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ABSTRACT

The aim of this study was to evaluate the performance of an ultrasound system with Computer-Aided Detection
(CAD) of thoracic spinal landmarks and a thoracic epidural needle guidance algorithm. This study was approved by
the institutional review board of the Memorial Sloan Kettering Cancer Center, NY, USA. Algorithm performance was
evaluated by imaging the thoracic spines of 55 adult volunteers presenting for pain therapy unrelated to the thoracic
spine. The accuracy of the CAD for neuraxial landmark detection was assessed by comparing automated measurements
of the lamina depth and midline position to ground-truth annotations provided by physician reviewers. The sensitivity
and specificity of the needle guidance algorithm was measured by reviewing the proposed needle trajectory in 435 images.
The CAD algorithm detected the lamina depth with an error of 2 mm (95% CI, 1.79-2.39 mm). The spinal midline was
detected with an error of 0.5 mm (95% CI, 0.32-0.69 mm). The needle guidance algorithm yielded a sensitivity of 92.4%
(95% CI, 90.2%-94.6%) and a specificity of 89.7% (95% CI, 86.3%-93.2%). The results of this study demonstrate the
feasibility of computer-aided interpretation for ultrasound imaging of the thoracic spine and for guidance of epidural
needle insertion.
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INTRODUCTION

Thoracic Epidural Analgesia (TEA) is an established technique for
perioperative pain management following thoracic and abdominal
surgical procedures [1]. TEA is administered by placing a catheter
within the thoracic epidural space and targeting the infusate to

Clinical evidence increasingly supports the use of ultrasound to
augment thoracic epidural administration. Compared to manual
palpation, ultrasound guidance improves
anatomical landmarks for needle placement [3-9]. Enables real-time

identification of

observation of needle insertion and trajectory, and improves safety

. . . by providing direct visualization of the pleural surface [2-12]. For
thoracic nerve roots that innervate the injured anatomy. The ) : ;
L . thoracic epidural placement, the use of ultrasound guidance has

thoracic epidural space is most commonly accessed percutaneously,

. . . . been shown to reduce the number of needle punctures, decrease
with the needle puncture site determined by palpation of surface i ) i s
. . patient discomfort, and improve procedural efficacy [3,7-10].
anatomical landmarks and needle entry to the epidural space

confirmed by the loss-of-resistance technique. However, palpation
of surface anatomical landmarks is not always reliable for accurate
identification of the underlying spinal anatomy, especially in the
context of obese or elderly patients with challenging anatomy [2,3].
As a result, TEA administration is associated with a relatively high
failure rate (10%-32%) [4-6].

Despite the clinical utility of ultrasound guidance, widespread
adoption has been limited due to the technical difficulty of
ultrasound image interpretation. Clinical ultrasound systems
are designed for soft-tissue imaging, and bone structures are
often difficult to interpret [13]. In the thoracic spine, anatomical
assessment is further complicated by the extreme caudad angulation
of thoracic spinous processes and by acoustic shadowing from bone
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[2]. Accordingly, the benefit of ultrasound guidance for epidural
placement is the most evident for experienced operators [2,14,15].
Further, real-time monitoring of the epidural needle trajectory via
ultrasound can be cumbersome, due to the absence of a validated
guidance technique [2].

To address the technical limitations associated with ultrasound,
computational methods have been proposed that improve
visualization of bone and provide assistive detection of neuraxial
landmarks [16-19]. These methods reduce the learning curve for
ultrasound image assessment by automating the detection and
measurement of anatomical features, which can serve as a secondary
confirmation to physician assessment. The benefit of computer-
assisted ultrasound guidance has been established for a variety of
lumbar anesthesia and epidural analgesia procedures [2,20]. In prior
work, we demonstrated that automated detection of lumbar spine
anatomy for spinal anesthesia administration in obese patients can
improve first-insertion success rate up to 26%, increase reported
patient satisfaction, and reduce the overall number of needle passes
by 38% [21]. However, the benefit of computer-aided ultrasound
guidance for thoracic procedures has not been established to-date.
In this work, we present the first imaging results for a handheld
ultrasound system with a dedicated thoracic imaging mode for
neuraxial landmark detection and needle guidance. The ultrasound
system leverages bone-specific image processing to improve the
conspicuity of vertebral structures. For thoracic imaging, the system
employs a Computer-Assisted Detection (CAD) algorithm for real-
time localization of key neuraxial landmarks, including the spinal
process and thoracic lamina. In addition, the system includes a real-
time guidance algorithm that yields a suggested needle trajectory
for TEA administration. The objective of this work was to evaluate
the accuracy of the CAD algorithm for detection of the neuraxial
landmarks in human subjects and to assess the sensitivity and
specificity of the needle guidance method. The long term goal of
this work is to reduce the technical difficulty of ultrasound-guided
TEA and ultimately improve procedural outcomes.

