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REVIEW ARTICLE

Review of Transcranial Doppler Ultrasound to Detect
Microemboli during Orthopedic Surgery

B.S. Silbert, L.A. Evered, D.A. Scott, S. Rahardja, R.P. Gerraty, and P.F. Choong

ABSTRACT

o=

SUMMARY: Transcranial Doppler ultrasonography has been used to detect microemboli in the middle cerebral artery during orthopedic

surgery. We conducted a comprehensive systematic literature review of transcranial Doppler ultrasonography in orthopedic surgery to

evaluate its status in this setting. Fourteen studies were selected for qualitative analysis. The highest number of patients studied was 45;

emboli were detected in all studies, occurring in 20%-100% of patients. Most embolic counts were below 10, but some high counts were

noted. No study reported all the technical parameters of the transcranial Doppler ultrasonography. All studies assessed neurologic status,

and 6 studies evaluated cognitive function postoperatively. No study identified an association between postoperative cognitive function

and embolic count. Six studies sought the presence of right-to-left shunts.

ABBREVIATIONS: HITS = high-intensity transient signals; PFO = patent foramen ovale; TCD = transcranial Doppler ultrasonography; TEE = transesophageal

echocardiography

ranscranial Doppler uses sonography to study cerebral blood

flow velocity and can be used to detect microembolic material in
the cerebral circulation. In orthopedic surgery, sonography was orig-
inally introduced to detect fat embolism in the venous system after
long bone fracture' and subsequently to detect microemboli in the
middle cerebral artery.* In general, microemboli that enter the ve-
nous circulation are largely filtered out by the pulmonary circulation
but, in some cases, may cross into the systemic circulation by either
pulmonary shunts or a right-to-left shunt within the heart.

In addition to fat, it is believed that other solid particles such as
thrombus, tissue, and cement may pass into the circulation as
microemboli during orthopedic surgery. Gas microemboli have
also been noted during orthopedic surgery,” though the exact
source is open to conjecture. Air may enter blood vessels in the
surgical field, originate in the intravenous solutions, or arise from
agitation during surgical manipulation.
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Transcranial Doppler ultrasonography (TCD) has been used in
orthopedic surgery to count these microemboli that are detected as
high-intensity transient signals in (HITS) the MCA. In addition to
counting the number of microemboli in the cerebral circulation, in-
vestigators have also sought to identify which specific surgical manip-
ulations lead to microemboli entering the cerebral circulation and
thus potentially placing the patient at risk.*”

Large emboli in the arterial circulation that reach the brain
may cause overt neurologic symptoms (ie, stroke). Smaller micro-
emboli may cause more subtle neurologic damage manifesting as
postoperative cognitive dysfunction.® Several studies have sought
to identify whether neurologic or cognitive change is related to the
number of HITS (microemboli) detected in the MCA.

The use of TCD requires technical expertise and accurate in-
terpretation of the signal. Differences in criteria used for signal
identification originally caused confusion and led a Consensus
Committee in 1995 to recommend the criteria for identification
of HITS (Table 1).° The Consensus Committee suggested that
investigators specify ultrasonic frequency, dynamic range, gain
settings, and identification criteria for classifying HITS. A subse-
quent International Consensus Group recommended that spe-
cific parameters of the ultrasonic device be reported (Table 2) in
addition to the detection criteria and also stated that automatic
emboli detection did not have the required sensitivity and speci-
ficity for clinical use.'”

