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Abstract

The purpose of this study was to determine the relationship between symptomatic status,
transcranial Doppler (TCD) microemboli presence and plaque histopathology findings. TCD was
performed on 60 subjects (37 symptomatic, 23 asymptomatic) prior to undergoing clinically
indicated carotid endarterectomy. The frequency of microemboli signals was not significantly
different between symptomatic and asymptomatic subject groups (p=0.88) and there were no
differences observed in the macroscopic or histopathology scoring of these plaques (p-values all >
0.05). The presence of microemboli was associated with an ulceration score (regardless of
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symptomatic or asymptomatic status, p=0.034), with a one level increase in ulceration rating
associated with an odds ratio of 5.86 (95%[CI] 1.55, 43.4). These findings suggest that both
symptomatic and asymptomatic subjects may have plaque with similar features of instability and
ability to create emboli. Thus, identifying new ways to measure plaque instability may provide
important information for optimizing treatment to prevent future stroke.
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Introduction

Stroke is the fifth leading cause of death in the United States and the leading cause of long
term disability (Benjamin et al. 2017; Go, et al. 2013). It is estimated that for every clinically
recognized stroke 5 silent strokes occur (Dempsey, et al. 2010, Rocque, et al. 2012). This
results in approximately 11,000,000 silent strokes per year (Dempsey, et al. 2010, Dempsey,
etal. 2017, Smith, et al. 2000, Smith, et al. 2017, Snowdon, et al.). Silent strokes are often
detected on brain imaging examinations and while individuals do not present with the classic
stroke symptoms (humbness, muscle weakness, difficulty speaking, ocular changes), they
may demonstrate cognitive decline, especially in their executive function (Dempsey, et al.
2017, Jackson, et al. 2016, Rocque, et al. 2012). Symptomatic and asymptomatic
individuals, with advanced carotid atherosclerosis, do show significant cognitive decline
relative to controls (Dempsey, et al. 2017, Jackson, et al. 2016). This finding is important in
that accelerated cognitive decline may be just as debilitating as clinical stroke, as it can lead
to loss of independence and employment (Jackson, et al. 2016).

Current clinical examination criteria do not evaluate for cognitive decline (Dempsey, et al.
2017, Jackson, et al. 2016). Carotid atherosclerosis is thought to contribute to ischemic
stroke and cognitive impairment through 1) cerebral ischemia from flow limiting lesions
and/or 2) release of microemboli from vulnerable plaques (Demarin, et al. 2012, Dempsey,
et al. 2010, Dempsey, et al. 2017, Stork, et al. 2002, Sztajzel, et al. 2006). Vulnerable plaque
are those that are at high risk for rupture, which can result in stroke or TIA (Salem, et al.
2014). Plaque features most often associated with rupture are a thin fibrous cap, large lipid
core, inflammation and intra-plaque hemorrhage (Salem, et al. 2014). The cumulative effect
of the release of these small emboli from a vulnerable plaque can result in cognitive
impairment and brain damage (Demarin, et al. 2012, Dempsey, et al. 2010, Purandare, et al.
2006). One method proposed to monitor the propensity of plaque to release of emboli is
transcranial Doppler (TCD).

Transcranial Doppler (TCD) is able to detect high intensity transient signals (HITS)
suggestive of microemboli (Altaf, et al. 2014, Babikian, et al. 1994, Markus and Brown
1993, Markus, et al. 2010, Siebler, et al. 1994, Siebler, et al. 1993, Spencer, et al. 1990).
HITS as detected by transcranial Doppler (TCD), are thought to be associated with carotid
plaque instability and symptoms related to motor, sensory, visual and speech deficits from
stroke and/or transient ischemic attack (T1A) (Dempsey, et al. 2010, Stork, et al. 2002). The
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frequency of HITS in subjects with carotid stenosis varies (Mandani et al. 2011; Siebler et
al. 1993) with many studies reporting that individuals with cerebrovascular symptoms have a
higher incidence of HITS (Salem, et al. 2011, Stork, et al. 2002, Sztajzel, et al. 2006, Tegos,
et al. 2001). Such cerebrovascular symptoms may include, stroke, which may present with
visual deficits (amarousis fugax), sensory deficits (numbness of an extremity), motor deficits
(paralysis, muscle weakness), speech deficits (difficulty speaking) or transient ischemic
attack (Dempsey, et al. 2010, Shintani, et al. 2000, Wu, et al. 2014).