MATERIALS AND METHODS

This study was approved by the Institutional Review Board of the
Memorial Sloan Kettering Cancer Centre (IRB #18-169). Patients
over 18 years of age presenting for pain therapy were eligible to
participate. Patients presented with pain symptoms in non-spinal
distributions, for example knee pain. All patients possessed a CT
(Computed Tomography) of the chest, abdomen, and pelvis within
one year of the image gathering. Study exclusion criteria were
anatomical deformity of the spine, surgical treatment of the spine,
allergies to ultrasound gel, and difficulty being in a seated position.
Written, informed consent was obtained from 62 subjects. The
data collected in the study was obtained between July 2018 and
July 2019.

Imaging study protocol

Subject demographics (age, weight, sex, and BMI) were collected
after consent. Ultrasound data was collected prior to any pain
therapies, and the imaging data was not used for clinical care.
Subjects were placed in a seated position to simulate positioning
during a routine TEA procedure. An attending anesthesiologist
(AQG) skilled in the use of neuraxial ultrasound acquired multiple
cine video datasets of each subject’s thoracic spine using the Accuro
imaging system (Figure 1). Ultrasound datasets were acquired
between the T5 and L5 vertebral levels in the transverse imaging
plane. For this study, data collected between T5 and T10 were
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considered [17]. The thoracic Computer-Aided Detection (CAD)
algorithm was not used during raw data acquisition. The imaging
data was uploaded to a secure server for retrospective review and
analysis [1].

A
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Figure 1: Demonstration of thoracic scanning technique with the Accuro.
A. Clinical illustration of device use for thoracic imaging; B. Schematic of
the ultrasound beam intersecting the thoracic spine for needle guidance
and assessment of the spinous process (SP) and thoracic lamina (L). The
green circle depicts the target of needle insertion on the posterior surface
of the thoracic lamina. Inset: the preferred paramedian needle placement
approach first advances the needle to the posterior surface of the thoracic
lamina (green circle) before incremental maneuvering of the needle into the
thoracic epidural space.

Bone enhance image reconstruction

The Accuro implemented a real-time bone enhancement algorithm
that detected and enhanced the contrast of bone surfaces within
the 2D ultrasound images [16,17,19]. Bone surfaces were detected
by identifying highly reflective bone surfaces located superficial to
regions of dark signal dropout, known as acoustic shadow. The
acoustic shadow was detected in real-time by implementing a filter
described by the following equation.

Where S (i,j) is the shadow intensity image (Figure 2B), I(k, j)
is the B-mode image frame data, « is the depth offset, M is the
number of samples in each ultrasound A-line, T is a small number
to avoid division by zero, and wk,I is a depth weighting parameter
that accounts for increasing electronic noise through depth that
results from time-gain compensation. Bone surfaces (Figure 2C)
detected within S (i, j) were recombined with the raw B-mode data
to reconstruct the composite bone enhanced image (Figure 2D).

Figure 2: Intermediate images produced by the bone enhancement image
processing method. A. Raw B-mode image of thoracic spine; B. Shadow
image, S (i, j); C. Intermediate image obtained by dividing the raw image
A. by the shadow image B., and scaling by a sigmoid to increase contrast;
D. The final thoracic image with enhanced bone signal and suppressed
tissue signal.