We systematically reviewed studies that used TCD intraoper-
atively in orthopedic surgery to detect cerebral emboli with the
following specific aims:



Table 1: Criteria for identification of high-intensity transient
signals

Criteria

1) Doppler microembolic signal is transient, usually lasting <300 ms

2) The amplitude is usually at least 3 dB higher than the
background blood flow

3) A signal is unidirectional within the Doppler velocity spectrum

4) Microembolic signal is accompanied by an audible output

Table 2: Recommended parameters to be reported for
transcranial Doppler ultrasound

Parameters

1) Ultrasound device

2) Transducer type

3) Insonated artery

4) Insonation depth

5) Algorithms for signal-intensity measurement
6) Scale settings

7) Detection threshold

8) Axial extension of sample volume

9) Fast Fourier transformation size (no. of points used)
10) Fast Fourier transformation length (time)

1) Fast Fourier transformation overlap

12) Transmitted ultrasound frequency

13) High-pass filter settings

14) Recording time

1) To identify whether the investigators have documented
the features of the TCD device and detection criteria (as
recommended)

2) To determine the number of emboli released during ortho-
pedic surgery.

We also recorded whether the studies also sought to identify
right-to-left shunts as an explanation for the cerebral emboli
count or measure neurologic or cognitive change as a result of the
cerebral emboli count.

MATERIALS AND METHODS

Eligibility Criteria

Eligibility criteria for article selection were any publication
from 1965 through 2012 that used TCD during orthopedic
surgery to detect HITS in the MCA. The publications must
have been in the English language and contain surgical reports
of intraoperative patient data of microemboli in the cerebral
arteries in >1 case (ie, single case reports were excluded, but
case series were included).

Study Identification

Electronic searches of MEDLINE and EMBASE were performed
with results limited to the English language from 1965 to August
2012 inclusive. Three broad categories were combined to find
appropriate articles for review. The categories were Doppler
transcranial ultrasonography, orthopedic surgery, and embolism.
The specific search strategies used in each data base are listed
below.

Full-text articles were retrieved for any citations that were con-
sidered potentially relevant. Additional articles were sought by
searching bibliographies of previous articles and review articles.
Relevant journal and conference proceedings were also hand-
searched. Inclusion criteria were English language, prospective,

intraoperative, orthopedic surgery, and use of TCD. Exclusion
criteria were the use of TCD preoperatively or postoperatively,
Doppler used other than transcranially, and nonorthopedic sur-
gery. Reports of single cases were excluded, but case series con-
sisting of multiple cases were included.

MEDLINE (Searched on www.EBSCOhost.com)
A combination of MeSH terms and keywords were used as fol-
lows: [{(MH “Ultrasonography, Doppler” OR MH “Blood Flow
Velocity” OR “blood flow velocity” OR “Doppler”) AND “trans-
cranial”} OR MH “Ultrasonography, Doppler, Transcranial” OR
“high-intensity transient signals”] AND [MH “Orthopedic Pro-
cedures +” OR “orthopedic*” OR “orthopedic*” OR “arthro-
plasty” OR “fracture*” OR MH “Musculoskeletal Diseases+/
SU”] AND [MH “Intracranial Embolism” OR MH “Embolism”
OR MH “Embolism, Fat+” OR “embol*” or “microembol*” or
“micro-embol*”].

Twenty-nine results were selected from the MEDLINE search.

www.EMBASE.com
A combination of EMTREE terms and keywords were used as
follows: [(“Doppler echography”/de OR “Doppler” OR “high-
intensity transient signals” OR “blood flow velocity” OR
“blood flow velocity”/de) AND “transcranial”] AND [“ortho-
pedic surgery”/exp OR “orthopedic*” OR “orthopedic*” OR
“arthroplasty” OR “fracture*”] AND [“embolism”/de OR “fat
embolism”/de  OR  “embol*” OR
“microembolism™].
Thirty results were selected from the EMBASE search.
Fifty-nine articles were identified; screening removed 19 du-

“microembol*” OR

plicates, leaving 40 eligible articles for review by 2 independent
researchers. Fourteen articles satisfied the selection criteria (vide
supra) for both researchers and were included for qualitative syn-
thesis. Both independent researchers selected these 14 articles, so
there was no need for an adjudication process. The reasons for
eliminating articles are shown in Fig 1.