Carotid plaque morphology also plays a role in plaque stability, especially if ulceration is
present (Sztajzel, et al. 2006). Plaque ulceration refers to an uneven plaque surface caused
by a defect in the endothelium. Clots can adhere to the irregular surface of the plaque,
causing the release of microemboli or thrombosis (Miskolczi, et al. 1996, Svindland and
Torvik 1988). Ulceration is more prevalent in persons with symptomatic cerebrovascular
disease compared to asymptomatic individuals (Sitzer et al. 1995, Stork et al. 2002),
however, asymptomatic patients have findings, such as silent stroke (Dempsey, et al. 2010,
Rocque, et al. 2012) and cognitive decline (Dempsey, et al. 2017). These asymptomatic
individuals, therefore may have plaques that are unstable or not as stable as previously
described. Furthermore, the standard clinical examination does not assess the sequeli of
repeated small emboli and probable differences between symptomatic and asymptomatic
plaques. The purpose of this study was to determine the relationship between symptoms, the
presence of microemboli and plaque histopathology findings.

Sixty (60) patients scheduled for carotid endarterectomy, were recruited for participation in
the “Structural Stability of Carotid Plaque and Symptomatology” (NIH funded study: RO1
NS064034) study from 2010-2016, and underwent TCD examination as part of the research
study protocol. All participants met criteria for clinically indicated carotid endarterectomy
(>60% stenosis of the carotid artery based on the North American Symptomatic Carotid
Endarterectomy Trials (NASCET 1991) criteria (North American Symptomatic Carotid
Endarterectomy Trial 1991) and Asymptomatic Carotid Artery Stenosis (ACAS 1995)
(Asymptomatic Carotid Atherosclerosis Study 1995). This study was approved by the
University of Wisconsin Health Sciences Institutional Review Boards and all subjects
provided informed consent.

Transcranial Doppler

The SONARA Digital Bilateral Systems Transcranial Doppler system (Natus, formerly
CareFusion, Middleton, WI) was utilized to perform all TCD examinations. The right and
left middle cerebral arteries were isonated at a depth of 45-62 mm from the trans-temporal
window. Two, 2.0 MHz pulsed-wave transducers were used simultaneously to record the
Doppler signals. Emboli detection software on the SONARA Digital Bilateral Systems
Transcranial Doppler was used to identify high intensity transient signals (HITS) suggestive
of microemboli. The following criteria, as defined by the Consensus Committee of the Ninth
International Cerebral Hemodynamic Symposium were used to differentiate HITS from
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artifacts; 1) high intensity signal (detected by the system), 2) unidirectional signal within the
Doppler velocity spectrum, 3) a short duration signal (<300 ms), and 4) the presence of an
audible noise (heard as a crackle, thud, chirp, moan) (Consensus Committee of the Ninth
International Cerebral Hemodynamic Symposium 1995). In addition, we also utilized the
complex mode to identify high frequency oscillations associated with a moving embolus
(see Figure 1). All subjects had at least one HIT satisfying four out of the five criteria
present to distinguish a HIT suggestive of a microemboli from an artifact. A physician and
two observers reviewed all HITSs based on the aforementioned criteria to distinguish HITS
suggestive of microemboli from artifacts (Berman, et al. 2015, Dempsey, et al. 2017). The
exam was considered positive for the presence of microemboli if one or more HITSs were
identified during the TCD monitoring period (Berman, et al. 2015, Dempsey, et al. 2017).

