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Transcranial Doppler Ultrasonography as a
Screening Technique for Detection of a Patent
Foramen Ovale before Surgery in the Sitting Position
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Background: Venous air embolism has been reported to oc-
cur in 23–45% of patients undergoing neurosurgical procedures
in the sitting position. If venous air embolism occurs, a patent
foramen ovale (PFO) is a risk factor for paradoxical air embolism
and its sequelae. Preoperative screening for a PFO is therefore
recommended by some investigators. The reference standard for
identifying a PFO is contrast-enhanced transesophageal echocar-
diography (c-TEE). Contrast-enhanced transcranial Doppler ultra-
sonography (c-TCD) and contrast-enhanced transthoracic echo-
cardiography (c-TTE) are noninvasive alternative methods, but so
far there are no studies as to their diagnostic validity in neurosur-
gical patients.

Methods: The sensitivity and specificity of c-TCD and c-TTE in
detecting a PFO were determined in a prospective study using
c-TEE as the reference standard. Preoperative c-TCD, c-TTE, and
c-TEE studies were performed during the Valsalva maneuver
after intravenous echo-contrast medium (D-Galactose, Echovist-
300, Schering AG, Berlin, Germany) was administered in 92
consecutive candidates (47 men and 45 women; mean age, 51
yr; range, 25–72 yr) before neurosurgical procedures in the
sitting position.

Results: A PFO was detected in 24 of the 92 patients (26.0%)
using c-TEE. c-TCD correctly identified 22 patients, whereas
c-TTE only correctly identified 10. This corresponds to a sensi-
tivity of 0.92 for c-TCD and 0.42 for c-TTE. The negative predic-
tive value was 0.97 for c-TCD compared with 0.83 for c-TTE. The
prevalence of a PFO in patients with a posterior fossa lesion was
27%, and in the group with cervical disc herniation was 24% as
detected by c-TEE. The incidence of intraoperative venous air
embolism was 35% in cases of cervical foraminotomy and 75%
in posterior fossa surgery as detected by c-TEE.

Conclusions: c-TCD is a highly sensitive and highly specific
method for detecting a PFO. Because c-TCD is noninvasive, it
may be more suitable than c-TEE for routine preoperative

screening for a PFO. C-TTE is not reliable in detecting a PFO.
(Key words: Atrial septal defects; contrast echocardiography;
neurosurgical procedure; paradoxical air embolism; venous air
embolism.)

MANY neurosurgeons prefer the sitting position for neu-
rosurgical procedures in the posterior fossa and in the
cervical spine because it provides optimum access to
midline lesions, improves cerebral venous drainage, low-
ers intracranial pressure, and promotes gravity drainage
of blood and cerebrospinal fluid.1 However, during pro-
cedures in the sitting position, venous air embolism
(VAE) has been reported to occur in 23–45% of the
patients, depending on the type of operation and the
monitoring method used.2–4 VAE can cause a paradoxi-
cal air embolism in the presence of a right-to-left shunt,
e.g., of a patent foramen ovale (PFO), and probably also
by transpulmonary passage.5,6 Increases in pulmonary
vascular resistance and right atrial pressure will predis-
pose to paradoxical air embolism if VAE occurs. Para-
doxical air embolism has been reported to occur in 14%
of neurosurgical patients undergoing surgery in the sit-
ting position and may result in serious, possibly fatal,
coronary and cerebral ischemic complications.7 Al-
though the influence of screening a PFO preoperatively
on the outcome after procedures in the sitting position
has not been shown, its objective is to identify absolute
and relative contraindications for the sitting position and
to assess the individual risk–benefit ratio.1

The reference standard for detecting a PFO is contrast-
enhanced transesophageal echocardiography (c-TEE).
However, this method is semi-invasive and uncomfort-
able for the patient. Furthermore, it cannot be used on
children and in emergency situations. Although c-TEE is
rarely associated with complications such as bleeding,
aspiration, or esophageal perforation, when such com-
plications occur, they may be severe.8

Contrast-enhanced transcranial Doppler ultrasonogra-
phy (c-TCD) and contrast-enhanced transthoracic echo-
cardiography (c-TTE) are alternative methods for detect-
ing a PFO. However, their diagnostic validity has not yet
been determined in neurosurgical patients.

The present study was designed to compare the sen-
sitivity, specificity, and predictive values of c-TCD and
c-TTE in the preoperative detection of PFO in a patient
cohort scheduled for neurosurgical procedures in the
sitting position.

Additional material related to this article can be found on the
ANESTHESIOLOGY Web site. Go to the following address, click on
Enhancements Index, and then scroll down to find the appro-
priate article and link. http://www.anesthesiology.org.
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Patients and Methods

Patients
The study protocol was approved by the institutional

Committee on Medical Ethics. All patients gave their
written, informed consent to participation in the clinical
trial.

