and split between the 
sample and the reference arm, creating an interference pat-
tern analysed as a function of the signal intensity and time 
delay after reflection from a reference mirror or back-
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scattering from the tissue sample. Reflected light depends on 
the different refractive indices in the sample created by spe-
cific components. Multiple scans are obtained by moving the 
sample or pulling back the light source along the coronary 
artery and a three-dimensional reconstruction is possible by 
combining multiple scans [1-3]. 

FIRST GENERATION OCTs 

 Time domain OCTs (TD-OCTs) were the first systems to 
be developed, but there were severe limitations and its use 
never became widespread, apart from specific research ap-
plications. Its main practical limitation resulted from the 
need to use of an occlusion balloon to remove all blood from 

the vessel to be examined, potentially resulting in ischemia, 
as red blood cells interfere with the propagation of infrared 
light and introduce inaccuracies on results obtained [4]. 

SECOND GENERATION OCTs 

 Replacing the broadband light source used in TD-OCT 
for an adjustable laser light source with a wavelength be-
tween 1250 and 1370 nm created a much simpler and more 
effective system. This method is called frequency domain 
OCT (FD-OCT) and the reference mirror is fixed, with mul-
tiple scans obtained by altering the wavelength [4, 5]. Re-
cently, Yoon et al.

 
[6] demonstrated that FD-OCT is a safe 

technique even when covering extended areas and no serious 
complications, including death or myocardial infarction, 
were observed. This way, imaging speeds have increased to 
100 fps

2
 and the need for an occlusion balloon was elimi-

nated [5]. This procedure now relies on flushing the artery 
with contrast media to displace the blood [4, 5]. Further-
more, studies have shown that images obtained with an FD-
OCT have higher resolution [5] and better reproducibility [7] 
than those obtained with a TD-OCT, thus providing inter-
ventional cardiologists detailed intracoronary images. This 
improvement means vital vessel parameters can be detected, 
that would otherwise be missed with earlier OCT models.  

RESEARCH APPLICATIONS: OCT CAN DETECT 
DIFFERENT TYPES OF ATHEROSCLEROTIC 

PLAQUES 

 One of the main research applications of OCT in research 
settings has been in the detection of vulnerable plaques. OCT 
offers clear luminal images of the coronary vessels, allowing 
reference measurements for minimal lumen area

 
[8] as well 

as identification of lipid pools and internal and external lam-
ina [9]. In contrast to intravascular ultrasound (IVUS) where 
significant shadowing effect may difficult identification, 
calcium deposits can also be recognised with this technique. 
Its main limitation is a poorer axial penetration compared to 
IVUS which may limit observation of remodelling or an ac-
curate measurement of stenosis [10]. This information is 
vital to decide whether most appropriate therapies to follow, 
including selection of balloon and stent dimensions and de-
termine the optimal location for stent implantation. For ex-
ample, Secco et al.

 
[11] utilized OCT to determine the ap-

propriate size of balloons for patients undergoing cutting 
balloon angioplasty for the treatment of in-stent restenosis. 
Moreover, Viceconte et al.

 
[12]

 
used OCT to guide selection 

of treatments, including rotablation, thrombectomy and cut-
ting balloon angioplasty.  

DETECTION OF THIN-CAP FIBROATHEROMA 

 It is currently accepted that thin-cap fibroatheroma 
(TCFA) is the most likely culprit behind serious or fatal 
ACS. Autopsy and clinical studies have identified that an 
inflamed thin fibrous cap covering a lipid-rich core is the 
most likely rupture point in patients suffering from ACS [13-
16].

 
Rupture can occur when an increased macrophage con-

centration accumulates at the shoulders of the affected 
plaque and starts releasing metalloproteinases, thus creating 
a weak point and potential thrombus release [17, 18]. An-
other factor that has also been linked with vulnerable plaque 

 
 

Fig. (1). OCT imaging of a coronary artery characterised by a lay-

ered architecture. 

 

 

 
 

Fig. (2). Thrombus identified by OCT as an abnormal mass pro-

truding into the coronary lumen, with signal backscattering and 

various degree of attenuation. 
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is remodelling, which involve physical changes to TCFAs
 

[19] such as intraplaque neovascularisation [16]. 

