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Introduction

Precise identification of anatomical landmarks and their 
variants, localization and delineation of the extent of lesions, 
and anticipation of surgical maneuvers to optimize surgical 
access and enhance dexterity are critical in the planning and 
execution of any surgical procedure. In spine surgery, these 
concepts are considered alongside four basic principles, 
defined by AOSpine, which can be universally applied to 
develop diagnostic and treatment strategies for different 
pathologies; these principles are: stability, alignment, 
function, and biology (1). Accordingly, the evolution of 
spine surgery has been accompanied by the development 
and adoption of numerous technological aids meant to allow 
surgeons to preserve and/or restore mechanical stability, 
alignment, integrity of neural tissues, and functionality. The 
objectives of implementing the use of such technological 
aids are multifold: on one hand, they allow for minimally 
invasive access to respect the biology and function of the 
surrounding tissues; on the other hand, they make possible 
a safe maximal resection of spinal cord lesions by favoring a 
better understanding the nature of lesion and its relationship 
with normal neural structures. Neuronavigation systems 
have been among the most prominent and successful of 
these technological tools, which rely on images acquired 
preoperatively or intraoperatively to guide the surgical team 
step by step along difficult procedures (2). Many imaging 
modalities can be employed to acquire baseline images; 
the most commonly used are computed tomography 
(CT) and magnetic resonance imaging (MRI), but more 
recently other modalities are also being employed, from 

preoperatively acquired metabolic imaging, as in the case of 
positron emission tomography (PET), to intraoperatively 
acquired ultrasound (IoUS) and immunofluorescence, based 
on 5-aminolevulinic acid or indocyanine green (3-7).

Since its inception, IoUS has evolved as a standalone 
option for real time image guided surgery and is now 
becoming more interconnected with other technological 
aids meant to ensure greater safety and accuracy. Herein 
we review the historical timeline of the diffusion of IoUS 
in spine surgery, aiming to better understand its utility 
in various applications, and describe the multitude of 
opportunities and challenges that it faces moving forward.

Diffusion of IoUS: historical timeline

The first attempts to introduce ultrasound in neurosurgery 
date back to 1951, but this diagnostic modality failed to 
become an established tool for the imaging of the brain 
and spinal cord over the following decades (8). Several 
issues, including anatomical constraints (due to the fact 
that high frequency ultrasound does not readily penetrate 
the skull and spinal laminae), and technical aspects (since 
the A-mode scanning available then presented problems of 
interpretation), prevented widespread application of this 
diagnostic tool to pathologies affecting the central nervous 
system (9). In a way, this represents a paradox in the history 
of medical ultrasonography, which rapidly pervaded the 
diagnostic approach to pathological conditions in many 
other medical specialties during the second half of last 
century (10). 
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Neurosurgical applications of IoUS, mostly related to 
brain space occupying lesions, were widely reported in the 
1980s; the widespread interest toward IoUS was due in part 
to the possibility of demonstrating various aspects of solido-
cystic lesions, including: septated fluid collections, areas of 
thick septations, nodularity and solid components. In 1978, 
Reid exploited the natural opening of the interlaminar 
window in a flexed neck and employed focused ultrasound 
to preoperatively evaluate the spinal cord in a patient with 
cystic astrocytoma: his experimental approach confirmed 
that the penetration and beam collimation of a 4.0-MHz 
transducer could well match the width of the interlaminar 
spaces (11). In the following years spine surgeons started 
publishing few reports regarding the intraoperative use of 
this imaging modality: Dohrmann and Rubin authored one 
of the first articles on this technique, describing a dynamic 
intraoperative imaging of the spinal cord using a real-
time ultrasound scanner (12). Their approach represents a 
cornerstone for today’s IoUS in spine surgery: in fact, they 
were the first to describe the possibility to “explore” the 
intradural space and with a 7.5-MHz transducer visualize 
the normal spinal cord, including the central canal and 
the dentate ligaments before opening the dura mater. 
The IoUS systems available at the time already allowed to 
visualize the anterior and posterior spinal arteries, define 
the fluid-filled cavities in patients with syringomyelia 
and assist the surgeons in draining and shunting them. 
Quencer and Montalvo, published an illustrative report 
on their observations concerning the normal spinal cord, 
its highly reflective dorsal and ventral surfaces, its uniform 
hypoechogenicity, and the presence of a central echo (13). 
The accurate depiction of normal intraoperative spine 
sonography and the possibility to use this knowledge 
to interpret many pathological conditions was deemed 
important for surgical guidance. Hence, those initial 
studies warranted further attempts to expand the use of 
IoUS initially to spinal cord cysts or cystic components of 
tumors, and later on to many other groups of intradural 
extramedullary tumors as well as those with both extradural 
and intradural components. In the early 1990s, Mimatsu 
et al. stressed the importance of using IoUS in ventrally 
located lesions, including meningiomas, neurilemmomas 
and dermoid cysts (14); whereas Kawakami et al. exploited 
IoUS to predict the degree of parenchymal infiltration in 
pediatric patients operated for spinal cord astrocytomas and 
ependymomas (15).

