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Abstract

Purpose of Review This review discusses applications of transcranial Doppler (TCD) in cardiac surgery, its efficacy in
preventing adverse events such as postoperative cognitive decline and stroke, and its impact on clinical outcomes in these
patients.

Recent Findings TCD alone and in combination with other neuromonitoring modalities has attracted attention as a potential
monitoring tool in cardiac surgery patients. TCD allows not only the detection of microemboli and measurement of cerebral
blood flow velocity in cerebral arteries but also the assessment of cerebral autoregulation.

Summary Neuromonitoring is critically important in cardiac surgery as surgical and anesthetic interventions as well as sev-
eral other factors may increase the risk of cerebral embolization (gaseous and particulate) and cerebral perfusion anomalies,
which may lead to adverse neurological events. As an experimental tool, TCD has revealed a possible association of poor
neurological outcome with intraoperative cerebral emboli and impaired cerebral perfusion. However, to date, there is no

evidence that routine use of transcranial Doppler can improve neurological outcome after cardiac surgery.

Keywords Transcranial Doppler - Neuromonitoring - Cerebral emboli - Cerebral blood flow - Postoperative cognitive

decline - Poor neurological outcome - Cardiac surgery

Introduction

Neurologic complications are common in cardiac surgery
(CS) patients, with temporary neurologic dysfunction occur-
ring in 8.0% to 10.3% and permanent neurologic dysfunction
occurring in another 7.3% to 12.8% [1]. Poor neurological
outcome in CS patients depends upon several factors, such
as preexisting intra- and extracranial atherosclerosis with
impaired autoregulation and intracranial reserve, discord-
ant cooling and warming of cerebral tissue, grave incidents
causing circulatory crisis, such as massive embolism, hem-
orrhage, cardiac arrest, and cerebral venous hypertension [2,
3]. Presumably, deranged cerebral perfusion, due to cerebral
embolization and reduced cerebral blood flow (CBF), is one
of the important factors. As a few recent publications have
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suggested that embolism and cerebral hypoperfusion are
probably the reasons for perioperative brain injury in CS
patients [2], the impact of embolization and hypoperfusion
on the brain is becoming a growing concern. Thus, there is a
clear need to identify and develop neuromonitoring modali-
ties to allow for reliable detection of these conditions and
to provide actionable insights to improve patient outcome.
Transcranial Doppler (TCD) ultrasound is a non-inva-
sive and compact tool for measuring cerebral hemodynamic
changes. High-intensity transient signals (HITS) are thought
to represent particulate or gaseous microembolic particles
[4, 5], which can be measured intraoperatively using TCD.
It may be useful in verifying blood flow across both cer-
ebral hemispheres in patients undergoing antegrade cerebral
perfusion during surgery on the aortic arch. TCD could be
useful in tracking cerebral autoregulation during surgery,
allowing for more personalized blood pressure goals [6, 7].

Technique
TCD, which has been used in clinical practice for around

40 years [8], uses a spectral display and established criteria,
such as analysis of wave-signal pattern, arterial depth, and
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Fig.1 TCD system (Dolphin/MAX). Reproduced with permission
from Viasonix

direction of arterial blood flow to identify the cerebral arter-
ies. It is a valuable tool for multimodal brain monitoring and
evaluation of essential parameters such as cerebral autoregu-
lation, critical closure pressure, and cerebral compliance, as
it permits evaluation and close monitoring of CBF velocity
[9-11] as well as assessment of cerebrovascular reactivity.
Newer equipment also allows visualization of intracerebral
blood vessels. However, to the best of our knowledge, this
technology is not widely used in the intraoperative setting
and will not be covered in this review.

The TCD probe is usually placed over the temporal area,
due to the thinness of the bone, which serves as a suita-
ble “window” to transmit ultrasound beam intracranially
(Fig. 1). The beam is reflected back to the probe by red blood
cells circulating in the blood vessels. The resultant Doppler

Fig.2 Transcranial Doppler
recordings of the left middle
cerebral artery show embolic
signals. The high-intensity
transient signals (HITS) seen
with emboli are indicated by
arrows [13]. Reproduced with
permission from Thieme

effect causes a shift in frequency corresponding to the blood
flow velocity in that particular vessel. The intracranial arter-
ies such as middle (MCA), anterior (ACA), and posterior
(PCA) cerebral arteries can be monitored through temporal
region. The MCA is ideal for TCD monitoring owing to its
direct path to the Doppler probe, and it remains the only
intracranial vessel used for intraoperative continuous Dop-
pler monitoring.

