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Abstract

Surgery is routinely performed to decompress the spinal cord. While a number of imaging modalities are currently used in
the perioperative setting of surgical spinal cord decompression including computed tomography scan and magnetic resonance
imaging, ultrasound (US) usage is relatively new. Therefore, only a few studies in the literature describe its value in the periop-
erative setting. US is a simple, safe, rapid, non-invasive, and inexpensive modality that constitutes a potential alternative when
other modalities are not suitable or unavailable. It enables surgeons to generate high-resolution real-time images that can aid
in diagnosing pathologies, guiding surgeries, and evaluating surgical outcomes. This review discusses the present literature
and utility of pre-, intra-, and post-operative US in patients undergoing surgical spinal decompression. We also delineate three
cases in which US was utilized at King Saud University hospital, which is considered one of the first centers in our region to

report the use of US to guide treatment in spine surgery.
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Introduction

Compression of the spinal cord due to trauma or de-
generation can lead to progressive clinical symptoms,
such as back pain, numbness, and limb paralysis below
the compression site [1]. The posterior arch of the verte-
bral bone (lamina) can in some cases compress the spinal
cord, necessitating removal of the offending section of
bone. Surgery is the usual treatment for all types of spi-
nal compression, as pressure on pinched nerves must be
relieved to facilitate recovery of spinal cord function [1].
Prior to surgical interventions, neurologists and radiolo-
gists commonly employed X-rays, computed tomography
(CT) scans, and magnetic resonance imaging (MRI) to
guide therapeutic decisions. The introduction of high-res-
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olution, real-time ultrasound (US) scanners in the 1980s
allowed for the visualization of physiological motion as it
happens, which made its utility in the intra-operative set-
ting possible [2]. Since then, US has been routinely used
to image the spine in order to assess the effectiveness of
decompression and determine the configuration of the
spinal cord [3]. Unlike CT scans or X-rays, US does not
require the use of potentially dangerous ionizing radiation
[4], and it can be used to generate real-time images.

In their review of imaging techniques employed in
spinal surgery, Sanders et al [5] identified that imaging
strategies should be flexible enough to be used in the pre-,
intra-, and post-operative care of patients. Therefore, US
needs to meet these criteria in order to establish its benefit
over other imaging modalities. In this paper we will dis-
cuss the history and the expanding use of US, review the
literature on the utilitiy of pre-, intra-, and post-operative
US in spinal surgery, and define its efficacy in comparison
to other radiographic modalities in such cases.

History of spinal US
US has been employed as a medical imaging modality

since the 1940s, when the introduction of the ‘brightness’
(B) mode allowed the production of two-dimensional im-
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ages. US uses high-frequency sound waves emitted by a
transducer and reflected back from organs and tissues to
provide an image on a screen [6]. It was first employed to
image breast cancer patients [7]. It is currently commonly
utilized to assess fetal growth and morphology, identify
tumors, and analyze bone structure. More importantly,
because US does not involve the use of ionizing radia-
tion or high power levels that can heat tissue, it poses no
known risk to the patient [8]. It was the appearance of
real-time US in the 1980s that stimulated surgeons to be-
gin to employ US in diagnosing, evaluating, and guiding
the treatment of patients with spinal cord compression.

Pre-operative US

US is not the technique of choice for pre-operative
assessment of spinal cord compression and damage. Al-
though US can sensitively detect incomplete soft tissue
injuries [6], MRI is better suited for direct imaging of the
spinal cord and the subarachnoid space due to its ability
to delineate different tissue types and provide accurate
identification of herniations and stenosis in the lumbar
and cervical spine [9]. Moreover, MRI can be obtained in
multiple planes with different weights, offering a consid-
erable amount of information. However, not all institu-
tions have ready access to CT and MRI equipment, and
US can fill this gap. Schwartz [6] presented a case study
that demonstrated pre-operative paraspinal US as a vi-
able alternative to MRI. Paraspinal US had an 80% true
positive rate and a 20% false positive rate. The author
concluded that pre-operative diagnostic US represented
a good alternative clinical tool when MRI is not deemed
suitable.