Thoracic spine CAD algorithm

A subset of high intensity pixels within the bone enhanced images
were isolated and served as an input to the thoracic spine CAD
algorithm (Figures 3 and 4). The algorithm registers the bone
points extracted from individual images against a point-based, 3D
model of a thoracic vertebra, using a cost function to maximize
the similarity between the observed bone points within the image
and the 3D model [19,22]. The cost function utilized in this study
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was. Where M is the number of bone points extracted from the
bone image, N is the number of points in the 3D model, dist is
the Euclidean distance between a model point and an image bone
point, and intensity is the brightness of the bone point. In effect,
this cost function minimizes the distance between model and
image points, while preferentially weighting brighter bone points
over dim bone points.

When the value of the cost function was below a pre-defined
threshold that defined a good fit between the model and the
underlying image data, then graphics were displayed on the Accuro
screen to indicate the location of the spine midline and the
depth to the thoracic lamina. If the paramedian needle trajectory
enforced by the Accuro Locator needle guide intersected with the
thoracic lamina, then a green needle trajectory was depicted on
the screen to indicate an appropriate needle insertion location that
would advance the Tuohy epidural needle to the thoracic lamina
surface (Figures 3D and 4D) [1]. The needle trajectory computed
by the thoracic CAD algorithm supports a paramedian needle
placement approach, as described by Manion [1]. In which the
needle is initially advanced to the posterior surface of the thoracic
lamina, before being incrementally advanced into the thoracic
epidural space.

Neuraxial landmark detection

Three medical residents (CP, AP, and JC) independently identified
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thoracic anatomical landmarks on individual Bone Enhance images
from the cine datasets. In each image, each reviewer manually
annotated the location of the spine midline and the location of the
thoracic lamina (if present). Representative manual annotations for
a single Bone Enhance image of the thoracic spine are depicted in
Figure 4B. The reviewers were blinded to the results of the Thoracic
Spine CAD algorithm when annotating the images, and each
reviewer received training on representative datasets to standardize
image annotation techniques. As described in the following
Materials, individual images were excluded from follow-on analysis
if there was significant disagreement among the reviewers about
the location of the anatomical landmarks within the image. The
performance of the thoracic spine CAD algorithm was assessed by
comparing its automated measurements to the manual annotations
provided by the physician reviewers. First, the CAD algorithm used
the 3D modelAfit to the underlying image data to determine if a
thoracic spine cross-section was present in the image. Second, the
algorithm determined the location of the spine midline and the
thoracic lamina on the basis of a model fit to the extracted bone
points, as depicted in Figure 4C. In this study, the accuracy of the
measurement and detection of the following anatomical features
were assessed: (1) location of the spine midline, (2) depth to the
thoracic lamina, and (3) accuracy of needle trajectory localization
to the thoracic lamina.

o

\.

Figure 3: Illustration of the Accuro needle guidance method on a TrueView thoracic spine phantom. A. Demonstration of thoracic imaging to visualize
spinal anatomy; B. Visualization of suggested needle trajectory to intersect the spinal lamina; C. Demonstration of ultrasound imaging with the needle guide
to perform administration of thoracic epidural analgesia; D. Real- time visualization of the needle (N) during needle advancement towards the posterior
surface of the thoracic lamina.

Figure 4: Summary of physician and computer-aided detection (CAD) analysis performed on ultrasound crosssection of the thoracic spine. A. Set of
three physician annotations (red, yellow, blue) indicating the midline and lamina depth positions; B. Identification of the lamina (orange), spinous process
(purple), and midline boundaries (green) obtained by the Accuro CAD algorithm. The white circles connected by white lines depict a pointrepresentation
of a single crosssection of the 3D spine model that is used during the registration process to localize the thoracic anatomy within the image; C. Bone-

enhanced image acquired by the Accuro with the midline (white), lamina depth (orange, in cm), and needle trajectory (green) CAD algorithms.
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Statistical analysis

The accuracy of the thoracic spine CAD algorithm for lamina
depth and midline position was assessed by comparing the CAD
measurements to the mean positional annotation from the
physician reviewers. A linear regression between the CAD and
mean physician annotations was performed to assess measurement
correlation. Measurement bias was evaluated using a Bland Altman
analysis [23]. The agreements between the CAD and physician
measures were determined using the Bland-Altman 95% limits
of agreement for the lamina depth and midline, respectively.
Sensitivity and specificity of the needle guidance algorithm were
measured using the performance classification (Table 1) provided
by the independent reviewers as a benchmark. All positional errors
and performance measures are expressed as a mean * standard
error. Confidence intervals for all metrics were computed under
the assumption of independent, random sampling and Gaussian-
distributed random variables. Statistical analysis was performed
using Matlab (Mathworks, Natick, MA).