Of the 2 articles by Rodriguez et al in 2001,'"'* the first
describes 13 adolescents and the second describes 4 adolescents
who appear to be a subset of the first article but have been
included because they additionally underwent transesophageal
echocardiography (TEE). Similarly, the 12 patients included by
Patel etal'’
of a larger study’; both articles have been included because

were also described in the subsequent article as part

cognitive decline was sought in the larger study but not in the
former study.

Although the primary search related to the use of TCD to
detect microemboli in the cerebral circulation, we also noted
whether the studies additionally sought the presence of a patent
foramen ovale (PFO) or assessed the neurologic or cognitive
changes postoperatively.

RESULTS

We found 14 publications that satisfied the inclusion criteria (Ta-
ble 3). Ten of these publications additionally investigated the
presence of PFO by using echocardiography or TCD after intra-
venous injection of agitated saline. All 14 publications made some
comment on postoperative neurologic status, ranging from the
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40 articles

l 2 letters to editor

38 articles

l 7 non surgical reports

31 articles

| ——

25 articles

| ——

_— .
l Treview

14 articles

FIG 1. Reasons for exclusion of articles after selection.

Table 3: Studies selected for review

No. of Patients

Study No. Study Name Year Studied
1 Forteza et al* 1999 5
2 Sulek et al*® 1999 22
3 Edmonds et al” 2000 23
4 Rodriguez et al" 2001 13
5 Rodriguez et al™ 2001 4
6 Riding et al'® 2004 4
7 Rodriguez et al” 2005 37
8 Kalairajah et al'® 2006 24
9 Koch et al® 2007 24
10 Barak et al® 2008 22
m Gray et al® 2008 20
12 Gray et al* 2009 20
13 Patel et al”® 2009 24
14 Patel et al’ 2010 45

presence or absence of neurologic complications to more subtle
cognitive changes.
On-line Tables 1 and 2 contain a description of each study
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6 studies of non orthopedic surgery

6 overviews without patient data

1 description of technical aspects — no patient data for

included and whether the 14 specifica-
tions of the TCD used to detect HITS
as recommended by the Consensus

1% were documented. Ide-

Committee
ally, each of the 14 points should be
made available in accordance with the
consensus article. However, as evident
from On-line Tables 1 and 3, none of
the studies
requirements.
For each study, On-line Table 3

shows the type of surgery, the number of

documented all 14

patients, the criteria for emboli detec-
tion, the method of counting HITS, and
monitoring of either unilateral or bilat-
eral MCAs. Ten studies conformed to
the recommended detection criteria, 3
studies raised the threshold amplitude
>3 dB higher than background flow,
and 1 study reduced the duration to

19 articles <100 ms. On-line Table 4 lists the em-
boli count for each study and whether a
l 2 studies confined to post operative period PFO was sought and neurologic or cog-
nitive change was identified. Emboli
. were detected in all 14 studies and

17 articles .
ranged from 20% to 100% of patients
2 studies on venous emboli (Fig 2)' Most counts were IOW, (<10),
but high counts were present in some

patients.

15 articles On-line Table 4 also lists whether a

right-to-left shunt was sought. The
passage of microemboli from the ve-
nous into the arterial circulation can
be confirmed by 2 methods either be-
fore or after surgery. Air microbubbles
in an intravenous injection of agitated
saline may pass into the arterial circu-
lation via either cardiac or pulmonary
communications and can be detected
by TCD in the MCA as HITS. The early appearance of micro-
emboli (eg, within the first 6 heart beats after injection'*) sug-
gests a cardiac communication (eg, functional or anatomic
PFO) rather than a pulmonary communication (arteriovenous
shunt). In the 2 studies by Patel et al,”'’ the diagnostic time

1'* used a

window for microemboli was 25 seconds. Riding et a
time window of 12 cardiac cycles, which is still arbitrary and
open to challenge. Koch et al® used contrast agents with micro-
bubbles, which do not survive pulmonary passage.'®