 Although some early reports suggested that OCT showed 
a poor TCFA detection caused by the inability to detect lipid 
cores located behind a fibrous covering due to low penetra-
tion [20], more recent studies have successfully used OCT to 
detect these fragile and vulnerable regions with a high degree 
of sensitivity [13, 21] and comparatively better than IVUS 
and angiography [22]. Van Soest et al. [21] suggested that a 
high attenuation OCT coefficient, �t >10 mm

-1
, is linked to 

the presence of necrotic core and macrophage infiltration, 
both markers for vulnerable plaque. In contrast, measure-
ments for other less dangerous forms of atherosclerotic 
plaque received a lower attenuation coefficient �2-5 mm

-1
. 

To determine the presence of TCFAs, the currently accepted 
method is to use OCT to assess the thinnest part of the cap. 
Multiple images are generated and the one containing the 
field of view with the thinnest part of the TCFA is identified 
manually, which means this technique is highly subjective. 
To overcome this problem, Wang et al. [15] recently devel-
oped a computer algorithm allowing volumetric evaluation 
of TCFA. The authors suggest this new method is a fast and 
reliable way to achieve a better judgement of vulnerable 
plaque using OCT measurements.  

OCT VERSUS OTHER TECHNIQUES IN THE DE-
TECTION OF VULNERABLE PLAQUES  

 There are some limitations associated with the use of 
OCT to evaluate the presence of vulnerable plaques. The 
main issue is a limited ability to recognize necrotic cores, 
and due to the restricted penetration (1–2 mm), these regions 
simply appear with diffuse borders. Unfortunately, other 
non-necrotic structures are also visualized in a similar way 
and false-positives can occur [23]. In this case, IVUS is the 
better option, as it is possible to visualize the entire coronary 
structure and offer a more accurate distinction between ne-
crotic cores and other structures. Differently from IVUS, 
OCT is obstructed by blood and may require additional con-
trast use, which may pose safety issues in patients with kid-
ney impairment [24].

 
OCT has also limitations in the detec-

tion of aortic ostial lesions, and IVUS is superior to OCT in 
the detection of such abnormalities [25]. In general, how-
ever, OCT offers clear, photographic quality three-
dimensional images and detects details on a microscopic 
level, as opposed to lower-resolution IVUS images. Re-
cently, Yonetsu et al.

 
[26]

 
have compared the usefulness of 

intracoronary near-infrared spectroscopy (NIRS) – a system 
approved by the Food and Drug Administration (FDA) for 
the detection of coronary lipid [27] – and OCT for the detec-
tion of lipids in vulnerable plaques. The results showed 
modest linear correlations in the measurement of lipid. How-
ever, the accurate depth of lipid in the vessel wall could not 
be identified by quantitative NIRS parameters, suggesting 
that larger lipid and thinner fibrous cap (i.e., features consis-
tent with plaque vulnerability), were more easily detected by 
OCT [26]. Notably, OCT allows to obtain high resolutions 
that approach that of histology. In this regard, OCT has been 
proposed an adjunct to histological tissue observation when 
it is not practical to take specimens for histological process-
ing or when large areas need investigation [28]. Notwith-
standing the potential usefulness of OCT in the detection of 

vulnerable plaques in a research setting, it should be empha-
sized that such lesions are clinically defined as plaques that 
would cause a cardiac event in the future. Therefore, an in-
vasive imaging modality may be of limited use in human 
populations. Furthermore, it should be acknowledged that 
there are currently no prospective studies demonstrating the 
value of OCT to identify such lesions prior to events.

 

CLINICAL APPLICATIONS: OCT AS A GUIDE DUR-
ING CORONARY INTERVENTIONS  

 Due to its technical advantages, OCT is increasingly be-
ing used for in clinical practice environment. In this regard, 
OCT has been successfully utilized during PCI as a guide 
during the intervention (Fig. 3) (Table 1). This procedure is 
particularly useful during challenging procedures, such as 
chronic total occlusions [29] or bifurcation lesion stenting 
[30], and may lower mortality rate following the procedure 
[31].

 
During chronic total occlusions, OCT is used to con-

firm the guidewire is located inside the correct vessel and 
has not entered a false lumen [29]. In terms of bifurcation 
lesion stenting, with 3D reconstructions of OCT images it is 
possible to determine the position of the main vessel and the 
relative position of the side vessel, which is essential to de-
termine a suitable strategy to conduct the procedure [30]. 
Also, these models help determine where a guidewire 
crosses a side branch through the stent implanted in the main 
vessel to assess strut coverage of the side branches [32]. 