Moreover, patients who are not candidates to undergo
MR, like patients with implanted devices, such as pace-
makers, aneurysm clips, or neurostimulators, as well as
those who decline to undergo CT scans, may benefit from
US in the pre-operative setting. US is also considered the
first-line screening test for neonates and infants [10,11].
It does not require sedation or general anesthesia, as it
does not mandate the patient to remain still, making it
particularly suitable for infants and children. In one
study, the authors compared 38 spinal US scans from 30
infants (mean age of 5.5 months) to corresponding MRIs
and found that 32/38 (84%) of US scans led to the same
diagnosis as MRI, 5/38 (13%) of US scans identified the
primary abnormality but missed additional findings re-
vealed by MRI, and 1/38 did not result in consensus [12].
Notably, there were no false positives or negatives.

Another caveat of MRI is that it is usually performed
while the patients are lying supine with their hips and
knees flexed [13]. This posture can alter spinal canal di-

mensions and may mask compression, especially that of
nerve roots. Additionally, US may be useful in diagnos-
ing problems associated with standing in some instances.

Intra-operative US

Although CT and MRI have the upper hand before
and after surgery, US is particularly useful during the op-
eration. During spinal procedures and after the removal
of the lamina (laminectomy), the US probe can be point-
ed directly at the area of interest, allowing US scanning
to be performed repeatedly throughout the operation to
monitor its progress [14,15]. Given the US’s sensitivity
to detect fluid and its movement, it can detect motion of
the spinal cord in the cerebrospinal fluid. This is impor-
tant because it is an indirect index of spinal compression.
The arteries that feed the spinal cord are in close proxim-
ity to it, and they can also be affected by compression. A
compressed spinal cord exhibits high-frequency rhythmic
movements that are transmitted from the compressed spi-
nal arteries. Therefore, the magnitude of high-frequency
spinal cord motion correlates with the degree and level
of compression [16]. Specifically, higher compression is
associated with reduced movement. Until the advent of
intra-operative US, there was no accurate way to assess
this phenomenon as the surgeon’s view is limited only to
the surgical field. However, with its employment intra-
operatively, spinal cord and dura mater motion can be
observed with US following laminectomy.

Imamura et al [17] reported the use of US during
spinal decompression surgery to generate images of
deep-lying structures during anterior cervical surgi-
cal approach. These structures are difficult to visualize
without US. The authors concluded that US allowed for
the optimal approach to be used, resulting in successful
spinal decompression with the removal of the posterior
longitudinal ligament, which may participate in cord
compression in some cases. Lerch et al [18] reported a
case study involving 22 patients with traumatic compres-
sion (stenosis) of the spinal canal. Intra-operative US was
used to control the surgery and the authors concluded that
US was an important tool to monitor the spinal canal and
to aid in decompression surgery. Others authors have
employed intra-operative US for oblique cervical corpec-
tomy (OCC) to treat compressive cervical myelopathy.
In one study, a total of 24 patients who underwent OCC
were compared to 16 patients who did not have US dur-
ing surgery [19]. The authors found that US successfully
identified the vertebral artery (VA) in all patients, re-
sidual cord compression in 6 patients (27%), but missed
compression in 2 patients (9%). They concluded that al-
though intra-operative US was useful for determining the
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location of the VA and the best trajectory for the cervical
approach, it had a limited utility in patients with residual
ossification causing shadows and/or artefacts.

Some studies have demonstrated the efficacy of intra-
operative US in improving patients’ outcome. A retro-
spective study demonstrated that intra-operative US was
effective for posterior decompression and instrumented
fusion to treat thoracic myelopathy caused by ossification
of the posterior longitudinal ligament (OPLL). US use
during surgery revealed that although posterior laminec-
tomy was sufficient to decompress the spine of 6 patients,
12 others required additional circumferential interven-
tion [20]. Another study of patients with OPLL described
the utility of US in evaluating posterior spinal cord shift
following cervical cord surgical decompression [21]. No-
tably, one group reported that dural pulsation on intra-
operative US is not a good indicator of sufficient decom-
pression and should be used in conjunction with other
markers of cord compression [22].

Due to its inherent abilities to visualize fluid and its
movement, US is useful for intra-operative evaluation
of cranio-cervical decompression in patients with Chiari
malformation (CM). One study prospectively assessed
16 CM patients with persistent syringomyelia following
previous cranio-cervical decompression, in which US
was performed during the surgery to observe the cerebel-
lar tonsils and syrinx wall motion, as well as measure
the intra-cranial and lumbar intra-thecal pressures before
and after opening and placing a graft [23]. The authors
reported that US was useful for confirming tonsillar de-
scent in these patients. US can also give neurosurgeons
the ability to determine the effectiveness of shunt place-
ment in patients with syringomyelia [14].

