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Introduction

Stroke is a disease with a sudden neurological deficit attributable to a focal vascular cause. It
is estimated that about 16000 people in Norway suffer a stroke each year, and in addition
about 5000 people experience a transient ischaemic attack (TIA) (Indredavik 2001). Although
the exact cause of stroke cannot always be established (Warlow et al 2001), we assume that
about 80% of all strokes are thromboembolic of origin (Indredavik 2001). The origin of
emboli can be the heart, aortic arch or precerebral vessels. The precerebral arteries may be
responsible in up to 20% of the cases (Bamford et al 1991). For a long time, stroke was
attributed to intracranial vascular disease alone. However, reports on ulcerating plaques in
precerebral arteries, emboli formation and subsequent cerebrovascular insufficiency in
addition to the technique of cerebral angiography initiated the surgical treatment of carotid

artery stenosis for the prevention of stroke (Thompson 1993).

Carotid artery stenosis and cerebrovascular ischemic events

A carotid artery stenosis may be termed symptomatic if cerebrovascular events in the artery’s
territory have occurred, and asymptomatic if no such event has occurred during the last 6
months (ACAS 1995, ACST 2004). Emboli from the carotid arteries may cause transient
monocular visual loss (amaurosis fugax, AF), speech disorders or hemimotor or hemisensory
signs. Patients with focal cerebral ischemia have been divided into clinical subgroups,
according to the duration of their symptoms. The terms transient ischaemic attack (TTA),
crescendo TIA , reversible ischaemic deficit (RIND) and completed stroke have been used. A
patient with a TIA should be fully recovered within 24 hours, while a RIND could last up to
one week and a completed stroke would leave the patient with a permanent neurologic deficit.
Attempts to develop a more precise terminology have been made by Baker (1988). Ina

recent paper from The American Heart Association/American Stroke Association Council on



Stroke, it was stated that the distinction between TIA and ischemic stroke has become less
important, since many of the preventive measures are useful for both patient groups (Sacco et
al 2006). Traditionally, patients with focal neurological deficits lasting less than 24 hours are
diagnosed as having had a TIA, while deficits lasting longer than 24 hours will be referred to
as a stroke. Due to new imaging techniques, brain infarcts can be discovered earlier and this
may lead to yet another classification. An ischemic stroke may be classified according to the
presumed mechanism of brain injury and the type and localization of the vascular lesion.
(Bamford et al 1991, Adams et al 1993, Sacco et al 2006). The so-called TOAST-
classification describe five subgroups of ischemic stroke according to etiology; large-artery
atherosclerosis, cardioembolism, small vessel occlusion, stroke of other undetermined

etiology and stroke of undetermined etiology (Adams et al 1993).

TIA may be regarded as a harbinger of a stroke. The severity of the initial symptom seems to
be related to the subsequent risk of stroke. Thus, a patient suffering a TIA will have a greater
chance of developing a stroke compared to one only having experienced temporary visual loss
(Wilterdink et al 1992). A resulting stroke may be described as disabling or non-disabling
(Bamford et al 1991). Several scales and definitions describe the functional impairment after
stroke, but a modified Rankin scale has been widely accepted (Rankin 1957, Sulter et al 1999,
Halliday et al 2004) (Table 1). A patient with a grade 0 to 2 according to the modified Rankin
scale can be characterised as having had a non-disabling stroke, whereas a grade 3 to 5 is

regarded as a disabﬁng stroke.

Studies on the natural history of patients with an asymptomatic carotid artery stenosis, have
indicated that their risk of having a stroke was small, in the range of 1 to 4 % annually
(Chambers et al 1986). Correspondingly, there is no uniform agreement on the benefit of
screening for carotid artery stenosis (Roederer et al 1984, Hankey 1995). During the

Asymptomatic Carotid Surgery Trial (ACST), it was recognized that 211 (19%) out of a total



of 1142 patients had a silent cerebral infarction on computer assisted tomography (CT)
ipsilateral to their asymptomatic carotid artery stenosis (Robless et al 1998). Some authors
consider this to be a sign of previous or ongoing embolisation, leaving the patients with a

higher risk of symptoms at a later stage.

Table 1

The modified Rankin scale {Rankin 1957, Sulter et al 1999}

Grade | Disability

0 No symptoms at all

1 No significant disability despite symptoms: able to camy out all
usual duties and activities

2 Slight disability: unable to carry out all previous activites but
able to look after own affairs without assistance

3 Moderate disability, requring some help, but able to walk without
assistance

4 Moderate severe disability: unable to walk without assistance

and unable to attend to own bodily needs without assistance

5 Severe disability: bedridden, incontinent and requiring constant
nursing care and attention

Imaging

Traditionally, the carotid artery was investigated by angiography. Intra-arterial angiography
was considered mandatory before carotid endarterectomy was performed (Cairols 1995). The
angiography itself, however, may cause stroke in 0,45-1,2% of the patients (Dean et al 2001,
ACAS 1995). In the early 1980’s, the ultrasound doppler technique permitted non-invasive
investigation of the carotid arteries. The simple Doppler technique was gradually replaced by
duplex ultrasound scanning (DUS) where B-mode imaging, colour blood flow and Doppler

velocity measurements were combined (Zwiebel 1992). Due to improvement in this



technique, some surgeons based the indication for surgery on clinical symptoms and
ultrasound images alone (Loftus et al 1998). In a Norwegian survey from 2002, only 30% of
the departments used intra-arterial angiography on a regular basis before carotid 7
endarterectomy (CEA) (Dahl et al 2006). Many surgeons would prefer to use magnetic
resonance imaging (MRI) if there is doubt about the grade of stenosis or the distal anatomy of
the internal carotid artery (ICA). In the future, both MRI and CT-angiography could play a
greater role in the evaluation of these patients (Norris et al 2004). The beneficial effects of
carotid surgery have been related to the preoperative grade of stenosis as evaluated by
angiography (ECST 1991, NASCET 1991). By comparing DUS and intra-arterial
angiography, threshold values for stenosis could be established. (Cairols et al 1995).
However, there are several types of velocity criteria to classify the carotid artery stenosis by
DUS (Zwiebel 1992), and it has been recommended that each individual vascular laboratory
establish its own criteria (Curley et al 1998, Byrd et al 1998). An irregular surface or
ulceration of the carotid plaque as seen in angiography, may leave the patients at high risk of
embolisation (Rothwell et al 2000). DUS has been used to characterize the lipid content of the
carotid plaque as echolucent or echogenic areas (Langsfeld et al 1989). The echolucent or
lipid-rich plaques seem to be more prone to embolisation. The relation between an echolucent
plaque in asymptomatic patients, and subsequent risk of stroke is yet to be determined
(Groenholdt et al 2001, Mathiesen et al 2001). Other authors have found a high risk of

embolisation associated with heterogenic plaques on DUS (AbuRahma et al 2002).



Treatment of carotid artery stenosis

Carotid artery stenosis is considered a marker of generalised atherosclerotic disease (Ogren et
al 1995). A majority of the patients with carotid atherosclerosis also have atherosclerotic
manifestations in the coronary arteries and the arteries of the lower limbs. The general
treatment of these patients must be directed towards the treatment of common risk factors for
atherosclerosis, like hypertension, diabetes, hypercholesterolemia and smoking (Antiplatelet

Trialists” Collaboration 1988, Heart Protection Study Collaborative Group 2002).

First of all, aspirin or another platelet aggregation inhibitor should be given. Usually, the
addition of a statin to lower the patient’s cholesterol would be indicated. Medical therapy to
reduce the stroke risk in patients with carotid artery stenosis has been intensified over the
years, and was not fully utilised during the large studies on CEA in the early 1990s (Sacco et
al 2006). Medical treatment alone however seems to be inferior to surgical removal of the

carotid plaque in certain patient groups (Naylor 2004).

As previously stated, there is a risk that TIA or AF is followed by a stroke. When TIA or AF
event is recognised, surgical treatment for carotid artery stenosis may prevent a subsequent
stroke. For symptomatic patients with carotid stenosis of more than 70% diameter as
described by the NASCET-method, there is a significant benefit of CEA over medical
treatment alone. Rothwell et al (2004) found that in male symptomatic patients, the benefit of
CEA over best medical treatment alone is also present when the stenosis passes 50% diameter
reduction. However, this beneficial effect of surgery is dependent on the interval between the
cerebrovascular event and surgery, as the preventive effect gradually declines. Coexisting
diseases may alter the beneficial effects of CEA in favour of medical therapy (Sacco et al
2006). CEA, either as a conventional endarterectomy or by the eversion technique, has been

the “Gold Standard” in the invasive treatment of carotid artery stenosis (Zarins 1996).
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Parallell to the development of endovascular techniques in other areas of vascular surgery, a
new technique of balloon angioplasty and stenting has emerged (CAVATAS investigators
2001). This fechnique is considered to be less invasive; and less traumatic to the patients, and
the risk of peripheral nerve injury is minimized (Coward et al 2004). This might be
advantageous for patients with a history of previous neck surgery, irradiation or those with a
distal or recurrent stenosis (Veith et al 2001, Sacco et al 2006). Carotid artery stenting (CAS)
and CEA have performed equally well in some randomised controlled trials, but the results
after surgery in these studies have been inferior to other studies (Archie 2000, CAVATAS
investigators 2001, LaMuruglia et al 2004,Yadav et al 2004). Also, it has been concern about
the increasing number of various specialists who take on carotid artery stenting with

inappropriate indications for treatment (Beebe et al 1996, Narins et al 2006).
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Surgical treatment

Symptomatic carotid artery stenosis

DeBakey performed the first endarterectomy of a carotid plaque in 1953, and this relieved the
patient’s symptoms, but was not reported until 22 years later (DeBakey 1975). In 1954,
Eastcott and colleagues performed a resection of the carotid bifurcation and then direct
arterial anastomosis in a woman with recurrent, transitory ischaemic attacks (Eastcott et al
1954). The TIAs disappeared, and this operation initiated an increasing number of
procedureé, especially in the US, where carotid endarterectomy eventually became the most
common peripheral vascular operation (Thompson 1993). However, the number of procedures
declined, as it was shown that some hospitals had an unacceptable high rate of perioperative
strokes (Barnett et al 1984, Tu et al 1998). The procedure itself caused the disease that it was
supposed to prevent. This lead to two large, randomized controlled trials where patients with
carotid stenosis and cerebrovascular symptoms received the current best medical treatment
(BMT) plus CEA or BMT alone, respectively. In 1991 the European Carotid Surgery Trial
(ECST) and the North American Symptomatic Carotid Endarterectomy Trial (NASCET) were
published. These two studies defined the subgroups of symptomatic patients with carotid
artery stenosis that would benefit most from surgical treatment. The selection of patients was
based on the degree of stenosis as shown by intra-arterial angiography. Although the grading
of stenosis was different in the two studies (Fig. 1), the benefit of surgery was confined to
patients with a certain degree of stenosis, more than 70% diameter reduction in NASCET and
more than 80% in ECST respectively. Patients with stenosis of less than 50%, however, were
better off with medical treatment alone, whereas the effect of CEA in patients with a stenosis
in the category 50-69% still is uncertain, although male patients operated upon close to the

event seem to benefit (Cina CS et al 2000, Rothwell et al 2004) Subgroup analyses in the two

12



studies have defined other variables that contribute to the beneficial effects of surgery in

terms of sex, initial symptom and timing of surgery (Rothwell et al 2004, Sacco et al 2006).

Figure 1

Different measurement of stenosis according to NASCET and ECST by angiography

NASCET method:
B-A x 100%
B

ECST method:
C-A x100%
c

CCA

13



Asymptomatic carotid artery stenosis

Over the years, several vascular surgeons have offered carotid endarterectomy to patients with
asymptomatic carotid artery stenosis. This has been most apparent in the US, while European
surgeons were reluctant to this indication for CEA (Naylor 2004). In 1995, the Asymptomatic
Carotid Atherosclerosis Study (ACAS) was published. This study showed that the stroke rate
in patients undergoing carotid endarterectomy was reduced by 50% compared to medical
treatment alone (ACAS 1995). The absolute risk reduction was small, however — from 2%
stroke annually with medical treatment alone compared to 1% stroke after medical treatment
and surgery in combination. The stroke/mortality rate after surgery was 2,8%, and 1,2% of the
strokes were caused by the preoperative carotid angiography. This study supported in some
way the American strategy for the treatment of patients with asymptomatic carotid artery
stenosis. However scepticism about the patient selection made the European vascular
surgeons reluctant to do CEA in these patients on a regular basis (Naylor 2004). In 1993, a
European randomised controlled trial (RCT) between BMT alone, or BMT in combination
with CEA in patients with asymptomatic carotid artery stenosis was started. In 2004, the
results of The Asymptomatic Carotid Surgery Trial (ACST) was published, confirming the
ACAS-results from 1995 (Halliday et al 2004). The projected benefit of carotid
endarterectomy and best medical treatment over best medical treatment alone during a 5-year
period was 6,4% stroke/mortality rate in the surgical group and 12,3% stroke/mortality rate in
the medical group. Presumably, ACST is more representative of the general vascular surgical
practice in European Centers. In ACST, it is concluded that patients under 75 years,
irrespective of gender, with a carotid stenosis of more than 60% diameter reduction, have a
more effective stroke prevention after BMT plus CEA than after BMT alone. This benefit
may be even greater over the years, and the 10-year results from the ACST study are awaited.

In spite of the positive effect of surgery confirmed by the ACST study, the absolute risk

14



reduction of surgical treatment for asymptomatic carotid artery stenosis is still small. We need
information on the patients who are at highest risk for embolization from their carotid plaques

(Chambers et al 2005).

Monitoring of surgical results and the use of registers

CEA is a preventive operation, aﬁd a high complication rate would easily eliminate the
benefit of the treatment. Despite of a stroke/mortality rate of 5,8 - 7,5% in the two large
symptomatic carotid artery stenosis trials (ECST, NASCET), CEA has been proven to be of
benefit. Recommendations for acceptable surgical results according to presenting symptoms
have been given as guidelines from the American Heart Association (Moore et al 1995).
Many have argued that CEA should be centralised to large hospitals where each surgeon
could get a higher number of procedures. A Finnish study concluded that the surgeons
performed better if they did more than 10 carotid endarterectomies a year (Kantonen et al
1998). Some of the large American studies have investigated the number of perioperative
deaths after CEA in low-volume and high-volume hospitals. Although high volume hospitals
have a significantly lower mortality, the difference is relatively small and postoperative death
is a very rare event anyway (Birkmeyer et al 2003). The results from each hospital should be
compared with other hospitals by reporting to a central vascular registry, like the Norwegian
NorKar, the Swedish SWEDVASC, the Finnish Finnvasc or the Danish Karbase (Troeng et al
1992, Jensen et al 2000). In SWEDVASC, it has been recommended that the results of the last
50 operations should be considered as representative for the performance of the vascular

surgery department (www.swedvasc.se). The Norwegian Vascular Registy (NorKar) was

established in 1996, and after some years of practice, approximately 80% of the total number
of vascular surgical procedures in Norway are reported to the register (III). However, the

interest for the register has varied widely among the different hospitals, and there has been

15



doubt about the completeness of the data. Suggested standards for different vascular
procedures have been discussed by the members of the Norwegian Society for Vascular

Surgery.
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Study objectives

Paper |

The aim was to develop a 2D ultrasound method to describe the motion pattern of a carotid

artery plaque during the heart cycle.

Paper Il
The purpose of this study was to investigate the reproducibility of the ultrasound method
described in paper I, and to investigate which motion pattern would reproduce well between

patients, number of ultrasound examinations and number of heart cycles.

Paper Il

The aim of this study was to validate the Norwegian Vascular Registry (NorKar) in terms of
completeness for number of carotid endarterectomies and in-hospital postoperative
stroke/mortality rate compared to an official administrative register, the Norwegian Patient

Register (NPR).

Paper IV

The aim of this study was to describe the stroke/mortality rate within 30 days of surgery in
our own hospital over a 20 year period. Secondary aims were registration of other
postoperative complications, technical details of CEA and pre- and postoperative treatment of

patients with carotid artery stenosis.

Paper V

The aim of this study was to investigate the number and degree of carotid artery stenoses in
patients admitted to a stroke unit, and the possible association between the stenoses and the

relevant cerebrovascular lesions.
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Material and methods

Paper |

On the day before scheduled carotid endarterectomy, consecutive DUS examinations of six
patients were done. The examination was done with a standard ultrasound scanner (GE
Vingmed System FiVe, Horten Norway) equipped with a linear 12 MHz probe and by the
same scanner operator. In order to analyze the raw data from the examination, a software to
extract the radio-frequency (RF) data was installed. First, we performed a standard duplex
ultrasound examination to ensure that the carotid artery of interest was patent. The area with
the greatest stenosis was identified. This was done on a longitudinal image section. Only the
section at the point of maximal stenosis was investigated further. Upon maintaining the probe
position, we changed to a radio-frequency (RF) - mode and a scanning sequence was
recorded. At the same time, the heart rate was registered with Electrocardiogram (ECG), and
displayed on the ultrasound screen. The ECG data were stored with the ultrasound data.
Typically, a sequence of three heart beats were recorded, and the carotid plaque motion could
be linked to each heart cycle. After transferring the data to a central computer, the recorded
sequence was imported in a programme (Matlab version 5.2 on a Macintosh Computer ) for
analysis. The plaque border was manually outlined on one of the picture frames captured by
the analysis tool, and this was done by the scanner operator who performed the initial
examination. Subsequently, the different motion parameters were quantified by a frame to
frame correlation technique. The motion was calculated relative to a reference area placed

below the adventitia adjacent to the base of the plaque.
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Paper Il

Six patients who were admitted for elective carotid surgery because of a symptomatic, caro‘;id
artery stenosis were examined with DUS and motion analysis before the operation. They were
compared with six patients with asymptomatic carotid artery stenoses. The subjects in the
latter group had participated in the Asymptomatic Carotid Surgery Trial (ACST), receiving
best medical treatment only. Up to five consecutive recordings of the carotid plaque region
were done, and the probe was repositioned between each examination. We studied the
reproducibility of the different motion patterns. A high number of parameters potentially
describing plaque motion were investigated. By analysis of the standardized variance, we
found that three consecutive recordings over two heart cycles gave a representative sample. A
source of error during the ultrasound scanning, could be movement of the examiner’s hand
and the probe. This rather slow hand movement would probably be outweighed by the high
frame rate of the acquisition, and the effect was further diminished by calculating relative to

the reference area below the outlined plaque.

Paper Il

After permission from the board of The Norwegian Vascular Registry (NorKar), data from
member hospitals for the years 2000-2001-2002 were retrieved. We tﬁen performed a cross-
match of the number of carotid endarterectomies in the Norwegian Vascular Registry
(NorKar) with the corresponding number of CEA in the administrative and official,
Norwegian Patient Register (NPR). A manual search through NorKar data from the central
registry for the years 2000-2001-2002 was done. Then the number of procedures and
complications after surgery were registered. These numbers were compared with a printed
data selection from NPR, where procedures including codes for “carotid artery stenosis” and

“carotid endarterectomy” were investigated. The annual report from NorKar has been based
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on the number of patients with a mark for “indication carotid stenosis” on their registration
form, and not the procedure code itself. These patients could th;refore easily be identified
and compared to the final, “official” diagnosis at discharge from hospital. We have
previously shown that several different diagnosis codes for carotid endarterectomy are used,
even within the same hospital. Although most of these diagnosis - procedure codes are
consistent, a search for the right number of CEA’s based on this could be misleading

(Altreuther et al 2004).