 

 
 

Fig. (3). OCT imaging of a drug-eluting stent immediately after 

implantation in a patient with ST-segment elevation acute myocar-

dial infarction. Note the protrusion of thrombotic material through-

out stent struts. 

 

CLINICAL APPLICATIONS: ASSESSMENT OF 
VASCULAR RESPONSE AFTER CORONARY STENT 

IMPLANTATION 

 Another important clinical application of OCT concerns 
evaluating possible complications following stent implanta-
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tion, including detection of incomplete stent strut coverage, 
in stent restenosis, stent thrombosis and neoatherosclerosis. 
Vital information can be obtained with OCT following stent 
implantation, including progression and healing over the 
stented area [8, 33]. Therefore, OCT can be clinically used 
for prediction of restenosis or late thrombosis following stent 
implantation. Comparison studies between IVUS and OCT 
give greater merit to OCT in detecting any complications 
after PCI. Reports have shown that OCT can find more cases 
of malapposition [34], stent edge dissections, plaque protru-
sion and incomplete stent apposition than IVUS [35]. 

 When conducting OCT after stent implantation is impor-
tant to realise that infrared light cannot cross metal, and the 
stent is visualised as a long linear structure [36, 37] and any 
measurements taken need to take the thickness of the strut in 
consideration. Terashima et al. [36] demonstrated a high 
correlation and reproducibility between OCT strut measure-
ments and actual commercial stent measurements. 

STENT STRUTS COVERAGE 

 Various studies have been performed to assess the safety 
of stent procedures by using OCT to determine the extent of 
stent apposition and neointimal coverage after stent implan-
tation (Fig. 4) [38-40]. This information is vital to under-

stand how healing progresses and to establish the best treat-
ment course for patients, especially to detect those that may 
be at risk of restenosis

 
[41] and/or thrombosis, which is 

linked with incomplete strut coverage. In comparison with 
IVUS, OCT is the clear winner, capable of detecting even a 
layer of neointima coverage of only 10 μm, missed by other 
techniques [38, 42], but it may not be able to differentiate 
between endothelization coverage or fibrin deposits [43]. 
Over the last few years, there has been intense research in 
terms of assessing how strut coverage is influenced by the 
type of stent implanted. OCT detected a delay in the estab-
lishment of strut coverage between bare metal stents (BMS) 
and drug-eluting stents (DES), particularly first generation 
DESs including sirolimus-eluting (SES) or paclitaxel-eluting 
stents (PES) [38, 44-46]. Uncovered DES were still visible 
9-12 months after the procedure [47, 48], and it was only 
after 5 years that complete coverage was established [49]. In 
contrast, Chen et al. [50] noticed that it only took 5 months 
for OCT images from patients that received a BMS to show 
complete apposition and almost all strut surfaces covered by 
neointima. In fact, some were starting to get covered by hy-
perproliferative neotintima, which could potentially cause 
restenosis.  

 Even between different types of drug-eluting stents, Sim 
et al. [48] detected differences, with more uncovered struts 

Table 1. Research and clinical applications of OCT in invasive cardiology. 

OCT Application References 

Detection of atherosclerotic plaque [42] 

Detection of internal and external laminae [9] 

Assessment of vulnerable plaque, including presence of thin fibrous cap, inflammation, lipid core, in-

traplaque neovascularisation and calcified nodule 

[13, 15, 16, 

21, 23] 

Assessment of remodelling [42, 19] 

Assessment of intraplaque neovascularisation [16] 

Assessment of luminal area [8] 

Identification of presence and type of thrombus [17] 

Determination of most suitable therapies [11, 12] 

Assessment of coronary le-

sions before PCI 

Guidance during chronic total occlusion [29] 

Guidance during bifurcation lesion stenting [30] During PCI 

Guidance to track exact location of stent [31] 

Detection of stent edge dissection, tissue protrusion, and incomplete stent apposition  [35] 

Evaluation of stent strut coverage [51] 

Mid and long-term assessments for safety and efficacy [41] 

Assessment of stent coverage [38-40] 

Assessment of restenosis [56, 57] 

Detection of microvessels and increased neointimal hyperplasia [58] 

Assessment of in-stent thrombosis [55] 

Post-PCI evaluation 

Assessment of neoartherosclerosis [60, 61] 
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in SES vs. PES, which means PES is associated with a faster 
healing response, but the mechanism is not fully understood. 
Second generation stents, such as zotarolimus-eluting stent 
or everolimus-euting stent seem to have an identical cover-
age rate46and show a pattern closer to BMS [51].  