The second method involves the use of echocardiography (ei-
ther TEE or transthoracic echocardiography) to identify right-to-
left intracardiac shunts. This is also achieved by an intravenous
injection of agitated saline. Echocardiography is then used to
track these bubbles as they pass into the left atrium or ventricle as
opposed to detecting them in the MCA. Unlike the detection of a
right-to-left shunt by using TCD, which may not clearly distin-
guish cardiac from pulmonary communications, TEE definitively
identifies cardiac communications. On-line Table 4 suggests that
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FIG 2. The percentage of patients with emboli detected in each of the 14 studies listed in Table 3.

when TEE identifies a PFO, emboli counts may be high, but pul-
monary communications also account for the appearance of
HITS. No definitive conclusions can be drawn from these studies
on the size and number of microemboli originating from cardiac
or pulmonary communications.

Finally, On-line Table 4 lists whether the presence of neuro-
logic or cognitive change was sought and whether any such
change was related to the number of emboli.

The 14 articles spanned the 13 years from 1999 to 2010. Five
studies were on hip replacements, 3 on knee replacements, 2 on
both operations, 2 on fractured long bones, and 2 on scoliosis
corrections in adolescents. Among the adult studies, the number
of patients in each study ranged from 5 to 45. Two of the arti-
cles™'” did not conform to the consensus criteria for detection of
microemboli.’ Despite the use of automatic HITS counting, 13
articles reviewed the HITS count off-line. One article neither con-
formed to the consensus criteria nor stated how the emboli count
was undertaken.'®

Echocardiography was used to detect PFO in 6 studies (trans-
thoracic echocardiography in 1 study, transthoracic echocardiog-
raphy and TEE together in 1 study, and TEE in the remaining 4
studies). TCD was used to detect arteriovenous shunts in 3 studies
and both TEE and TCD in 1 study.'® In general, higher counts
were found in the presence of arteriovenous shunts.

All studies commented on the presence or absence of neuro-
logic changes postoperatively. This appears to be assessed as part
of routine follow-up, though 1 study specifically undertook neu-
rologic examinations.*® Six studies measured cognitive function,
and 1 study measured quality of life postoperatively as a proxy for
cognition.'? No study found an association between neurologic
or cognitive change and embolic count.

DISCUSSION

Articles that described the use of TCD to detect microemboli dur-
ing orthopedic surgery were sought and reviewed for the accuracy
of reporting and the number of microemboli counted. Addition-
ally, we recorded whether the detection of right-to-left shunts was
sought and whether any neurologic or postoperative cognitive
changes were noted. Fourteen articles were included for qualita-
tive synthesis, and the largest number of patients in a single study

was 45. The data for this important topic
are thus limited, and this review high-
lights the need for larger and better re-
ported studies in this area.

There are limitations on the quality
of the reports. Few investigators explic-
itly stated all the features of the sono-
graphic device used, particularly the 14
parameters recommended by the con-
sensus statement.'® Settings that were
consistently included were the insonated
artery (MCA), insonation depth (40—60
mm), and sonographic frequency (2

L7 120 13714 MHz). The specific device, sample vol-
ume, threshold, and recording time were
all inconsistent and poorly reported.

Once data have been recorded, it is
common practice to use an independent observer to count the
HITS. The criteria for classification of HITS should be docu-
mented to allow comparisons of studies. The Consensus Com-
mittee of the Ninth International Cerebral Hemodynamic
Symposium addressed this concern in 1995 and recommended
the criteria for classification.?' The results in On-line Tables 1
and 2 show that all studies stated the criteria for emboli detec-
tion, though 4 articles adjusted the threshold or duration from
the recommended criteria. Additionally, while 12 of 14 articles
included the guidelines used to count microemboli, the studies
by Edmonds et al'” and Kalairajah et al'® did not specify how
microemboli were counted. The validity of the results of these
articles is of concern because the reliability of the TCD detec-
tion remains operator-dependent. Without independent anal-
ysis and strict classification guidelines, recorded data run the
risk of including TCD signals which, in fact, are not real mi-
croemboli. Rodriguez et al'' noted that diathermy created in-
terference that could easily be misinterpreted as HITS (espe-
cially by automatic detection), but this was not mentioned by
other authors.

