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Abstract
Transcranial sonography (TCS) is an ultrasound-based imaging technique, which allows the identification of several structures within the brain parenchyma. In the past it has been applied for bedside assessment of different intracranial pathologies in children. Presently, TCS is also used on adult patients to diagnose intracranial space occupying lesions of various origins, intracranial hemorrhage, hydrocephalus, midline shift and neurodegenerative movement disorders, in both acute and chronic clinical settings. In comparison with conventional neuroimaging methods (such as computed tomography or magnetic resonance), TCS has the advantages of low costs, short investigation times, repeatability, and bedside availability. These noninvasive characteristics, together with the possibility of offering a continuous patient neuro-monitoring system, determine its applicability in the monitoring of multiple emergency and non-emergency settings. Currently, TCS is a still underestimated imaging modality that requires a wider diffusion and a qualified training process. In this review we focused on the main indications of TCS for the assessment of acute neurologic disorders in intensive care unit.
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INTRODUCTION
Definitions

In the last years, due to new ultrasounds technology, echographic imaging of the brain parenchyma has been obtained not only in children, but also in adults. Several authors have found a good visualization of cerebral structures using transcranial B-mode ultrasounds through a transtemporal approach [transcranial sonography (TCS)]. 

In the past, the skull was considered unsuitable for sonographic examination because of its thick structure. Aaslid et al[1] described a “temporal window”, the thinner part of the temporal bone located just above the zygomatic arch, and observed that low-frequency ultrasounds may well penetrate inside the skull in this zone. Since then, TCS has been proposed for bedside identification of many different intracranial pathologies, in both acute and chronic settings, such as intracranial space occupying lesions of various origins (intracranial hemorrhage), hydrocephalus, midline shift and neurodegenerative movement disorders. In comparison with conventional neuroimaging methods such as computed tomography (CT) and Magnetic Resonance, TCS has the advantages of low costs, short investigation times, repeatability, and bedside availability. These noninvasive characteristics, together with the possibility of offering a continuous patient neuro-monitoring system, determine its wide applicability in the monitoring of multiple emergency settings including Intensive Care Units, trauma centers and the context of emergency transportations (i.e., aeromedical flights, helicopter transfers, etc.)[2,3].

The main limitation of TCS is its dependence to an adequate temporal acoustic window. In fact, between 5%-18% of patients the exam is not feasible due to a particularly thick structure of the temporal bone[4]. Higher percentage of failure rate was described in people of Asian ethnic origin[5]. 

In this context, patients with skull defects, such as those who underwent decompressive craniectomy, allow a very accurate assessment of brain parenchyma by TCS[2]. 

In this review, we summarize the usefulness of this technique for the assessment of acute neurological disorders in the intensive care unit, describing proposed indications, technical considerations, main advantages and limitations. 

TCS technique

The patient lies in a supine position, and the examiner usually sits at the head of the examination table, firmly positioning the ultrasound probe on the temporal zone. The location of the acoustic window may be variable. In fact, it can be either located in the anterior part of the temporal bone, close to the vertical portion of the zygomatic bone, or, more frequently, posteriorly and close to the pinna of the ear. A low-frequency probe with a 2.0-2.5 MHz phased array transducers is appropriate to insonate the brain through the intact skull. In case of decompressive craniectomy, a standard abdominal convex phased-array probe with a mean central frequency of 4 MHz and an abdominal setting can be used. 

Usually, the examination starts with the identification of the mesencephalic brainstem in the axial plane parallel to the “orbitomeatal line”, so to obtain CT-like images (Midbrain transverse scan; Figures 1 and 2). The butterfly-shaped mesencephalic brainstem surrounded by the echogenic basal cisterns is the “landmark” of this scan, and can be observed in 90%-95% of the patients.

  Tilting the probe about 10° upwards, a diencephalic transverse scan may be obtained. In this section, the third ventricle can be visualized as a highly echogenic double-line image, due to ipsilateral and controlateral inner layer of the hyperechogenic ependima (Figures 2-4). 

