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Abstract

Objective: To assess the effect of vocal cordectomy on airflow across equine

larynges at different Rakestraw grades of arytenoid abduction using a unidirec-

tional airflow model.

Study design: Ex vivo, repeated measures.

Sample population: Twenty cadaveric equine larynges.

Methods: The right arytenoid cartilage was maximally abducted in all

larynges. Each larynx was assigned a Rakestraw grade A or B, and the left

arytenoid was abducted accordingly. Each larynx was tested under 3 con-

ditions: intact, left vocal cordectomy (LVC), and bilateral vocal cor-

dectomy (BVC). Translaryngeal pressure and airflow were measured, and

digital video footage was obtained. Translaryngeal impedance (TLI) was

calculated, and the arytenoid left-to-right quotient angle (LRQ) and rima

glottis cross-sectional area (CSA) were measured from standardized still

images.

Results: Vocal cordectomy reduced TLI by 14.5% in LVC in comparison with

intact larynges at Rakestraw grade B (P = .014). In Rakestraw grade A posi-

tion, neither unilateral nor bilateral vocal cordectomy had any effect on TLI.

Regardless of Rakestraw allocation, both LVC and BVC increased CSA in com-

parison with intact larynges (P < .005), with BVC larynges experiencing a

greater effect than LVC (P < .0001).

Conclusion: Using a unilateral airflow model, LVC improved TLI in larynges

where arytenoid position approximated Rakestraw grade B. However, when

the arytenoid position approximated Rakestraw grade A, there was no effect

on TLI following LVC or BVC.

The preliminary results of this work were presented as a poster at the ACVS Surgery Summit, October 11-14, 2017, Indianapolis, USA.
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Clinical significance: Surgeons considering a vocal cordectomy should take

into account the degree of arytenoid abduction before performing the proce-

dure, as it may not be warranted from a TLI point of view.

1 | INTRODUCTION

Recurrent laryngeal neuropathy is a common, wide-
spread, performance-limiting peripheral nerve disease of
horses. Degeneration of the recurrent laryngeal nerve
(RLN)1 causes neurogenic atrophy of the only intrinsic
laryngeal abductor muscle, the cricoarytenoideus dorsalis
(CAD) muscle.2 The resultant arytenoid cartilage collapse
(ACC) reduces airflow by a reduction in the rima glottis
cross-sectional area (CSA) and an increase in translaryngeal
impedance (TLI). This is exacerbated most during exercise
due to the high negative pressures present within the upper
respiratory tract.3,4 The condition is variable in prevalence
among breeds with prior studies reporting 10% of thorough-
breds and up to 40% of draft horses affected.5–7

Dynamic or exercising laryngeal function is evaluated
using the Rakestraw grading system.8 Horses with
exercising Rakestraw grade A and most with grade B are
not generally considered candidates for a laryngoplasty
surgery. However, in some of these cases, one or both
vocal cords can be noted to collapse independently of the
corniculate process position. Horses with partial collapse
(Rakestraw grade B) or horses with vocal cord collapse
alone can be treated with ventriculocordectomy or vocal
cordectomy. Tan et al. (2005) reported vocal cord collapse
in conjunction with ACC in 22% of cases undergoing
high-speed treadmill evaluation. The same study also
reported vocal-cord collapse as the only upper respiratory
tract (URT) abnormality in 5% of cases 9

Ventriculectomy, vocal cordectomy, or ventriculocor-
dectomy are all commonly performed in clinical practice to
improve airway function and may be performed either uni-
laterally or bilaterally.10–12 Surgical removal of the vocal cord
with or without the laryngeal saccule is reported to widen
the ventral aspect of the rima glottis and decrease respiratory
noise during exercise.13 Although ventriculectomy improves
respiratory noise, it is less effective at improving airway
function than the ventriculocordectomy procedure.12,14

It is well accepted that laryngoplasty is superior to
ventriculocordectomy at improving airflow function in
horses with ACC.15–17 On the other hand, ventriculocor-
dectomy reduces respiratory noise more effectively, is
cheaper and less invasive to perform, and has a lower
incidence of postoperative complications.3,18 As such, in
populations that perform at submaximal intensities (non-
racing disciplines), removal of the vocal fold with or
without the ventricle may be preferable to laryngoplasty.