Paper IV

We did a retrospective, cohort study of all patients operated for carotid artery stenosis in our
department during the years 1983-2002. The patients were identified in the hospital database
according to diagnosis code or procedure code related to carotid artery stenosis. The
disadvantage of a retrospective study like this, is that the quality of recorded medical data is
not uniform. The reports on carotid angiography are a good example, as a great number of
them failed to give the exact grade of stenosis. This was the case even after 1991, when the
results of RCT’s had shown that the degree of stenosis had a great impact on the effects of
surgery and thereby indication for operation (ECST 1991, NASCET 1991). All reports on the
surgical procedure were thoroughly checked, and details on perioperative complicaﬁons were
searched for in the discharge reports, nursing reports or examinations by other medical
specialists. In addition, we visited local hospitals and searched the medical records for data
on patients that had died, to explore whether there were any indication of a stroke after CEA.
The analysis of survival and the impact of risk factors were done with the Kaplan-Meier
Method and Cox-multivariate regression analysis. Also, the relative survival was calculated,
as women had a significantly better survival in the first, unadjusted analysis. The Norwegian

Registrar’s Office of Births and Deaths was checked for survival by Dec 1 2004 for all
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patients. Otherwise, status on the last reported information in the medical file was considered
as an endpoint. The cause of death was obtained from the diagnosis on discharge, or

information in the medical records.

Paper V

This was a cohort study of 144 pétients admitted to the stroke unit at St. Olav’s Hospital,
suspected of having had a stroke. We consecutively examined the carotid arteries of patients
admitted to this stroke unit over a 6 month period in 1996. Four different vascular surgeons
performed the duplex uitrasound scanning of the patients. Specific veloctiy criteria for
grading of stenosis were given (Langlois et al 1983, Taylor et al 1987), and the scanning
operator was asked to grade the stenosis into one out of four groups, according to the different
stenosis groups reported in the NASCET-study. We used the same velocity criteria as in the
Asymptomatic Carotid Surgery Trial (ACST), and their method has a well-defined peak
systolic velocity (PSV) for more than 50% stenosis, but stenoses of a lesser degree are poorly
defined by DUS (Zwiebel 1992). The cut-off values for grading of stenosis when using
duplex ultrasound are still controversial. The examinations were done with the same
ultrasound scanner, and usually by one scanner operator. This may lead to inaccuracies that

could have been minimized with a repeat examination by another operator.
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Summary of results

| Paper |
We have developed an ultrasound method to describe the motion of carotid plaques induced
by the pulse wave from each heart beat. The method was based on 2-dimensional ultrasound
scanning, and a frame to frame correlation technique. The analysis was done on radio-

frequency data collected from a standard ultrasound scanner.

Paper Il

We used the ultrasound technique described in paper I, and studied 27 motion parameters. It
was observed that seven different parameters reproduced well after three consecutive image
sequences and two heart cycles. The identified parameters represented patterns of motion

amplitude, tension and torsion of the carotid plaque.

Paper Il

A comparative study of the Norwegian Vascular Registry and The Norwegian Patient
Register showed that 16% of carotid endarterectomies had not been reported to the vascular
registry. Also, in-hospital stroke and death after carotid endarterectomy were incompletely
recorded in NorKar during the years 2000-2002. The discrepancy in the stroke/mortality rate

varied from 0,1 — 1,7%, and was most pronounced in the year 2001.

Paper IV

A retrospective study of all carotid endarterectomies performed at Trondheim University
Hospital in the years 1983-2002 indicated a 5,4% in-hospital stroke/mortality rate. 556 CEA’s
had been carried out among 496 patients with a median age of 67 years. 60% of the patients

were men. 86% of the operations were done because of a symptomatic carotid artery stenosis,
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and 17% of the patients had had a minor stroke prior to surgery. Twelve patients (2,2%) had
an reoperation because of haemorrhage, but no vein patch rupture was seen. The median
postoperative stay was S days, and this was virtually unchanged during the study period. Few
restenoses were discovered on the routine follow-up, and no patient had an operation for

recurrent carotid artery stenosis.

Paper V

In a consecutive study of 144 patients admitted to a stroke unit, the grade of carotid stenosis
ipsilateral to the cerebral lesion was investigated with duplex ultrasound scanning. The study
showed a stenosis of 30-69% in 14 cases, a stenosis of more than 70% in 4 cases and

occlusion in 3 cases.
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Discussion
Carotid plaque

The unstable carotid plaque

Therapy for the prevention of stroke in a previously symptomatic patient with carotid artery
stenosis has become well established. However, some patients with a carotid artery stenosis
had a stroke as the first manifestation of their atherosclerotic disease (Roederer et al 1984).
Observational studies of patients with asymptomatic carotid artery stenosis indicate a small
stroke risk (Chambers et al 1986), and the stroke risk in the individual patient is difficult to

assess (Nicolaides et al 2005).

The mechanisms for plaque rupture and subsequent thrombosis and emboli are not fully
understood (Falk 1992, Golledge et al 2000, Loftus et al 2000). Vascular spasm,
inflammatory cells in the fibrous cap, bleeding in the vasa vasorum of the carotid artery and
plaque motion have been suggested as pathogenétic factors in plaque rupture (Falk 1992,
Meairs et al 1999, Loftus et al 2000, Hennerici 2004). The plaque core is covered by a fibrotic
cap. When this cap ruptures, the contents of the plaque is exposed to the platelets and
coagulation system of the blood, and a thrombus could form (Fig 2). Clinical studies indicate
that soft plaques are more prone to rupture, but this association has been difficult to establish
for patients with asymptomatic carotid stenosis (Groenholdt et al 2001, Mathiesen et al 2001).
After several years of research, no firm recommendations for surgery based on plaque
appearance alone can be made. The ACST study failed to prove whether a plaque that was
more than 25% echolucent (soft) predicted a greater risk of stroke (Halliday et al 2004). In
the Asymptomatic Carotid Stenosis and Risk for Stroke Study (ASCRS), patients with high
grade of stenosis measured by the ECST-method, a history of contralateral, symptomatic

carotid artery stenosis and creatinine of more than 85 umol/l, defined a patient group with an
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annual stroke risk of about 4%, compared to 1-2% stroke risk that has previously been

reported (Nicolaides et al 2005).

Figure 2

Two possible triggers of plague rupture and
embolization

M

Inflammation Motion

N/

Thrombosis

Carotid plaque motion as a pathogenetic factor in plaque rupture
Differences in plaque movement between patients with and without symptoms, were
demonstrated by Meairs and Hennerici in 1999, but only a few reports on this topic followed
(Golemati et al 2003, I, Lenzi et al 2007). We have described plaque motion with a 2D
ultrasound method (I). Such motion could theoretically lead to a fatigue fracture of the fibrous

cap. The idea was that ultrasound B-mode and duplex examination is a standard procedure in
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carotid artery examinations, and that simultaneous processing of raw ultrasound data could
provide a measure of plaque motion. We assumed that patients vyith a recent cerebrovascular
episode caused by a relevant carotid artery stenosis might have a specific motion pattern. The
theory was that the same motion pattern could be identified in some patients with a previously
asymptomatic carotid artery stenosis, and represent a higher risk of embolization.
Accordingly one might be able to identify three groups of patients; one group with a
symptomatic carotid artery with a “symptomatic” motion pattern, a second group of patients
with an asymptomatic stenosis and an “asymptomatic” motion pattern and a third group of
patients with an asymptomatic stenosis and an “symptomatic” motion pattern (Table 2). The
latter group would probably be at higher risk of an embolic event in the future compared with
the second group, and these patients could then be offered CEA. In this way, CEA might be
avoided in the low risk group. This corresponds well with the recent observations from Lenzi

et al (2007).

Table 2

Hypothetical plaque motion patterns and stroke risk

Clinical situation

Symptomatic patient

with carotid plaque

Asymptomatic

patient with carotid

Asymptomatic

patient with carotid

plaque plaque
Plaque motion ”Symptomatic” ” Asymptomatic” ”Symptomatic”
pattern
Stroke risk High Low High

We investigated a number of motion parameters that could be calculated from the ultrasound

data (II). These parameters represented stretch/compression and torsion of the plaque, as well

26



as mere displacement (motion amplitude)(Fig 3). The study showed that the ultrasound
examination should be repeated three times and analyzed over two heart cycles to give
reliable data (II). In clinical practice, this might be po;ssible during a routine examination of
the carotid arteries. However, the calculation of plague motion had to be done on radio -
frequency (RF) data. At present, this still necessitates data transfer to a separate computer
with appropriate software, and the processing time for the prototype software was
unacceptable for real-time analysis. To be of value for the clinical routine, the motion analysis

should be incorporated in the software of the ultrasound scanner. By colour coding, different

areas of plaque motion could be displayed and evaluated.

Figure 3

Types of motion parameters

Amplitude (7 parameters)

Tension (11 parameters)

Torsion (11 parameters)
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Limitations in the use of motnion parameters

_ A disadvantage of our method is that this motion sequence only represents a snapshot view of
the plaque. Plaque motion may vary over time, just as the plaque may undergo changes due
to growth or regression. The use of a cholesterol lowering agent, like statins, could stabilize
the plaque (Crisby et al 2001, MRC/BHF Heart Protection Study 2002, Amarenco et al 2004,
Sacco et al 2006). By comparison of the motion results in relation to plaque appearance
(GSM; gray scale median values), there were no obvious correlation between a low GSM-
value and high plaque motion. Hence, it is possible that plaque motion analysis is an
independent indicator for plaque instability. During the same time period, Golemati (2003)
presented a similar method to ours, that showed differences in longitudinal plaque motion in
symptomatic and asymptomatic patients. A previous study of 3-dimensional carotid plaque
motion was rather complex, requiring specialized ultrasound equipment (Meairs et al 1999).
To show the predictive value of carotid plaque motion pattern in an asymptomatic patient, the
patients should be followed for a longer period. This necessitates a multicenter study, which
probably would need to include a large number of patients. It took almost 10 years to
complete the last randomized clinical trial in patients with an asymptomatic carotid artery
stenosis (ACST) (Halliday et al 2004). Since knowledge of plaque appearance has not lead to
an appearant change in the treatment policy for carotid artery stenosis after all these years, it
is unlikely that plaque motion would be readily accepted as a method for evaluation of carotid
artery plaques (Nighoghossian et al 2005). The identification of parameters that migl;t
separate between symptomatic and asymptomatic plaque motion still remains a challenge.
The reproducibility study provided a number of potentially useful parameters (II). We
performed a preliminary analysis of these parameters by comparing the symptomatic and
asymptomatic values statistically. However, this analysis showed no significant difference

between the two patient groups. The lack of difference may be due to the small number of
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patients. In addition, the selection of the plaque region for analysis might have influenced on
the results. Future work should therefore concentrate on additional analysis of plaque

regions, and thereafter possibly the inclusion of a larger number of patients.

Carotid operations in vascular registers

How valid are the results from the national registers?

A study of abdominal aneurysms in Norway showed an underreporting of the number of
procedures and deaths in NorKar (Haug et al 2005). We conducted a similar study to
investigate the completeness of carotid endarterectomies, and the stroke/mortality rate within
each hospital (II). Over a three-year period from the year 2000, we found that 16% of the
CEA’s were missing in NorKar when compared to the Norwegian Patient Register (NPR).
Some of the departments are small, leaving one or two vascular surgeons with a manual
registration, sometimes excluding one or more years. Fuﬂheﬁnore, there was an
underreporting of postoperative stroke and death, although the corrected figures were
comparable to the official NorKar-numbers for year 2000 and 2002. There was a discrepancy
of 1,7% in 2001, and this was probably due to underreporting of strokes and deaths when
patients were referred to other departments postoperatively within the same hospital (III).
Since the complete registration of codes for diagnosis, surgical procedures and postoperative
complications leadsr to the appropiate DRG-reimbursement for the hospital, we assume that
complications are thoroughly registered in NPR (Aardal et al 2005). However, the number of
postoperative strokes in NPR may not be completely true, as we have not performed any
search in the medical records to investigate how the diagnosis of stroke was established.
When it comes to postoperative death, this registration is more likely to be complete, because

death within hospital is represented by a specific code in NPR.
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It is possible that the later introduction of a separate registration for postoperative stroke or

death after CEA on the NorKar paper form, has contributed to a more precise registration.

How could the register quality be improved?

A stronger effort to make NorKar more complete and accurate should be done, and reporting
should be mandatory for every hospital where vascular surgery is performed. Registration
could be encouraged by the use of NorKar in the vascular surgery training, and the need to
document the necessary numbers of procedures required for authorization as a specialist. The
present registration on paper forms used by several surgeons, with subsequent transfer into a
computer, might be replaced by an on-line registration procedure. If the vascular register had
been linked to the patient’s electronic medical record, completion of the hospital stay and
discharge report might be made impossible unless the register data also were updated. Until
then, some sort of regular, manual surveillance system for register data should be established,
preferably by office staff. Also, there are obvious limitations in the present version of The
Norwegian Patient Register. An individual patient has a unique identification code within the
same hospital within the same year, and admissions with related diagnosis can be found.
However, admissions to another hospital for complications after surgery in the first hospital,
will not be discovered through the register. A patient identifiable register, could overcome the
difficulties of patient tracking over different years and hospitals. The restrictive policy of The
Norwegian Data Inspectorate however, does not approve that different registers with personal
information should be linked together. There are however, medical personell that advocate the

establishment of a patient-identifiable register (Valen 2002), which also is a political

issue.
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CEA in Trondheim

Results after carotid endarterectomy at St. Olavs Hospital

There is an ongoing debate on the surgical details of CEA. Issues like type of anaesthesia, the
use of shunting, closure of the endarterectomy, patch type and intraoperative quality control
are frequently discussed. Some of the issues have been evaluated in The Cochrane
Collaboration (Cao et al 2001, Bond et al 2002, Bond et al 2004, Rerkasem et al 2004).
Constant monitoring of results and studies on perioperative care, have clearly improved the
results in some departments (Naylor et al 2000). However, despite the search for technical
perfection, the procedure itself has a certain cost in terms of complications (Troeng et al
1999). Every department should therefore keep record on their own results. This is of
particular importance, because the traditional CEA is challenged by carotid artery stenting
(CAR), that is likely to be requested by patients in the future. CEA is a well documented
method, and performs well compared to CAS in randomized studies (CAVATAS 2001,
Yadav et al 2004, Coward et al 2004). The results from large studies, however, are not always
achieved in other departments. Carotid endarterectomy according to the principles mentioned
below was introduced in our department in 1983. Our standard approach is a vertical neck
incision, 10000 units of Heparine before carotid clamping, use of a shunt if stump pressure is
below 50 mmHg, standard endarterectomy, patch closure in most caseé and reversal of half
the Heparine dose with Protamine. We believe that a standarized approach to carotid
endarterectomy is important. Over the years, the technique has been passed on to several
vascular surgeons in training, and the majority of CEA’s in the central part of Norway has
been done at our institution. Surgical technique varied little over the years, and we found an
acceptable stroke/mortality rate of 5,4% (IV). The incidence of reoperation for postoperative
bleeding was in agreement with other reports (Archie 2000, LaMuruglia et al 2004), and we

had no cases of vein patch rupture. There has been considerable scepticism on the use of a
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saphenous vein patch, especially from the ankle (Gaunt et al 1993). Provided the vein is of
good quality, this should not represent a problem. No operation for recurrent carotid artery
stenosis was done, and our indication for such reoperation would have been restricted to
patients with symptoms. Since we only have duplex ultrasound data at one year follow-up in
most cases, the real incidence of carotid artery restenosis is unknown. With the use of
saphenous vein patch in most cases, no patch infection has been seen. Other authors have
reported an incidence of 0,9% Dacron patch infection after CEA in a group of 633 patients
(Asciutto et al 2007). Even though this a small number, it represents a serious problem in
terms of treatment and on morbidity (Asciutto et al 2007). The indications for CEA were
established by the large studies during 1991 (ECST,NASCET), but in spite of this the
classification of the carotid stenosis in our institution was often inaccurate on angiography.
Angiography was gradually replaced by duplex ultrasound as a preoperative diagnostic
method. The material included 16% operations for asymptomatic carotid artery stenosis,
mostly patients operated within the ACST-study. The number of procedures varied little
within 5 year periods, and the duration of the postoperative hospital stay remained almost
unchanged. Except for a shorter hospital stay because preoperative carotid angiography has
been omitted, little has been done to reduce the length of the postoperative stay (Calligaro et
al 2004). Local anaesthesia was abandoned because of patient anxiety and discomfort.
Perioperative duplex ultrasound as completion control of the endarterectomy, was tried for a
period of time, but was impractical because of inappropriate ultrasound probes (Myhre et al
1993). At present, we mainly use flow measurement to ensure that the carotid artery is patent
at the end of the operation. However, perioperative DUS is likely to be used more frequent in

the future if the equipment will be improved.
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Timing of carotid surgery in relation to the cerebrovascular event

The timing of surgery with symptomatic carotid artery stenosis is important (Rothwell et al
2004), since the preventive effect of surgical treatment is gradually lost as time passes after
the initial cerebrovascular event. We have focused on the time interval between event and
surgery, and showed in paper IV that 90% of the patients were operated within 100 days of
the event. Recently we have tried to do the operation as soon as possible, and given that the
patients are referred from our own hospital, we try to perform CEA within less than two
weeks from a TIA or a minor stroke with good recovery (Gasecki et al 1994, Hoffmann et al
1999, Ballotta et al 2002, Rothwell et al 2004, Aleksic et al 2006). A recent report however,
has questioned the policy of early CEA in patients who have had a stroke (Rockman et al
2006). We have cooperated with the stroke unit and the department of neurology to achieve a
rapid evaluation of patients who are candidates for CEA. The organization of the care for
patients with symptomatic carotid artery stenosis is however far from perfect (Mitzsch 1997),
and some have discussed whether patients with a TIA and carotid artery stenosis should be

treated as emergencies (Naylor 2006).
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Carotid stenosis in the stroke unit

Carotid stenosis in patients admitted to a stroke unit

The exact number of strokes caused by emboli from the precerebral arteries is unknown
(Warlow et al 2001). Stable patients with small or moderate neurologic sequelae who might
be candidates for CEA should undergo DUS of the carotid arteries. The Norwegian Medical
Society issued in 1996 a number of guidelines for investigation and treatment of patients with
cerebrovascular disease. It was suggested that DUS of the precerebral arteries could be useful
in the diagnostic work-up of the patients if CEA was considered, but also when a cardiac
source of emboli was suspected (Dahl et al 1996). Some patients may experience stroke as a
first manifestation of their carotid artery disease. Since the number of carotid
endarterectomies in Norway has been low, compared to other countries, we figured that a fair
number of patients within a stroke unit could possibly have an undiagnosed carotid artery
stenosis. In an unselected population of patients admitted to a stroke unit with a mean age of
75 years, only four patients with a carotid artery stenosis of more than 70% were found (V).
By adding carotid occlusions and arteries with stenosis of 30-69%, a carotid artery stenosis
ipsilateral to the cerebral lesion was seen in 14,6% of the patients. This corresponds to
another Norwegian study (Friis et al 2001). From a practical point of view, only patients
within a stroke unit who are good candidates for CEA may be referred to DUS. However, the
status of the carotid arteries may have implications for other treatment modalities, like
antihypertensive and lipid-lowering medication, smoking cessation and other life style
modifications. Whether the number of CEA’s in Norway is too small has been debated
{Hanoa 2003, Mathiesen 2006). Hankey (1995) has estimated the effect of CEA in all
Australian patients aged 50-74 years with an asymptomatic carotid artery stenosis of 60-99%

luminal obstruction. He considers that the operation of 80000 people in this category, would
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prevent about 800 strokes per year at a cost of 1,24 billion Australian Dollars (6,44 billion
NOK). Still, only 3% of the annual 26000 first strokes in Ausiralia would have been

prevented.

