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ABSTRACT

Office-based endoscopic procedures are becoming an in-
creasingly attractive option for the treatment of laryngeal abnor-
malities, but their effectiveness is limited by the lack of articula-
tion in currently available surgical instruments. In this paper, we
propose the development of novel miniaturized steerable instru-
ments aimed to overcome this limitation and extend a surgeon’s
reach inside the larynx. To guide the designs of these new instru-
ments, we report on a simulation study which uses image-based
anatomical models to derive the kinematic requirements to oper-
ate inside the laryngeal cavity.

INTRODUCTION

Laryngeal lesions, both benign and malignant, can cause
speech impairment by interrupting the normal physiologic vi-
bration of the vocal folds. Benign lesions alone (e.g. polyps,
nodules or cysts) are prevalent in the general population with an
estimated 3% of individuals affected [1]. Surgical removal of la-
ryngeal lesions is normally performed in the operating room un-
der general anesthesia [2], but new treatment protocols are cur-
rently being investigated to treat laryngeal disease in an office
setting [3]. The main technological advancement that enabled
the development of these new protocols is the progressive minia-
turization of flexible chip-tip camera endoscopes, which are now
commercially available in diameters suitable for trans-nasal use
in conscious patients, as illustrated in Fig. 1(a). These endo-
scopes are equipped with a working channel which can be used
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FIGURE 1. (A) TRANSNASAL ENDOSCOPY OF THE LARYNX;
(B) INTRA-OPERATIVE VIEW, WITH PATHOLOGY APPEARING
ON THE VOCAL FOLDS.

to deploy surgical instrumentation (e.g. a pair of miniaturized
forceps or a laser fiber). The advantages of performing laryngeal
surgery in the office are manifold: office procedures eliminate
the need for general anesthesia (and its associated risks) [3], cost
significantly less [4, 5] and involve a much shorter procedural
time [5] when compared to procedures in the operating room.
Despite these benefits, in-office laryngeal surgery still
presents several technical limitations which hinder routine ap-
plication. One of the major challenges is represented by the re-
stricted range of maneuvers attainable with available instrumen-
tation [3, 6-8]; trans-nasal endoscopes can be made to bend in
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different directions, but the small diameter of the working chan-
nel (typically < 2 mm in diameter) does not permit the passage
of instruments equipped with articulation mechanisms. Lack
of instrument articulation creates two practical problems: () it
makes it impossible to manipulate tissue without bending the en-
doscope, i.e. without constantly changing the field of vision —
this makes manipulation unintuitive and often creates inadequate
exposures of the surgical field [7]; (ii) it precludes access to those
anatomical locations that cannot be reached in a linear path [6,7].
Relevant examples include the undersurface of the vocal folds
and the pyriform sinuses (shown in Fig. 1(b)), a pair of cavities
located lateral to and posterior to the voice box [9].

Aiming to overcome the issues outlined above, we propose
exploring the creation of new surgical instrumentation for office-
based laryngeal surgery. We envision the creation of miniatur-
ized steerable tools that can be deployed through the operating
channel of a trans-nasal endoscope. The tools will be equipped
with distal bending in order to amplify a surgeon’s manipulation
ability inside the larynx.

Creating steering instruments at the scale required for our
application is not straightforward, as articulation mechanisms
based on traditional linkages (e.g. ball/universal joints, cables
and pulleys) can only be miniaturized to a certain extent [10].
Hoffman et al. recently investigated the use of a commercially-
available steering sheath used in urology (diameter = 4.95 mm)
to operate in the larynx [11]. This is a promising solution, but the
diameter of the sheath is still not sufficiently small to allow in-
sertion through the endoscope’s operating channel, and it creates
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a requirement for a second operator to hold and manipulate the
sheath. We propose tackling these challenges by exploring the
use of miniaturized tube-like continuum bending mechanisms.
Curved bending sections can be realized in the body of a thin
tube via the creation of notches and the attachment of a pull-
write at the tip [12]. Different tube materials have been demon-
strated in the literature, including super-elastic Nickel-Titanium
(NiTi) [12, 13] and polyether ether ketone (PEEK) [14]. These
bending mechanisms present two characteristics that make them
particularly attractive for our application: they can be manufac-
tured in tiny diameters (< 2 mm was demonstrated in [12—15]),
and they have a hollow lumen (i.e. the inner diameter of the tube)
which can be used to pass instruments.