To identify cerebral emboli, most TCD devices use
pulsed-wave ultrasonography and monitor the backscat-
ter from the emboli. Microemboli cause short intermittent
amplifications in the ultrasound signal that are registered as
HITS [12ee] (Fig. 2 [13]). TCD may, thus, serve as a prom-
ising tool to effectively monitor CBF and cerebral embolic
events in CS patients.

In this narrative review, we focus on the use of transcra-
nial Doppler in adult patients undergoing CS. This review is
based on the literature published over the last twenty years.

Methods

The electronic database of the National Library of Medicine
(Pubmed.gov) was searched from January 2000 until Febru-
ary 2021 using the search terms “cardiac surgery” and “tran-
scranial Doppler” to identify suitable articles. This yielded
160 articles, of which 23 matched our selection criteria.
Articles were included if they investigated or demonstrated
the use of TCD to detect cerebral emboli and/or measure
CBF velocity as well as their effect on neurophysiological
outcome in adult CS patients.
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The resulting literature was divided into two groups:
one focusing on emboli the other on CBF. Fourteen arti-
cles were allocated to the emboli group and ten to the CBF
group. However, the number of original articles was low,
including only two in each group. Two review articles from
Razumovsky et al. [14] and Saidi et al. [15] were included
in both groups.

Cerebral Emboli

Microemboli entering the cerebral circulation appear to be
one of the common causes of stroke or neurological com-
plications during CABG surgery [16-22]. Emboli can be
qualitatively classified into solid and gaseous forms, and
many potential sources of solid emboli have been recognized
[23]. If an atheroma is dislodged during aortic manipulation,
massive and severe solid emboli can result [24, 25]. Smaller
particulate emboli can be caused by silicone or polyvinyl
chloride discharged from cardiopulmonary bypass (CPB)
circuit tubing [26], platelet-fibrin aggregates [27], and fat
and cotton fibers in the surgical field [28]. Interestingly,
thousands of tiny lipid emboli were discovered in the brain
microcirculation following CPB [29].

Larger solid emboli (>200 p) obstruct larger arteries sup-
plying regional vascular zones, resulting in a neurological
symptoms or even stroke. Smaller solid emboli may only
obstruct smaller arteries and arterioles that lead to oligo-
symptomatic to asymptomatic disease with no manifesta-
tion of physiologic deficits [30°]. There is also substantial
evidence of a link between mobile atheromatous plaques and
postoperative stroke [24, 25].

Bubble oxygenators, the venous blood reservoir, air in
the CPB venous line, poor surgical de-airing in open cham-
ber procedures, introduction via perfusionist interventions,
and entrainment of air into cardiotomy suction blood are all
possible sources of gaseous microemboli. Artificial heart
valves and decompression illness are two possible endog-
enous causes of gaseous emboli [23].

Microbubbles circulating in the bloodstream can obstruct
blood flow in the capillary beds of numerous organs, leading
to tissue ischemia. A multitude of inflammatory responses
such as thrombocyte activation, stimulation of clotting path-
ways, and complement pathway activation [31] are triggered
following tissue ischemia and cause further microcirculation
obstruction and tissue damage [32].

Multiple experimental studies have demonstrated that
the circulating microbubbles can be detrimental [23]. Bub-
bles, especially microbubbles circulating in cerebral vessels
ranging from 10 to 20 um (SD) may disrupt the blood-brain
barrier [2, 33-35]. Use of CPB promotes the introduction of
such microbubbles into the circulation [36].

Utilizing a gas filter during CABG surgery has shown a
trend toward improved neurological outcome after surgery
[37]. Multiple studies [38—41] vouch for the value of TCD
in identifying misplacement of selective cerebral perfusion
cannulas.

Despite abundant literature describing possible sources
and pathogenicity associated with cerebral emboli, sig-
nificant evidence to prove an association to POCD in CS
patients is lacking. To investigate this further, we retrieved
14 short-listed articles on this topic including 12 reviews
[14, 15, 30, 42-50], one observational study [51°], and one
prospective study [52°].

The prospective study by Abu-Omar et al. [52°] from
2004, compared the number and nature (i.e., solid or gase-
ous) of microemboli in patients treated with on-pump and
off-pump CS using multifrequency TCD monitoring of the
MCA in a cohort of 45 patients (15 off-pump CABG, 15
on-pump CABG, and 15 open cardiac procedures). Micro-
emboli were shown to be 7 times higher in patients under-
going on-pump CABG compared to those undergoing off-
pump CABG, while patients undergoing open procedures
demonstrated a 22-fold increase. However, Abu-Omar et al.
did not measure any clinical outcomes in the investigated
patients. Furthermore, the fraction of solid microemboli in
the off-pump group was similarly much lower. The authors
concluded that cerebral microembolization is significantly
reduced by avoiding CPB.