The prospective study comprised 92 consecutive pa-
tients (47 men, 45 women) with a mean age of 51 yr
(range, 25–72 yr) who were to undergo neurosurgical
procedures in the sitting position. Fifty-one patients
(55.4%) were undergoing surgery for a lesion in the
posterior fossa, and 41 patients (44.6 %) were undergo-
ing surgery for a cervical disc herniation. All patients
were submitted to c-TCD, c-TEE, and c-TTE 1 day before
surgery and anesthesia.

Echo-contrast Medium
The echo-contrast medium (Echovist-300; Schering

AG, Berlin, Germany) consists of D-galactose micro-
spheres and generates air-filled microbubbles with a
mean diameter of 5–6 mm after dissolution and agitation
in sterile water. The only contraindication to the con-
trast medium is galactose intolerance. In Germany, the
use of this echo-contrast medium is approved for chil-
dren aged $ 6 yr and adults. As compared with agitated
saline or gelatin solutions, this contrast agent offers a
higher particle stability and a defined bubble size.

Valsalva Maneuver
The Valsalva maneuver was performed by maximal

inspiration, followed by a forced expiration against the
closed glottis, mouth, and nose for 5 s and then releasing
and normal breathing for 2 min.

Contrast-enhanced Transcranial Doppler
Ultrasonography

These studies were performed with the awake patient
supine and the upper part of the body elevated by 30°.
The equipment used was the Medasonics CDS (Medilab
GmbH, Würzburg, Germany) with two 2-MHz transduc-
ers. The middle cerebral artery was insonated from both
sides through the temporal window at a depth of 50 mm.
The Valsalva maneuver was performed 5 s after intrave-
nous injection of 10 ml of echo-contrast medium into the
right cubital vein.9,10 The effectiveness of the Valsalva
maneuver could be monitored by means of c-TCD by
observing the increase in heart rate and the decrease in
blood flow in the middle cerebral artery after the in-
crease of intrathoracic pressure during inspiration, and
the decrease in heart rate during the expiration phase of
the Valsalva maneuver.

Contrast-enhanced Transthoracic Echocardiography
Contrast-enhanced transthoracic echocardiography

was performed using a 2.5-MHz monoplane electrical

transducer and the Ultramark 9 (ATL Inc., San Diego,
CA) with the awake patient lying on his or her left side
and the upper part of the body elevated by 30°. No
sedation was used. The heart was imaged in a four-
chamber view. A 10-ml bolus dose of echo-contrast me-
dium was injected into the right cubital vein. The Val-
salva maneuver was performed 5 s after the injection of
the echo-contrast medium.

Contrast-enhanced Transesophageal
Echocardiography
Contrast-enhanced transesophageal echocardiography

was performed using a 5-MHz monoplane electrical
transducer and the Ultramark 9 (ATL Inc.) with the
awake patient lying on his or her left side and the upper
part of the body elevated by 30°. Local anesthesia of the
pharynx was performed using lidocaine spray. Further-
more, the ultrasound probe was prepared with lidocaine
gel 2%. In addition, agitated patients received a mild
sedation with midazolam at a dosage of 0.5–1 mg intra-
venously. Scanning was performed along the short axis
showing both atria. Ten milliliters of intravenous echo-
contrast medium was injected into the right cubital vein.
The Valsalva maneuver was performed 5 s after injection.

Contrast-enhanced transthoracic echocardiography, c-
TEE, and c-TCD studies were repeated two times and
performed consecutively within 3 h. In case of a PFO
detection in only one or two of the three measurements,
the result was considered positive.

Patent Foramen Ovale Criteria
A PFO was considered to be demonstrated by c-TTE

and c-TEE when contrast medium crossed the atrial sep-
tum during the first 3–10 heart cycles (fig. 1A) in at least
one examination. Although D-galactose echo-contrast
medium normally does not “survive” transpulmonary
passage, limitation to a maximum of 10 heart cycles
(based on the normal circulatory transit time) ensures
that the appearance of microbubbles in the left atrium is
not caused by intrapulmonary shunting of contrast me-
dium.11 A PFO was considered to be demonstrated by
c-TCD by means of acoustic and visual detection of uni-
lateral or bilateral high-intensity transient signals caused by
the contrast medium in the middle cerebral artery during
the first 3–15 heart cycles (fig. 1B; refer to the Web en-
hancement for a video) in at least one examination.9 These
high-intensity transient signals caused by the contrast me-
dium are unilateral from the baseline, last 10–50 ms, occur
randomly throughout the cardiac cycle, and are associated
with typical acoustic signals.10