Thanks to advances in the sophistication of ultrasound 
techniques, Avila et al. and Kataoka et al. brought IoUS to 

the next level by introducing the use of color Doppler flow 
images, which provided improved delineation of all lesions 
compared with the images produced with standard gray-
scale IoUS (16,17). This expanded the range of application 
to vascular lesions such as hemangioblastomas, spinal dural 
arteriovenous fistulas, etc. The experience with IoUS of 
the spinal cord matured over the last two decades and is 
currently an established intraoperative companion for any 
experienced spinal surgeon.

Current applications in spine surgery

A number of modern devices for IoUS are currently on the 
market, those mobile units with dedicated transducers can 
easily serve in different surgical scenarios for both brain and 
spine surgery. With regards to IoUS for spinal surgery, the 
most appropriate transducer probes have usually a 20-mm or 
smaller diameter and a frequency range from 4 to 10 MHz,  
and allow to obtain images in both transverse and 
longitudinal planes. The scan probe is usually covered with 
sterile disposable plastic bags, and introduced in the surgical 
site following removal of the laminae and exposure of the 
dura. The surgical field should be filled with saline solution 
for acoustic coupling, and the probe does not need to be in 
contact with the dura or the spinal cord to obtain images.

The normal structure of the spinal canal that can be 
appreciated include the dura-arachnoid layer, subarachnoid 
space, denticulate ligament, dorsal arachnoid septations, 
ventral and dorsal roots, including those pertaining to the 
cauda equina. In addition to the clear definition of normal 
structures and pathologic lesions, IoUS allows a clear 
definition of iatrogenically introduced material including 
hemostatic agents, cottonoid pledgets, suture material, 
etc. The current literature on IoUS confirms that this 
methodology is safe and easy to use; it requires a short 
learning curve and can be used in many clinical scenarios 
(see Table 1 for a list of landmark papers supporting the 
multifold use of IoUS in today’s spinal surgery). 

Many authors have suggested that IoUS can ensure a 
satisfactory working corridor while reducing: (I) the incision 
dimension, (II) the need for intraoperative fluoroscopy, and 
(III) the number of laminectomies required to expose an 
intradural or discal pathology (25). Based on our personal 
surgical experience, we agree on all the above and advocate 
the use of IoUS not only for identification of the spinal 
pathologies operated, but also to confirm the degree of 
decompression of the neural structures (Figure 1), and guide 
during screw insertion in instrumented spinal surgery (42,43). 
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Challenges and future opportunities

IoUS is now widely available and relatively inexpensive 
compared to other imaging modalities, but it suffers 
from major limitations such as the lack of orientation and 
panoramic view; to overcome these shortcomings, fusion of 
preoperative MRI and IoUS images has been proposed (44).  
In fact, the intrinsically high resolution of IoUS, associated 
with complementary imaging technologies, could provide 
a powerful means of quantitatively monitoring changes 
in anatomy, structure, physiology and function of the 
living cord over time after onset of disease, or therapeutic 
intervention (45). Protocols for fusion of IoUS images 
are the same used for intraoperative acquisition of CT 
images and their fusion on preoperative MRI: in both 
cases the imaging modality adopted intraoperatively 
serves to recalibrate the navigated MRI imaging, and by 
continuously updating the two modalities to adjust for 
artifacts and distortions due to technical issues or anatomic 
structures (i.e., adjacent bone, hemosiderin, etc.) (46,47). 
Whereas integrated systems already allow for a true real-

time feedback during surgery, the possibility to optimize 
the imaging definition with the use of innovative contrast 
agents could move forward the state of the art of IoUS. 
Microbubbles and nanoparticles contrast agents (CA) 
have been recently proposed as the latest innovation for 
ultrasound imaging: following endovenous administration 
they are free to circulate in the blood stream and, because of 
their micrometer or nanometer size and the binding ligands 
on their surfaces, can bypass vascular endothelial cells and 
accumulate at tissue sites that overexpress those molecular 
targets (48-51).