As afirst step in our investigation, we present a study aiming
to establish general kinematic requirements for instrument oper-
ation in the larynx. Using three-dimensional anatomical models
of the laryngeal cavity, we simulate the insertion and manipula-
tion of steerable instruments with varying degrees of freedom.
We define volume and visibility-based metrics to evaluate how
well a given design can cover the laryngeal anatomy.

METHODS

Our simulation framework is illustrated in Fig. 2. Three-
dimensional anatomical models of the larynx are generated based
on Computed Tomography (CT) scans of real patients. These
models are used as a virtual environment where we simulate the
deployment of steerable instruments. In the following sections,
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we first outline the protocol used to generate the larynx anatom-
ical models and the kinematic model employed to simulate in-
strument motion. We then describe experimental work aimed to
quantify the number of individual degrees of freedom required to
maximize an instrument’s reach within the larynx.

Three-Dimensional Larynx Models

The CT scans used in this study were selected from the
Cancer Genome Atlas Head-Neck Squamous Cell Carcinoma
(TCGA-HNSC) dataset [16], a large multi-institution collection
of data regarding patients diagnosed with malignant tumors of
the head and neck. The procedure used to generate a 3D larynx
model from a CT scan is as follows: we first visually identify
the larynx anatomy in the sagittal plane using 3D Slicer [17] (see
Fig. 2), then we crop the CT volume to include the tract of the
upper airway going from the epiglottis down to the sub-glottic re-
gion (i.e. below the vocal folds), finally, we use the segmentation
function of 3D Slicer to generate a three-dimensional rendering
of the cropped volume, which is exported as a stereolithography
(STL) model.

Instrument Kinematic Model

The kinematics of continuum bending mechanisms have
been extensively investigated in prior work [18]. Assuming no
external loading, the shape of these devices can be modeled as
a sequence of individual curved links, each characterized by a
length £;, a curvature k; and an axial rotation ¢; (as shown in
Fig. 3.). For a single link, the homogeneous transformation ma-
trix T between the base and the tip can be calculated using the
following product of exponentials:

T(kj,j,¢;) = eS191e5okit; (1)

where S;=[00000 1" and S, =[00 1/k; 0 1 0]”. The opera-
tor ~ that appears in Eqn.( 1) maps twists from R® to elements of
s¢(3), i.e. the Lie Algebra of the special Euclidean group SE(3).
Without loss of generality, in this paper we assume that arc pa-
rameters k;, ¢; and £; can be directly controlled. Our framework
can be easily extended to account for any mechanism-specific
mapping between actuator variables and arc parameters.

ANALYSIS OF KINEMATIC REQUIREMENTS

Continuum bending mechanisms can be designed to incor-
porate an arbitrary sequence of curved links, each having in-
dependent degrees of freedom. Intuitively, adding more links
will increase the overall dexterity of the mechanism, but it will
make it more complex to manufacture and control. One ques-
tion that naturally arises is then how many individual links are
necessary for our application? A single curved link may be suf-
ficient to reach any arbitrary point in the larynx (assuming the
point falls within actuation limits and that no obstacles are in the
way). However, we suspect that adding a second distal link (as
shown in Fig. 4) might enable more extensive access to tissue.

To verify the validity of this hypothesis, we simulated the de-
ployment of two different instruments — one made of a single
steerable link, the second composed of two independent links
— and compared the volume and extent of tissue surface reach-
able by each of them. Instrument motion was simulated through
a sampling-based motion planning algorithm (rapidly-expanding
random trees - RRT [19]). To account for anatomical variabil-
ity among different patients, we performed simulations on a total
of five different larynx models extracted from the TCGA-HNSC
dataset. Three males and two females were involved in the study.