Contrast-enhanced transthoracic echocardiography and
c-TEE were recorded on videotape for offline evaluation.
c-TCD curves were stored on the Doppler computer sys-
tem. The findings were analyzed independently by experi-
enced investigators (c-TCD, R.S.; c-TTE, C.L.; c-TEE, K.S.)
who were blinded to the results of the other tests.
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Anesthetic Management
Whenever a PFO was demonstrated by c-TEE, clinical

management was altered either by choosing a different
surgical position or extreme caution to prevent or stop
aspiration of air. In the case of prolonged VAE, the
patient was repositioned to reduce the height gradient
between the right atrium and the surgical field. If nec-
essary, the procedure was discontinued. Neuroanesthe-
sia included routine continuous intraoperative TEE mon-
itoring to detect VAE and paradoxical air embolism.7

Statistical Analysis
Sensitivity, specificity, and predictive values were cal-

culated using standard equations. Differences between pro-
portions were evaluated using a two-sided chi-square test.
A P value , 0.05 was considered statistically significant.

Results

Contrast-enhanced transesophageal echocardiography
revealed a PFO in 24 patients (26.0%). c-TCD identified
22 and c-TTE only 10 patients. The prevalence of a PFO
in patients with a posterior fossa lesion was 27%, and in
the group with cervical disc herniation was 24% as
detected by c-TEE. In case of a PFO, the operative posi-
tion was changed to the prone or park bench position in
most patients with a posterior fossa lesion. There was no
change in positioning in patients with PFO and cervical
disc herniation.

A sensitivity of 0.92 for c-TCD and 0.42 for c-TTE was
calculated using c-TEE as the gold standard. This differ-
ence between c-TTE and c-TEE was statistically signifi-
cant (P , 0.05). There was no significant difference
between the sensitivity of c-TCD and c-TEE. The speci-
ficity of c-TCD was 1, and the negative predictive value
was 0.97. For c-TTE the specificity was likewise 1, and
the negative predictive value was 0.83 (table 1). There
were no different results from repeated c-TEE, c-TTE,
and c-TCD measurements. The two patients with a pos-

itive c-TEE finding and a negative c-TCD result had only
a small PFO with little crossover of contrast medium.

There were no side effects caused by the echo-contrast
medium. No complications occurred during the c-TEE,
c-TCD, or c-TTE studies. In the present study there was
no case in which c-TCD could not be used because of an
inadequate temporal bone window.

The incidence of intraoperative VAE was 35% in cases
of cervical foraminotomy and 75% in posterior fossa
surgery as detected by c-TEE. None of these patients
developed paradoxical air embolism. In no patient was a
PFO detected intraoperatively that had not been de-
tected preoperatively.

Discussion

The presence of a PFO is not an uncommon finding.
Autopsy studies have shown an overall prevalence of
27% in patients with no history of cardiac disease. This
incidence decreases with age from 34% during the first
three decades to 25% during the fourth to eighth de-
cades of life.12

Contrast-enhanced transesophageal echocardiography
combined with a standardized Valsalva maneuver is the
reference standard for detecting a PFO because of its

Table 1. Diagnostic Characteristics of Contrast-enhanced
Transcranial Doppler Ultrasonography (c-TCD), Contrast-
enhanced Transthoracic Echocardiography (c-TTE), and
Contrast-enhanced Transesophageal Echocardiography
(c-TEE) in Detecting a Patent Foramen Ovale (PFO) before
Operations in the Sitting Position

c-TCD c-TTE c-TEE

PFO (%) 22 (23.9) 10 (10.8)* 24 (26.0)
Sensitivity 0.92 0.42* 1
Specificity 1 1 1
Positive predictive value 1 1 1
Negative predictive value 0.97 0.83 1

c-TEE was defined as the gold standard (n 5 92, chi-square test).

* P , 0.05.

Fig. 1. (A) Atrial septal crossing of contrast medium during the Valsalva maneuver as detected by contrast-enhanced two-dimensional
transesophageal echocardiography (c-TEE). RA 5 right atrium; LA 5 left atrium; AO 5 aorta; LV 5 left ventricle. (B) Visual detection
of high-intensity transient signals caused by the presence of contrast medium (cm-HITS; arrows) in the middle cerebral artery in
contrast-enhanced transcranial Doppler ultrasonography (c-TCD).
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high sensitivity and specificity as compared with cardiac
catheterization and autopsy.13,14

The major disadvantages of TEE are its considerable
technical and manpower requirements and the semi-
invasive and uncomfortable nature of the method. The
TEE probe could not be placed in 1.9% of the patients in
a multicenter study by Daniel et al.8 comprising 10,419
patients. In 0.9% of the remaining patients, the study had
to be discontinued because of the patient’s inability to
tolerate the TEE probe (0.6%) or because of pulmonary
(0.07%), cardiac (0.07%), or hemorrhagic complications
(0.02%). One of the latter was fatal. In summary, com-
plications of TEE are rare but may be severe.