Future treatment of carotid artery stenosis

Our retrospective 20-year study on CEA serves as a local standard if carotid artery stenting is
to be introduced (LaMuruglia et al 2004). Although our department has been a national
pioneer within the field of endovascular treatment of aortic aneurysms (Lundbom et al 2004),
we have been reluctant to use CAS except in patients with previous neck irradiation. We
consider a patient with a symptomatic carotid stenosis and previous radical neck dissection
and irradiation as a good candidate for CAS, which could also be indicated in patients with
distal lesions or recurrent stenosis (Veith et al 2001). Our scepticism has been based on the
modest results after CEA and CAS in two randomised studies (CAVATAS investigators
2001, Yadav et al 2004). CAS performed just as well as CEA\ in these studies, but the overall
surgical results were inferior to what have normally been regarded as acceptable. Also, the
results of the recent EVA 3-S study concluded that CAS were inferior to CEA (Mas et al
2006). CAS and CEA will probably be complementary methods in the future, and we have
chosen to wait for the results of ongoing studies before introducing CAS in routine clinical
practice (Naylor 2007). It is likely that more patients will be offered CEA for an
asymptomatic carotid artery stenosis (Gottsater et al 2004). There is probably still a case for
intensified risk modification by aggressive treatment of hypertension, new platelet inhibitors
and cholesterol-lowering medication (Sacco et al 2006). Agents that modify the actual
carotid plaque could be used to restore the vessel wall (Ogren et al 1995, Crisby et al 2001,

Nighoghossian et al 2006 ) . New imaging modalites, may also predict the risk of plaque
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rupture with higher accuracy (Nighoghossian et al 2005), and then more patients with an

asymptomatic carotid artery lesion could be offered CEA.
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Main conclusion

e We have developed an imaging technique to describe carotid plaque motion by 2-
dimensional ultrasound scanning. Furthermore, we have shown that 3 consecutive
recordings over 2 heart cycles are necessary to obtain reproducible results with this

method.

¢ Only seven motion parameters reproduced well, but 3 different patterns of motion
were represented. The analysis of data is time-consuming, and should be simplified to
allow for regular clinical use. The role of carotid plaque motion as a pathogenetic

factor in plaque rupture is still unclear.

¢ By a comparative register study, we have shown an underreporting of 16% regarding
the number of carotid endarterectomies in NorKar. Also, the stroke/mortality rate was
misleading, and register quality should be improved if surgical results are to be used

for research purposes or other documentation.

e The stroke/mortality rate of 5,4% after CEA in our own department is in line with
other vascular departments and with the results from large, international studies. We

therefore choose to continue our current practice for carotid endarterectomy.

e In an unselected stroke population we found 4 carotid artery stenosis of more than

70% and 3 carotid artery occlusions ipsilateral to the cerebrovascular lesion.
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Abstract—Motion of carotid artery plaques during the cardiac cycle may contribute to plaque disruption and
embolism. We have developed a computerized method that objectively analyzes such metion from a sequence of
ultrasound (US) radiofrequency (RF) images. A displacement vector map is obtained by 2-D correlation of local
areas in consecutive images. From this map, motion dynamics can be quantified and presented as function of
time, spatial (image) coordinates or as single numbers. Correct functionality has been verified on laboratory data.
Applied to patient data, the method gives temporal results that correlate well with ECG data and the calculated
peak systolic velocities of typically 10 mm/s agree well with values reported in the literature. The spatial analysis
demonstrates that different plaque regions may exhibit different motion patterns that may cause internal stress,
leading to fissures and plaque disruption. Thus, the motion analysis method may provide new and important
information about the plaque characteristics and the prospective risk of cerebrovascular events. (E-mail:
jon.bang. @sintef.no) © 2003 World Federation for Ultrasound in Medicine & Biology.

Key Words: Carotid artery stenosis, Plaque characterization, Embolism, Ultrasonography, Motion dynamics.

INTRODUCTION

Ultrasound (US) imaging of the carotid artery plaque in
connection with cerebrovascular events has mainly fo-
cused on the degree of stenosis and on the static and
textural appearance of the plaque. Studies have shown
that patients with heterogeneous plaques have a higher
incidence of stroke, compared to homogeneous plaques
(AbuRahma et al. 2002; Langsfeld et al. 1989). Echolu-
cent plaques also indicate patients with increased risk of
stroke (El-Barghouty et al. 1995; European Carotid
Plaque Study Group 1995; Grgnholdt et al. 2001;
Mathiesen et al. 2001).

The mechanisms causing plaque disruption and em-
bolization are not fully understood (Golledge 2000; Hen-
nerici and Meairs 2000). It has been suggested that
mechanical stress due to movement of the arterial wall
during the cardiac cycle may lead to minor cracks and
fissures (Falk 1992; Woodcock 1989). Another factor
causing plaque disruption could be rupture of the vasa
vasorum due to the relative movement between the
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plaque and the vessel wall (Jannuzzi et al. 1995; Wood-
cock 1989).

Few attempts on motion analysis on US image se-
quences have been reported in the literature. Chan (1993)
investigated both a pixel feature similarity method and a
boundary-tracking method for 2-D plaque motion anal-
ysis. The preliminary testing on clinical data indicated
some potential, even for the small number of tracked
points and low frame rate (1 frame/s) applied in the
study. To our knowledge, Chan’s work has not been
followed up by more recent publications. lannuzzi et al.
(1995) studied the presence of plaque movement in pa-
tients with transient ischemic attacks. They found that ~
longitudinal motion occurred more often in the ipsilateral
plaques than in the contralateral ones. However, the
motion was not quantified. Meairs and Hennerici (1999)
considered a sequence of ECG-gated 3-D volumes, and
analyzed the surface motion of the plaque between con-
secutive volumes. In terms of the maximum discrepant
surface velocity, they found significant differences be-
tween asymptomatic and symptomatic plaques. The
asymptomatic plaques exhibited homogeneous surface
motion, and symptomatic plaques showed evidence of
inherent plaque movement.
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Table 1. Characteristics of the patient group used for the development of the motion-analysis method
Cholesterol
Heart Current (pmol/l); # Days since  Percentage internal
Patient Gender Age disease* Hypertension’ Diabetes smoker non-fasting ~Symptom* last event carotid stenosis®
A F 64 none none none Yes 55 AF 46 > 80 (US)
B F 69 none none none Yes 4.9 AF 10 > 80 (US)
C M 64 none none none Yes 5.6 AF 11 > 80 (US)
D F 68 none Yes none Yes 5.1 TIA 239 80 (angio)
E M 75 Yes Yes none No 5.1 TIA 63 7080 (US)
F F 50 none none none Yes 7.6 AF 227 > 80 (US)
G M 59 none Yes none No 5.4 none - 80 (US)
H M 58 Yes Yes none No - TIA 8 90 (angio)
1 M 61 none Yes none Ne 48 AF i 90 (angio)
I F 64 none Yes none No 38 AF 396 > 80 (US)
K M 55 none Yes none Yes 5.1 AF 49 > 80 (US)

*Previous heart infarction, angina pectoris, coronary bypass surgery, or angioplasty; “defined as treatment with antihypertensive drugs; *AF =
amaurosis fugax; TIA = transient ischemic attack; *US = duplex ultrasound.

The 4-D analysis of Meairs and Hennerici (1999)
applied rather complex data-acquisition equipment and
processing algorithms. Our aim was to investigate how
the motion can be analyzed from sequences of 2-D
images. This paper focuses on the algorithm and its
applicability to the problem.

MATERIALS AND METHODS

Acquisition of ultrasound data

The development of the method was based on data
from 11 patients. These patients were selected consecu-
tively among those scheduled for carotid endarterectomy
at St. Olavs Hospital in Trondheim in the period January
through June 2002. One asymptomatic patient was op-
erated within the ACST study (asymptomatic carotid
surgery trial), but the indication for operation was tight
symptomatic stenosis for the other 10 patients. The char-
acteristics of the patient group are given in Table 1.

After admission to the hospital, the patients were
routinely subjected to US re-examination to verify the
stenosis of the artery. During this examination, they were
invited to participate in our study and all gave their
informed consent. The supplementary data for our study
were acquired using a Systemn FiVe US scanner (GE
Vingmed, Horten, Norway) and a 10-MHz flat linear-
array probe. The probe was held in a stable position
during acquisition of images either longitudinally or
transversally to the carotid artery. In both cases, we
imaged the most stenotic region. Both standard B-mode
(2-D tissue) data and radiofrequency (RF) data were
acquired, in time sequences of typical duration 3-5 s.
Most examinations were made at a frame rate of 53.7
frames/s, and the others were made at 36.4 frames/s and,
in two initial cases, at even lower frame rates. Each
B-mode image typically measured 35 X 30 mm (ca. 450
X 120 pixels), and RF data were acquired in the central

region of the B-mode image, typically sized 20 X 20 mm
(ca. 300 X 150 pixels). The pixel resolution was, thus,
about 0.08 X 0.25 mm/pixel for the B-mode data and
0.07 X 0.13 mm/pixel in the RF images. Furthermore,
electrocardiogram (ECG) data were acquired from the
last six patients.

Processing of preoperative ultrasound images

The US images were processed by programs devel-
oped in Matlab (v. 5.2) on a Macintosh computer. An
overview of the processing software is shown in Fig. 1.
The three main elements are: grey-scale analysis of B-
mode images; motion analysis by correlation of RF im-

RF image no. I-N

B-mode image no. 1

\ v

Grey scale Moliop
analysis analysis
Plaque ROI; Horizontal and vertical

components of the

Grey scale results
displacement vector map

Post-
processing

Fig. 1. Flow chart showing the three processing program units
and the data flow between them.
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Fig. 2. Example of US B-mode image of the carotid artery, with
plague ROI outlined. The rectangular boundary encloses the
region where RF data were acquired.

ages; and postprocessing of motion results. Each of these
elements has been implemented as a separate program
unit with a graphic user interface, where processing
options and parameter settings can be specified interac-
tively.

Grey-scale analysis

One of the first B-mode images of the sequence is
selected for grey-scale analysis. First, the grey levels of
the image are normalized so that the echo level of the
blood corresponds to 1 and the echo level of the adven-
titia corresponds to 190, in accordance with previously
reported procedures (Grgnholdt et al. 2001; Lal et al.
2002; Sabetai et al. 2000). The plaque boundary is then
outlined by an experienced vascular surgeon trained in
US examinations. The boundary is a closed polygon that
encloses the region-of-interest (ROI). Figure 2 shows a
typical example. Within the plaque ROI, we calculate the
grey-scale median (GSM) value and the percentage of
pixels with echolucency less than 40 (PEP40), in accor-
dance with other studies (Elatrozy et al. 1998; Lal et al.
2002).

Motion analysis

Input data. The motion analysis is done on RF
images. We have also tested the algorithm using B-mode
images as input; however, this gave movement velocities
typically three to five times smaller than the correct

I)r\]\ CIent YUClor piap

Past-processing

Fig. 3. Calculation of displacement vectors by 2-D correlation.

Two consecutive RF images with overlaid grid points are
shown to the left. Around each grid point, a small area is
extracted for the correlation calculation, which yields the dis-
placement vector (middle). This processing is done at all grid
points and throughout the image sequence, resulting in the 3-D
displacement vector map (right). The grid spacing, the corre-
lation areas and the vector amplitudes are exaggerated in this
illustration for clarity.

values (see the Velocity calibration section). After initial
testing, we concentrated the efforts on longitudinal im-
ages of the artery.

Calculation of local displacement. The steps of the
2-D motion analysis are illustrated in Fig. 3. A regular
point grid is superimposed onto every image frame. At
each grid point, a local rectangular area is selected and a
2-D Hanning-shaped filter is applied to suppress the
influence of the edge regions. A standard 2-D correlation
is then calculated between the corresponding areas in
two consecutive images. For fast execution, the correla-
tion is performed by multiplying the Fourier transforms
of the areas, followed by the inverse Fourier transforma-
tion of the product. We apply a standard 2-D fast Fourier
transform (FFT) algorithm that requires zero-padding of
the correlation areas to 2" X 2™ pixels before transfor-
mation. The result of the correlation shows a peak at a
location corresponding to the relative displacement of
the two areas. This displacement is the local tissue mo-
tion during the time lapse between the image frames. By
interpolation in the correlation result matrix, we obtain
the displacement with a resolution of 0.25 pixels.

For reliable results, the image structures and speckle
patterns of the two local areas that are compared in the
correlation should be fairly similar and exhibit only
small displacements. Rotational movements between the
images should be neglectable because the correlation
algorithm only handles translation. These requirements
are met by acquiring data at relatively high frame rates
(see below and the Discussion section) and by using the
edge-suppressing 2-D filter. In addition, extreme dis-
placement results are discarded in a postprocessing step
that is described below.

In the analysis, we use a grid point spacing of three
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pixels (horizontally and vertically) and a local correla-
tion area before zero-padding of 21 X 21 pixels. These
parameter settings were determined from an investiga-
tion of the effect of processing parameters on the results
(see below). The correlation of local areas is performed
at all grid points and between consecutive image pairs
throughout the captured sequence (Fig. 3). The horizon-
tal and vertical components of all displacement vectors
are stored in 3-D arrays, where the three dimensions are
frame number and horizontal and vertical positions
within the image. This 3-D data set will be referred to as
the displacement vector map.

The analysis of one sequence (typically 700,000—
1,000,000 grid points) took 4—6 h on a Power Mac G4
computer. The point grid then covered the whole RF data
region. The number of grid points may be substantially
reduced if the analysis is restricted to the plaque and its
immediate vicinity.

Postprocessing of displacement vector map. The
result files containing the grey-scale results and the dis-
placement vector map are loaded into the postprocessing/
analyzing program. This program is designed to accom-
plish several postprocessing tasks: 1. Scaling between
B-mode and RF image coordinates and scaling of the
displacement vector map to velocity; 2. discard invalid
vectors from the displacement vector map; 3. optionally
eliminate the effect of artificial motion; 4. optionally
adjust the plaque ROI throughout the image sequence by
using the displacement vectors; 5. estimate periodicity of
ECG signal and motion results; 6. select subset of image
frames to be analyzed or displayed; and 7. calculate and
display characteristics of the displacement vector map.

The details of these tasks are as follows:

1. Due to the difference in image resolution, the plaque
ROI must be scaled from B-mode coordinates to RF
image coordinates. The displacement vectors (pixels/
frame) are converted into movement velocities
(mm/s) by using the RF image resolution and the time
step between the images.

2. Extreme displacements found in the motion analysis
will have poor accuracy, because they imply small
overlap between the correlation areas. Therefore, we
exclude all displacement vectors with amplitudes ex-
ceeding 1/4 of the correlation areas’ dimensions from
the postprocessing.

3. The displacement vector map comprises all displace-
ments, including artefacts caused by, for example,
unintentional probe movement during acquisition of
the image sequence. To reduce such artefacts in the
final results and, thus, facilitate comparison between
different patients, we normalize the displacement vec-
tor map with respect to a particular image region. The
region may be selected manually, or it may be auto-
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Fig. 4. Two representations of the motion analysis results. The
pictures show the velocity amplitude, averaged over one car-
diac cycle and color-coded according to the color bars (mm/s).
The plaque ROI is shown by the black line in both images. (a)
Velocity relative to the probe (upper image edge); (b) velocity
relative to a reference region directly beneath the plaque ROI,
shown by the blue line. The reference region is derived from
the plaque ROI by the postprocessing program.

matically derived from the plaque ROI. The latter
option is used for all examples in this article, yielding
a reference region in the artery wall directly beneath
the plaque (Fig. 4). We average the displacement
components within this region and then subtract the
average from all vectors in the entire image. This is
done in every image, using the same reference region
throughout the image sequence. The motion in the
reference region is, thus, virtually eliminated, and the
normalized vector map represents motion relative to
this region.

4. The plaque ROI can optionally be updated throughout
the image series, using the displacement vector map
to perturb the ROI polygon’s corners. The displace-
ment vector at the actual corner position must then be
estimated by interpolation in the vector map. How-
ever, initial testing indicated that this might lead to
unacceptable distortion of the polygon (see the Dis-
cussion section). We have, therefore, used a fixed
plaque ROI throughout the image sequence, for all
examples in this article.

5. If the ECG signal exists, locations of the systolic
peaks are estimated by thresholding and correlation
along the time axis. This is further used to find the
corresponding response in the motion data. If the
ECG signal does not exist, the motion results are
analyzed by correlation along the time axis to deter-
mine the periodicity.

6. The periodicity gives guidelines for selecting subsets
of images from the whole sequence; however, the
guidelines can be overridden after visual inspection of
the ECG signal and the motion results. The subset
may be a particular range of images; for example, one
cardiac cycle, or all systolic or diastolic regions from
the whole sequence.

7. The information contained in the displacement vector
map can be evaluated and presented in several ways.
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We have restricted the analysis to the following sta-

tistical parameters. Average over the plaque ROI of”

velocity amplitude and vertical and horizontal veloc-
ity components. These parameters are displayed as
function of time. Also the average over time of ve-
locity amplitude, and vertical and horizontal velocity
components. These parameters are displayed in the
image plane by color coding of the magnitudes. The
parameters can further be expressed by single num-
bers (scalars) by averaging over both time and image
coordinates. Examples are presented in the Results
section.

Frame rate requirements

For the algorithm to yield reliable results, it is
essential that the frame rate be sufficiently high. The
choice of frame rate should be based on two criteria: 1.
the in-plane motion; and 2. the out-of-plane motion. By
in- and out-of-plane motion, we mean the tissue motion
parallel to and perpendicular to the US image plane,
respectively.

In-plane motion. Correct calculation of the in-plane
motion requires that essential structures within the cor-
relation area not be displaced too much. As an empirical
criterion, we consider resulting displacements greater
than = 1/4 of the correlation area width or height to be
invalid; hence, such displacements are excluded from the
postprocessing analysis. For an area of extension L pixels
(width or height), the frame rate F can then be given by:

F=—r M
r- (L14y

where vy, is the in-plane velocity and r is the resolution
(mm/pixel), both measured in the same direction as L.
This gives F' = 27 frames/s when L = 21 pixels, r = 0.07
mm/pixel and vy, = 10 mm/s. The values for L and r are
typical for our acquisition and processing procedures,
and 10 mm/s is approximately the maximum velocity
observed at the plaque surface (Meairs and Hennerici
1999).

Out-of-plane motion. Tissue structures moving in
and out of the US image plane will degrade the image-
to-image similarity and, thus, the correlation result. From
similar argumentation as for in-plane motion, we restrict
the displacement to = 1/4 of the image thickness B. The
frame rate is, thus, given by:

V.
F= B4 2

where v, is the motion velocify perpendicular to the

image plane. This gives F' = 40 frames/s, when v, = 10
mm/s and B is assumed to be 1 mm.

Most of our data sets were acquired at frame rates
fulfilling these requirements. Consequences of using in-
sufficient frame rates are discussed in the Discussion
section.

Velocity calibration

The velocity calculated in the analysis was verified
by a two-step calibration procedure. First, we manually
modified a result file so that all displacement vectors
were equal. This file was run through the postprocessing
program and the calculated velocity was found to be
constant over time and over the image, and equal to the
input value. This step verified that the postprocessing,
including scaling to m/s, worked as intended.

Second, the whole analysis, including data acquisi-
tion and the correlation processing, had to be verified.
This could be done in a laboratory experiment by imag-
ing an object that moves in a controlled manner relative
to the probe. However, because we did not have access to
equipment for producing a realistic and well-defined
movement at the scanning site, we chose another ap-
proach. We made freehand scans of a rubber-foam phan-
tom in rest, by sideways translation of the probe (i.e., the
motion direction lay in the US plane). In the image
sequence, the phantom, thus, appears to move smoothly
in the opposite direction, with the same intersection
plane throughout the sequence (no change in phantom
features or speckle pattern). A unidirectional and fairly
smooth movement could be obtained over a period of a
few s. The average velocity was estimated from the
whole sequence of RF images, using our motion analysis
program. The correct average velocity was found by the
following independent analysis. We selected two RF
images, typically 80—100 frames apart, at the beginning
and the end of a smooth period. A well-defined phantom
structure was identified in both images, and the coordi-
nates of the intensity centroids (centers of gravity) were
calculated in both images. The differences between the
centroid coordinates gives the total displacement, which
is scaled to mm by using the image resolution. Division
by the time lapse between the images then gives the
average velocity. Table 2 shows that the two results are
in good agreement with each other.