Just posteriorly, thalami are depicted as hypoecogen/hysoecogen structures surrounding the third ventricle (Figure 2). Anteriorly, the frontal horn of the contralateral lateral ventricle is visualized as hypoechogenic structure, well visible between two parallel lines corresponding to the medial and lateral layer of the ependima (Figure 4). At this plane, the largest transverse diameters of the third ventricle and of the frontal horns of the contralateral lateral ventricle may be measured[6,7]. It may be useful to pay attention that image is generated by a sectorial probe, and the proportions are different in the central and in the lateral part of the image. Thus, lateral ventricle ipsilateral to the probe is often depicted at the same depth of the third ventricle.

The insonation planes are usually the midbrain and diencephalic transverse ones, even though the coronal orientation has been described. A free hand multiplanar approach has been observed, especially on surgically decompressed patients[2], and attempts of standardized approaches have been reported[8]. A standardization of insonation planes would be very useful for comparison and follow-up of sonographic findings.

With the blind technique, landmarks regularly visualized, even in moderate sonographic conditions (identification rates of > 75%) are mesencephalon, pons, third ventricle, lateral ventricles, falx, thalamus, basal ganglia, pineal gland and temporal lobe[7]. Moreover, ultrasound (US) perfusion imaging can be enhanced by the application of echo-contrast harmonic imaging modalities[9,10].

CLINICAL APPLICATION

Intracranial hemorrhage

In spontaneous or traumatic cerebral hemorrhage (ICH), hematoma enlargement is the most important modifiable prognostic factor; thus, monitoring of the volume of the hemorrhage is the first priority in the acute phase[11,12].

CT’s widespread acute availability makes it the primary diagnostic modality for ICH. However, in the first hours after the diagnosis, TCS may be very useful to monitor an early ICH enlargement. In fact, TCS allows the visualization of acute ICH, as an hyperechoic sharply demarcated mass within the brain parenchyma. The accuracy is limited to the first 4-6 d after the onset of the ICH, when the hematoma remains more echogenic than the surrounding brain tissue. 

Several authors studied the correlation between CT and TCS in cerebral hemorrhage. Seidel confirmed CT diagnosis by TCS in 18/23 cases (78%)[9]. Mäurer et al[13] published a study on TCS in 151 stroke patients correctly differentiating between ischemia and hemorrhage in 95%. 12% had an insufficient temporal bone window for transcranial insonation.

Perez et al[14] prospectively studied 46 patients with supratentorial ICH evaluated within 3 h of onset. In 8 cases ICH was not observed by TCS: 5 patients showed a small-sized ICH on CT, and in 3 cases hematoma was located in brainstem or in cerebellum. In the remaining patients a very good correlation was observed for each diameter of the mass and for total hematoma volume (r = 0.82, P < 0.001). 

TCS was also evaluated to detect hemorrhagic transformation in the early phase of ischemic stroke. Seidel et al[15] found an excellent correlation between TCS and CT on 20 patients with hemorrhagic transformation; in 2 cases small cortical hematoma was not diagnosed. 

From these data, TCS seems an interesting option for ICH monitoring; actually, its accuracy appears insufficient to support therapeutic decisions in the acute setting.

Recent studies evaluated the impact of echo contrast agents on visualization of ICH by TCS. By using ultrasound perfusion imaging, Kern et al[16] observed a reduction in contrast agent arrival in the ICH core, which led to better delineation of the lesion borders from adjacent tissue. Correlation with CT was very good (r = 0.94, 95%CI: 0.81-0.98, P < 0.001). Similar results were reported by Vicenzini[17] and Kern[18]. 

US perfusion imaging has a wide diffusion in myocardial, renal and musculoskeletal tissue, and might be an option even for brain under difficult insonation conditions; actually, the real advantage of this technique on TCS is still unknown. 