RESULTS

A total of 62 subjects were recruited for the imaging-only study. Data
from seven subjects were omitted due to errors or inconsistencies
in data acquisition, there by data from 55 subjects were evaluated.
The mean subject age was 56.2 + 13.3 years (range, 24-83 years),
with 49.1% of subjects being male. The mean BMI was 29.8, 8.3
kg/m? (range, 17.2-54.6 kg/m?).

Physician annotation

The three physician reviewers each annotated a total of 435 images
obtained from the 55 subjects. 27 single annotations and 17
images were excluded from analysis due to physician disagreement
(see Materials for data exclusion criteria). A positive tvpeofthe

correlation (Pearson r=0.70, 95% CI=[0.65, 0.75]) was found
between the mean physician measurements of lamina depth and
BMI, and the inter-image standard deviation between physician

Table 1: Performance classification of the needle trajectory algorithm.
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responses did not increase with BMI (Figure 5). The average lamina

depth was 3.75 + 0.78 cm (range, 1.95-6.51 cm).
Neuraxial landmark detection

The lamina depth and spinal midline measurements estimated by
the Accuro were compared with the mean physician annotations for
each image. The positional accuracy and classification performance
are summarized in Table 2. The CAD estimates of the lamina depth
were highly correlated with the physician measurements (Figure 6);
Pearson r=0.92, 95% CI=[0.9, 0.93]). Measurement agreement was
also confirmed using a Bland-Altman analysis, shown in Figure 6.
The upper and lower bounds for the 95% limits of agreement were
0.82 cm and -0.40 cm, respectively. The mean difference (bias)
between the physician and CAD measures was 0.21 cm. Similarly,
spinal midline CAD estimates were highly correlated with
physician measurements (Figure 6; Pearson r=0.89, 95% CI=0.87-
0.91). A Bland-Altman analysis for the spinal midline measure is
shown in Figure 6, indicating a 0.05 cm mean difference between
the physician and CAD measures. The upper and lower bounds for
the 95% limits of agreement were 0.43 cm and -0.33 cm.

Needle guidance

The needle trajectory CAD algorithm displayed a suggested needle
trajectory for both right and lefrhanded needle insertion. The
needle guidance algorithm yielded a sensitivity of 92.43% (95%
CI, 90.2%-94.61%) and a specificity of 89.74% (95% CI, 86.3%-
93.16%).Videos of representative real-time needle trajectories are
provided in Digital Content 1 and 2.

Digital Content 1 depicts a needle trajectory in a subject with
BMI of 38 kg/m?” , while Digital Content 2 depicts a needle and
trajectory in a subject with BMI of 27 kg/m?. Note that in Digital
Content 1, the needle trajectory is only "in!the depicted when
the thoracic anatomy is located in the center of the image and
the needle trajectory intersects with the surface of the thoracic
lamina.
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+
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Correct depiction of needle trajectory

False positive
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Figure 5: A. The mean annotator lamina depth increases with subject BMI; B. however, the standard deviation of annotator measures was not correlated
with BMI, indicating that image quality was sufficient to permit accurate manual annotations across all subjects BMI encountered in the study.
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Table 2: Computer-Aided Detection (CAD) algorithm performance metrics.

Mean SE 95% CI
Positional error (mm)
Midline 0.5 0.09 [0.32, 0.69]
Lamina 2.09 0.15 [1.79, 2.39]
Needle trajectory
Sensitivity (%) 92.4 1.1 [90.3, 94.6]
Specificity (%) 89.7 1.7 (86.3, 93.2]

R =0.92, 95% CI = [0.9, 0.93]
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Figure 6: Linear Regression and Bland-Altman plots depicting physician and computer-aided detection (CAD) performance for. Note: A. lamina depth B.

midline annotations.