In horses that have undergone a laryngoplasty, the
decision to perform a unilateral or bilateral vocal cor-
dectomy or a similar procedure is very common and has
been performed historically under the same general anes-
thesia as the laryngoplasty. Recently, a treatment for post
laryngoplasty dysphagia has been reported that bulks the
remnant vocal cord following ventriculocordectomy or
vocal cordectomy.19 A less aggressive vocal cordectomy, pre-
serving more tissue in the vocal cord region, or not per-
forming a vocal cordectomy, has been considered by some
surgeons as a method to reduce postoperative dysphagia. As
a result, the benefit of performing a vocal cordectomy on
CSA and TLI at different degrees of arytenoid position
(Rakestraw grades) is an important factor to consider
when deciding whether to perform a vocal cordectomy
postoperatively. Furthermore, with the advent of standing
laryngoplasty procedures, the degree of arytenoid abduction
post laryngoplasty can be considered readily prior to per-
forming vocal cordectomy. An understanding of the effect
of a vocal cordectomy on airflow across larynges at different
degrees of arytenoid abduction would enable surgeons to
make a more objective decision regarding whether vocal
cordectomy will be of clinical benefit.

Previous studies have demonstrated how both
ventriculectomy and ventriculocordectomy alter respira-
tory noise.3,4,14,20 However, there is currently no informa-
tion on how airflow across the larynx is altered by vocal
cordectomy (VC) (unilateral or bilateral) as a sole treat-
ment. As such, this study attempts to quantify the effect
on airway mechanics following unilateral and bilateral
VC at 2 different Rakestraw grades (A and B).

We hypothesized that (1) compared to baseline, left
vocal cordectomy (LVC) will reduce TLI; (2) a bilateral
VC (BVC) will decrease TLI greater than a unilateral one
(LVC), and (3) the effects of VC on TLI will be greater at
Rakestraw B than A.

2 | MATERIALS AND METHODS

2.1 | Specimen preparation

Twenty grossly normal equine cadaveric larynges were
collected from an abattoir, wrapped in 0.9% saline-soaked
gauze, and frozen at �20 �C. Larynges were thawed at
20 �C for 24 h before testing. Thawed larynges were
wrapped again in saline-soaked gauze to prevent drying
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of the tissues prior to testing. Soft-tissue dissection was
performed as previously described maintaining the
intrinsic laryngeal musculature.21 The cricoid length of
each larynx was measured at the dorsal midline from cra-
nial to caudal using calipers, and subsequently, the left
CAD muscle was sharply transected caudal to its inser-
tion on the muscular process of the arytenoid cartilage.
Testing was performed on a single day in a temperature-
controlled laboratory.

2.2 | Flow chamber

The larynx was mounted in a unidirectional vacuum system
as described by Ahern et al. (2019) for testing.21 Two vac-
uum/blowers (2400 W 230-240 V 50 Hz, Ryobi, Japan), set
on vacuum mode, controlled using a variable autotrans-
former (Powertech SRV-5, Variac, Australia), and attached
to an ergospirometer (Quadflow Equine Spirometry, QF,
RobacScience Pty Ltd, Australia) were connected via a
50 mm PVC pipe to the testing chamber. Catheters, con-
nected to a differential pressure transducer (Differential
Pressure Transducer, Digitron, Rototherm Australia Pty
Ltd, Australia), were positioned through airtight holes cra-
nial to the larynx in the flow chamber (representative of
pharyngeal pressure) and in the 50 mm PCV pipe immedi-
ately caudal to the flow chamber, level with the first tra-
cheal ring (representative of tracheal pressure). Larynges
were mounted in a uniform position within the flow cham-
ber and affixed to the PVC pipe using cable ties, ensuring
an airtight seal. The epiglottis was secured to the bottom of
the flow chamber using an 18 gauge needle to prevent ret-
roversion. A high-definition digital camera (HC-V250;
Panasonic, Australia) was mounted above the inlet valve
and focused on the rima glottidis.