ASSESSMENT OF STENT THROMBOSIS 

 The development of drug-eluting stents has provided 
improvements in terms of significant reduction in restenosis 
after the procedure. However, other issues have arisen, as 
late stent thrombosis and restenosis become more common 
due to malapposition [41, 52, 53]. This is why a long-term 
treatment of dual anti-platelet therapy (DAT), sometimes 
lasting over a year, is currently recommended for DES-
implanted patients [47, 48]. Two mechanisms have been 
suggested to explain stent thrombosis [54]. One mechanism 
involves morphological changes during vessel healing after 
stent implantation, as a consequence of malapposition and 
incomplete coverage; while the second hypothesis is associ-
ated with rupture of neoatherosclerotic tissue. Different types 
of thrombus collected seem to support this theory [54], how-
ever, further studies are required to fully explain the mecha-
nisms involved in late thrombosis and their clinical implica-
tions. Alfonso et al. [55] recently conducted a study to com-
pare between use of OCT and IVUS before and after inter-
vention due to stent thrombosis. The authors demonstrated 
that OCT was able to identify all thrombus present and, de-
spite the fact that their presence casted a shadow over the 
stent, OCT still recognised malapposition, uncovered struts 
and in-stent restenosis. OCT can detect the presence and 
differentiate between red and white thrombi [18], by analys-
ing differences in the signal attenuation curve [17]. In con-
trast, IVUS showed severe limitations in visualising the 
thrombus-lumen connection and strut malaposition and 
failed completely to identify uncovered struts and neoathero-
sclerosis.  

EVALUATION OF IN-STENT RESTENOSIS 

 In-stent restenosis (ISR) is defined as excess neointimal 
proliferation occurring after stent implantation [56]. This 
condition can progress to neoatherosclerosis and heteroge-
nous restenosis accompanied by calcification and lipid ac-
cumulation, potentially causing luminal disruption [57]. Re-
cently, Kim et al. [58] also identified the presence of mi-
crovessels and increased neointimal hyperplasia in some 
advanced ISR lesions. It is usually considered that restenosis 
is a common condition in patients fitted with a bare metal 
stent and rare with a drug-eluting stent [59], but recent stud-
ies are starting to show other important morphological and 
temporal differences between restenosis developed with 
BMS or DES [60]. BMS restenosis is characterised mostly 
by a rapid accumulation of smooth muscle cells, appearing in 
OCT images as predominantly homogeneous with high sig-
nal echogenicity, in contrast to restenosis developing with 
DES, which involves a slow accumulation of proteoglycan-
rich tissue showing up as a layered pattern or heterogeneous 
tissue composition [60]. 

NEOATHEROSCLEROSIS 

 The development of in-stent neoatherosclerosis several 
years after implantation [60], including microvascular prolif-
eration, lipid-rich neointima, intimal rupture, thrombi and 
calcification, has been identified using OCT [60, 61] and is 
most commonly associated with DES [62] and late stent fail-
ure [40]. Even in patients suffering from stable angina, le-
sions containing lipid-rich neointima were found [63]. Yo-
netsu et al. [61] identified several factors linked to this con-
dition, including not only stent type and age, but also smok-
ing, chronic kidney disease, and angiotensin-converting en-
zyme inhibitors/angiotensin II receptor blockade. The posi-
tive results obtained with OCT to assess vascular response to 
stent implantation, from stent coverage to damage caused by 
neoatherosclerosis, mean this technique will soon become an 
indispensable tool for clinical and research use (Table 1).  

SPECIALS CONSIDERATIONS ON BIOABSORB-
ABLE STENTS 

 New-generation bioabsorbable stents are innovative de-
vices that have the capacity of being dissolved and assimi-
lated into the coronary artery [64, 65]. Because they did not 
leave any residual foreign material in the vessel wall, their 
use may significantly reduce the risk of restenosis or late-
stent thrombosis as compared with traditional bare-metal and 
drug-eluting stents [66]. The study of OCT for investigating 
the fate of bioabsorbable stents – including the modifications 
of such devices over time and the manner in which the artery 
returns to its normal structure – has recently gained momen-
tum [67-69]. In the ABSORB study [70], the use of OCT has 
allowed demonstrating that the preserved box of a bioab-
sorbable stents remains in situ approximately 6 months. Sub-
sequently, the struts predominantly become either indis-
cernible or integrated into the artery wall [70]. Mattesini et 
al. [71] have recently shown that OCT may be useful in a 
research setting for investigating scaffold integrity, apposi-
tion to the underlying wall, presence of thrombus and hyper-
plasia, and changes in the strut characteristics over time after  
 