Of note, the fragility of spinal cord compared to brain 
parenchyma has represented the main limitation to the use of 
ultrasound elastography in spinal cord surgery. Elastography 
measures tissue strain, which can be interpreted under 
certain simplifying assumptions to be representative of the 
underlying stiffness distribution: this appears particularly 
useful in the surgical approach to tumors which tend to 
have a different stiffness to healthy tissue, and has also 
shown potential to provide indication of the degree of 

Table 1 Surgical indications to the use of IoUS

Pathology Experimental and clinical evidence

Dysraphism and cerebrospinal fluid disorders

Chiari malformation; diastematomyelia (split cord); tethered cord; 
lipomyelomeningoceles and other lipomas; syringomyelia; cystic 
dilatation ventriculus terminalis

Brock et al. (18), Fan et al. (19), Cui et al. (20), Cokluk et al. (21), 
Aschoff et al. (22), Ganau et al. (23), Zhang et al. (24)

Tumors and other space occupying lesions

Astrocytomas, ependymomas, meningiomas, schwannomas, 
cavernomas

Harel et al. (25), Zhou et al. (26), Shamov et al. (27), Nicácio et al. (28), 
Friedman et al. (29)

Functional

Cerebral palsy Oki et al. (30), Graham et al. (31)

Trauma

Acute spinal cord injuries Hamamoto et al. (32), Soubeyrand et al. (33), Huang et al. (34), 
Westergren et al. (35)

Vascular

Dural fistulas and spinal arterio-venous malformations Prada et al. (36), Della Pepa et al. (37)

Degenerative

Rheumatoid arthritis and pseudotumors, synovial cysts, disc 
herniations, spinal stenosis

Chibbaro et al. (38), Alaqeel et al. (39), Ganau et al. (40), Nishimura 
et al. (41)

Pedicle screw instrumentation

Spinal instability Aly et al. (42)

IoUS, intraoperatively acquired ultrasound.
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bonding at tumor-tissue boundaries, which is clinically 
useful because of its dependence on tumor pathology 
grade and aggressiveness (52). The external compression 
to the tissue studied by quasistatic elastography made this 
kind of investigation not suitable for spinal cord lesions. 
Nonetheless the introduction of related techniques, based 
on acoustic radiation force impulse imaging and shear-
wave elasticity imaging, allowed to overcome this limitation 
and to reconstruct 2-D and 3-D stiffness maps of a given 
tissue (53). Those new concepts have been recently 
extended also to the field of neurosurgery; for instance Uff 
et al. demonstrated that elastograms can be successfully 
generated in the spinal cord using vascular pulsations to 
generate internal strains: their results revealed a correlation 
between strain data and the surgeon’s assessment of the 
stiffness of the tissues; furthermore they found that areas of 
reduction in cross-correlation coefficient and very high axial 
strain at tumor boundaries predicted cleavage planes (54). 
Hopefully fine tuning of the methodologies for ultrasound 
elastography will bring additional benefits to IoUS systems: 
this will enhance our ability to predict the stiffness of spinal 
cord lesions and identify their dissection planes, both of 
which will eventually lead to safer surgery especially in case 

of small lesions such as intramedullary cavernomas.

Conclusions

The optimization of neuronavigation systems and the 
introduction of IoUS for spine surgery have been fostered 
by numerous advancements in several scientific fields 
(including: biomedical engineering, imaging, electronics, 
nanotechnology, etc.). Those technological aids serve 
now as an excellent tool for surgical planning and help 
spine surgeons to preserve vital structures encountered 
intraoperatively. Being a real time imaging modality, 
IoUS has the advantage over other preoperative imaging 
modalities, to take into account intraoperative changes, 
therefore it appears to be a reliable tool for image-guided 
spine surgery for intradural pathologies and to localize and 
visualize non-intradural pathologies. As such, many spine 
surgeons all over the world are now utilizing IoUS in their 
practice, this trend should foster the incorporation of IoUS 
in spinal training and fellowship programs; in fact, the use 
of IoUS is likely to further increase in the coming decade 
when the use of ultrasonic contrast agents will further 
enhance the definition of images acquired intraoperatively.

Figure 1 Axial (A) and sagittal (B) preoperative MRI, axial (C) and sagittal (D) IoUS showing a spinal cord injury due to mechanical fall in 
a patient with severe degenerative cervical myelopathy associated with continuous ossification of the posterior longitudinal ligament. The 
spinal cord (asterisks) appears squashed into a very narrow spinal canal and compressed by the OPLL (arrows) in the preoperative MRI. 
Following extensive laminectomy, the IoUS shows a satisfactory decompression of the spinal cord and its retropulsion. MRI, magnetic 
resonance imaging; IoUS, intraoperative ultrasound;  OPLL, ossification of posterior longitudinal ligament.
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