A similar analysis on the B-mode images resulted in
velocities found by our motion analysis program that
were typically 3-5 times smaller than the velocities
found from the RF images. The reason is probably that
the B-mode images have been smoothed by rectification
and filtering and, hence, are more likely to show simi-
farity for many displacements. RF data, on the other
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Table 2. Comparison of velocity calculated by averaging cessing step. All cases are run with spacing 3 X 3 pixels
motion-analysis results (Vo) and average velocity found (the same spacing was applied in the horizontal and the
between first and last image frame V,_, for two RF image cal direction): h b difving th 1t fil

sequences acquired during smooth movement of the US vertical direction); however, by modifying the rest_l 1 &

probe every second row and column can be excluded, yielding
~ — an effective spacing of 6 X 6 pixels.
(Vm";;;/;) (n‘xlrlﬁ%) The parameter combinations were tested on two
data sets: a recording of a foam-rubber phantom in rest,
Sequence A (n = 80 frames; 1.7 5) 0.32 0.31 with smooth sideways motion of the probe, and a patient
Sequence B (n = 100 frames; 2.2 s) 1.32 1.40

data set, where the plaque was easily visible and showed
distinct motion. The results were evaluated by visually
comparing the time plots of motion features similar to
those shown in Fig. 5; however, the number of features
was enlarged by including average motion-direction an-
gle and SDs of total displacement and direction angle.
All features were averaged over a rectangular ROI (en-
closing 130 grid points) in the phantom data, and over

hand, contain more distinct features that are utilized by
the correlation algorithm. In particular, the phase infor-
mation along the beam strengthens the ability to find the
correct displacement in this direction.

Processing parameter settings the plague ROI (81 grid points) in the patient data.

The displacement vectors and, thus, the postpro- We observed only negligible effects of parameter
cessing results, might depend not only on the actual settings. The details, given by the following list, are
tissue motion, but also on the parameter settings in the common to both the phantom and the patient data.
analysis. The parameters of possible influence are: 1. the
spacing of the point grid; 2. the size of the local corre- @ The correlation area size has no influence, except from
lation area; 3. superimposing an edge-suppressing 2-D negligible changes in the direction angle;
filter (Hanning shape in both directions) to the areas ® With filter on, the SDs increase slightly compared
before correlation, vs. using no filter; and 4. obtaining the with filter off, whereas mean values remain un-
overall displacement through a separate correlation over changed;

a larger area (“gross window” GW), vs. performing only ® Using inactive GW instead of active GW vyields
the local area correlation. The intention of the last option R s]ighﬂy larger SDs, slightly less amplitude means and
is to track large and abrupt motions by the GW and, then, slightly more variation in direction angle;

use the small-area correlation merely for fine-tuning of ® Changing the grid spacing from three to six pixels has
local motion. no effect.

The size of the local correlation area is of particular

concern, because it must be large enough to contain These effects are hardly visible and they are all

distinct structures in the images, but still small enough to considered insignificant compared with the deterministic
give well-localized and representative displacement vec- variation in the time plots. Therefore, we chose the
tors. The use of an edge-suppressing filter can be ex- following setting for all further processing: point-grid
pected to interact with the area size. spacing 3 X 3 pixels; correlation area 21 X 21 pixels;

We have investigated the effects of the parameters filter on; GW inactive. The high point-grid resolution is
listed above. The test settings are given in Table 3. The retained for the purpose of future postprocessing of new
point grid spacing is varied by the following postpro- features.

Table 3. Processing parameters investigated for effects upon the motion results

Correlation area size (pixels)

11 X 11 ’ 17 X 17 21 x21 25 X 25 31 x 31
Filter on / GW active (10 pixels) - X X X X
Filter off / GW active (10 pixels) X X X X X
Filter on / GW inactive — - X X X -

The 12 combinations marked by X were chosen as a reasonable experimental design, with respect to size and relevance of this investigation. Only
quadratic correlation areas were considered. The filter is a 2-D Hanning filter with size equaling the correlation area dimensions. GW active means
that the GW correlation was run before the local correlation, with maximum allowed GW displacement in parentheses. All parameter combinations
were applied for grid resolutions of 3 or 6 pixels and on two data sets, giving a total of 48 test cases.
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Table 4. Results from grey-scale analysis of the plaque ROI
in B-mode images for three patients

Patient D Patient G = Patient K
Pixels in plaque ROI 1533 844 743
Grey-scale median 435 94.6 383
% pixels with
echolucency < 40 46.1 10.3 52.9

The images were normalized that the echolucency of blood was 1
and the echolucency of the adventitia was 190.

RESULTS

To illustrate the potentials of the motion analysis,
we include results from three of the patients listed in
Table 1, viz. patients D, G and K. These three patients
were chosen because they show interesting differences in
both grey-scale and motion results. They are representa-
tive for the whole group with respect to age, cholesterol,
degree of stenosis and concomitant diseases. Note, how-
ever, that patient G was the only asymptomatic patient in
the group; patients D and K had experienced TIA and
AF, respectively. The US frame rate was 36.4 frames/s
for patient D and 53.7 frames/s for the other two. ECG
data were not acquired for patient D.

Results from the grey-scale analysis are listed in
Table 4. Patient G has higher grey-scale median and
lower percent of pixels with echolucency below 40 than
the other two patients. This agrees with the typical ap-
pearance of asymptomatic and symptomatic plaques
(Grgnholdt et al. 2001; Lal et al. 2002; Sabetai et al.
2000).
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Fig. 5. Motion analysis results for patient D. Velocities aver-

aged over the plaque ROIL The velocities are relative to a

reference region directly beneath the plaque. (a) Average ve-

locity amplitude; (b) and (c) average of vertical and horizontal

velocities, respectively. ECG data were not acquired for this
patient.
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Fig. 6. Motion analysis results for patient G. Velocities aver-

aged over the plaque ROI. The velocities are relative to a

reference region directly beneath the plaque. (a) Average ve-

locity amplitude; (b) and (c) average of vertical and horizontal

velocities, respectively; (d) ECG signal.

Figures 5, 6 and 7 show the time development of the
movement velocity (amplitude, vertical and horizontal
components) averaged over the plaque ROI, for the three
patients, respectively. We observe peak velocities in the
order of 5-12 mmy/s, which agree well with the maximum
plaque surface velocity of 10 mm/s reported by Meairs
and Hennerici (1999). These peaks typically occur 0.1 s
after the QRS complex of the ECG signal. The move-
ment is also seen when the original image sequences are
run as movies. Thus, it is evident that the movement is
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Fig. 7. Motion analysis results for patient K. Velocities aver-

aged over the plaque ROL The velocities are relative to a

reference region directly beneath the plaque. (a) Average ve-

locity amplitude; (b) and (c) average of vertical and horizontal
velocities, respectively; (d) ECG signal.
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Fig. 8. Motion analysis results for patient D. Velocities aver-
aged over one estimated cardiac cycle (2-2.8 s in Fig. 5). The
velocities are relative to a reference region directly beneath the
plaque. The color bars indicate the velocity in mm/s. (a) The
first RF image of the sequence; (b) average of velocity ampli-
tude; (c) and (d) average of vertical and horizontal velocities,
respectively. The plaque ROI is superimposed on all displays.

due to the pulse pressure wave passing the insonated
region of the carotid artery. The velocity peaks are seen
most clearly in Figs. 6 and 7. The movement at 0.7-0.8
s in Fig. 6 can also be observed in the original image
sequence and is, thus, not a processing artefact; however,
the physical reason for this movement is not clear. The
less distinct results in Fig. 5 probably reflect the decrease
in processing accuracy as the frame rate is reduced.

20 =
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[mm]

Fig. 9. Motion analysis results for patient G. Velocities aver-
aged over one cardiac cycle (0.35-1.5 s in Fig. 6). The veloc-
ities are relative to a reference region directly beneath the
plaque. The color bars indicate the velocity in mm/s. (a) The
first RF image of the sequence; (b) average of velocity ampli-
tude; (c) and (d) average of vertical and horizontal velocities,
respectively. The plaque ROI is superimposed on all displays.
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Fig. 10. Motion analysis results for patient K. Velocities aver-
aged over one cardiac cycle (0.6—-1.5 s in Fig. 7). The velocities
are relative to a reference region directly beneath the plaque.
The color bars indicate the velocity in mm/s. (a) The first RF
image of the sequence; (b) average of velocity amplitude; (c)
and (d) average of vertical and horizontal velocities, respec-
tively. The plaque ROI is superimposed on all displays.

Figures 8, 9 and 10 show an RF image with the
plaque ROI outlined, together with the movement
velocity (amplitude, vertical and horizontal compo-
nents) averaged over one cardiac cycle, for the three
patients, respectively. Ideally, the tissue should return
to the same position after one cardiac cycle and hence,
each of the vertical and horizontal velocity compo-
nents should average to zero. This is fairly well
achieved, especially for the vertical movement, which
is generally small (c), and for the sequences acquired
at high frame rates (Figs. 9 and 10). The velocity
amplitudes (b), however, may average to considerably
higher values.

In Figs. 8, 9 and 10, it is particularly interesting to
notice that some plaque regions exhibit large move-
ments, and other regions are relatively immobile. This
inhomogeneous motion pattern indicates that the plaque
may be subject to internal forces that may eventually
cause fissures and disruption. The quantification of such
patterns may represent important information to the cli-
nician. However, more work is needed to understand and
interpret these patterns correctly.

We have further averaged each of the three velocity
parameters over both the plaque ROI and over one car-
diac cycle. These results, for all 11 patients, are listed in
Table 5. Most of the mean amplitudes lie in the range of
1-2 mm/s, and the mean vertical and horizontal compo-
nents are about an order of magnitude lower. More work
is needed to determine the significance of these numbers
as plaque risk indicators.
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Table 5. Motion-analysis results averaged over the plaque ROI and over one cardiac cycle

Mean velocity Mean vertical

Mean horizontal

Patient amplitude (mm/s) velocity (mm/s) velocity (mmy/s) Comments

A 2.19 0.00 0.01 No ECG; low frame rate

B 1.82 —0.12 —0.02 . No ECG; low frame rate

C 0.85 —0.02 —-0.02 No ECG; difficult to find cardiac cycle

D 1.25 0.07 —0.06 No ECG; low frame rate

E 1.64 ~0.45 -0.10 No ECG

F 2.01 -0.05 0.10 Low frame rate

G 1.48 -0.17 0.17 -

H 1.66 0.03 0.00 -

I 1.41 0.06 0.16 -

J - - - Plaque ROI almost outside RF region

K 0.99 0.00 0.18 -
DISCUSSION parameter setting. This is supported by Figs. 5 through

Method accuracy and error sources

Image quality. The RF data were obtained directly
from the scanner, and no preprocessing was done before
the correlation analysis. No scan conversion was needed
because the examinations were done by a linear-array
probe. The velocity calibration test and the parameter
variation test confirm that the method works as intended
and thus, factors such as image resolution and contrast
appear to be appropriately set. However, for some of the
patients (e.g., plaque K, Figs. 7 and 10), visualizing and
outlining of the plaque was difficult due to various rea-
sons, such as tortuous vessels, low echogenicity and
disturbing calcifications.

Accuracy. The quality of the results can be charac-
terized by the accuracy of the components or magnitudes
of the displacement vectors and by the resolution of the
color plots. The color-plot resolution (Figs. 8, 9 and 10)
is basically a consequence of using correlation areas with
finite height and width. Because these correlation areas
overlap, the corresponding displacement vectors will be
partially correlated. The overlap and, thus, the cotrela-
tion decreases to zero for points more than 21 pixels (size
of correlation area; typically 1.5 mm) apart.

The accuracy of the method was confirmed by the
velocity calibration on phantom data. The fairly good
repetition of systolic and diastolic motion (Figs. 5, 6 and
7) indicates that the essential movement information is
captured also from patient data. However, the accuracy
of the clinical (patient) results is difficult to quantify and
may differ from the method’s inherent accuracy. This is
because the tissue is imaged by 2-D slicing through the
volume, whereas the actunal movements take place in
3-D. The acquisition frame rate, thus, has important
influence on the clinical accuracy.

Equations (1) and (2) indicate that frame rates
above ~ 40 frames/s are necessary for proper analysis of
the motion, for the given tissue velocities and processing

10, which confirm that 54 frames/s seems adequate (pa-
tients G and K), whereas 36 frames/s may give a loss in
accuracy (patient D). However, it must be taken into
account that in-plane movements merely mean a trans-
tation of the tissue structure and speckle pattern, whereas
out-of-plane movement implies a nonuniform distortion
of the structures and speckle pattern. Thus, the out-of-
plane motion, in particular, should not be neglected as
error source.

Due to the cyclic nature of the movements, the
displacement vectors at one location should form a
closed loop during one cardiac cycle. A consequence of
using a finite frame rate, which may imply less accurate
results for the largest (most rapid) tissue movements, is
that this may not always be the case. When checking this
on our results, we typically find some drift that cannot be
neglected. This implies that an update of the plaque ROI
boundary using the displacement vector map becomes
less accurate. We have, therefore, chosen to use a fixed
plaque ROI throughout the analysis, although this un-
doubtedly introduces other uncertainties in the resuits.
There are several ways to overcome these problems.
Apart from increasing the frame rate, which is unrealistic
for our present equipment and acquisition protocol,
shorter periods of the cardiac cycle or appropriate aver-
aging over several cycles might be considered. It is still
a matter of research to determine the kind of information
that can be gained from such results.

Future use of motion analysis

Only a few examples of information gained from
the displacement vector map are shown in this paper. Of
the three patients displayed in Figs. 5 through 10, the
asymptomatic patient G shows the largest motion; how-
ever, both larger and smaller velocities can be found in
the total patient group (Table 5). This indicates that the
development of a symptomatic plaque might not be char-
acterized by total motion alone, and that other properties
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should also be evaluated. Our future work will address
what kinds of parameters should be calculated from the
displacement vector map and how to present these results
in the most suitable form to the clinician. Reproducibility
is also an issue that should be further investigated.

It is our intention to compare the motion results
with results from the grey-scale analysis and with his-
topathologic description of the removed plaque speci-
mens, when the data material is large enough to ailow for
statistical analysis. The ability of motion analysis to
identify plaques with a high risk for distuption and
complications should be evaluated through a prospective
study on asymptomatic patients with carotid artery ste-
nosis. However, due to the relatively low rate of cere-
brovascular events in an unselected group of these pa-
tients, this approach would imply an extensive study.
Therefore, we look for alternative strategies for verifica-
tion of the method.

CONCLUSIONS

We have developed a method for analysis of 2-D
motion in carotid artery plaques from sequences of RF
US images. The method is based on standard 2-D cor-
relation between small image areas from consecutive
images. The basic outcome is a displacement vector map
from which a variety of parameters may be calculated in
the postprocessing steps. Two complementary ways of
visualizing the motion velocity have been demonstrated
in this paper: averaging over an image region, presented
as a function of time and averaging over a time period,
presented as an image. The latter option offers the op-
portunity to study motion heterogeneities within the
plaque, which may be related to plaque composition and
the risk of embolization.

Testing on laboratory data showed that the method
works as intended. Applied to patient data, the motion
analysis method yields velocity results corresponding
with the movements observed by direct inspection of the
image sequences and with the ECG signal. The systolic
response shows peak velocities of typically 10mm/s,
which agrees well with previously reported values. The
main error source is assumed to be the motion compo-
nent perpendicular to the image plane. This can be com-
pensated for by using a sufficiently high frame rate
during data acquisition, or by appropriately averaging the
results.

The future work will address the significance and
interpretation of parameters calculated from the displace-
ment vector map, and how to present this information to

Volume 29, Number 7, 2003

the clinician. For this purpose, we will apply the motion-
analysis method to a larger patient group.

To our knowledge, there are few quantitative studies
of dynamic plaque behavior. Future clinical application
of our analysis method is necessary to evaluate its po-
tential for identifying patients with a high risk of plaque
disruption and embolization.
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Abstract—We have previously developed a method for quantifying motion in carotid artery plaques from
sequences of ultrasound (US) radiofrequency images. Here, we examine the intraoperator reproducibility of the
results. Five independent recordings were made on each of six symptematic and six asymptomatic patients, and
processed off-line into 29 motion parameters, representing motion amplitude, stretch/compression and shear
motion, For the statistical analysis, we used a linear mixed model and investigated the parameters for contri-
butions from individual patients, contributions from recordings en each patient and contributions from heart
cycles within each recording. The model was valid for seven parameters calculated over the entire heart cycle
(four calculated over the systole only), which all showed good reproducibility (intraclass coefficient for variance
over all patients p, = 0.4). Averaging three recordings of two heart cycles each gives acceptable accuracy
(normalised variance of patient means A < 0.3). This acquisition scheme is reasonable in a clinical situation.
(E-mail: jon.bang@sintef.no) © 2004 World Federation for Ultrasound in Medicine & Biology.

Key Words: Carotid artery stenosis, Plaque characterisation, Embolism, Ultrasonography, Motion analysis,

Parameter reproducibility, Intraoperator study.

INTRODUCTION

Ultrasound (US) is commonly applied for noninvasive
investigation of atherosclerotic plaques in the carotid
arteries. It can select patients for carotid endarterectomy
based on the degree of stenosis, provide preoperative
anatomical information and may indicate the risk for
embolisation (AbuRahma et al. 2002; Landwehr et al.
2001).

The analysis of grey-scale values and other texture
parameters in single US images is a well-established
technique, and echolucent plaques have been shown to
represent an increased risk for cerebrovascular events
(Grgnholdt et al. 2001; Mathiesen et al. 2001). However,
such analyses do not incorporate the dynamic behaviour
of the plaque, which may play an important role in the
process of plaque rupture and embolisation. The plaque
and the surrounding tissue exhibit a periodic motion
driven by the pulsating blood pressure in the artery. It has
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been suggested that such movement of the arterial wall
might cause mechanical stress leading to minor cracks
and fissures (Falk 1992; Woodcock 1989). Another ef-
fect might be rupture of the vasa vasorum due to relative
movement between the plaque and the vessel wall (Ian-
nuzzi et al. 1995; Woodcock 1989).

Golemati et al. (2003) give a concise overview of
various methods for calculation of motion in US images.
However, the literature shows few examples of analysis
of the plaque motion. Iannuzzi et al. (1995) investigated
patients with transient ischemic attacks and found that
longitudinal motion occurred more often in the ipsilateral
plaques than in the contralateral ones. However, they did
not quantify the motion. Chan (1993) demonstrated 2-D
motion analysis in US images, at low frame rates and for
a small number of tracked points. Meairs and Hennerici
(1999) analysed plaque surface movement by an optical
flow method and found significant differences in some
velocity parameters between symptomatic and asymp-
tomatic patients. They used a 4-D acquisition and anal-
ysis procedure (several 3-D data sets gated by ECG
signal). Using a 2-D cross-correlation (block matching)
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technique on US images captured at 25 frames/s, Go-
lemati et al. (2003) have recently demonstrated region
tracking and quantification of relative motion between a
limited number of points within the plaque and in the
vessel wall and surrounding tissue.

We have developed a method for motion analysis of
carotid plaque from sequences of US images (Bang et al.
2003). The cross-correlation technique is similar to that
applied by Golemati et al. (2003); however, by using
higher frame rates and a finer mesh of analysis points, we
obtain high resolution in both time and space. We have
demonstrated that heterogeneous motion internal to the
plague can be quantified and visualised.