2.3 | Suture placement

Prior to testing, both the left and the right arytenoid carti-
lage were maximally abducted and fixed with Vicryl
(Coated Vicryl 2 TP-1 65 mm 1/2c, Ethicon, Summerville,
NJ) using a standardized laryngoplasty technique. In brief,
a #2 Vicryl suture on a trocar point ½ circle needle was pas-
sed through the right cricoid cartilage 0.5 cm lateral to the
midline and 1 cm from the caudal edge without penetrating
the laryngeal mucosa. The needle was subsequently passed
through the muscular process of the right arytenoid carti-
lage in a caudodorsal-to-cranioventral direction approxi-
mately 30� from the frontal plane. The needle was
removed, and the suture ends were tightened to maximal
abduction and tied with 5 throws. The procedure was
repeated on the left side but, rather than being tied, the

suture ends were clamped using a Kelly hemostat to
allow repositioning of the arytenoid cartilage following
calibration. During calibration, the inlet valve and volt-
age regulator were adjusted such that a flow rate of
55 L/s and a prelaryngeal pressure of 12 mmHg was
achieved, similar to previous studies.21–24

Subsequently, the left prosthesis was loosened. Larynges
were randomly assigned to either Rakestraw grade A or B
and the left arytenoid was abducted accordingly. Random
allocation was performed using a coin toss and the degree of
adduction was standardized as much as possible. In the first
instance, the suture ends were clamped using a Kelly hemo-
stat. The left-to-right quotient angle ratio (LRQ) was calcu-
lated from a digital photograph, and once an adequate value
was confirmed, the suture ends were tied for the remainder
of testing. A target LRQ for Rakestraw A and Rakestraw B
larynges was 0.88 and 0.65 respectively;8 however, values of
0.85-0.95 and 0.6-0.7 were considered acceptable. Photo-
graphic control was used to obtain LRQ ratios and position
the left arytenoid cartilage. A Vicryl prosthesis (Coated Vicryl
2 TP-1 65 mm 1/2c; Ethicon) was used throughout the
study.

Each larynx underwent sequential testing of 3 states:
intact, unilateral (LVC), and bilateral (BVC) vocal cor-
dectomy under static (inspiratory) airflow conditions at
55 L/s.25 During airflow testing, data, including airflow and
translaryngeal pressure, were collected, and a high-
definition digital video using a high-definition digital cam-
era (HC-V250; Panasonic) was obtained simultaneously
over a standardized 5 s period. A still image was obtained at
2.5 s and the data averaged for analysis. All data collection
and calculations were performed using Microsoft Excel.

2.4 | Vocal cordectomy

The vocal cord was grasped using Kelly hemostatic for-
ceps parallel and abaxial to the leading edge and a
crescent-shaped wedge of tissue excised using curved
Metzenbaum scissors in a ventral to dorsal direction. For
consistency, the entire vocal cord was excised. Care was
taken not to perforate the laryngeal mucosa during the
procedure (Figure 1). All VC procedures were performed
by a single investigator (NL).

2.5 | Measured variables

2.6 | Translaryngeal impedance

An ergospirometer (RobacScience Pty Ltd) positioned
between the larynx and the vacuum was used to measure
airflow (L/s). Calibration was performed as previously
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described.26 Calibrations were performed at 0 L/s and
55 L/s flow using an orifice plate. Barometric pressure,
relative humidity, and ambient temperature were also
calibrated as per Quadflow requirements (Testo 06362135
humidity/temperature probe; Testo Pty Ltd, Australia).
Prelaryngeal and tracheal catheters (positioned immedi-
ately cranial to the larynx and at the first tracheal ring
respectively) were connected to a differential pressure
transducer (Digitron) and calibrated to a prelaryngeal
pressure of 12 mmHg using a handheld manometer.
Translaryngeal pressure readings were recorded every
second during testing. Translaryngeal impedance
(mmHg/L/s) was calculated by dividing the mean trans-
laryngeal differential pressure by the mean airflow.