In a retrospective Japanese study, the authors as-
sessed the potential of pre-operative radiography to pre-
dict spinal cord floating after decompression as shown
by intra-operative US [24]. The authors concluded that
intra-operative US was superior in predicting the clinical
outcome of cervical expansive laminoplasty than post-
operative MRI, which is crucial for evaluating the limi-
tations of posterior decompression. Another group that
used US to divide patients undergoing indirect posterior
decompression with corrective fusion into two groups
(floating and non-floating spinal cord) failed to demon-
strate a statistically significant difference in outcomes
between the two groups [25].

Matsuyama et al [26] used intra-operative US during
cervical laminoplasty in 80 consecutive patients with cer-
vical compressive myelopathy to determine whether in-
tra-operative US findings were relevant to pre-operative
conditions, assessed by MRI, and post-operative neuro-
logical recovery. They used US to classify the patients

into four grades according to the restoration pattern of
the ventral space to the cord. They also examined cord
pulsation and compression type. Their results demon-
strated that intra-operative US usage during laminoplasty
to correct compressive myelopathy is very useful for con-
firming spinal cord decompression status. A similar study
which evaluated the utility of US in 20 patients with spi-
nal stenosis due to bony fragments or tumors showed that
US was useful for delineating the posterior vertebral wall,
tumor, and myelopathy, which allowed surgeons to guide
their instruments and perform complete cord decompres-
sion [27]. Various other studies have also demonstrated
that US is particularly useful for confirming optimal de-
compression intra-operatively [28-30].

US can be applied to other scenarios besides evaluat-
ing cord decompression. One report described the util-
ity of intra-operative US to ascertain the bone-removing
width and determine whether the remaining material
(e.g., posterior lateral osteophytes and hernia prolapse)
continued to compress the cord [31]. US is also appli-
cable to spinal trauma patients. The authors of a study
involving a group of 39 spinal trauma patients reported
that intra-operative US can detect bone fragments, spinal
malalignment, cord or thecal sac compression, foreign
bodies, and late complications of spinal trauma (e.g.,
traumatic intramedullary and subarachnoid cysts) [32].
The authors employed US to guide shunting and recom-
mended its routine use in spinal trauma patients.

King Saud University Experience

At King Saud University we were one of the first
centers in our region to use US to guide our surgical
treatment plan. This was performed mainly by Dr. Amro
Al-Habib and his team at King Saud University, Riyadh,
Saudi Arabia. Here we are presenting three educational
cases where we used US to guide our surgical plan (fig
1-3).

Comparison of intra-operative US with other intra-

operative techniques

It is clear that real-time intra-operative use of MRI
and CT scans is not possible due to the inherent nature
of these techniques. Myelography is one tool that can be
used in the operating suite similarly to US. This method
involves the injection of a radiographic contrast medium
and subsequent fluoroscopy. It is touted as an intra-op-
erative method that is readily available at most institu-
tions and is less susceptible to the operator variability
seen with US [33]. However, in a study performed on 46
cases, the authors concluded that intra-operative US is
superior to myelography in patients with thoracolumbar
spine fractures. Yet, they underscored the need to com-
plement US with intraoperative X-rays and highly pre-
cise pre-operative CT scanning [34].
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Fig 1. 30-year-old lady involved in a motor vehicle collision. She developed ASIA-A spinal cord injury secondary to
T1-2 traumatic subluxation. a, b, ¢) pre-operative CT and MRI showing T1-2 subluxation; d) Intra-operative US fol-
lowing laminectomy and before reduction confirming subluxation; e) Intra-operative US confirming reduction; f) Post-
operative CT showing reduction; g) Intra-operative x-ray was not sufficient to confirm reduction.

Rlm— - N -. Whe i
Fig 2. 35-year-old male presented with low back pain. a) Pre-operative MRI showing lumbar intradural tumor; b) Intra-
operative US following laminectomy. It showed sufficient exposure above the tumor (thick arrow) but not below it (thin ar-
row). ¢) Following more bone exposure, intra-operative US showed adequate tumor exposure prior to dural opening; d) In-

tra-operative monitoring during surgical resection; ¢) Total tumor resection. Pathology was consistent with paraganglioma.