For the method to have clinical relevance, it is
crucial that the motion results contain genuine informa-
tion that eventually can be related to the plaque condi-
tion. This implies that the results must reproduce satis-
factorily when the measurements are repeated under un-
changed conditions. In this article, we investigate the
intraoperator reproducibility of the motion results by
performing repeated data acquisition on a number of
patients. All recordings were done by the same examiner.
Statistical analysis on these data then shows the relative
magnitude of variations between patients, between re-
cordings and between heart cycles within each recording.
We also address the question of how many repetitions
are needed for reliable results.

MATERIALS AND METHODS

The patient group

This prospective study comprised six patients with a
symptomatic carotid stenosis and six asymptomatic pa-
tients. The asymptomatic patients had participated in the
Asymptomatic Carotid Surgery Trial (ACST) (Halliday
et al. 1994) for 3 to 8 years (average 5.7 years), receiving
only medical treatment. They came from the local area,
and were invited for an examination in addition to the
ACST follow-up. The symptomatic patients were se-
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lected consecutively among those scheduled for carotid
endarterectomy at St. Olavs Hospital, Trondbeim, in the
period March through September 2003. Three of these
patients had experienced their cerebrovascular events
more than 6 months earlier and would thus be termed
asymptomatic according to the ACST criteria (Halliday
et al. 1994). The symptomatic patients were examined 1
to 3 days before carotid endarterectomy in connection
with the routine preoperative scanning. Characteristics of
the patient group are given in Table 1.

Data acquisition

The patients were subject to US examination using
a System Five scanner (GE Vingmed, Horten, Norway)
and a 10-MHz flat linear-array transducer. All examina-
tions were done by the same operator, who is an expe-
rienced vascular surgeon trained in US examinations. All
patients were examined in the supine position with the
head turned to the opposite side of the artery being
examined. The transducer was held in a fixed position for
longitudinal imaging of the most stenotic region of the
artery (i.e., the position yielding the highest peak systolic
blood velocity), We identified the plaque using a default
carotid study scanner application (B-mode imaging with
Doppler colour flow), with the gain setting adjusted for
optimal image quality. With the transducer in the same
position, we switched to a scanner application for acqui-
sition of both tissue and radiofrequency (RF) data, and
recorded image sequences over typically 3 s at a frame
rate of 53.7 frames/s. This corresponds to two to three
heart cycles, as shown by the simultaneouslty recorded
ECG. For reproducibility analysis, we made five record-
ings on each patient. These recordings were made within
30 to 45 min, separated by approximately 5 min. The
transducer was repositioned according to the above pro-
cedure between each of the recordings. Figure 1 illus-
trates the hierarchical structure of the recorded data.

Table 1. Characteristics of the patient group.

Symptomatic Asymptomatic All
Number 6 6 12
Mean age (range) [years) 63.0 (56-76) 70.8 {(66-78) 60.9 (56-78)
Male/female 3/3 5n 8/4
Coronary heart disease 4 2 6
Hypertension 2 4 6
Diabetes 1 0 1
Mean cholesterol (range) [mmol/L], nonfasting 47 (3.2-1.1) not measured -
Cholesterol-lowering medication 5 4 9
Degree of stenosis (US) >70% >70% >70%

Presenting symptom

Time from last event to examination

1 stroke; 1 transient ischernic attack;
4 amaurosis fugax

1 week or less: 3; more than 6
months: 3
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Data processing

The tissue and RF data were transferred to a com-
puter for off-line analysis by programs developed in
Matlab® (The MathWorks Inc., Natick, MA). The RF
data were subject to motion analysis by the method
described in Bang et al. (2003). The basic steps of the
analysis are illustrated in Fig. 2. In short, the method
tracks motion by 2-D correlation of local regions (21 X
21 pixels with Hanning-shaped edge suppression) in
consecutive RF images. This is done throughout the
image area at analysis points with indexes (u,v) separated
by dy =~ 0.2 mm vertically and dx ~ 0.4 mm horizon-
tally, and for all images w = 1, 2, ... N. The resulting
displacement vectors are converted to velocity vectors
V(u,v;w) and stored to file. The vascular surgeon who
conducted the US examinations then outlined the plaque
region-of-interest (ROI) in one of the B-mode images.
Note that the grey-scale values resulting from this pro-
cessing are not used further in this article; however, they
are calculated and stored for future comparison with the
motion parameters. In a subsequent postprocessing step,
various motion characteristics can be derived from the
velocity vectors. Invalid vectors are identified by several
criteria and are discarded from the postprocessing. To
reduce the influence of artificial movements due to pa-
tient or probe disturbances, vector component means are
calculated over a reference region in each image, and
subtracted over the entire image. The reference region is
located in the vessel wall adjacent to the plaque, and is
automatically derived from the plaque ROI by shifting a
section of the wall-adjacent ROI boundary down by a
constant amount. For more details on the processing of
RF images, see Bang et al. (2003).

We investigate three classes of motion characteris-
tics: velocity vector components and magnitude, tension
(stretch/compression), and torsion (shear motion)., Math-
ematically, these quantities are calculated, respectively,
as the amplitude A, divergence D and curl C of the vector
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Recording 1
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Heartgycle 3 1
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T

Fig. 1. The hierarchical structure of the ultrasound examination
of the carotid artery and data processed from these recordings.
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Fig. 2. Flow chart for the processing of motion parameters
(adapted from Bang et al. 2003).

field f/(u,v;w) = [V (1,v,w), Vy(u,v;w)] (Lewis and Ward
1989):

Al v; W)= [, v w| = \/ Vi, v5 W) + Vi, v;

1
D(u, vi w) = div(Vu, v; w))
B Vi + 1, viwy — Vi, v; w)
B dx
Vi, v+ 1, w) — Vi(u, v; w)
+ r @
Clu,v;w)y= =% Icurl(V(u, v, w))l
B Vi(u + 1,v; w) — Vi(u,v; w)
B dx
Vi, v+ 1; w) — Vi(u, vy w)
- @ . (3

Note that these formulas describe the discrete approxi-
mation to divergence and curl in two dimensions (the
image plane uv), and that C is the signed magnitude of
the curl vector. w is merely an image counter and, as
such, does not take part in the divergence and curl
operations.

All results can be presented in several ways. Three
options are suggested in Bang et al. (2003): 1. colour-
coded images, by averaging over the time dimension; 2.
time-depending parameters, by averaging over pre-
defined image regions such as the plaque ROI; and 3.
single numbers, by either averaging or extracting mini-
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mum/maximum values, over each of the time and image
dimensions. In this study, we used the last option to
create single-valued parameters as input to the statistical
analysis. All the investigated parameters are listed in
Table 2. Note, in particular, that the definition of A4 is
similar to the maximal discrepant surface velocity
(MDSV) parameter studied by Meairs and Hennerici
(1999), although MDSV is derived from the plaque sur-
face in 3-D, whereas Ag is derived from the 2-D cross-
section area. Furthermore, A, is the 95th percentile value
of the same quantity, defined in this way to exclude
amplitude outliers.

We did the statistical analysis for two time ranges:
parameters calculated over the entire heart cycle and
parameters calculated over the systolic range of the cycle
only. Both ranges were defined using the ECG signal.
The duration of the entire heart cycle was found by
autocorrelation of the ECG signal; however, the start of
this period relative to the QRS complex was arbitrarily
defined to utilise the complete recording. For the systolic
range, we identified the Q wave and the end of the T
wave. This range was expanded by 20% beyond the latter
point to give the systolic part. The empirical expansion is
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intended to account for the time delay between the ECG
signal and the arterial pressure pulse.

Statistical analysis

We used a lincar mixed model (McCulloch and
Searle 2001, pages 13-14) for the measured value (pa-
rameter) Yy for the kth heart cycle in recording j on
patient i:

Yip=p+o+ Bio T & “)

where w is the overall mean; ¢ is the (unobserved) effect
of patient number i; B, is the (unobserved) effect of
recording j on patient i; and g, is the deviation from the
(unobserved) mean at recording j on patient .

The quantities o; and By, are random effects, and
€4y is an error term. These were assumed to be inde-
pendent, normally distributed variables with homoge-
neous variances o7, a% and o2, respectively. The vari-
ance components o2, a%, and o2 were estimated using
restricted maximum likelihood (REML) which provided
unbiased estimators (McCulloch and Searle 2001, page
21). The analysis was carried out in SPSS version 11
(SPSS Inc., Chicago, IL).

Table 2. Motion parameters investigated in this study.

Parameter Definition

Comments

Amplitude parameters (A = velocity amplitude)

A, mean,;,,, of {mean,,,(A) in each frame}

Ay meany,,, of {ming,,(A) in each frame}

A, meany,,, of {maxg,(A) in each frame}

Ay mean,,, of {meang,,(V,) in each frame}

As mean;,,, of {meango,(V,) in each frame}

Ag maxy,,, of {rangep,,(A) in each frame}

A, 95-percentile in time of {rangegq,(A) in each frame}

Tension parameters (D = divergence)

D, mean,;,,, of {meang,, (D) in each frame}
D, min,,, of {mean,, (D) in each frame}
D, Maxy,, of {meany,/(D) in each frame}
D, range;;,,. of {meang,(D) in each frame}
D meany,,, of {minge(D) in each frame}
Dy range,,,,,, of {ming, (D) in each frame}
D, mean,,, of {maxg,{D) in each frame}
Dy range,;,,, of {maxg,,(D) in each frame}
Dy meany,,,, of {rangeg,(D) in each frame}
Dy min,,,, of {rangeg,,(D) in each frame}
D, MAaX,;,, 0f {rangegpoAD) in each frame}

Torsion parameters (C = cuil)

C, meany,,, of {meang,,(C) in each frame}
C, min,,,, of {meany,,(C) in each frame}
Gy MaXy,. of {meany,(C) in each frame}
C, 1ange,;,. of {mean,,(C) in each frame}
Cs meang,,, of {ming,,(C) in each frame}
Cs range,;,,. of {ming,,(C) in each frame}
C; meany,,, of {max,,/ (C) in each frame}
Cy range,;,. of {maxpo(C) in each frame}
Co mean,;,,, of {range,,,(C) in each frame}
Cpo miny,,,, of {rangep,,(C) in each frame}

MaX,;,. of {rangeroAC) in each frame}

V, = vertical velocity comp.
V. = horizontal velocity comp.
Tangepo; = MaXgoy ~ Millgoy
95-percentile of A4

for In transform; —D,

=Dy — D,
for In transform: —Ds

1angeRor = Mo — Millgo
Tangero; = MaXpgy — Millpe,
rangepoy = MaXpoy = Milige,

for In transform: —C,

=0 -G
for In transform: —Cs

1angery; = MaXgyy — Millyg,
Tangero; = MAXgpoy — Mifgeoy
rangeyo, = MaXpo, ~ Milge,
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Transforming an input parameter by a nonlinear
function may yield better agreement with the model
assumptions. Visual analysis of our data, as well as
application of a stabilising variance (Box~Cox) method
(Box et al. 1978, pages 232-234) showed that, for some
of our parameters, the measured values should be used
directly whereas, for others, the natural logarithm of the
parameters agreed better with the model. In one case the
square root should be used. The transforms were only
applied to parameters that were either always positive or
always negative throughout the patient group (in the
latter case, the sign was changed first). Logarithmic and
square root transformations are denoted by In and sqrt in
the following, respectively.

The assumptions of normality for the within-group
error (& in our model) and for the random effects (a and
B) were assessed with normal probability plots (QQ-
plots) of the residuals for each level (Walpole et al. 1998,
pages 213-215). From these graphs, we also identified
outliers.

Checks on the model assumptions of homogeneity
of variances for the residuals were performed by visual
inspection of the input, and by Bartlett’s test for homo-
geneity (Walpole et al. 1998, pages 470-473). Homo-
geneity of the variance o% + o2 was checked by
Bartlett’s test on the “patient residuals”

Vi~ Vi ©)]
where

1 mp By

2 Yijk ©)

j=1k=1

3;::

Hy

E Dy
=t

is the mean over all recordings and heart cycles of patient
i, Mgy is the number of heart cycles in recording j and m;
is the number of recordings. Under the assumptions of
our model, for patient i, the measurements y;; are cor-
related within each recording j. It can be shown that the
correlation coefficient between two measurements within
the same recording is:

__a ;

p= (ré + o 7

Therefore, Bartlett’s test, which is valid for independent

variables, can be used for small values of p only. Monte

Carlo simulations justified that Bartlett’s test confirmed

homogeneity of the variances only for p < 0.75 (empir-

ical value), or 02 > 03/3.

Further, homogeneity of the variances a’é was

checked by Bartlett’s test on the “recording residuals”

(®)

where

1 #jitiy

Vim— Xy ©
7 nj(i)g;y,k

is the mean over all heart cycles within recording j on
patient i.

The outcome of Bartlett’s test is a p value that is
close to 0 when the variances are heterogeneous.

The intraclass coefficient (McGraw and Wong
1996) is a measure of the proportion of the variance that
is attributable to objects of measurement. In our model,

2
O

Pe™ T ol 4 o (10)

is the proportion of the total variance that is attributable
to between-patient variation. Roughly speaking, large
values of this coefficient (close to 1) correspond to situ-
ations where the parameter gives good discrimination
between patients.

The overall goal was to provide an estimate of the
“true value” for each patient that was sufficiently precise
to discriminate between patients. The mean y;_ is an
estimator for this value. Its variance is given by

Vargy) = ot + L o2 1"
arm_moB ncc' ( )

This expression is valid for an equal number n of heart
cycles in all recordings, and an equal number m of
recordings on all patients (balanced data set). A good
estimate of the “true value” u + w; is obtained when:

Var(yy) 1 s 1,
A= > =—-‘Uﬁ+zo‘a (12)

o2 m-ot

is small.

RESULTS

Of the 60 recordings (5 on each of 12 patients), 3
were discarded due to poor image quality (1) or patient
discomfort causing movement disturbances (2). In 7 of
the other cases (5 patients), the image quality was some-
what reduced, and the plaque ROIs were difficult to
outline. However, these cases are included in the study.
Amplitude parameters (A,~A-) for one patient were ex-
cluded from the analysis, because the automatic refer-
ence region could not be established in the vessel wall.

The ECG signal showed three complete heart cycles in
41 of the 57 examinations, and two heart cycles in the other
16 examinations, because of variations in heart rate. Con-
sidering the systolic part only, one, two, three and four
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systoles were found in 4, 29, 22 and 2 examinations, re-
spectively. The number of systoles is generally lower than
the number of complete heart cycles because the “systolic
part” is directly related to the ECG signal, leading to pos-
sible discarding of much of the acquired time lapse,
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whereas the “heart cycle,” as defined here, has an arbitrary
starting point.

Figure 3 shows examples of input data, calculated over
the entire heart cycle. The choice of parameters was based
on the outcome of Bartlett’s test. Thus, the parameters

Fatient 1 Patient 2 Patient 3 Patiant Patient 2 Patient 3
g batdeeden doodidand i, : e 2 i 3 g )
... 3 3, g 5
4 ; & bttt ! °. g
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Fig. 3. Examples of input data for the statistical analysis, calculated over the entire heart cycle and sorted according to
patient and recording. Each circle represents the parameter value from one heart cycle. The parameters exhibit varying
degrees of variance homogeneity, as revealed by Bartlett’s test: (a) In(Ds); (b) In(Cy); (c) Cs.



Plaque motion parameters @ T. DAL et al. 1139

demonstrate cases of fairly homogeneous variances, both
over heart cycle and recording (In(D3)), homogeneity in
variances between recordings but not over heart cycles
(In(Cy)), and overall heterogeneity of variances (Cy). Visual
inspection of the figure can only confirm this qualitatively.

Tables 3 and 4 show the results of the statistical
analysis, for data calculated over the entire heart cycle and
over the systolic part, respectively. The variances are esti-
mated using the REML method. The model assumptions
are checked by QQ-plots, Bartlett’s test, and visual inspec-
tion of plots of input data such as Fig. 3; all these criteria
must be fulfilled before the reproducibility results should be
trusted. The criteria are met by seven parameters in Table 3
and four parameters in Table 4. For these parameters, A
from eqn(12) at m = 3, n = 2 and p, from eqn(10) are
included in the tables. The p, values indicate that all pa-
rameters fulfilling the model assumptions reproduce fairly
well (p, = 04).

Table 5 summarises the parameters showing good
reproducibility. Figure 4 shows a crossplot of p,, vs. A for
these parameters. The approximately inverse relation be-
tween A and p, is not surprising, considering their re-
spective dependence upon the variances o2, o%; and o7,

The best reproducibility is obtained for high values of g,
corresponding to small values of A.

Figure 5 shows the dependence of the normalised
variance A on the number of recordings m and the num-
ber of heart cycles n, for two motion parameters. These
parameters exhibit the typical range of values and ratios
for o2, o% and ¢?, among those parameters showing
good reproducibility. From this figure, we can determine
the necessary number of repeated measurements (see the
Discussion section).

DISCUSSION

Input data

The analysis was carried out on velocity param-
eters. However, these were directly proportional to the
tissue displacement and, therefore, representative for
the motion.

The motion parameters investigated in this study
were chosen because they might carry important and
characteristic information about the plaque’s dynamic
behaviour. The motion amplitude was an obvious fea-
ture for investigation, and this parameter was also easy

Table 3. Statistical results for data from entire heart cycle.