Reachable Volume Estimation To estimate the extent
of volume that can be reached by a given instrument, we use
an approach similar to that described in [20]. We first execute
RRT to generate a large number (10,000) of locations that can be
reached in a collision-free path (see Fig. 5). RRT provides prob-
abilistic completeness, meaning that the longer the algorithm is
run, the more likely it is that it will cover the true reachable
volume entirely. In our simulations, RRT operates on the arc
parameters k;, ¢; and /; of each individual link, which are left
to vary freely within the boundaries specified in Table 1. The
MATLAB boundary function is used to calculate the tightest
single-region boundary around the points generated by RRT, and
to estimate its corresponding volume.

FIGURE 3. KINEMATICS OF SINGLE CONTINUUM LINK.

TABLE 1. RANGE OF ARC PARAMETERS USED IN SIMULA-
TION

kj(mm™') ¢, (rad)
min max | min max | min max
One link 0 0.1 0 2r 0 50

Two links 0 0.1 0 2r 0 25

£ (mm)
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FIGURE 4. 1-LINK (LEFT) AND 2-LINK (RIGHT) INSTRUMENTS.

Visible Surface Estimation Estimation of visible tis-
sue surface is performed as follows. We first consider the set of
reachable points generated by RRT and select only those points
that are in close proximity to tissue — arbitrarily defined as be-
ing within a 5 mm distance from the internal surface of the lar-
ynx. For each of these points, we generate visibility maps using
the Hidden Point Removal operator [21], combined with a ray-
casting procedure that narrows down visibility within a 20° cone
projecting from the tip of the instrument. Sample visibility maps
calculated with this approach are shown in Fig. 6.

RESULTS

Table 2 summarizes the results of the volume estimation
procedure. The two-link design was found to provide slightly
higher volume coverages in four of the five models. The average
difference in volume coverage (absolute value) was found to be
0.76 cm?.

Estimations of reachable surface are reported in Table 3. In
all five patients, the two-link design was found to be able to vi-
sualize a larger amount of surface area. The average difference
in visible surface across the five patients was 4.76 cm?.

DISCUSSION

Experimental results seem to support the hypothesis that a
design with two curved links does not provide a significant im-
provement in terms of reachable volume when compared to a sin-
gle link instrument. However, a measurable improvement was
detected in the analysis of the reachable surface area. Visual
analysis of the visibility maps reveals that the improvement is
particularly marked in challenging locations like the pyriform si-
nuses. The two-link design was able to visualize a higher por-
tion of the sinuses, including the bottom of these cavities (see

TABLE 2. RESULTS OF THE VOLUME COVERAGE EXPERI-
MENTS

Patient ID  One Link (cm®) Two Links (cm?®)

1 6.06 5.88
2 6.72 6.96
3 4.32 4.99
4 5.97 7.93
5 8.27 9.04

TABLE 3. RESULTS OF THE SURFACE AREA COVERAGE EX-
PERIMENTS

Patient ID  One Link (cm?) Two Links (cm?)

1 14.21 20.61
2 19.68 22.55
3 14.10 19.30
4 19.95 25.86
5 19.93 23.34

Fig. 6), something that can be attributed to the fact that a two-
link instrument can approach a prescribed location with arbitrary
orientation.

One obvious limitation of this study is that it involved exper-
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FIGURE 5. REACHABLE POINTS WITH 1-LINK (LEFT) AND 2-LINK (RIGHT) INSTRUMENTS.
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FIGURE 6. VISIBLE SURFACE WITH 1-LINK (LEFT) AND 2-LINK (RIGHT) INSTRUMENTS.

imentation on a limited number of larynx models, and therefore
it may not have sufficiently accounted for inter-patient anatom-
ical variability. Additional analysis and simulations involving a
larger number of patient models will be conducted in the future to
verify whether our findings can be applied to the general patient
population.

In future work, we plan to utilize the framework described
in this study to inform the design and fabrication of prototype in-
struments for endoscopic laryngeal surgery. The next immediate
step will involve building the prototype of an actual tool — e.g.
a steerable laser fiber — and validating it in-vitro. Additional re-
search will have to be conducted to design a control interface to
enable intuitive surgeon operation of the proposed instruments.
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