Surgical Ulceration Scoring

All carotid endarterectomies and ulceration scores were provided by a board-certified
surgeon (Mitchell et al. 2017). At the time of carotid endarterectomy, the surgeon scored the
plaque on an ordinal scale of 1 to 4. The score is derived based on the depth and extent of
the ulcer. An ulceration score of 1 represents an ulcer visible with the microscope, a score of
2 represents an ulcer just visible without magnification, a score of 3 represents an ulcer that
is at an intermediate depth and a score of 4 represents an ulcer that is deeper than 3mm and
extensively involves the media layer of the arterial wall. A dissecting microscope was used
for macroscopic scoring of cholesterol, thrombus, calcium and ulceration.

Histopathologic Examination

Paraffin-embedded plaque sections were stained using standard hematoxylin and eosin
methods (Mitchell, et al. 2017). Sections were assessed for the percent calcification,
cholesterol content, hemorrhage, hemosiderin content, and inflammatory cell infiltration by
a single pathologist blinded to subject characteristics. Histologic classification of plaques
was made using the updated classification of atherosclerotic plaques recommended by the
American Heart Association (Tureyen, et al. 2006). Atheromatous plaques were scored for
hemorrhage, hemosiderin, inflammation, percent cholesterol and calcium. An ordinal scale
(0-3) was used for scoring the presence of hemosiderin and inflammation, with 0
representing no hemosiderin or inflammation, 1 minimal, 2 moderate and 3 representing
extensive hemosiderin/inflammation Mitchell et al. 2017).

Statistical Analysis

Statistical analysis was completed with R Core Team (R Development Core Team 2015).
Pearson’s chi-squared test was used to assess the frequency of surgical side microemboli
between symptomatic and asymptomatic patients. For each operative (macroscopic) and
histopathology plaque finding, relationship with the presence of surgical side microemboli
was analyzed using logistic regression with age as a covariate. Each operative (macroscopic)
and histopathology plaque finding was fitted as a continuous predictor in the model.
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Sixty patients scheduled for clinically indicated carotid endarterectomy underwent 60
minutes of TCD monitoring for HITS suggestive of microemboli. The mean (standard
deviation) age for asymptomatic subjects was 68.0 (6.73) years, 39.13% female. The mean
age for symptomatic subjects was 69.11 (11.46) years, 35.14% female. 23 patients were
asymptomatic and 37 were symptomatic. Symptomatic status was defined as previous
history of stroke (classical symptoms of motor and/or speech deficits) or transient ischemic
attack. Asymptomatic patients did not present with classic symptoms but may have evidence
of silent stroke present on imaging (See Table 1.).

Microemboli Detection

High intensity transient signals (HITS) suggestive of microemboli were detected in 15 of the
60 (25%) participants, (five of the 23 [21.7%] asymptomatic participants and ten of the 37
[27%] symptomatic patients). The frequency of HITS was not statistically significant
between the symptomatic and asymptomatic groups, Pearson’s chi-squared test (p=0.88)
(see Figure 2).

Macroscopic Plaque Evaluation

No difference was observed in the macroscopic scoring of these plaques for ulceration,
cholesterol, calcium nor thrombus (p-values all > 0.05) (see Table 1). Microemboli presence
was associated with an ulceration score (regardless of symptomatic or asymptomatic status,
p=0.034), with a one level increase in ulceration rating associated with an odds ratio of 5.86
(95% [CI] 1.55, 43.4) (see figure 3). Thus, for every one unit increase in ulceration rating,
the odds of microemboli presence can be expected to increase by a factor of 5.86. An odds
ratio of 5.86 can be considered a relatively large effect.

Plaque characteristics at histopathologic examination

Logistic regression revealed no statistically significant differences between asymptomatic
and symptomatic patient histopathology plaque scoring for inflammation, hemosiderin,
percent calcium, cholesterol nor hemorrhage (p-values all > 0.05) (see Table I).