Contrast-enhanced transthoracic echocardiography
and c-TCD are alternative modalities for PFO detection.
The clinical application of Doppler ultrasound was first
described by Gillis et al.15 for in vivo detection of cir-
culating gas emboli during decompression sickness.
Later it was also used for the noninvasive detection of
middle cerebral artery air embolism during carotid end-
arterectomy and cardiopulmonary bypass.16,17 Based on
these results, Teague and Sharma18 and Chimowitz et
al.19 characterized c-TCD as an additional method for
identifying patients with interatrial or intrapulmonary
right-to-left shunts. c-TCD was found to be superior to
c-TTE in detecting a right-to-left shunt. However, these
studies were strongly limited by the absence of a refer-
ence standard.

In recent years, considerable interest has evolved in
the systematic comparison of diagnostic techniques for
the detection of a PFO. This was prompted by the ob-
servation of an association between stroke of unknown
cause and the prevalence of a PFO.20 In these cohorts,
the sensitivity and specificity of c-TCD in detecting a
PFO compared with c-TEE as the reference standard
ranged from 0.68 to 1.0 and 0.82 to 1, respectively.9,21–28

The ranges of the sensitivity and specificity of c-TTE
were 0.47–0.63 and 0.78–1, respectively.13,21–23 How-
ever, the prevalence of a PFO is reported to be signifi-
cantly higher in patients with stroke of unknown cause
(up to 66%) as compared with both age-matched con-
trols and neurosurgical patients (10–33%).5,20,21,26 To
the best of our knowledge there has been no previous
prospective study comparing the diagnostic validity of
c-TCD and c-TTE in patients scheduled for a neurosurgi-
cal procedure in the sitting position.

The position of the patient, the amount of echo-con-
trast medium, and the time elapsed between injection of
the echo-contrast medium and the Valsalva maneuver
have been reported to influence the sensitivity of the
detection of a PFO.9,10 Therefore, a standardized proto-
col was used to ensure comparability of the techniques
and to achieve a maximal sensitivity and specificity.

In the present study, c-TCD had a sensitivity of 0.92.
This is in agreement with the highest values in the
literature.9,22,25–28 Of 24 patients with a PFO verified by

c-TEE, there were two false-negative results for c-TCD. In
both patients there was only a very small pressure PFO
with little crossover of the contrast medium during the
Valsalva maneuver.

A pressure PFO opens only if a pressure reversal oc-
curs in both atria, as is the case, for instance, during the
Valsalva maneuver. The main mechanism for an increase
of the right atrial pressure during neuroanesthesia in the
sitting position is the increase of pulmonary vascular
resistance caused by VAE.29–31 The risk of a paradoxical
air embolism in patients with a small, pressure PFO is
therefore not only dependent on the presence of the
PFO but on the relation of the amount of entrained air
and the size of the PFO. The slightly lower sensitivity of
c-TCD as compared with c-TEE is of little significance in
clinical routine.

However, patients with permanent PFO may be more
in danger to suffer from paradoxical embolism during
neurosurgical procedures. Studies regarding the topic of
differentiation pressure and permanent PFO have re-
vealed a proportion of pressure-dependent shunts of
50–60% of all detectable PFOs.32,33 However, the goal of
the present study was not to distinguish between per-
manent and pressure PFO, but to assess an individual
risk–benefit ratio concerning the sitting position. Taking
into account the relatively high rate of VAE during pro-
cedures in the sitting position, both patient groups (with
permanent and pressure PFO) may be at risk to suffer a
paradoxical air embolism.

Contrast-enhanced transthoracic echocardiography
has a lower sensitivity in detecting a PFO as compared
with c-TEE.13,22,23 This was confirmed by a sensitivity of
0.42 in the present study.

The experience level necessary to reliably use c-TCD
to screen for a PFO is relatively low because of the clear
visual and acoustic signs of the high-intensity transient
signals caused by contrast medium. As noted previously,
high-intensity transient signals caused by the contrast
medium can be easily distinguished from motion arti-
facts. However, in approximately 5–10% of the general
population and in up to 40% of female patients older
than 65 yr, it may be impossible to obtain an adequate
signal quality for c-TCD because of a thick temporal
bone.34 Increasing the power of the ultrasonic beam and
increasing the sample volume may help in this situation.

In conclusion, c-TCD is a highly sensitive and specific
method for detecting a PFO if a standardized protocol is
used. Because of its relative simplicity and noninvasive
character, and because of the aforementioned disadvan-
tages of c-TEE, c-TCD may be an acceptable alternative
method for the preoperative screening for a PFO.
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