Estimated variance
Test for

Homogeneity of variances,

components p value .
normat Visual
distribution o} + o, check of All A for m = 3,

Parameter a2 o% a2 (QQ-plots) e if o2 > 033 input data  criteria n=2 Pe
in(A;) 0.299 0.213 0.0409 Ok 0.436 NR* Ok Ok 0.260 0.541
In(A,) 0.125 0.166 0.0267 Ok 0.614 NR Ok Ok 0.478 0.394
Ay 53.8 5.11 6.46 No NR NR No - - -
A, 0.00530 0.00775  0.0269 No NR NR No - - -
A 0.0 0.0118 0.0454 No NR NR No - - -
Ag 26.0 41.1 273 No NR NR No - - -
In(A,) 0.286 0.407 0.0682 No NR NR No - - -
D, 0.0 0.000681  0.00814  No NR NR No - - -
In(-D,) 0709 0.376 0312 Ok 0.859 0.394 Ok Ok 0.250 0.508
In(D3) 0.971 0.392 0.350 Ok 0.911 0.728 Ok Ok 0.195 0.567
In(D,) 0.788 0.272 0.145 Ok 0311 0.237 Ok Ok 0.146 0.654
In(-D5)  0.871 0.175 0.0569 Doubtful 0.003 <0.001 No - - -
D 1104.9 260.9 579.1 No NR NR No - - -
In(D.) 0.821 0.179 0.0420 Doubtful ~ <0.001 <0.001 No - - -
Dy 1082.8 303.9 446.5 Doubtful ~ <0.001 <0.001 No - - -
sqrt(Dy)  5.67 0710 - 0.347 No NR NR No - - -
Dy, Almost all values = 0

Dy, 37664 12034 1281.0 Doubtful  <0.001 <0.001 No - - -
C, 0.00468 0.0 0.0408 No NR NR No - - -
In(—-C,) 1.28 0.289 0.519 Ok 0.583 0.557 Ok Ok 0.143 0.613
n(C5) 1.15 0.431 0.481 Ok 0.422 0.002 Ok? 0Ok? - -
In(C,) 1.07 0.329 0.254 Ok 0.687 0.186 Ok Ok 0.143 0.647
In(-Cs)  0.966 0.172 0.0579 Ok <0.001 <0.001 No - - -
Cs 6216.0  1909.4 2783.9 Ok 0.013 <0.001 No - - -
In(C;) 0.929 0.151 0.0705 Doubtful 0.002 <0.001 No - - -
Cs 5553.7 1600.2 3036.5 Ok 0.005 <0.001 No - - -
In(Cy) 0.939 0.161 0.0559 Doubtful ~ <0.001 <0.001 No - - -
Cp Almost all values = 0

C,, 187162 719226 6632.7 Doubtful 0.011 <0.001 No - - -

*NR = Not relevant.
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Table 4. Statistical results for data from systolic part of heart cycle.
Estimated variance . Homogeneity of variances,
components Test for p value )
normal Visual
distribution o} + oF, check of All Aform =3,

Parameter o2 o o> (QQ-plots) o if o2 > o3/3 input data  criteria n=2 P
In(A,) 0.282 0.225 0.0394 Ok 0.072 NR* No - - -
1n(A,) 0.145 0.134 0.0507 Ok 0.535 NR No - - -
Ay 69.7 9.46 10.6 Ok 0.057 <0.001 No - - -
A, 0.0233  0.0120  0.0531 Ok <0.001 <0.001 No - - -
A 0.0 0.0218 0.117 No 0.005 <0.001 No - - -
As 28.5 357 29.8 No <0.001 <0.004 No - - -
Ay 64.6 45.4 348 No <0.001 <0.001 No - - -
D, 0.0 0.0 0.0220 No <0.001 <0.001 No - - -
In(—D,) 0.723 0.339 0.352 Ok 0.423 0.088 Ok Ok 0.237 0.511
In(Ds) 0.963 0.468 0.329 Ok 0.749 0.618 Ok Ok 0.219 0.547
In(Dy) 0.772 0.342 0.100 Ok 0.083 NR Ok? Ok? - -
In(~Dy) 0.821 0.179 0.0682 Ok 0.010 <0.001 No - - -
Dy 1133.2 257.8 583.8 Ok <0.001 <0.001 No - - -
In(D;) 0.827 0.187 0.0971 Doubtful <0.001 <0.001 No - - -
Dy 1085.4 274.9 465.3 Doubtful <0.001 <0.001 No - - -
In(Dy) 0.793 0.188 0.0532 Ok 0.003 NR No - - -
Dy Almost all values = 0

Dy, 3807.5 1173.9 12592 Ok <0.001 <0.001 No - - -
C, 0.0198 0.0 0.0925 No <0.001 <0.001 No - - -
In(—C,) 1.30 0.304 0.621 Ok 0.372 0.570 Ok Ok 0.157 0.585
n(Cy) 1.23 0.425 0.476 Ok 0.159 <0.001 Ok? Ok? - -
In(C,) 1.09 0.327 0.290 Ok 0.229 0.058 Ok Ok 0.144 0.639
In(—Cs) 0.910 0.193 0.0684 Ok 0.006 <0.001 Ok Ok? - -
C 5535.1 23291 2897.2 Ok 0.015 0.005 No - - -
In(C) 0.858 0.147 0.0915 Doubtful 0.020 <0.001 Ok? - - -
Cy 5062.7 1402.2 3522.4 Ok 0.006 <0.001 Ok Ok? - -
In(Cs) 0.872 0.166 0.0720 No 0.007 <0.001 No - - -
Cio Almost all values = 0

Cy, 17757.3 8577.8 71857 Ok 0.011 <0.001 Ok Ok? - -

*NR = not relevant.

to extract from the velocity vectors. Divergence and
cur] parameters describe the tensional (stretch, com-
pression) and torsional (rotation, shear) movements,
respectively. It is reasonable to believe that such
movements may lead to rupture and embolisation.
Similar effects are discussed in the review article by
Falk (1992).

Error sources and accuracy associated with the ac-

quisition and processing of data were discussed in Bang
et al. (2003). The parameters listed in Table 2 are more
or less robust as input, for various reasons. The purpose
of the automatic reference region is to eliminate the
overall translational movement of this region from the
entire image, thereby making the region a reference (with
zero translational motion) for the adjacent plaque. With-
out this elimination, the comparison of results between

Table 5. Motion parameters showing good reproducibility.

Reproducibility
Entire heart Systolic

Parameter cycle part
In(A)) Time average of mean velocity amplitude over plaque ROI Ok -
In(A,) Time average of minimum velocity amplitude in each plague ROI Ok -
In(—D,) Minimum in time of mean velocity divergence over plaque ROI Ok Ok
In(Ds) Maximurn in time of mean velocity divergence over plaque ROI Ok Ok
In(D,) Range over time of mean velocity divergence over plagque ROI Ok -
In(~C,) Minimum in time of mean velocity curl over plaque ROI Ok Ok

(C,)

Range over time of mean velocity curl over plaque ROI Ok Ok
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Fig. 4, Crossplots of normalised variance A (at m = 3 and n =

2) and intraclass coefficient p,, for parameters showing good

reproducibility (Table 5). Input data calculated (a) over entire
heart cycle and (b) over systolic part of heart cycle.

different patients or recordings will be less valid. The
cancelling of overall translation therefore affects the
amplitude parameters by a value that depends on the
actual size and position of the reference region. Cf.
eqn(l), where adding a constant to V will change A.
However, this is not the case for the divergence or curl
parameters. Cf. eqns. (2) and (3), where adding a con-
stant to V will not change D or C. Furthermore, the
reference region cannot compensate for all kinds of un-
intended movements (e.g., rotational) of the probe during
acquisition and this may have influence upon one or
more of the parameter classes. In general, we expect the
average of a parameter to be a more robust value than the
minimum, maximum or range. It is, therefore, interesting
to notice that all the parameters showing good reproduc-
ibility involve the average over either image region or
time, or both.

Statistical analysis
The literature does not give clear advice as to
whether maximum likelihood (ML) or restricted maxi-

a) |@n=1 En=2 On=3]

mum likelihood (REML) ought to be used in a case like
ours {(McCulloch and Searle 2001, pages 177 to 178). We
estimated the variances with both methods and found
approximately the same results. The REML method was
preferred because, for balanced data sets, its solutions are
minimal variance unbiased, and even minimal variance
quadratic unbiased. For our model, it was also important
that REML estimators are not so sensitive to data outli-
ers, as ML estimators are.

There exists a method for constructing the confi-
dence interval of the intraclass coefficient p,, and for
corresponding tests. However, we have not used it on our
data because this method assumes balanced data sets.

We have studied one parameter at a time. However,
it is possible that several parameters simultaneously,
such as a linear combination, could produce measures
with good reproducibility. This could, for example, be
investigated using a multivariate linear mixed model.
This has not been addressed here, but might be the
subject for future work.

Which parameters can describe plaque motion?

The motion parameters displayed in Table 5 and
Fig. 4 show good reproducibility and they are, therefore,
candidates for further investigation with respect to dis-
crimination between plaque features in different clinical
cases. These parameters cover all the postulated motion
patterns; amplitude, tension and torsion. The other pa-
rameters do not comply with the model and we can,
therefore, not conclude on their reproducibility.

Meairs and Hennerici (1999) found that the MDSV
discriminated well between symptomatic and asymptom-
atic plaques. Our parameters that are based on a similar
difference between maximum and minimum velocities
(Ag and A;), however, did not fulfill the model assump-
tions.

b) |En=1 fin=2 [In=3]
1

m=} m=2 m=3 m=4

m=1 m=2 ms=3 m=4

Fig. 5. Effect of increasing the number of recordings (m) and heart cycles (n) on normalised variance A, eqn (12).
(2) In(A,); (b) In(C,). The input data were calculated over the entire heart cycle (variances listed in I).
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It is interesting to notice that roughly the same
parameters were found to reproduce well, whether they
were calculated over the entire heart cycle or over the
systolic range only. This indicates that the selection of
the time range was not critical, at least as long as the
largest movements were covered. This observation may
be useful for the practical implementation of the method.

The parameter’s average, minimum, maximum and
range were calculated over the entire plaque ROL. It can
be expected that calculation over smaller image regions
(e.g., the plaque edge or the shoulder region near the
vessel wall) might give more accurate results. This may
also reduce the processing time, but requires improved
tracking of the specific plaque region.

Clinical application

The number of repeated recordings will be a com-
promise between required accuracy and factors such as
patient comfort, available examination time and process-
ing time. The accuracy can be assessed from Fig. 5.
Considering first the number of recordings (m), A = 0.3
is obtained for m = 3, and the improvement from 3 to 4
recordings is roughly 25% or lower. We therefore con-
sider that averaging three repeated recordings should
give a good estimate of the motion parameter. In addition
to being a practicable number in most examination situ-
ations, it offers the possibility of detecting erroneous
conditions of a single recording. The number of heart
cycles within each recording (n) is limited by the re-
quired acquisition frame rate in combination with the
scanner memory capacity. Figure 5 shows that n = 2 is
a reasonable choice, allowing for detection of outliers,
whereas n = 3 yields only marginal improvements to A.

The present procedure for data acquisition and pro-
cessing is somewhat cumbersome and time-consuming;
however, this is basically due to nonoptimised scanner
applications and prototype algorithm implementation,
which both may be considerably improved. Another im-
portant question is how the information is best conveyed
to the clinician, for example by colour-coding overlaid
on the B-mode images. Requiring only 2-D image ac-
quisition and essentially automated processing, we con-
sider that our method has the potential to become a
practical examination method.

The possible benefit of this method is that it may
provide the clinician with essentially new information.
Supplementing the knowledge on the degree of stenosis
and the plaque echogenicity, information on the dynamic
behaviour may help in describing plaque stability. This
may ultimately predict which plaques are prone to rup-
ture, if previously asymptomatic plaques show motion
patterns similar to those of the symptomatic ones. This
may have significant consequences to the decisions on
treatment of the individual patients.
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Further work

We intend to investigate whether or not the param-
eters with good reproducibility show significant differ-
ences between various patient groups, by, for example,
comparing motion results with patient history and plaque
echogenicity. This will include both patients with and
without cerebrovascular events. Furthermore, a valida-
tion study involving a greater number of patients is
necessary to demonstrate the full potential of the method.

CONCLUSIONS

We have investigated 29 plaque motion parameters
for intraoperator reproducibility, by statistical analysis of
data from 12 patients., The results show that seven pa-
rameters reproduce well and should, therefore, be subject
to further investigation. These parameters describe ten-
sional and torsional motion, in addition to mere velocity
amplitude. The other parameters do not fit with the
assumptions of the statistical model.

The analysis was carried out on parameters calcu-
lated over the entire heart cycle and over the systolic
region only, with fairly coinciding results. This indicates
that the time range may not be critical to the measure-
ments. Furthermore, we addressed the number of repeti-
tions necessary for reliable results and found that aver-
aging over three repeated recordings, each covering at
least two heart cycles, yields acceptable accuracy. These
numbers also allow for detection of outliers, in addition
to representing a practical examination protocol.

The future work will address whether or not the
identified parameters can discriminate between patient
groups and how the motion characteristics agree with
other plaque features such as echogenicity and degree of
stenosis.
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Data Quality of Surgery for Carotid Artery Stenosis. Are the
National Vascular Registries Reliable?

T. Dahl,*? K. Rudjord,® M. Altreuther' and H.O. Myhre'2*

Departments of *Surgery, St Olavs Hospital, University Hospital of Trondheim, 2Circulation and Medical
Imaging, The Norwegian University of Science and Technology, and *SINTEF Health Research, Trondheim,
Norway

Objectives. To study completeness of reporting carotid endarterectomies, including peri-operative stroke and mortality rate,
in a national vascular registry, NorKar, and a national administrative registry, The Norwegian Patient Register (NPR).
Design. Comparative registry-based national study.

Materials. Member hospitals of NorKat, including 89% of carotid endarterectomies in Norway, were compared with
relevant data in NPR for the years 2000-2002.

Methods. We compared procedure-codes, diagnosis-codes, in-hospital death and the occurrence of peri-operative stroke after
treatment for carotid artery stenosis in the two registries to evaluate completeness.

Results. Compared with the NPR numbers, 16% of carotid endarterectomies were missing in the reports from member
hospitals of NorKar. Further, during this three-year period, there was an under-reporting of seven strokes and two deaths.
The discrepancy was most pronounced in 2001.

Conclusions. There is an under-reporting of patients operated on for carotid artery stenosis in NorKar according to NPR
numbers as well as an under-reporting of early deaths and strokes. There is a need for better quality data in the NorKar
Registry. Registry quality would be likely to improve if patient identifiable data were available in both registries.

Keywords: Carotid surgery; Registries; Coding; Completeness.

Introduction

There is an increasing demand for documentation of
results following surgical intervention. This is of
special importance for prophylactic surgery like
carotid endarterectomy. In Norway there are more
than 60 official patient registries; one of them is the
Norwegian Registry for vascular diseases (NorKar).!
We have previously demonstrated an under-reporting
of early death following abdominal aortic aneurysm
surgery to this registry.” Increasingly patient registries
are used for scientific studies. Therefore, quality
control of the registries becomes more important.>™
The objective was to study quality of data on carotid
endarterectomy in a national vascular registry
compared to a national administrative registry. We
focused on completeness of reporting procedures, in-
hospital death and in the occurrence of perioperative

*Corresponding author. Prof H.O. Myhre, MD, Department of
Surgery, St Olavs Hospital, University Hospital of Trondheim, N-
7006 Trondheim, Norway.

E-mail address: hans.myhre@ninu.no

stroke. Finally, we evaluated how missing post-
operative events could influence the results regarding
stroke and mortality after carotid surgery.

Material and Methods

The Norwegian vascular registry (NorKar)

The national registry for vascular surgery was
established in 1995 and includes various arterial
procedures. It belongs to the Norwegian Society for
Vascular Surgery. Seventeen out of 23 departments
performing vascular surgery are reporting to the
registry. NorKar is based on local databases with
patient-identifiable data in member hospitals. Data are
collected on paper forms and entered into the
database. Cases are then reported anonymously to
the central registry. The registry contains diagnosis-
codes (limited to a maximum of three) and procedure-
codes (limited to a maximum of six) for each
treatment. Complications following surgery are also

1078-5884 /000381 + 05 $35.00/0 © 2005 Elsevier Ltd. All rights reserved.
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recorded in addition to other variables. Data from
Norkar were retrieved on Microsoft Excel® files.

Norwegian patient register (NPR)

The Norwegian Patient Register was established in
1997 and is an independent registry of all patient
treatments in public health care in Norway. The
registry is owned by the Norwegian Ministry of
Health and Social Affairs. Reporting to the adminis-
trative registry is compulsory to formally discharge a
patient from hospital. Both hospital stays as well as
out-patient consultations are recorded in the registry.
The hospitals receive compensation from the auth-
orities on the basis of the volume of reported
diagnoses® and procedure codes” according to a DRG
(diagnosis related groups)-based system and NPR
consists of the reported data. Therefore, there is a
strong incentive for the hospitals to report their
activity completely.® SPSS® was used to extract data
from NPR.

Coding practice

We wanted to examine patients undergoing carotid
endarterectomy for carotid artery stenosis during the
years 2000-2002. The annual reports from NorKar
regarding perioperative stroke and death following
carotid endarterectomy are based on the number of
patients with indication ‘carotid stenosis, symptomatic
or asymptomatic’. The use of operation codes PAF20,
PAF21 or PAF22” for carotid endarterectomy are
recommended, but not compulsory. Based on the
indication, endovascular procedures also will be
represented in the annual report. The number of
strokes occurring during the hospital stay is based on a
remark in the NorKar form for post-operative
complications, and post-operative deaths are noted
with the date and cause of death. Postoperative
complications are divided into ‘surgical” and ‘general’,
and should be marked in the appropriate box on the
register form. Seventeen out of 23 departments of
vascular surgery are members reporting to the registry.

In NPR we searched for the operation codes, PAF20-
22, or the code 165.2 (ICD 10 1998) for carotid artery
stenosis. Operation codes describing thrombectomy,
exploration and ligation of the internal carotid artery
also were included, as they probably represent
procedures performed for carotid artery stenosis.
First, we controlled the number of reported carotid
endarterectomies from each individual department in
both registries. The reported strokes among these
patients in the NorKar registry were identified in NPR.
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Table 1. Relevant ICD-10 diagnosis codes for patients who were
operated for carotid artery stenosis

ICD-10 Chapter IX Text’

Section 165

165.2 Occlusion and stenosis of the carotid artery

Section I61

161.0-8 Specific forms of cerebral haemorrhage

161.9 Unspecific cerebral haemorrhage

Section 163

163.0-8 Specific brain infarction

163.9 Unspecific brain infarction

Section 164

164 Stroke, not specified as haemorrhage or
infarction

Section 169

169.0-8 Sequelae following brain vessel diseases

* Translation of the Norwegian version.

We further recorded patients who had strokes
reported to NPR, but had not been reported in NorKar
at discharge. Whenever a patient had been discharged
after more than 5 days in hospital with a secondary
and new diagnosis, [61-161.9, 163-163.9 or 164,° we
presumed that the patient had suffered a peri-
operative stroke. Patients with a secondary diagnoses
169.0-169.8 indicating sequelae following cerebrovas-
cular disease, were excluded because we anticipated
that they had suffered from their stroke prior to
surgery. Table 1 indicates the different peri-operative
diagnosis codes for stroke according to ICD-10. The
numbers of hospital deaths also were compared for
both registries.

Results

NorKar reported 651 procedures for carotid artery
stenosis’ and 612 of these fell into the category PAF20-
22. After correction of seven double entries and a few
inconsistent diagnosis-procedure combinations, 616
patients remained for comparison with NPR data from
the same hospitals. One case of double registration
and one inconsistent diagnosis-procedure combi-
nation were found in NPR, leaving a total of 735
patients for investigation. NorKar reported 22 post-
operative strokes, including one fatal stroke and one
stroke after balloon angioplasty. Two other deaths
reported to NorKar had a diagnosis of acute myocar-
dial infarction and ruptured abdominal aortic aneur-
ysm, respectively. In addition, NPR included four
strokes, diagnosed with codes 163.1, 163.3, 163.9 and
163.9, respectively, and three possibly fatal intracer-
ebral haemorrhages with the codes 161.0, 161.0 and
161.9, respectively. Subsequently, there were two peri-
operative deaths in NPR that had not been reported to
NorKar. One patient had a diagnosis of stroke (163.9)
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Table 2. Reported number of carotid endarterectomies (CEA) and postoperative stroke and death in the Norwegian Registry for vascular
diseases (NorKar) compared to the Norwegian Patient Register (NPR) for hospitals reporting to NorKar

Year CEA in CEA in Strokes in  Strokesin  Deathsin  Deaths in Stroke/mortality ~ Stroke/mortality
Norkar NPR NorKar NPR NorKar NPR rate in NorKar (%) rate in NPR (%)

2000 164 226 3 4 1 1 24 22

2001 206 242 10 14 1 6 53 7.0

2002 246 267 8 10 1 1t 33 37

Total 616 735

* Including three fatal strokes.
1 Fatal stroke.

and unspecified angina pectoris (120.9), indicating the
possibility of a cerebral or cardial cause of death, and
the other died of unknown cause. Combining the
figures from NorKar and NPR, there were altogether
eight peri-operative deaths in connection with carotid
endarterectomy during the years 2000-2002. Under-
reporting of patients in NorKar compared to NPR
usually happened when the patient was transferred to
other departments or readmitted with stroke within
30 days. The under-reporting varied over time and
was most pronounced in 2001, when altogether four
strokes and two deaths were missing in NorKar
compared to NPR data (Table 2). In 2002 the official
statistics of NorKar seemed to be more in accordance
with NPR. Nevertheless, two strokes after carotid
endarterectomy were missing and one stroke after
balloon angioplasty and stenting had been included
falsely. Finally, there was double recording of one fatal
stroke in the official NorKar statistics. For the entire
study period, NorKar reported a combined stroke and
mortality rate of 3.8%.° According to NPR-data, there
were 28 postoperative strokes, four of which were
lethal, in addition to the two other deaths not reported
to NorKar and two deaths within NorKar. This would
have given a combined stroke and mortality rate of
4.4%.