Discussion

This study demonstrated that 1) the presence of surgical side HITS on TCD was associated
with increased macroscopic ulceration score, and 2) there were no differences between
symptomatic and asymptomatic subject plaques at histology examination. In addition,
patients with HITS were more likely to have ulcerated plaques. Our findings are similar to
the findings of others (Mandani, et al. 2011, Sitzer, et al. 1995) in that HITS identified with
TCD are associated with plaque ulceration (Sitzer, et al. 1995). Ulcerated plaque, as seen on
angiography, ultrasound imaging and histopathology (Mandani, et al. 2011, Sitzer, et al.
1995, Valton, et al. 1998) has been associated with the presence of HITS. HITS have also
been associated with other characteristics of plague vulnerability, such as larger lipid content
and thrombus, at histology examination (Van Lammeren, et al. 2014). Thus, in our study, the
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finding of the presence of HITS and the an association with macroscopic ulceration score
seem to support the hypothesis that HITS are associated with the feature of ulceration and
that vulnerable or unstable plague can produce microemboli. Furthermore, no difference was
seen in the presence of plaque, characteristics as assessed macroscopically and
microscopically.

Our finding of no difference between symptomatic and asymptomatic status differ from
others (Salem, et al. 2011, Siebler, et al. 1994, Sun, et al. 2014, Tegos, et al. 2001) in which
microemboli were more prevalent in symptomatic patients. Our findings also differ from
others (Sitzer, et al. 1995) in that we did not see any macroscopic nor microscopic
differences in plaque between the symptomatic and asymptomatic groups. While others
(Sitzer, et al. 1995) have reported differences in the frequency of HITS and plaque
characteristics at histopathology examination between symptomatic and asymptomatic
groups, HITS have been reported in asymptomatic patients (Mandani, et al. 2011). In the
Asymptomatic Carotid Emboli Study (ACES) (Topakian, et al. 2011), visual rating of
carotid plague echogenicity and monitoring for HITS were used to assess how these two
parameters could be used to assess risk for transient ischemic attack (Topakian, et al. 2011).
ACES demonstrated that lower level grayscale plaques (darker plaques) as seen on
ultrasound, and the presence of HITS, could be used to further risk stratify patients for risk
of stroke (Topakian, et al. 2011). Other imaging findings that are associated with TCD HITS
include, low grayscale median values at the surface of the plaque with ultrasound imaging,
(Sztajzel, et al. 2006) and higher total white matter hyperintensity lesion volume with
magnetic resonance imaging (Berman, et al. 2015).

There are several reasons why our results may differ from those previously reported. First,
we monitored our subjects for 60 minutes, longer than several of the other studies, which
only monitored patients for 30 minutes. (Salem, et al. 2011, Stork, et al. 2002, Sun, et al.
2014, Tegos, et al. 2001). It is possible that additional HITS suggestive of microemboli were
observed in the longer TCD monitoring period. Second, many studies performed TCD on
symptomatic participants between 48 hours and 14 days after the occurrence of an event
(Sun, et al. 2014); Salem, et al. 2011, and asymptomatic participants underwent TCD at the
time of pre-assessment. Studies have shown that microemboli signals peak within the first
week after the event, therefore, there may have been a propensity to find more emboli in
symptomatic patients when TCD examination was performed close in time to the event
(Giles and Rothwell 2007, Salem, et al. 2011). Finally, we do not know if our asymptomatic
participants with HITS suggestive of microemboli and high ulceration scores would have
gone on to become symptomatic if not treated with carotid endarterectomy. Mandani et al.
(Mandani, et al. 2011) demonstrated, in asymptomatic patients with carotid stenosis, that
individuals with microembolic signals on TCD examination or those with more than 3 ulcers
identified with 3D ultrasound were more likely to suffer a stroke or death within a 3 year
follow up time period than those without the presence of microembolic signals and 3 ulcers.