2.7 | Left to right quotient angle

The arytenoid left-to-right quotient angle (LRQ) ratio
was measured and calculated using a software package
(Image J) as previously validated.25,27 In short, a line was
drawn from the ventral to dorsal aspect of the rima

glottidis and extended by a third to give a point that was
used to measure the left (L�) and right (R�) arytenoid
angles. The LRQ was then calculated by dividing L�

by R�.

2.8 | Cross-sectional area

Using the Image J freehand draw icon, the circumference
of the rima glottidis was measured and the cross-
sectional area calculated. The left to right quotient angle
ratio and cross-sectional area (CSA) measurements were
obtained for each state using still video images obtained
during testing. All measurements were performed by a
single investigator (NL).

2.9 | Statistical analysis

Data distribution was assessed by a Shapiro-Wilk test.
Normally distributed data are reported as mean
± standard deviation (SD) and data that were not

FIGURE 1 Digital images of the 3 examined states during flow testing: intact (left), unilateral vocal cordectomy (center), and bilateral

vocal cordectomy (right) of a representative Rakestraw grade A (top) and grade B (bottom) larynx.
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normally distributed are reported as median and
range. The effects of Rakestraw grade (grade A or
grade B) and the effect of VC (intact, LVC and BVC)
on TLI, LRQ, and CSA were assessed by a 2-way-
repeated measures factorial analysis of variance with
post hoc Tukey tests performed when appropriate. Sta-
tistical analysis was performed using commercially
available software (GraphPad Prism 9, GraphPad Soft-
ware, Inc, San Diego, California; MedCalc Software
bvba, Belgium) and P ≤ .05 was considered statistically
significant. Pearson correlation matrices were also cre-
ated for Rakestraw grades A and B under the 3 differ-
ent states (intact, left, and bilateral VC) to detect
clinically relevant correlations between continuous
variables (cricoid length, flow, translaryngeal pres-
sure, pharyngeal pressure, tracheal pressure, imped-
ance, LRQ, and CSA).

3 | RESULTS

All specimens completed testing between 24 and 32 h
after removal from the freezer. Subjectively, tissue pliabil-
ity was effectively maintained following thawing and all
testing and data collection was performed without com-
plication. All data were normally distributed and, as
expected, for all comparisons, there was an effect of sub-
ject (P < .0001). There was an effect of Rakestraw grade
(P < .0001) on LRQ; however, there was no effect of VC
(P = .168) nor was there a Rakestraw grade � VC effect
(P = .8) on LRQ.

There was a effect of both Rakestraw grade (P = .0055)
and VC (P < .001) on CSA, but no Rakestraw grade � VC
effect (P = .56), with lower CSA in Rakestraw grade B
larynges in comparison with Rakestraw grade A larynges in
all 3 states; intact (Rakestraw A; 54.94 mm2 ± 11.21 mm2,
Rakestraw B; 42.61 mm2 ± 8.90 mm2, P = .05), LVC
(Rakestraw A; 59.27 mm2 ± 10.36 mm2, Rakestraw B; 45.90
mm2 ± 8.21 mm2, P = .02), and BVC (Rakestraw A;
64.35 mm2 ± 10.80 mm2, Rakestraw B; 50.58 mm2

± 7.45 mm2, P = .018); however, all coefficients of variation
were similar. Regardless of Rakestraw grade, VC increased
the CSA of LVC larynges in comparison with intact (7.8%,
P = .005), BVC larynges in comparison with intact (17.9%,
P < .001) and BVC larynges in comparison with LVC laryn-
ges (10.1%, P < .001) (Figure 2).

There was no effect of Rakestraw grade on TLI
(P = .24); however, an effect of VC was detected
(P = .032) with a reduction in TLI only detected in
Rakestraw grade B larynges, with an LVC reduced TLI by
14.5% in comparison with intact larynges (intact;
0.12 mmHg/L/s ± 0.04 mmHg/L/s LVC; 0.1 mmHg/L/s
± 0.02 mmHg/L/s; P = .014). Bilateral VC did not result

in a difference for TLI in comparison with intact
(P = .08) (Figure 3). There was no Rakestraw
grade � VC effect (P = .37) on TLI.