This review of the literature confirms that microemboli are
detectable in the MCA during orthopedic surgery for the specific
procedures identified. The embolic count may be absent but is
more commonly present in small numbers (<10) or high num-
bers (>100), the highest reported being 550 for the unifrequency
probe.® A multifrequency probe detected 464 solid and 479 gas
emboli in 1 patient,® but counting was automatic with off-line
verification by the same operator. The count distribution appears
bimodal, and there is evidence that the high counts are associated
with PFO when this has been sought by TEE (On-line Table 4).
There is no apparent relationship between the type of surgery and
the embolic count. Patient factors obviously play a role in addi-
tion to surgical factors. Rather than a specific surgical operation
being implicated, any operation involving bone and intramedul-
lary instrumentation is most likely to lead to embolic events.*

Of the 6 studies that tested for cognitive change, 1 did not
explicitly describe the cognitive tests used, simply referring to a
mental test score without describing the tests.'® The other 5 stud-
ies used a battery of neuropsychological tests at various time in-
tervals before and after surgery. The definition of cognitive
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change is controversial.>*** One study calculated the incidence of
cognitive change by using the 20% rule (a decrease in cognitive
score of 20% in 20% of the tests)*> and showed that the number of
emboli was not different in patients with and without cognitive
change.® Three studies used group analyses to calculate the mean
change in cognitive scores and showed that there was no differ-
ence in cognitive change between patients with and without de-
tectable HITS.*”** Only 1 study converted a cognitive score to a
standardized score by using normative means and SDs"® but still
found no association between the incidence of postoperative cog-
nitive dysfunction and HITS count. Despite the use of highly dif-
fering methods of analysis, no study has found any association
between HITS and neurologic or cognitive change.

This lack of association between embolic count and neuropsy-
chological change brings into question the concept that microem-
boli released in orthopedic surgery may lead to cognitive changes.
Even the patient with the highest embolic count (>500) was dis-
charged with no detectable cognitive dysfunction.®

The early concern regarding microembolism to the brain dur-
ing cardiac surgery being a cause of postoperative cognitive dys-
function®>*” has not been confirmed in more recent studies*® and
systematic reviews.”>*° Liu et al’' reported a median embolic
count of 430 (range, 155-2088) in patients undergoing cardiac
surgery with cardiopulmonary bypass against a median embolic
count of 2 (range, 0—66) in off-pump surgery but could show no
difference in cognitive outcome. While the number of microem-
boli seen during cardiac surgery is much greater than that during
orthopedic surgery, these are more likely to be predominantly
gaseous. Cardiac surgical postoperative cognitive dysfunction has
more recently been considered to be multifactorial.>*>*

Several studies have used MR imaging and diffusion-weighted
imaging after cardiac surgery to identify the relationship of new
cerebral lesions to quantitative microemboli counts.>**> None of
the studies in this review used MR imaging or diffusion-weighted
imaging to explore the incidence of cerebral lesions in relation to
microemboli count.

CONCLUSIONS

Studies using TCD to detect cerebral microemboli in orthope-
dic surgery have used small numbers of patients. Many of these
studies have not disclosed the full details of the TCD machine
specifications, though most have used the recommended de-
tection criteria. TCD often detects microemboli in the MCA
during orthopedic surgery, in which the counts are frequently
low but may be high in approximately 20% cases. High counts
appear to be associated with right-to-left shunts when verified
by agitated saline detected in the MCA by using TCD or when
visualized by using TEE or transthoracic echocardiography.
There is no evidence that these microemboli are associated
with cognitive change after surgery. A study with high patient
numbers, accurate reporting of TCD machine specifications,
and criteria for emboli detection, together with comprehensive
cognitive testing and analysis, is required to definitively con-
firm these conclusions.
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