Fig 3. 2.5-year-old girl treated from rhabdomyosar-
coma. a) Pre-operative MRI showing lumbar extra-
dural tumor compressing the conus medullaris; b) In-
tra-operative US following laminectomy and tumor
removal confirming normal anatomy of the conus
(small arrow) and cauda equina (large arrow).
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Post-operative US

As in the pre-operative setting, US is not the first-line
imaging modality for post-operative imaging in patients
able to undergo CT scanning or MRI. However, US is
useful in identifying the development of tears, abscesses,
and areas of fluid collection after surgery [5,9]. It can
also confirm adequate positioning of shunts as well as

diagnose tumor recurrence [35]. Kendi et al [36] dem-
onstrated the efficacy of post-operative spinal US in a
patient with diastematomyelia and a tethered cord. As de-
scribed before, US is also an important imaging modality
for assessing infants and children who have undergone
spinal surgery.

Examples of US efficacy in pre-, intra-, and post-op-
erative spinal surgery are outlined in Table 1.

Table I. Advantages of ultrasonography imaging in spinal cord surgery

Pre-operative

Advantage Details/Application References
Clear imagery « US enables catheter placement in the right jugular vein in preparation for posterior cervi- [37]
cal decompression.
» US has been used to distinguish osseous structures versus paraspinal soft tissue struc- [38]
tures in cadavers.
Sensitive and specific  + US has a sensitivity of 0.95 and a specificity of 0.38 for detecting deteriorated disc, [39]
method values which are comparable to those achieved with MRI.
Well-established * US has been used since the 1940s when the introduction of ‘brightness mode’ allowed [6]
technique for 2D representation of tissue samples.
« US has been widely available in most hospitals for over two decades. [40]
Non-invasive * US can be used to diagnose spinal conditions in patients where exploratory surgery [10,11,23,
would carry an increased risk or in situations where CT scanning or MRI are not available 41,42]
or suitable.
Reliable » US shows good test-retest reliability for measuring kyphosis within 24 hours. [43]
Cost-effective * Diagnostic US is far less expensive than other imaging modalities, such as MRI. [6]
Intra-operative
Easy maneuverability —+ US-guided biopsy can be utilized for malignant intramedullary spinal cord lesions and ~ [44]
for subsequent spinal cord decompression assessment.
High resolution, real- + US visualization can guide successful laminectomy surgeries for spinal decompression  [45]
time imagery and removal of malignant tumors from the upper cervical spinal cord.
» US can be used to confirm spinal decompression in patients with thoracic and cervical [19,22,25,26,
spondylotic myelopathy and lumbar stenosis. 28,29,33, 46]
* US can be used to detect syringomyelia. [23]
Non-invasive » US-derived images do not require surgery and the technique can aid minimally-invasive [47]
spinal surgeries.
Rapid « US allows surgeons to complete spinal exploration with rapid identification of cysts, [35]
delineation of lesion extent, and in bone fragment localization.
* US can be used effectively in trauma situations. [32, 34]
Used with other tech- + 3D-US can be used as a non-invasive technique to build-up an image of the spine work-  [47]
niques ing in tandem with CT scan.
* 2D and 3D laparoscopic US can be used with telerobotics to facilitate autonomous [48]
robotic surgery.
 US can be coupled with CT myelography. [28]
Able to be optimized  * Contrast-enhanced US can be used to quantify temporal and spatial changes simultane-  [49]
ously in spinal cord blood flow and hemorrhage in a rat animal model.
Alternative to MRI * MRI is the ‘gold standard’ for assessing spinal lesions, but US is a comparable alterna-  [50]
tive (sensitivity of 0.99 and specificity of 0.75) and can be used when MRI is not available
or suitable.
Confirm decompres- US is particularly useful for confirming surgical endpoints. [28]
sion during surgery
Post-operative
Easy to assess surgi-  * US can be used to confirm the results of spinal cord surgery. [35]
cal outcomes * US can be used to check post-operative bone defects in patients who have undergone [36]
surgery for meningocele repair.
A routine and flexible * US can be used to easily check for tears or postoperative infection in patients recovering [5]