FIGURE 2 Cross-sectional area (CSA) (mean ± standard

deviation) of Rakestraw grade A and grade B larynges for intact,

left ventriculocordectomy (LVC), and bilateral

ventriculocordectomy (BVC) states. Regardless of Rakestraw

allocation, both LVC and BVC increased CSA in comparison with

intact larynges, with BVC larynges having a greater effect than

LVC. Capitalized letters denote differences between Rakestraw

grade A larynges, and uncapitalized letters denote differences

between Rakestraw grade B larynges. Different letters

indicate P < .05.

FIGURE 3 Translaryngeal impedance (TLI) (mean ± standard

deviation) of Rakestraw grade A and grade B larynges for each of

the 3 intervention states: intact, left ventriculocordectomy (LVC),

and bilateral ventriculocordectomy (BVC). In grade A larynges,

compared to intact there was no difference in TLI following either

LVC or BVC. In grade B larynges, compared to intact, TLI was

reduced following LVC but not BVC. Asterisk (*) indicates P < .05.
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Pearson correlations confirmed associations between
flow, pharyngeal pressure, tracheal pressure, TLI, and
CSA (data provided in Table S1).

4 | DISCUSSION

Regardless of Rakestraw grade, a unilateral (left) vocal
cordectomy increased the rima glottis cross-sectional area
as compared with that of intact larynges, and a bilateral
vocal cordectomy further increased the cross-sectional
area as compared with unilateral vocal cordectomy. Nev-
ertheless, translaryngeal impedance was only reduced fol-
lowing a unilateral vocal cordectomy in Rakestraw grade
B larynges. As hypothesized, the effects of vocal cor-
dectomy on translaryngeal impedance were greater in
Rakestraw grade B larynges as compared with Rakestraw
grade A larynges. However, in contrast to our hypothesis,
a bilateral vocal cordectomy did not decrease trans-
laryngeal impedance to a greater extent than a unilateral
vocal cordectomy. In fact, no difference in TLI was dem-
onstrated between intact larynges and those that had
undergone bilateral vocal cordectomy (Figure 3). The rea-
son for this is unclear. The authors speculate that the
handling and replacement of specimens between tests,
and the previous airflow testing, may be responsible for
the increased impedance through tissue relaxation or
increased variance, which is evidenced by the higher
standard deviation following laryngeal repositioning for
BVC testing. Potentially at higher airflow rates where
there is increased vocal fold collapse, a BVC may be ben-
eficial compared to an LVC alone. However this is specu-
lation and requires further investigation. Based on our
results and assuming a power of 0.8, a sample of 8 laryn-
ges per group was required to detect a significant differ-
ence, suggesting that, at n = 10/group, the experiment
was adequately powered. However, the nature of the
study, being ex vivo, might have limited our ability to
detect a significant difference warranting additional stud-
ies to further investigate the effects of performing a uni-
lateral or bilateral vocal cordectomy.

At Rakestraw grade A, TLI did not change following
either LVC or BVC. A likely explanation for this is that,
at full abduction, the first tracheal ring is the most influ-
ential site of impedance to airflow and not the rima glot-
tis.28 Another possible factor may be the variations in
tension on the vocal cord at different Rakestraw grades of
arytenoid cartilage abduction. Perkins et al. (2011) dem-
onstrated that, as arytenoid abduction increases, the
counter tension on the vocal cord also increases. As such,
the vocal cords of grade A larynges may have more resis-
tance to collapse during exercise, leading to less imped-
ance at grade A than grade B.25 These results suggest that

performing a vocal cordectomy may be of no additional
benefit in horses with arytenoid positioning approximat-
ing Rakestraw grade A post prosthetic laryngoplasty, as
impedance and therefore airflow will not be further
improved. Moreover, retaining the vocal fold may reduce
tracheal aspiration if postoperative dysphagia occurs.