Discussion

A significant proportion of patients (16%) undergoing
surgery for carotid artery stenosis were missing from
the National Vascular Registry, NorKar when
compared with NPR data for NorKar member
hospitals. This is similar to data from the Finnvasc
and SWEDVASC registries, where the mean percen-
tage of missing cases compared to hospital records
were 19 and 16%, respectively.'® The present
investigation indicates an under-reporting of operat-
ive procedures as well as stroke and mortality
following carotid endarterectomy in the National
Vascular Registry compared to the National Adminis-
trative Registry. This is a serious problem since stroke

and mortality are well-defined end-points of major
importance for the definition of quality of carotid
artery surgery. Usually less severe complications, like
wound problems, are more likely to be omitted from
registration.’? Under-reporting is also more frequent
for emergency procedures,'® but carotid endarterect-
omy in most cases is performed on an elective basis.
The reporting to NPR is likely to be almost complete
because reporting is compulsory for formal discharge
of a patient from hospital, and subsequent reimburse-
ment from the health authorities. In the National
Vascular Registry there is no economic motivation or
administrative demand for reporting to the registry.
These facts may explain some of the discrepancy in
numbers reported to the two registries for some of the
member hospitals. Some of the departments did not
report to the central NorKar registry every year. This
impairs the quality of the registry and contributed
heavily to the discrepancy between the two registers.

There is a theoretical possibility that the adminis-
trative registry could over-estimate the number of
cases.* One double entry was found in the NPR,
probably because the hospital had reported the same
procedure twice, but otherwise only admissions with
both diagnosis-code and procedure-code relevant to
carotid endarterectomy were counted. Furthermore,
patients have a unique i.d. number and readmissjons
within the same calendar year are readily identified.
Therefore, we think that over-reporting is unlikely to
represent a problem.

In the NorKar registry the patient is supposed to be
followed at the out-patient clinic 1 month and 1 year
after surgery. Complications occurring during the
interval from discharge until 30 days should be
reported in the NorKar form. Under-reporting of
three patients or more was seen in six different
departments, indicating that there were no depart-
ments systematically under-reporting to NorKar. We
suppose that the under-reporting to NorKar is due to
lax reporting standards for this registry. For example,
when patients are transferred to other units because of
a complication, they may be treated by groups of
personnel other than surgeons, who may be unaware
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of the vascular registry.'"*? We also think that
reporting of 1 month follow-up at the out-patient
clinic was unsatisfactory. No matter the reason, early
mortality and stroke rate following carotid surgery are
crucial data and it is important to improve these
results in our local vascular registry. Also in NPR,
readmissions to the same institution are recorded,
whereas admissions to other hospitals for a compli-
cation or an operation will not be identified. This could
result in under-reporting of complications. Making the
two registries patient identifiable can solve most of
these problems.

During the study period the combined annual
stroke-mortality rate varied. According to NPR the
highest complication rate was seen in 2001 when the
stroke-mortality rate was 7% compared to 2.2% in 2000
and 3.7% in 2002. We have no indications that there
were changes in operative technique or indications for
surgery during these 3 years and the discrepancy is
probably due to chance. It is pertinent that four deaths
after carotid endarterectomy, probably were caused by
intracerebral haemorrhage. This is consistent with the
high mortality rate observed for post-operative
cerebral haemorrhage after carotid endarterectomy.™

The total number of carotid endarterectomies in
Norway for the 3 year period was 822 according to
NPR. Thus, our study of 735 patients includes 89% of
these. This selection should be fairly representative of
routine practice and results. However, we have not
studied the reporting in NPR of the remaining 11% of
the patients operated with carotid endarterectomy,
since these represent procedures that were not
reported to NorKar.

How can we improve the register?

We Dbelieve that clearer guidelines for coding and
proper instructions for participating surgeons could
make the registration easier to use, safer and more
complete? Since, 2002 it has become compulsory to
record specifically that there had been no post-
operative cerebral complications after carotid endar-
terectomy in NorKar. Previously, a secondary
diagnosis would not have given a clear indication of
such complications since only 12 out of 22 patients
with stroke after carotid endarterectomy had an
adequate secondary diagnosis recorded. However, in
2002 there was still a certain amount of incorrect
coding.

Medical registries are used increasingly for scien-
tific work. However, we need a better strategy to get
correct data from the NorKar registry. Matching of the
two registries is one way of effecting quality control of
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NorKar, but improved quality can also be obtained by
an algorithm to ensure complete recording of primary
and secondary diagnoses. The responsibility for
correct reporting should be given to one particular
surgeon, and data transfer should be done by trained
staff. Direct data entry into the computer, with
warning systems for logical errors or improbable
values, could make this easier and safer.'® A validation
of the registry should probably be done on a regular
basis and random validation of a limited time span
may be as effective as a more extensive comparison.'®
A short period of validation, monitoring and feedback
to participating centres also may improve the quality
of a register.®

In conclusion we have shown an under-reporting of
carotid endarterectomies when comparing the
National Vascular Registry (NorKar) with the National
Adminjstrative Registy (NPR). Also early deaths and
strokes were under-reported in NorKar. If NorKar
data are to be used to establish a national standard and
allow comparison between centres, there is a need for
a better quality of the data in the NorKar registry.'® We
suggest that both NorKar and NPR are made patient
identifiable.
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Carotid endarterectomy:

time-trends and results during a 20-year period
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Aim. The aim of this study was to evaluate the results fol-
lowing surgery for carotid artery stenosis in a single insti-
tution during a 20-year period.

Methods. In a retrospective study, 556 operations were per-
formed in 496 patients during the period 1983-2002. Comor-
bidities, mortality, stroke and other surgical and general com-
plications were recorded. Follow-up was performed and data
retrieved from medical records, questionnaires, and visits to
local hospitals. Data on late mortality were retrieved from
the Norwegian Registrar’s Office of birth and deaths.
Results. The mean age was 66.9 years (range 43-84 years),
and 60% were men; 84% had symptomatic carotid artery
stenosis, General anesthesia was applied in 95.5%. A shunt
was used in 61.3%, and patch angioplasty in 95.1%. Autol-
ogous vein patch was used in almost all cases and there
were no cases of patch rupture, Postoperative myocardial
infarction occurred in 16 (2.9%) of the patients, and 5 were
fatal. All types of stroke within 30 days of surgery occurred
in 23 (4.1%) including 1 fatal stroke, and 7 patients died of
other causes. The total stroke/mortality rate was 5.4%.
Patients with previous coronary artery bypass had a favor-
able outcome regarding long-time survival. In contrast,
increasing age, diabetes, renal failure and intermittent clau-
dication predicted reduced long-term survival, No opera-
tions were performed for recurrent stenosis.

Conclusion. We have used fairly the same policy regarding
operative technique during the 20-year period and the results
are in agreement with those presented in large interna-
tional trials. The long-term results were favorable, and
improved over time, probably due to better preoperative
evaluation of the patients, better timing of surgery and treat-
ment of comorbidities,

[Int Ang 2006;25:241-8]
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An increasing number of patients treated by
stenting for carotid artery stenosis is being
reported. On the other hand, there is still reluc-
tance to adopt this technique, since the results
following carotid endarterectomy (CEA) in gen-
eral are favorable. From the US successful serics
of CEAs from single center, single surgeon expe-
riences have been reported. However, the indi-
cations for CEA are different in Scandinavia com-
pared to the US. In the former countries, most-
ly patients with symptomatic carotid artery steno-
sis are operated on. Before new treatment modal-
ities are introduced into the clinical routine, they
should be matched against established methods
and both early and late results should be com-
pared. Our purpose was therefore to investigate
early and long-term results following CEA dur-
ing a 20-year period. This could form a basis for
comparison with new techniques.

Materials and methods

All patients operated for carotid artery stenosis
at our institution during the period 1983-2002
were identified from local medical records includ-
ing registers on diagnosis and procedure codes.
During the first part of the period carotid artery
stenosis was always confirmed by angiography
and the degree of stenosis was measured. Since
1996, duplex ultrasound scanning has been used
as the only preoperative imaging of the carotid

241



TABLE L—Patient characteristics and comorbidities in 496
patients operated for carotid artery stenosis.

No. ot o

patients
Patients 496
Male 297 59.9
Hypertension 212 42.7
Angina pectoris 137 27.6
Intermittent claudication 105 21.2
Previous myocardial infarction 100 20.2
Aortocoronary bypass 60 121
Diabetes 37 7.5
COPD 24 4.8
Cardiac archythmia 22 4.4
Renal failure (serum creatinine >140 pmol/L) 15 3

COPD: chronic obslructive pulmonary disease

TaBLE IL.—Preoperative medication in 496 patients under-
going CEA. '

Drug paenis %
Aspirin 356 71.8
B-blocking agent 141 28.4
Calcium antagonist 105 21.2
Nitroglycerine 82 16.5
Warfarin sodium 79 15.9
Dipyridamole 63 12.7
Lipid lowering therapy 63 12.7
ACE-inhibitor 63 12.7
Digitalis 13 3

CEA: carotid endarterectomy.

arteries, provided the images were satisfactory
and confirmed by 2 scanning operators. In case
of doubt about the diagnosis or the patency of the
distal part of the internal carotid artery, angiog-
raphy was performed. A CT-scan of the brain was
included in the preoperative routine.

A longitudinal incision along the anterior bor-
der of the sternocleidomastoid muscle was used.
A shunt was applied if the stump pressure was
below 40-50 mmHg, whenever the contralateral
carotid artery was occluded or the patient had suf-
fered a stroke preoperatively. An amount of 10 000
TU of Heparin was given prior to clamping of the
carotid artery. Endarterectomy was performed
through a longitudinal arteriotomy and the inci-
sion usually closed with a patch. The patch was
preferably taken from the long saphenous vein at
the ipsilateral ankle, or from the groin if more
suitable. Heparin was usually reversed with 50
mg of protamine before closure of the wound.
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TabLE IIL.—Operative details of 556 CEAs.

No. of o,
patients

Operation on the lefi side 292 52.5
General anesthesia 531 95.5
Use of shunt 341 61.3
Total no of vein paiches 490 88.1
Vein patch from the ankle 419 75.4
Vein patch from the groin 26 47
Prosthetic patch 38 6.8
Primary closure of arteriotomy 25 4.5
Interposition vein graft 2 0.4

CEA: carolid endartereciomy.

TABLE IV—Postoperative complications following 556 CEAs.

No. ol o,

patients
Stroke (all)* 23 4.1
Stroke ipsilateral to CEA 17 31
Death within 30 days ** 8 1.4

Postoperative hemorrhage

(all reoperations) 12 2.2
Total number of nerve injuries 205 36.9
Cranial nerve injuries 44 7.9
Postoperative MI 16 2.9
Pneumonia 12 2.2
Superficial wound infection 8 1.4
Vein harvest site infection 15 2.7
Foot gangrene 1 0.2

*Qne patient was reoperaled lor stroke and one stroke was [alal. **Five
_deaths were caused by MI (myocardial inlarction) while Lhe cause of death was
unknown in 2 cases. CEA: carolid endarterectomy; ML myocardial infarction.

Intraoperative control of the reconstruction using
duplex ultrasound was used at the surgcon’s dis-
cretion. A suction drain was applied. Dextran 500
mL was given in the afternoon after surgery, and
repeated on the 1st and 3~ postoperative day. The
patient was kept in the recovery room overnight
and transferred to ordinary ward on the follow-
ing day.

The patients were followed at the outpatient
clinic one and 12 months postoperatively, and
a duplex ultrasound examination was done
simultaneously. Patients referred from other hos-
pitals were appointed for a follow-up at their
local institution, Postoperative history, the occur-
rence of stroke, early and long-term complica-
tions were recorded. The data were collected
from medical files, medical records, question-
naires and visits to the local hospital to gather
information on patients who had died before
Dccember 15, 2004.
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TABLE V.—Stroke within 30-days of CEA according to presenting symptom.

Symptom No. ol patienls No. of strokes Y Ipsilateral to CEA %
TIA 219 10 4.6 9 90
Amaturosis fugax 118 3 2.5 1 333
Stroke 92 4 4.3 4 100
RIND 24 0 0 0 0
Crescendo TIA 7 1 14.3 0 0
Retinal infarction 7 0 0 0 0
Unspecific symptoms 26 0 0 0 0
Asymptomatic 63 S 7.9 2 40

CRA: cavolid endartercctomy: TIA: transient ischemic attack; RIND: reversible ischemic neurological deficit.

Statistical analysis

Data were collected on paper forms, and later
transferred to SPSS for Windows, version 13.0 for
analyses. Descriptive data were given as mean or
median as appropriate. To investigate survival,
the patients were followed from date of operation
to date of death or the censor date December 1,
2004. Overall survival was evaluated by the Kaplan
Meier method, and Cox multivariate regression
analysis was performed to study factors that could
influence the long-term survival. Relative survival
was estimated as the observed survival of the
patients divided by the expected survival using
the method of Ederer.! Expected survival was cal-
culated from national mortality rates corrected
for calendar period, age and sex.

Results

Median age was 67 years (range 43-84 years),
and 60% were men. Patient characteristics and
risk factors are given in Table I. A significant pro-
portion of the patients had evidence of coronary
heart disease, while 60 (12.1%) had undergone
aortocoronary bypass surgery. Preoperative med-
ication is indicated in Table I1. Eighty-four per-
cent of the operations were performed for symp-
tomatic carotid artery stenosis. Transitory ischemic
attack was the indication for operation in 219
(39.4%) while 118 (21.2%) had amaurosis fugax
and 92 (16.5%) stroke as indication for surgery.
Finally, 23 patients had unspecific symptoms like
dizziness or suspected global ischemia. A total of
63 patients (11.3%) were classified as asympto-
matic, and 19 of them were operated within the
Asymptomatic Carotid Surgery Trial (ACST).2
Sixty-seven percent of the patients had an audi-
ble bruit over the relevant carotid artery, and even
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TABLE V1.—Stroke classification for 21 patients according
to the modified Rankin Scale.

Na. of

patients Grade Description

4 0 — Nosymptoms at all

3 1 — Nosignificant disability despite symptoms: able
to carry out all usual duties aund activities

8 2 - Slight disability: unable to carry out all previous
activites but able to look after own affairs without
assistance

4 3 — Moderate disability, requiring some help, but
able to walk without assistance

2 4 ~— Moderate severe disability: unable to walk
without assistance and unable to attend to own
bodily needs without assistance

0 5 — Severe disability: bedridden, incontinent and

requiring constant nursing care and attention

Two patienis died within 8 days ol surgery, and could not be classilied.

if duplex ultrasound was used more frequently
during the last part of the 20-ycar period, 87.6%
of the patients had an angiogram prior to surgery.
Only 69.4% of the patients had a CT-scan of the
brain performed preoperatively. Altogether 61.3%
of the patients required a shunt during the oper-
ation. Operative details are given in Table III.
The median time from presenting symptoms
until CEA was 72 days and only 100 patients had
an operation within 30 days of their cerebrovas-
cular event. A postoperative stroke within 30 days
of surgery occurred in altogether 23 (4.1%) cases,
and there was 1 fatal stroke 8 days after surgery.
Eight patients (1.4%) died within 30 days. The
causes of death were acute myocardial infarction
in 5 cases, stroke in 1 and unknown in 2, for a
stroke/mortality rate of 5.4% (Table IV). The pre-
senting symptom of the patients who suffered a
postoperative stroke is indicated in Table V. Most
of the patients with a stroke had an excellent recov-
ery, and their functional status according to the
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Figure 1.—Fifteen-year relative survival after carotid endar-
terectomy in 199 females and 297 males performed during a
20-year period.

Modified Rankin Scale is given in Table VI, These
data were estimated during follow-up and gave
information on functional status 1-72 months after
the operation.

A postoperative hematoma required reopera-
tion in 12 (2.2%) patients. The hemorrhage was
located at the patch suture in 7 cases and in the
subcutaneous tissue in 5. Only 1 patient was reop-
erated because of a perioperative stroke. Vein
patch from the ankle was used in 419 cases
(75.4%), and patch rupture did not occur in any
patients. However, delayed healing was seen fol-
lowing vein harvest in 15 patients, and 1 diabet-
ic patient developed ulceration that later came to
attention, and led to a below-knee amputation 3
months after surgery.

Perioperative myocardial infarction occurred
in 16 (2.9%) patients (Table IV). There was virtu-
ally no difference in the frequency of myocardial
infarction during the 4 5-year periods. Postoper-
ative nerve injuries were rather frequent, but most
often confined to the superficial, transversal fibers
of the cervical plexus, leading to decreased sen-
sibility of the skin of the neck and border of the
mandible (Table IV).

The operations were done by altogether 27 dif-
ferent first surgeons, among them 13 surgeons in
vascular surgery training who were assisted by a

TaBLE VIL—Multivariate Cox regression analysis of long-term mortality by age, sex, operation period and preoperative

conditions among 496 patients operated with CEA.

Covariale N. Hazard ratic P-value 95% CI

Age at operation per 7.7 years (SD) 496 1.71 <0.001 (1.44 to 2.03)
Sex

Females 199

Males 297 1.37 0.032 (1.03 to 1.83)
Operation period

Beforc 1988 99

1988-1992 128 0.7 0.045 (0.49 t0 0.99)

1993-1997 160 0.53 0.006 (0.36 t0 0.84)

1998-2002 109 0.36 0.006 (0.17 to 0.75)
Preoperative conditions

Hypertension 212 0.95 0.739 (0.7 to 1.29)

Angina pectoris 137 0.92 0.676 (0.61 to 1.38)

Myocardial infarction 100 143 0.057 (0.99 10 2.07)

Diabetes 37 2.26 <0.001 (1.44 to0 3.54)

Intermittent claudication 105 1.42 0.03 (1.03 to 1.95)

Renal failure 15 3.17 0.001 (1.63 t0 6.16)

COPD 24 1.08 0.827 (0.54 to 2.18)

Tuberculosis 26 1.22 0.511 (0.68 to 2.2)

Arrhythmia 22 0.66 0.176 (0.36 to 1.21)

Previous aortocoronary bypass 60 0.54 0.039 (0.30 t0 0.97)
Preoperative medication

Aspirin 356 1.03 0.893 (0.71 to 1.48)

Warfarin sodium 79 0.9 0.64 (0.59 to 1.38)

B-blocker 141 1.67 0.006 (1.16 to 2.42)

ACE-inhibitor 63 1.46 0.165 (0.86 to 2.5)

Lipid lowering medication 63 048 0.1 (0.2101.15)

CEA: carolid endariereclomy; Cl: conlidence interval; COPD: chronic obstructive pulmonary disease; ACE: angiolensin converting enzyme.
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consultant vascular surgeon. The mean duration
of postoperative hospital stay was 5.5 days, which
was largely unchanged during the whole period.

Follow-up data with duplex ultrasound were
available for 400 patients, and occlusion of the
operated artery was observed in 9 (1.6%) patients.
Restenosis was indicated in the medical record in
19 (3.4%), but the grade of stenosis was not given
in detail to form the basis of a meaningful analy-
sis. Nevertheless, because no patients developed
symptoms, reoperation for secondary stenosis was
not performed in this series.

Approximately 75% of the patients were alive 5
years after surgery (Figure 1). In the initial analy-
sis, women had significantly better long-term sur-
vival than men. After adjusting for the longevity
of the general population,-this difference was not
confirmed. Furthermore, the long-term survival
seemed to improve over time. Factors that sig-
nificantly contributed to reduce longevity were
age at operation, male sex, operation before 1988,
diabetes, intermittent claudication, renal failure
and the use of B-blockers. Previous coronary artery
bypass surgery was associated with increased long-
term survival. The results of the multivariate
regression analysis on long-term mortality are
indicated in Table VII. Dividing the material into
S-year periods, the largest numbers of CEAs was
seen in the years 1993-1997.