Our findings are significant in that they indicate that in these participants microemboli were
associated equally with asymptomatic and symptomatic status, further indicating that it may
be time to reframe how we view symptomatic patients, and that asymptomatic patients can
have plaque that is throwing microemboli.
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In this study we only monitored patients for 60 minutes and recorded HITS during this time
period. Patients could be having HITS outside this timeframe and this information would not
be accounted for. In addition, we do not have information on co-morbidities, such as other
health issues that might cause emboli (e.g. atrial fibrillation, patent foramen ovale, cardiac
thrombi etc.) which may also explain the presence of HITS.

Conclusion

This study, unlike much of the literature, demonstrates that in participants with advanced
carotid atherosclerosis, there is no difference between symptomatic and asymptomatic
subjects in HITS frequency or plaque composition. This study, similar to others, did
demonstrate that higher macroscopic ulceration scores are associated with the presence of
microemboli signals on TCD. These findings suggest that both symptomatic and
asymptomatic subjects (with clinical indications for carotid endarterectomy) may have
plaque with similar features of instability and the ability to create emboli. Thus, identifying
new ways to measure plaque instability may provide important information for optimizing
treatment to prevent future stroke. It also suggests that present clinical exam may not be
sensitive enough to detect the sequeli of small emboli.
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Figure 1.
Panel A demonstrates the presence of a high intensity transient signal on TCD examination

(yellow arrow and red circle). Panel B demonstrates the change in complex associated with
the high intensity transient signal.
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Figure 2.
Presence of HITS in asymptomatic and symptomatic patients. No significant difference is

noted between the two groups (p=0.88).

Ultrasound Med Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mitchell et al. Page 13

30+

20+
Microemboli

= Presence

2 Hits

101 59.4% (19)

87.5% (14)
100% (5) 100% (5)
0 -
1 2 3 4

Ulceration Score

Figure 3.
Presences of HITS are associated with higher ulceration score.
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Table 1

Subject Demographics, TCD, Macroscopic and Histopathology Findings

Variable Asymptomatic Symptomatic  p-value

N 23 37
Gender, women n (%) 9 (39.13) 13 (35.14)

Age mean (SD) 68 (6.73) 69.11 (11.46)

Transcranial Doppler

HITS Present n (%) 5(21.7) 10 (27) 0.88

Macroscopic Asymptomatic Symptomatic  p-value
n (%) n (%)

Ulceration Rating 0.964

1 1(5) 4(11)

2 2 (10) 3(8)

3 8(38) 8(22)

4 10 (48) 22 (59)

Cholesterol Rating 0.381

1 2 (10) 2(5)

2 9 (43) 15 (41)

3 8 (38) 13 (35)

4 2 (10) 7(10)

Calcification Rating 0.931

1 6 (29) 6 (16)

2 3(14) 8(22)

3 1(5) 9 (24)

4 11 (52) 14 (38)

Thrombus Rating 0.141

1 11 (52) 14 (38)

2 8 (38) 13 (35)

3 0(0) 2(5)

4 2(10) 8(22)
Histopathology Asymptomatic Symptomatic  p-value
Hemosiderin n (%) n (%) 0.913

0 13 (65) 20 (61)

1 3(15) 9(27)

2 4 (20) 2(6)

3 0(0) 2(6)

Inflammation 0.549

0 3(15) 3(9)

1 12 (60) 18 (55)
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Variable Asymptomatic  Symptomatic  p-value
2 2(10) 8 (24)
3 3(15) 4(12)
Percent Cholesterol 0.369
Mean (SD) 53.25(25.77)  58.94 (20.34)
Range 10-90 20-90
Percent Calcium 0.109
Mean (SD) 26.00 (22.22)  17.27 (16.06)
Range 0-65 0-60
Percent hemorrhage 0.169
Mean (SD) 2.25 (2.55) 6.06 (11.51)
Range 0-5 0-60
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