Most microemboli occuring during CS are gaseous, with
on-pump procedures having a higher frequency of solid
microemboli. This could explain why individuals receiving
off-pump vs. on-pump surgeries experience less neuropsy-
chological impairment [53, 54]. Interestingly, two other
RCTs, both by Van Dijk D et al., only partially support the
above findings. They show that patients who underwent
CABG surgery without CPB (off-pump) had better cogni-
tive outcomes three months after the treatment, although
the effects were minor and evened out after one year [55].
Avoiding CPB for CABG in low-risk patients also had no
influence on cognitive outcomes after 5 years [56].

Based on previous studies, Rodriguez et al. [51°] presume
that neurologic outcome is minimally affected by gaseous
emboli [57], although particulate macro- and microemboli
are thought to be linked to stroke and cognitive impairment
[54]. The authors performed an observational study with the
objective of finding a method to differentiate among presum-
ably benign gaseous bubbles and allegedly more harmful
particulate emboli.

Most embolic signals in mechanical heart valve patients
are related to gaseous microbubbles, which occur due to a
phenomena known as cavitation (i.e., rapid change of pres-
sure in surrounding fluid) [58, 59], but solid microemboli
may also constitute an unknown fraction.
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Bio-prosthetic cardiac valves, on the other hand, do not
exhibit cavitation. The embolic signals detected in individu-
als with bio-prosthetic heart valves are thought to consitute
solid rather than gaseous emboli. [58, 60, 61].

When compared to room air, giving mechanical heart
valve patients 100% oxygen during transcranial Doppler
evaluation reduced the number of embolic signals. At two
Doppler tests, 4 hours and 4 days after surgery, 17 mechani-
cal heart valve patients show embolic signals in room air
(n = 141) and with 100 % oxygen (n = 45). While in seven
patients with bio-prosthetic valves inhaling 100% oxygen,
solid embolic signals (n = 31) were detected within the first
4 h following surgery. The relative intensities of embolic
signals in mechanical heart valve patients inhaling 100%
oxygen were lower than in patients breathing room air. Dur-
ing provision of 100% oxygen, the signal-relative intensity
distribution across mechanical and bio-prosthetic valve
groups was alike [51°].

According to Rodriguez et al., the majority of brain
emboli revealed by TCD while inhaling 100% oxygen in
MHV patients are non-gaseous. The highest precision
for distinguishing non-gaseous from gaseous emboli was
attained using a 16-dB cut-off threshold (sensitivity: 60%;
specificity: 82%; area: 0.721; P < 0.0001) [S1e].

All 14 articles concur that TCD can detect gaseous and
particulate microembolic signals (i.e., HITS) in the cere-
bral circulation in the patients undergoing CS provided the
insonation window is available and experienced personnel
perform the investigation. However, despite considerable
advancements in Doppler technology, reliable discrimina-
tion of solid versus gaseous microemboli and artifacts could
thus far not be achieved.

In addition, the retrieved literature disagrees on the
adverse effects of microemboli in general on cognitive func-
tion. As we used a 20-year cutoff for the literature included
in this review, data prior to the cutoff are only presented
in reviews published within the last 20 years. Seven [30,
45-50] of the 12 reviews suggested insufficient evidence to
prove the correlation between microembolic events and neu-
rological damage and/or poor neurological outcome. Nev-
ertheless, four reviews [14, 15, 43, 44], one observational
study [51e] and one prospective study [52], suggested a pos-
sible association between the two. Another review found an
indirect link between gaseous microemboli and poor neuro-
logical outcomes [42].

Furthermore, among the studies that agree on an associa-
tion between cerebral microemboli and poor neurological
outcome, there is a further disagreement over the patho-
genicity of gaseous and solid microemboli.
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POCD is very common in patients undergoing heart sur-
gery. The severity of CNS injury varies, extending from
modest personality, behavioral, and cognitive problems to
serious neurological impairment (i.e., stroke). A prospective
study found that c.a. 6% of patients had unfavorable cerebral
outcomes (stroke) [12ee]. At 5 years following CS, 42% of
patients showed neuropsychologic dysfunction in another
study [62]. In few studies, complications following CS (car-
diac, neurologic, pulmonary, and acute renal failure) have
been reported in a range varying from 24% to 69% [63, 64].
Nevertheless, it is clear that the main cause of neurological
complications in CS patients is larger cerebral emboli. It is
also clear that changes in cerebral perfusion pressure and
blood flow can significantly affect the extent of injury fol-
lowing an embolic insult [15]. Therefore, maintaining opti-
mum cerebral perfusion during CPB and circulatory arrest
may be a crucial aspect of intraoperative care during CS
[65].