 
 

Fig. (4). Evaluation by OCT of re-endothelization extent at follow-

up in a patient who underwent drug-eluting stent implantation. 
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implantation of bioabsorbable stents. Although histology 
remains the gold standard in the research setting for charac-
terization of tissue maturation following the placement of 
bioabsorbable stents, OCT enables an in vivo assessment of 
stent-vessel interactions at a micron-scale level without re-
quiring tissue preparation [72, 73]. Consequently, the com-
plementary role of OCT as compared to histology to assess 
the impact of novel endovascular technologies is now well-
established. 

CONCLUSIONS 

 New advances are constantly being presented to improve 
and maximize benefits obtained from OCT. For example, 
recently developed algorithms used in automatic tissue char-
acterisation software [63] as well as a real-time 3D and 4D 
phase-resolved Doppler OCT (PRDOCT) [74] allow a more 
objective interpretation of results. The versatility of this pro-
cedure establishes OCT as a potential imaging technique 
with a significant impact not only in our understanding of the 
vascular morphology and pathophysiology of atherosclerotic 
plaque, but also in aiding during coronary interventions and 
assessing its long-term vascular outcomes. It is currently 
well-established as a valuable research tool, allowing the 
evaluation of many conditions, including detection of thin-
cap fibroatheroma. In clinical research and clinical practice, 
OCT is increasingly being used in the assessment of vascular 
response to stenting. For example, OTC has been success-
fully utilized for the examination of the in vivo mechanisms 
of late drug-eluting stent thrombosis [75] or for serial as-
sessments of coronary artery response to DES [76, 77]. 
Importantly, OTC is currently being used as a clinical 
research tool for investigating gender disparity regarding 
outcomes after revascularization for STEMI. Indeed, 
significant sex differences still exist with higher rate of in-
hospital complications, in-hospital mortality, and cardiac 
death at short follow-up in women undergoing PCI [78-80]. 
In this regard, the OCTAVIA (Optical Coherence 
Tomography Assessment of gender diVersity In primary 
Angioplasty) study (ClinicalTrials.gov Identifier: 
NCT01377207) will combine quantitative coronary 
angiography, OCT, and histopathologic analyses performed 
by international core labs to compare the disease’s biological 
mechanisms and responses to treatment in men and women. 
One of the greatest promises of OCT comes from the fact 
that it could also be used during PCI in complex procedures 
or even to customise long-term dual anti-platelet therapy to 
specific needs for each patient following stent implantation. 
In this case, large-scale studies are required to evaluate 
repeatability and reliability for specific conditions, such as 
ACS, thrombosis and others, to determine the most suitable 
applications for this technique. Following successful 
validation of the technology, the transition from research 
tool to routine procedure would need further safety 
evaluation and the establishment of standard measurements 
to be able to compare between patients. Furthermore, strict 
guidelines need to be developed to define under what con-
ditions it would be beneficial to use, or when it would be 
more advantageous to select an alternative method [81, 82]. 
Ultimately, OCT can only be defined as a relevant procedure 
in interventional cardiology when a link between this 
technique and improved clinical outcomes in patients with 
coronary conditions can be established. In addition, the 

potential still present in its use in research studies is im-
mense, from understanding plaque morphology to being able 
to predict vascular responses to stent implantation. The po-
tential future applications of this technique in specific niches 
are also beginning to be explored. One of these areas is the 
assessment of cardiac allograft vasculopathy (CAV) late 
after heart transplantation. In this regard, it has been recently 
shown that OCT can provide a detailed assessment of the 
coronary artery wall and early morphologic changes that 
occur after cardiac transplantation [83]. Although the diag-
nosis of CAV remains challenging because of the diffuse 
nature of the disease and the presence of cardiac denervation, 
preliminary evidence seems to suggest that OCT may be 
more sensitive for its early detection as compared with IVUS 
[84]. Finally, it should be emphasized that several techno-
logical advances are currently under active investigation for 
intravascular OCT [85]. Such future modifications are ex-
pected to yield improved imaging times and image quality, 
ultimately facilitating the practical translation of OCT from 
research protocols to everyday clinical practice. 
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