Epidural and Subdural hemorrhage 

Epidural and subdural hematoma (EDH, SDH) are potentially life-threatening complications after severe, moderate and mild traumatic brain injury. If undetected and untreated, they may lead to progressive transtentorial herniation with loss of consciousness, pupillary dilation, and further neurologic deficits. In EDH-patients, the CT scan remains the diagnostic gold standard, but early bedside detection of acute EDH by TCS has been described[19]. By using a midbrain transverse scan, contralateral skull became well visible even in absence of decompressive craniectomy, and an epidural hematoma can be observed as an hyperechogenic image just inside the skull (Figures 5-7). Prospective data on usefulness of this technique for EDH detection are lacking and should be encouraged. 

The extent of SDH has also been diagnosed and monitored by TCS [20]. In particular, SDH has been quantified by measuring the distance between the skull and the dural border of the arachnoid, described as a highly echogenic membrane. In this context, Niesen et al[20] reliably detected SDH in 22 of the 25 patients with confirmed SDH (88%). In the remaining 3 patients, the temporal bone window was insufficient for TGS investigation. Extent of SDH measured by CT and TCS correlated linearly (r = 0.849)[20].
In conclusion, TCS, when performed by a trained sonographer, may represent a possible method for noninvasively monitoring early hematoma growth at the bedside of patients with or without skull defects, with the role of complementing the CT scan diagnostic technique.

Midline shift 

In the diencephalic transverse scan, midline dislocation (MLD) and hydrocephalus can be diagnosed through TCS scanning. The MLD can be observed and measured through two different methods. 

According to the method described by Seidel et al[7], the third ventricle should be considered as a marker of the midline. The distance between third ventricle and external side of the temporal bone (A), needs to be measured. The same calculation can be repeated for the contralateral side (B). A MLD of the third ventricle is then estimated according to the formula MLD = (A - B)/2. 

In that study, a reproducibility of sonographic MLD measurements corresponding to 0.3 ± 0.2 mm was reached in 10 healthy volunteers. This technique has been widely investigated by several studies in patients with acute cerebrovascular disease and after traumatic brain injury, and a very good correlation between sonographic and CT measurement of MLD are reported[21-23].  

After decompressive craniectomy this method may be difficult. Bone defects, temporal cephalhematomas, or changes in intracranial anatomy secondary to trauma may all induce bias in the measure. In such a condition, Caricato et al[2] described a further method to visualize the MLD. This technique has shown an excellent agreement with CT scan measurements. In an axial plane, the midline, defined as the line between the two lateral ventricles, is measured by a convex probe with an abdominal preset. After localizing the falx cerebri, both on frontal and occipital sides, the distance between the extension of falx and the interventricular line is assessed; the present measurement is the MLD (Figure 8). The last method, which is still to be externally validated, seems rather simple and accurate because measurements are obtained on direct observa​tion of the images and not by indirect mathematical calculations.

Hydrocephalus

Posthemorrhagic hydrocephalus is a frequent complication after subarachnoid hemorrhage or parenchymal hemorrhage; furthermore external ventricular drainage may be necessary after severe traumatic injury to control intracranial hypertension. In these conditions, direct visualization of cerebral ventricles may be required, and critical patients have to be moved to radiology for CT scan.

In this context, TCS may be an useful option. In fact, previous studies compared sonographic and CT measurements of ventricular diameters, founding a good agreement. This was observed in particular for the measurement of third ventricle, that is depicted in a plane orthogonal to the probe, and doesn’t need angle correction. As we reported above, direct measurement of lateral ventricles is more difficult since its angle with the probe, and a generally moderate correlation with CT scan is reported. Actually, Kiphuth et al[21] observed that TCS was a reliable technique to predict the need of cerebrospinal fluid drainage. In patients with external ventricular drainage (EVD), they estimated that a cut-off value of an increase of 5.5 mm in ventricle width after clamping had an high sensitivity (100%) and negative predictive value (100%). They suggested that an increase in ventricular width lower than the cut-off was an indication for a safe removal of EVD.

In conclusion, even if the technique still requires a wide validation, it seems to be an interesting option when repetitive CT measurement have to be performed to monitor obstructive hydrocephalus in intensive care Unit.