TCD can be used to measure CBF velocities (mean,
systolic, and diastolic) in the insonated vessel by monitor-
ing the change in frequency in the reflected sound [7, 15].
In addition, the direction of CBF is of utmost importance
during hypothermic circulatory arrest using selective cer-
ebral perfusion. In various clinical scenarios such as cannu
la mal-positioning or aortic dissection, timely detection of
abrupt decreases in CBF may allow prompt corrective inter-
ventions to prevent cerebral insult. In patients undergoing
carotid artery endartectomy, the threshold decline in CBF
velocity for identifying cerebral ischemia was investigated.
Moritz et al. reported that a 50% reduction in MCA blood
flow velocity has a 100% sensitivity and 86% specificity for
identifying ischemia in these patients [66]. However, to the
best of our knowledge, no comparable data are available
for CS.

CBF autoregulation can be tracked and recorded by ana-
lyzing the patient’s transcranial Doppler and arterial blood
pressure signals [67—69]. The signals are screened to con-
centrate on low-frequency vasomotor activity that promotes
autoregulatory vascular alterations (0.2 s to 2 min). The cor-
relation coefficient between cerebral perfusion pressure or
mean arterial pressure and TCD-estimated CBF velocity
can be determined, resulting in the variable mean veloc-
ity index (Mx). There is no link between CBF velocity and
mean arterial pressure when autoregulation is adequate, but
when mean arterial pressure exceeds the autoregulation lim-
its, Mx reaches 1, indicating that flow is pressure-dependent.
Other methods have also been used. Thus, in theory, a per-
sonalized MAP target based on autoregulation may improve
postoperative neurological outcome.

As described previously, ten articles were allocated to
CBF group including eight reviews [3, 7, 14, 15, 65, 70-72],
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one case report [40], and one prospective study [73]. All
ten articles stated that TCD could be used to measure CBF
velocity, and autoregulatory parameters can be further
derived from this resultant data. However, there is no con-
sensus on the efficacy TCD or on the impact of the obtained
data on the clinical outcome.

One case report [40] and one review [3] suggest that rou-
tine use of TCD to detect silent cerebral ischemia and to
assess cerebral autoregulation will have significant clinical
impact.

In their case report on surgical treatment of aortic dissec-
tion Stanford type-A, Ghazy et al. used TCD to analyze and
improve CBF [40]. Antegrade selective cerebral perfusion
was established under moderate hypothermic circulatory
arrest, and emergency surgery using a Bentall procedure
was conducted. After lowering the patient’s core tempera-
ture to 28 °C, the flow in CPB was reduced to 1.5 1/min,
and the supra-aortic arteries were occluded, signaling the
start of selective cerebral perfusion under continuous TCD
monitoring.

The circle of Willis as well as the presence of sufficient
communicator vessels was visualized satisfactorily. TCD
revealed adequate antegrade flow in the right hemisphere
perfusion. Despite preoperative TCD sonography confir-
mation of sufficiency, the cross-filling over the communi-
cators to the left MCA was absent. Following this obser-
vation, CPB flow was increased to 2.0 I/min and PaCO2
was increased to 45 mmHg in order to generate cerebral
vasodilation. This measure resulted in the communica-
tors reopening and the left MCA receiving appropriate
cross-filling and perfusion. The procedure was eventless
subsequently.

According to the authors, TCD allows for real-time obser-
vation of cerebral perfusion over the circle of Willis. In this
scenario, the surgical team was able to optimize antegrade
cerebral perfusion thanks to continuous real-time input.
Monitoring cerebral vasoreactivity and increasing PCO2 and
CPB flow with subsequent reopening of the cerebral com-
municators allowed for adequate perfusion of both hemi-
spheres. Two reviews [3, 14] suggest that TCD appears to
be an effective neuromonitoring tool for improving neuro-
logical outcome. Two further reviews [7, 72] suggest that
perioperative TCD monitoring during cardiovascular sur-
gery could identify thromboembolism and perfusion disor-
ders as the foremost reasons for perioperative neurological
complications and strokes. The quality of evidence and the
strength of the recommendations, however, are class III and
type C, respectively.