Discussion

A stroke/mortality rate of 5.4% is comparable
to the 7.5% stroke/mortality rate in the European
Carotid Surgery Trial (ECST)-study,? 5.8%
stroke/mortality rate in the North American Symp-
tomatic Carotid Surgery Trial (NASCET) study +
and 5.1% in a previously published Norwegian
series.5 However, comparison between various
centers should be made with caution, since there
may be differences in case-mix between the dif-
ferent series. In the present study, the stroke/mor-
tality rate after surgery for asymptomatic carotid
artery stenosis was similar to that after surgery
for symptomatic stenosis. A relatively large num-
ber of patients need to be operated on to prevent
one stroke in patients with asymptomatic carotid
artery stenosis. In the beginning of the study peri-
od, we offered this treatment to patients with an
asymptomatic stenosis of more than 70% diame-
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ter reduction, if they had had CEA for sympto-
matic disease on the contralateral side. This
approach has also been supported by others.6 The
number of CEA for asymptomatic carotid artery
stenosis was 25 (11%) during the first 10 years in
our institution and 38 (13%) in the following 10-
vear period. It seems therefore that recent prospec-
tive randomized studies, in particular the Asymp-
tomatic Carotid Surgery Trial,2 has not led to any
marked increase in the number of procedures for
asymptomatic stenosis in our institution.

The probability of long-term survival improved
over time, and we have seen this trend also in
patients operated on for abdominal aortic
aneurysm.7 This phenomenon could be due to
better case selection, and by treating concomitant
cardiac disease before CEA. In addition, the life
expectancy is steadily increasing in the popula-
tion. Overall long-tcrm survival after CEA has been
shown to be similar to that of the general popu-
lation, provided the patients do not have symp-
tomatic coronary heart disease.> 8 There was a
trend towards worse outcome for patients with a
history of coronary artery disease in our investi-
gation, but this did not reach statistical signifi-
cance.

The occurrence of postoperative hemorrhage
complications is similar to-other investigations.>
11 1t is of note that there were no hemorrhages
caused by rupture of the patch. In contrast, other
workers have claimed that the use of vein patch
from the ankle could be associated with an
increased risk of patch rupture and bleeding,!0. 12
We used a vein patch from the ankle in 419 cascs,
stressing that the vein should be of good quality.
It should be taken from the main stem and not
from a tributary. However, we experienced delayed
wound healing at the ankle in 15 cases. In one
patient with diabetes, gangrene eventually devel-
oped and did not come to our attention before the
foot was beyond salvage. Below-knee amputation
became necessary 3 months after the CEA. This
led to an increased awareness of alternative vein
harvest site in diabetics, and in patients with his-
tory or signs of peripheral arterial disease. Nev-
ertheless, we think that autologous vein is an ideal
patch material, which is readily available and resis-
tant to infection. The application of a patch is a
safe way to close an arteriotomy without induc-
ing stenosis, but care should be taken not to make
the artery wider than normal. There is evidence
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that support our routine use of patch angioplas-
ty 1315 to reduce the risk of restenosis, and we have
not had operations for recurrent stenosis in any
of our patients.

Nerve injuries were rather frequent, but cranial
nerve injuries were only seen in 7.9% of the cases.
Most were affecting the hypoglossal or facial nerve
and all were of temporary character. Cranial nerve
injuries have been reported in up to 50% of cases, 6
and were present in 8.6% of patients in the
NASCET-study.!” The number of these injuries
varies widely, probably due to different routines
for neurologic examination in the postoperative
course. The high number of recorded sensory nerve
disturbances in our study, makes it reasonable to
believe that most nerve injuries have been dis-
covered. ’

Patients with symptomatic heart disease will
now be evaluated by a cardiologist before surgery.
Preferably, coronary revascularization with aor-
tocoronary bypass or percutaneous coronary inter-
vention (PCI) should be done prior to CEA. We
find that simultaneous coronary artery bypass
surgery and CEA is rarely indicated, and only 10
such procedures were identified during the study
period. However, they were not included in the
investigation. We do not have any routine preop-
erative cardiac evaluation, or risk score assess-
ment before operation. Pharmacologic stress
echocardiography, coronary angiography when-
ever indicated and PCI has been performed more
frequently during recent years with the intention
to reduce cardiac events following CEA.

A total of 141 patients used B-blocking agents
before operation, but this did not improve long-
term survival. Perhaps this medication indicated
hypertension or serious cardiac disease, which
could then have a negative effect on long-term
survival. Of note is that a rather small proportion
of the patients used cholesterol lowering med-
ication on admission and all of them were iden-
tified after 2001. Due to the prescription rules,
this sort of medication had to be instituted by the
general practitioners in the earlier years. Today,
every patient with a carotid artery stenosis should
be offered lipid lowering medication.!8 Neverthe-
less, CEA is still indicated, despite the fact that
conservative treatment has improved during recent
years.2 19

Dextran has been given after CEA during the
whole period, and transcranial Doppler examina-
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tion has shown that this can prevent microem-
bolism after surgery.2¢ The indication for shunt has
been based on measurement of stump pressure,
the presence of contralateral occlusion or previous
stroke. Different cut-off levels for use of a shunt
have been described in the literature, but we have
chosen a threshold of 50 mmHg, or 40 mmHg if a
pulsatile pressure curve was present.2!. 22 A shunt
was used in 61.3% of the cases, which is rather high
compared to other series.23 On the other hand it
has the advantage of making the surgeon familiar
with the application of the shunt. We found that
the shunt was omitted in 35 cases, even if the stump
pressure was below 50 mmHg, This may be due to
the appearance of the pressure curve, or technical
difficulties with insertion of the shunt as in patients
with narrow internal carotid arteries.

Completion control of the endarterectomy site
by means of duplex ultrasound seems to be an
appropriate way to explore whether the artery is
patent and free from residual flaps and throm-
bosis.2¢ Although this method was used already
in the 1980’s at our institution, the method has
been difficult to implement in daily practice
because of the lack of convenient probes and suf-
ficient experience to decide which residual changes
should be corrected or left alone. More research
to evaluate which method is optimal for intraop-
erative control following CEA is necessary.

Tt has been emphasised that surgery should be
performed soon after the cerebrovascular event.?s
The median time from symptoms until surgery in
our study was 72 days, Some of the extreme delays
were due to late referral caused by insufficient
knowledge about the presenting symptoms as well
as further recommendations. In the first part of
the study, it was customary to wait 4-6 weeks after
a completed stroke in fear of producing hemor-
rhagic infarction in a hemodynamically unstable
situation, Recent data indicate that CEA in a neu-
rologically stable patient with a minor stroke can
safely be done close to the incident.2628 However,
the problems with early referral to surgery and
expedient preoperative work-up, still represents
a logistic problem for some institutions.?9 Our
study indicates that a closer collaboration between
neurologists, stroke units and general practition-
ers should be encouraged, to reduce the interval
between the occurrence of symptoms and surgery.
This represents a potential for improving the ben-
efit of CEA, especially in low-grade stenosis.?s

Septemnber 2006



The mean postoperative stay was 5.5 days and
there was practically no reduction over the last
10 years. Since carotid arteriography now usual-
ly can be omitted, this factor alone has saved sev-
eral days of hospital stay in our setting. Howev-
er, several of our patients live in rural areas. This
makes the policy of admission and operation on
the same day and then discharge on the follow-
ing day hard to organize.30.3! However, a so-called
critical pathway for CEA towards a 3-days post-
operative course,3 3! should be within reach in
our hospital,

Our hospital offers a complete vascular surgi-
cal training, including the carotid operations need-
ed to become a certified vascular surgeon in Nor-
way. Nevertheless, the total number of CEAs is
low, and a national survey showed that in the year
2002 only 6 departments performed more than 20
endarterectomnies.?2 This makes the number of
CEAs per surgeon rather low. Even if these oper-
ations had been centralized to university hospi-
tals, this would have a modest impact on the total
number of CEAs in each teaching hospital. The
relation between quality and volume in carotid
surgery is not uniform, although there is some
evidence that better results are achieved if each
surgeon perform more than 10 operations per
year.!l.33 In our material, complicating strokes
seemed to be evenly distributed among several
surgeons, including those in training as well as
consultant surgeons. We have not introduced
carotid artery stenting (CAS), although our depart-
ment has a relatively high activity of endovascu-
lar treatment for other arteriosclerotic manifes-
tations. We feel that the results of randomized
studies comparing stenting and endarterectomy,3+
35 do not show any obvious advantage with
endovascular treatment.34 35 One can also antici-
pate that if both CEA and CAS were to be done,
the relative small number of carotid stenosis being
treated would lead to 2 small treatment groups,
thereby diluting the experience in each separate
group.

Conclusions
Our policy regarding indications and surgical
technique for CEA over a 20-year period has given

acceptable results in terms of stroke and mortal-
ity. CEA has been performed by a high number of
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surgeons including trainees, who have been assist-
ed by a consultant vascular surgeon. This does
not seem to have influenced the results negative-
ly. In our series there were no cases of patch rup-
ture, although vein paich was routinely used. Fur-
thermore, there were no operations for resteno-
sis. The long-term survival improved over time.
Nevertheless, there are potentials for improving
the results, by decreasing the interval from pre-
senting symptoms until operation, by better pre-
operative work-up and better treatment of comor-
bidities. Provided CAS is brought into routine use,
the results of this study provide a local standard
that this new treatment modality should be
matched against.
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Abstract

Background: The aim was to describe the number and severity of carotid artery stenosis in
an unselected stroke population in hospital.

Methods: The carotid arteries were investigated consecutively with colour-coded duplex
scanning in patients suspected of having stroke and admitted to a stroke unit during a 6-month
period. Percent internal carotid artery stenosis by diameter reduction was described.

Results: 144 patients were included in the investigation and the mean age was 75 years.
The final diagnosis was stroke in 126 patients, while 18 had transitory ischemic attacks. On
the side, r;elevant to the neurologic deficit, a stenosis of more than 70% diameter reduction
was observed in 4 patients and occlusion in 3. Severe stenosis and occlusion was found to
have almost the same incidence on the contralateral side. Altogether 46 stenosis above 30%
(16.3%) was observed in 282 arteries investigated. The distribution was equal between the
two sides.

Conclusion: These findings indicate that few patients are eligible for surgery. However,
routine duplex ultrasound examination in stroke patients gives information whether there are
carotid arterial lesions, which could be a source of emboli. Such information can also be a

guide for further medical treatment and lifestyle modification.



Introduction

More than 60% of all strokes are thought to be of thromboembolic origin [1,2] . The source of
emboli may be the heart, the aortic arch or the precerebral vessels. The diagnostic work-up is
aimed at revealing conditions that could be treated and corrected. Furthermore, information
about the status of the carotid arteries may be of importance for further medical therapy. The
aim was to explore the incidence of carotid artery stenosis in patients admitted to a stroke

unit,

Material and methods

The investigation was performed as a cohort study including stroke patients admitted
consecutively to the stroke unit at our hospital during a 6-month period in 1996. Routine
clinical examination, electrocardiogram and computed cerebrgl tomography scan (CT) were
done on all patients. Ultrasound examination of the carotid arteries was performed with an
Acuson 128 XP/10 (Mountain View, CA, USA) ultrasound scanner. A 7 MHz linear array
transducer was used. The ultrasound examination was performed with the patient in the
supine position, and the head turned away from the side of the neck being examined. Both B-
mode imaging and colour Doppler technique were used to outline the atherosclerotic plaque,
and the area of the tightest stenosis of the internal carotid artery (ICA) was sought. Peak
systolic and end-diastolic velocities were recorded [3]. A default setting for carotid artery
examination was used, and the gain setting was continuously adjusted to give the best possible
image of the vessel wall. The grade of stenosis was given as percent diameter reduction, and
was estimated according to the peak systolic and end-diastolic velocity values issued by the
Asymptomatic Carotid Surgery Trial Group [4,5,6]. A stenosis of more than 50% diameter

reduction, was diagnosed by a definite plaque in the internal carotid artery and a peak systolic



velocity of more than 1,25 m/s. Measurements of peak systolic velocity (PSV) were done in
the distal part of the common carotid artery (CCA), then at the point of maximum stenosis in
the internal carotid artery (ICA) and distally in the same artery. The velocity was consistently
measured with angle correction and at a Doppler angle of less than 60° by adjusting the
position of the probe, ultrasound beam and sample volume calipers. The patients were then
divided into three groups, according to whether they had stenosis of less than 30%, 30-69%
and more than 70% diameter reduction, using the classification of major clinical trials [7,8]. A
diagnosis of carotid occlusion was based on absent colour doppler flow signal in the internal
carotid artery (ICA), high-resistance pattern of the Doppler flow in the CCA and possibly
reversal of blood flow at the origin of the ICA. Four vascular surgeons with experience in
ultrasonographic scanning performed the examinations. Duplex ultrasound scanning of the
carotid arteries were regarded a part of the routine diagnostic evaluation. Establishment of a
local stroke registry Had been approved by the Regional Ethics Committee for Medical
Research. Hence, a written consent to perform the examination was not specifically asked for

in each individual patient.

Statistics
The results of the ultrasound study were registered on paper forms, and thereafter transferred
into SPSS®, version 12.0 (SPSS Inc., Chicago, IL). Mean and median values were calculated

as appropriate.

Results

146 patients were included in the study, but two were excluded due to incomplete data

collection, leaving 144 for the final analysis. There were 72 women and 72 men, with a mean

age of 75 years (range 52-90 years). Data on concomitant diseases are given in table 1. Based

Table 1




on clinical and radiological data, 126 had a final diagnosis of stroke, while 18 had transitory
ischemic attacks. The cause of stroke was possibly thromboembolism without cardiac origin
in 85 cases, while a possible cardiac source was found in 28 patients. Finally, 13 strokes were
caused by intracerebral haemorrhage. In the latter group, no carotid stenosis of more than
70% was found, but 2 stenosis of 30-69% were discovered on the same side as the cerebral
lesion. None of the patients with a transitory ischemic attack had an ipsilateral carotid artery

stenosis of 70% or more, but two relevant stenosis of 30-69% in the right carotid artery were

found. The anatomical distribution of stroke and TIA is given in table 2. 236 carotid arteries

Table 2

were normal or had a stenosis of less than 30% diameter reduction, 29 stenosis between 30
and 69% were observed, while 11 stenosis were estimated to 70% or more. Finally, 6 carotid

arteries were occluded. Six arteries could not be evaluated. The grading of stenosis and

anatomical relation to the cerebral lesions are shown in table 3. Bilateral carotid stenosis in

Table 3

the area 30-69% were seen in 7 cases, 30-69% on one side and more than 70% on the other
side were present in 5 cases, and in two cases a one-sided occlusion and a contralateral

stenosis of 30-69% were observed.

Discussion

The study is probably representative for the general stroke population, because the majority of
acute stroke patients in Central Norway are admitted to hospital [9]. There is probably a
minority of elderly and frail patients with stroke, living in nursing homes, who are not brought
to hospital though. The benefit of treatment in a stroke unit has been strongly documented in
our catchment area [10]. The age distribution and frequency of concomitant diseases are also
similar for the general stroke population in our geographical area [9]. Our patients mainly
consisted of patients more than 60 years of age, while some of the youngest individuals with

stroke are treated in other departments. However, previous studies have shown that patients




above 60 years of age, represent more than 90% of all stroke patients [10]. Our study shows
that a minority of the patients had severe carotid artery stenosis. Thus, three had carotid artery
occlusion and only 4 patients (2,8%) had a stenosis of more than 70% of the side, which was
ipsilateral to the cerebral lesion. Taking into consideration that carotid artery surgery only
may be indicated in patients with a minor stroke, the overall potential benefit of surgery is
probably small in this group of patients.

Excluding carotid artery stenosis observed in patients with cerebral haemorrhage and adding
stenoses on the relevant side in the range of 30-69% (n = 14), and more than 70% (n=4) or
occlusion (n = 3) indicates that carotid artery stenosis might have been responsible for 21/144
or 14.4% of the cerebral symptoms. In another Norwegian study, Friis and co-workers found
an ipsilateral, severe carotid artery stenosis or occlusion in 10% of their stroke patients [11].
The small contribution of severe carotid artery disease to stroke in our study is also in
accordance with a Swedish population study by Ogren (12). In a prospective cohort study of
470 men aged 68 years, carotid artery stenosis of more than 30% was not associated with an
increased stroke risk (12). The risk for a cerebrovascular event however, was more often
associated with occlusive disease of the lower limb arteries (12).

Data on plaque surface was not included in the present investigation. Although the diagnosis
of plaque ulceration is difficult to confirm with duplex ultrasound [3], plaque surface
irregularities as shown by angiography is associated with an increased risk of ipsilateral
ischemic stroke [13]. It has previously been demonstrated that an echolucent or soft plaque in
the ICA, is linked to an overall increased risk of stroke irrespective of side [14], and to an
increased ipsilateral risk of stroke in patients with a previously symptomatic carotid artery
stenosis [15]. Information about plaque appearance could therefore have contributed to the
information about relevance of the carotid arterial lesions observed. Although some of the

patients with TIA or stroke with minor sequelae might have been candidates for surgery at a



later stage, routine duplex ultrasound investigation of all patients in our stroke unit during the
study period did not reveal a high number of carotid artery lesions eligible for surgery.
However, it is useful to know whether atherosclerotic 7arterial lesions are present or not, since
this may be of importance for further treatment. For example bilateral high-grade stenosis of
the ICA may represent a risk if an attempt to reduce the blood pressure is performed in a
hypertensive patient. Furthermore, medical treatment like lipid-lowering therapy and platelet
inhibitors as well as lifestyle modification is indicated in patients with atherosclerotic carotid

arterial disease. Surgical treatment for an asymptomatic carotid artery stenosis is still debated

(16). .

There are several limitations of the present investigation. Lesions in the proximal part of the
common carotid arteries and the innominate artery could have been responsible for cerebral
emboli. Some strokes may be caused by intracranial arterial obstructions (12). However, these
arterial segments could not be investigated by our technique. Furthermore, an attempt of
characterisation of the carotid lesion was made, but the data were insufficient for a

meaningful analysis.

In conclusion, in an unselected stroke population with a mean age of 75 years, altogether 46
(%) carotid artery stenosis with diameter reduction more than 30% were observed in 282
arteries investigated. In the carotid artery relevant to the cerebral lesion, a stenosis of more
than 70% was found in 2,8 % of the patients, and a moderate stenosis of 30-69% in 11,1 %.
Although, only a few patients may be candidates for carotid surgery, routine duplex
ultrasound examination in stroke patients gives information whether there are carotid arterial
lesions, which could be a source of emboli. Such information could also be a guide for further

medical treatment.
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Table 1

Concomitant conditions and diseases in 144 patients admitted to a stroke unit.

Condition Number Percentage
Hypertension 51 35,4
Coronary heart disease 37 25,7
Current smoker 36 25,0

Atrial fibrillation 30 20,8
Diabetes 21 14,6
Intermittent claudication 6 42

11



Table 2

Anatomical distribution of the cerebral lesion causing stoke or TIA in 144 patients.

Clinical picture according to area Frequency Percent
Anterior circulation left side 66 45,8
Anterior circulation right side 59 41,0
Posterior circulation 12 8,3
Undetermined/unclassified 5 3,5
Missing 2 14
Total 144 100

12



Table 3

Carotid arterial stenosis and relevance to side of symptoms.

Anterior circulation Posterior
circulation
Side Percent stenosis Ipsilateral to | Contralateral to Total
(diameter reduction) | cerebral lesion | cerebral lesion
side
Left <30 . 38 70 12 120
30-69 8* 5 0 13
>70 4 2 0 6
Occluded 2 1 0 3
Undetermined 0 0 0 2
Total 52 78 12 144
Right <30 38 67 11 116
30-69 g 8 0 16
>70 0 4 1 5
Occluded 1 2 0 3
Undetermined 0 0 0 4
Total 47 81 12 144

* One stenosis was seen in connection with ipsilateral cerebral haemorrhage

** One stenosis was seen in connection with ipsilateral cerebral haemorrhage

13
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