technique

from lumbar spine operations.
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Conventional surgery to treat spinal compression re-
quires in-depth, intra-operative delineation of the spinal
cord and associated vertebrae. In some cases, deep-lying
structures are difficult to visualize, and US techniques are
necessary to provide high-resolution, real-time images to
guide the surgeon during the procedure [51]. Many sur-
geons have utilized US techniques to measure the diameter
of'the spinal canal during surgery and evaluate the effective-
ness of spinal decompression post-operatively [23,29,52—
54]. US has also proved to be invaluable when assessing
lumbar disc degeneration, herniation, and muscle tears
occurring adjacent to the spinal cord in children [41,42].
The non-invasive nature of US ensures that vulnerable and
high-risk patients can be diagnosed and evaluated without
the need for exploratory surgery or other invasive meas-
ures [10]. The use of US to provide 2D images for surgery
has been well established for many decades [6], but the
relatively recent development of novel US techniques has
resulted in 3D and 4D images with a higher resolution and
sensitivity than conventional 2D images. These techniques
have been primarily used to monitor fetuses in utero [55],
but 3D US imaging, in concert with CT scanning, has now
been applied in spinal cord surgeries [47].

The results of reviews, independent assessments, and
case studies involving US in patients with spinal cord
compression indicate that this technique is useful and
improves the care level of patients. The most important
aspect of US is the generation of real-time high-quality
images which are being further optimized with the de-
velopment of 3D US techniques. An important aspect for
patients is the safety and ease of US procedure. It is a
potential alternative to CT scanning, due to its ability to
generate images without the need of a radiation source.
This is crucial, as radiation exposure should be avoided
in young patients due to the increased risks of developing
cancer later in life [4]. In addition, US is a potential alter-
native to MRI in patients who are not candidates for MRI.

The non-invasive nature of US is advantageous for all
patients, especially those who are vulnerable to infections,
susceptible to blood loss, or those with weakened physical
status. It is also useful in assessing spinal cord compres-
sion due to hydromyelia or syringomyelia in newborns and
should be considered as the first-line imaging modality to
investigate spinal cord abnormalities in neonates and chil-
dren [43]. The comparative mobility of US equipment also
allows imaging to be performed at the bedside.

A further important consideration for different visu-
alization techniques is the relative cost. According to
Schwartz [6], the use of pre-operative US for the diagnosis
of spinal compression is far less expensive than other im-
aging modalities. Similarly, US equipment is more widely
available, even in small hospitals and clinical settings.

However, there are some potential drawbacks of US
compared to other imaging techniques. Schwartz [6] not-
ed that much of the controversy surrounding paraspinal
US studies has centered on the presence of shadows and
artefacts on US images. These artefacts can be especially
problematic in patients with high degrees of pathologic
ossification [19]. In addition, the technique has received
some criticism for the inter-region variability, which de-
pends on the gain setting and angulation of the US trans-
ducer [56]. It is clear that, as with other techniques, the
precision of US imaging is limited by the expertise of the
handler. It is essential to have a considerable level of skill
to obtain high-quality images with US.

Intra-operatively, surgeons must be experienced in
interpreting US images in order to make accurate inter-
ventional decisions. Nazarian et al [57] described high
false-positive rates as well as high rates of imaging ar-
tefacts associated with US techniques. It should be not-
ed, however, that Schwartz [6] claimed that protocols
have been established to minimize echo artefacts and
shadows in order to improve reproducibility between
operators. If these protocols are followed closely, the
effectiveness of diagnostic paraspinal US can increase
tremendously.

Conclusions

The use of US in creating real-time images of spinal
cord anatomy and pathologic conditions in spinal cord
decompression surgeries provides a potential alterna-
tive to other imaging techniques. The existing scientific
literature clearly describes key roles for US in diagnos-
ing and treating spinal cord compression as well as its
utility in evaluating the efficacy of decompression post-
operatively. US is much less expensive than CT scanning
and MRI, and is not associated with radiation exposure.
However, it is essential to have appropriate US equip-
ment and well trained operators in order to optimize
penetration depth into spinal cord structures and avoid
misinterpreting echo artefacts and shadows, respectively.
Finally, given that US has only been used in this capac-
ity for approximately 30 years, future technical develop-
ments will increase the utility of this modality in aiding
various spinal surgeries.
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