Evaluation of intracranial hypertension

Optic nerve sheath diameter: Measurement of optic nerve sheath diameter has been proposed as a measure of increased intracranial pressure in a variety of settings[24-26]. In fact, the sheath around the optic nerve is a continuation of the dura; thus, a rise in ICP is transmitted to the optic nerve, eventually resulting in swelling of the optic disc and in a sheath diameter grater than the normal. The technique is easy and a quick learning curve is described. According with Cennamo et al[27], patients were examined in the supine position. Using a 7.5-MHz linear probe on the closed upper eyelid, the optic nerve was visualized as a linear hypoechoic structure with clearly defined margins posterior to the globe. Sheath diameter was measured 3.00 mm behind the globe, and a value greater than 5.00 mm was considered abnormal. 
The technique has been described more than 20 years ago; even if some criticism should be considered[28], it is proposed as screening test to rule out intracranial hypertension noninvasively at the bedside. 

CONCLUSION
In neurointensive care transcranial Doppler is often used for the evaluation of the cerebral blood flow, diagnosis and monitoring of vasospasm, and autoregulation in patients with different types of brain injury. Beyond the classic indications of transcranial doppler, B-mode ultrasounds can be used as imaging technique to monitor patients in ICU, and may often reduce the indication to CT scan. In this review we summarized the main indications for TCS in intensive care unit. In our opinion, it is a still underestimated imaging modality that requires a wider diffusion. As for any other sonographic assessment, TCS is a highly user-dependent technique, and requires expertise to perform accurate evaluation. In this context, physicians working in neurologic intensive care medicine should be trained not only to apply Doppler methods for investigation of cerebral vessels but also in transcranial B-mode sonography; further studies should be encouraged for a better comprehension of usefulness and limits of this technique as option to brain CT. 
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FIGURE LEGENDS
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Figure 1  Midbrain transverse scan. The butterfly-shaped mesencephalic brainstem surrounded by the echogenic basal cisterns is shown in the circle. 
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Figure 2  Diencephalic transverse scan. The third ventricle can be visualized as a highly echogenic double-line image (arrow head on the left). Mesencephalon is indicated by the arrow head on the right. T: Thalamus.
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Figure 3  Third ventricle. A: Diencephalic transverse scan. A small enlargement (12 mm) of third ventricle is shown (arrow); B: Third ventricle in computed tomography (CT). CT scan correspondent of Figure 3A is shown. 
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Figure 4  Lateral ventricles. A: Lateral ventricles in echography. Frontal horns of lateral ventricles are visualized as hypoechogenic structure, well visible between two parallel lines corresponding to the medial and lateral layer of the ependima. The three parallel lines correspond to lateral layers of ependima and septum pellucidum. The image is generated by a sectorial probe, and lateral ventricle ipsilateral to the probe is depicted at the same depth of the third ventricle. Arrow shows third ventricle, Small arrow heads on the left show frontal horns of lateral ventricles; B: Lateral ventricles in computed tomography (CT). CT scan of lateral ventricles correspondent of Figure 4A is shown.
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Figure 5  Epidural hematoma in echography. A: Epidural hematoma. A small epidural hematoma (arrow on the right) is shown as an hyperechogenic image just inside the skull. Arrow on the left indicates mesencephalon; B: Epidural hematoma. The same epidural hematoma of Figure A (arrow) 1 h later. White arrow indicates mesencephalon.
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Figure 6  Epidural hematoma in decompressive craniectomy. A small acute epidural hematoma is shown as a hyperechogenic mass lesion controlateral to decompressive craniectomy.
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Figure 7  Midline shift in decompressive craniectomy. Images obtained through decompressive craniectomy. Midline was identified with the interventricular line. The distance between the extension of falx and the interventricular line was measured as midline shift (MLS). In the case on the left (A), the extension of the falx exactly overlaps with the interventricular line (dark line). On the right (B), MLS caused by a temporal hematoma is shown. 

[image: image8.png]



Figure 8  Optic nerve sheath diameter. Using a 7.5-MHz linear probe on the closed upper eyelid, the optic nerve was visualized as a linear hypoechoic structure with clearly defined margins posterior to the globe. Sheath diameter was measured 3 mm behind the globe. ONSD: Optic nerve sheath diameter.
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