Digital Content 1: Demonstration of thoracic imaging with the Accuro for a 38 kg/m BMI subject. The suggested needle trajectory is shown

when the thoracic anatomy is located in the center of the image and the needle trajectory intersects with the surface of the thoracic lamina.
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Digital Content 2: Demonstration of thoracic imaging with the Accuro for a 27 kg/m BMI subject. The thoracic imaging mode depicts the
lamina depth and midline boundary annotations to facilitate rapid and accurate image interpretation.

DISCUSSION

The development of the thoracic Computer Aided Detection
(CAD) algorithm was motivated by the understanding that
accurate identification of anatomical structures and anticipation
of needle trajectories have increased the safety profile and success
rates of numerous percutaneous procedures [3,7,10,24-32]. Image
guidance has the potential to positively impact the administration
of Thoracic Epidural Analgesia (TEA), as blind needle placement
in the thoracic epidural space remains one of the most technically
challenging interventional procedures, with failure rates exceeding
30% in challenging patients [1,33]. Ultrasound guidance facilitates
localization of thoracic anatomy and real-time visualization of
needle advancement towards the thoracic epidural space. Indeed,
previous randomized controlled trials have demonstrated that
perioperative ultrasound examination performed by expert
sonographers reduces the number of insertion attempts and
decreases the frequency of needle redirection for TEA [3,8]. This
study evaluated the performance of an ultrasound methodology
developed to provide anatomical landmark localization and
needle guidance to the thoracic lamina during TEA procedures.
The objective of this work was to establish the agreement between
anatomical annotations generated by the CAD algorithm and
manual annotations provided by physician reviewers. Overall, a
strong correlation was observed between the CAD algorithm and
physician annotations of the spinal midline position and lamina
depth. The Bland-Altman analysis indicated that the automated
detection of the spinal midline and thoracic lamina performed
with error on the order of a few millimeters. The CAD-based
measurement of the thoracic lamina depth exhibited a consistent
underestimation of approximately 2 mm; however, the algorithm
was designed to generate conservative lamina depth estimates in
order to provide a safety margin for clinicians, as overestimation of
the needle puncture depth may lead to wet taps or lung punctures
[4,5,34-37]. 1t should also be noted that underestimation of the

depth at which loss of resistance occurs is a frequently reported
feature of ultrasound imaging that is most often attributed to tissue
compression [17,36]. In addition, we demonstrate preliminary
efficacy of an automated needle guidance technology that provides
a suggested trajectory for real-time guidance of the Tuohy needle
towards the posterior surface of the thoracic lamina. As shown
in Table 2, the algorithm demonstrated reliable performance,
with an observed sensitivity of 92.4% and specificity of 89.7%.
To our knowledge, this is the first demonstration of a real-time
needle guidance algorithm that supports the most frequently
used percutaneous approach for TEA administration., in which
the needle is first advanced to the thoracic lamina before being
incrementally maneuvered into the thoracic epidural space [1].The
intent of automated landmark localization and needle guidance is
to lower the learning curve required to employ ultrasound guidance
for TEA administration by providing rapid and accurate image
interpretation at the patient bedside. The difficulty of ultrasound
image interpretation is a primary barrier to its widespread
acceptance [2]. Despite the demonstrated potential to improve
procedural efficacy [3,7-9]. By reducing the technical difficulty of
ultrasound-guided TEA, this work makes progress toward the long-
term goal of improving procedural outcomes. There are limitations
to this study.

CONCLUSION

Although the Accuro ultrasound system can acquire ultrasound
images in any orientation, the thoracic CAD algorithm only assist
with anatomical landmark recognition when imaging transverse
plane. Although primary landmarks including the spinous
process and thoracic lamina are readily visible wvia transverse
scan, the paramedian sagittal view may be more appropriate
for localizing the thoracic lamina and entry into the epidural
space in Some Cases.Finally,the scope of this study is restricted
to an imaging-only analysis , and therefore the impact of thoracic
spine CAD technology on clinical care must be further evaluated.
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