One review [70] and one prospective study (described
below) indirectly support the efficacy of TCD in measuring
and CBF velocity.

In a group of 24 patients, Baufreton et al. [73] looked
at the effect of heparin-coated extracorporeal CPB circuits

on complement activation and CBF velocity. TCD was per-
formed on the MCA (before and after CPB) to evaluate sys-
tolic, diastolic, and mean CBF velocities. In addition, the
terminal complement complex (sC5b-9) was quantified as a
marker of complement activation [7, 15].

The authors were able to demonstrate a correlation
between increased CBF velocity after CPB as well as
reduced complement activation in patients who underwent
heparin-coated CPB compared to control patients in the non-
coated CPB group.

Although the efficacy of TCD as a neuromonitoring tool
in CS patients has yet to be established, two reviews suggest
that the quality of the images acquired through a narrow
and at times absent Doppler window and expertise of a suf-
ficiently experienced investigator are crucial for accuracy of
TCD findings. [65, 71].

Hogue et al. [74e¢] concluded in a recent randomized
controlled trial that during CPB, cerebral autoregulation
monitoring based on mean arterial pressure did not decrease
the prevalence of stroke or delayed neurological recovery
in high-risk patients compared to usual care, although it
was associated with less delirium and better performance
on memory tests 4 to 6 weeks after surgery. This shows that
TCD could be effective in monitoring cerebral autoregula-
tion during surgery, allowing for more personalized blood
pressure objectives [6, 7].

Discussion

TCD has several strengths in being non-invasive and being
able to detect cerebral emboli and to confirm bi-hemi-
spheric flow during CPB. It could also help to determine
personalized autoregulation and blood pressure thresholds.
Nevertheless, TCD necessitates specific monitoring and
experience. It can also be challenging to identify the “win-
dow” required for insonation in all patients. In addition,
continuous monitoring is technically demanding due to the
risk of dislocating the probes (e.g., due to manipulation of
the probe or manipulation of other monitoring equipment
such as the transesophageal echocardiography probe).

Given the likelihood of gaseous and solid embolisms,
the utility of routine TCD monitoring to detect acute cer-
ebral ischemia during CS has been investigated [4, 75].
TCD is the only imaging technique that can identify both
gaseous and particulate cerebral emboli [76, 77]. However,
its value to improve neurological outcomes has not been
shown.

In addition to CS, which includes interventional valve
replacement, surgeries and interventions on the carotid
artery put the brain at risk. TCD can identify ipsilateral
stroke caused by the dislodging of arterial plaques [76].
Furthermore, CBF velocity can be determined while the
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carotid artery is clamped for endarterectomy (CEA). TCD
readings in combination with EEG have been suggested
to detect silent cerebral ischemia during this surgery and
as an indication for shunt implantation [27, 31, 34]. After
CEA surgery, about 1 in every 10 patients suffer cerebral
hyper-perfusion syndrome, which can lead to intracerebral
hemorrhage. TCD can be used to detect and monitor this
condition. [34]. For these reasons, transcranial Doppler is
classified as a class III indication for monitoring cerebral
embolization or hypoperfusion in the current American
Society of Neuroimaging recommendations on neuromoni-
toring during CS (quality of evidence: class III; strength
of recommendation: type C) [72].

Conclusion

Intraoperative neuromonitoring would be of prime impor-
tance in CS where surgical and anesthetic interventions
may increase the risk of cerebral perfusion anomalies and
cerebral embolization (gaseous and particulate), which
may lead to poor neurological outcomes. TCD monitoring
appears to be valuable in the assessment and refinement of
established and more recent surgical techniques as well as
in the development of new techniques and instrumentation
[15]. However, it does not seem to be the ideal tool for rou-
tine clinical use due to the need for a skilled TCD operator
for reliable measurements, the challenges accompanying
continuous monitoring, and the availability of an insona-
tion window. Nevertheless, TCD can be used to monitor
CBF velocity and derived parameters in patients under-
going cardiac surgeries, although it may not effectively
quantify all emboli or differentiate between gaseous and
particulate matter embolus.

As an experimental tool, TCD has revealed a possible
association of poor neurological outcome with intraopera-
tive cerebral emboli and impaired cerebral perfusion. To
date, there is no evidence that the routine use of transcranial
Doppler can improve clinical outcomes after CS, and its use
remains largely experimental.
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