Nonetheless, the improvement in TLI in Rakestraw
grade B larynges following LVC and not BVC suggests
that a bilateral VC may not be warranted over unilateral
to improve airflow based on the airflow conditions of this
model. One reason to avoid performing a bilateral VC is
the risk of cicatrix formation or “laryngeal webbing” at
the ventral aspect of the rima glottis. Some surgeons elect
to perform a bilateral cordectomy but retain the ventral
aspect of the vocal cord. By not excising the ventral por-
tion, laryngeal webbing can be avoided,14 and there is
some protection against dysphagia, which can occur fol-
lowing an aggressive VC.19 However, the retained vocal
cord tissue will not be under tension and will likely cause
turbulent airflow during exercise. From a clinical stand-
point, it is also worth considering that a unilateral VC
can be readily performed using a laser during a standing
endoscopic procedure. Conversely, bilateral VC is more
commonly performed via a more invasive laryngotomy
approach. It is important to acknowledge that the effects
of VC may differ when performed using laser versus
sharp dissection.

Jansson et al. (2000) reported on the effects of left cor-
dopexy, laryngoplasty, and laryngoplasty with left cor-
dopexy in an ex vivo laryngeal hemiplegic model.24 They
found that both CSA and TLI were not different in laryn-
ges that had undergone both laryngoplasty and cor-
dopexy in comparison with just a laryngoplasty. Even
though cordopexy, not cordectomy, was performed, this
agrees with the findings of the present study, where LVC
did not improve TLI of Rakestraw grade A larynges.

In the present study, VC had no effect on LRQ for
either Rakestraw grade. However, the lack of muscular
function in cadaver larynges may produce results differ-
ent from those found in vivo. In horses with low-grade
RLN that have not undergone laryngoplasty, neuromus-
cular fatigue during exercise can cause progressive loss of
abduction without the prosthesis to maintain the carti-
lage's position. As such, the effect of VC in exercising
horses who have undergone laryngoplasty but have
either Rakestraw grade B arytenoid abduction, or vocal
fold collapse, despite Rakestraw grade A arytenoid abduc-
tion, requires additional investigation.

A major limitation of ex vivo airflow testing models is
that the flow conditions that are used often do not
directly correlate with in vivo conditions, which can vary
widely. The flow rate of 55 L/s used in this study is simi-
lar to that of previous publications that used
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unidirectional airflow models.21,22 This is approximately
75% of the VO2max and greater than 75% but less than
100% HRmax in an exercising horse.22,26 However, respira-
tory airflows of 75 L/s have been recorded in maximally
exercising populations.22 It is currently unknown if, at
higher flow rates, bilateral VC will reduce TLI more effec-
tively than unilateral VC. Furthermore, while this and simi-
lar airflow models have been used extensively in ex vivo
airflow studies, they provide only a crude replication of the
dynamic turbulent airflow in exercising horses and simulate
only inspiration. Using a computational flow model,
Rakesh and colleagues demonstrated that larynges with
greater than or equal to 25% left ACC also experience con-
current right aryepiglottic fold and bilateral vocal fold col-
lapse.28 In horses with grade B ACC, it is therefore possible
that a right AEF resection could be beneficial in addition to
a VC resection, although our model did not demonstrate
any obvious right AEF collapse.

Vocal cordectomy was used in this study because of
its frequent use in practice and relative ease of perfor-
mance. However, the effect of ventriculocordectomy rela-
tive to vocal cordectomy in a clinical setting is unknown.
Anecdotally, vocal cordectomy appears to have a compa-
rable effect to ventriculocordectomy but this may be due
to tissue retraction and the formation of scar tissue. Scar
tissue is more fibrous and less elastic, and thus less sus-
ceptible to collapse. The process of healing may also
obliterate the opening to the ventricle. The ventricles
were not sealed following VC in this study, which more
closely replicates the short-term postoperative period. It
is possible that, in vivo, a further small reduction in TLI
compared to that demonstrated here may occur following
healing due to the elimination of airflow into the saccule
of the ventricle and remodeling of the mucosa.

Consideration was given to the small sample size and
inherent ex vivo limitations of the study. Although
attempts were made to reduce the loss of moisture from
the tissues during testing, a degree of drying may have
occurred. The larynges used in the study were obtained
from an abattoir postslaughter. Although no antemortem
information on signalment or respiratory function was
available, the muscle and cartilaginous structures were all
deemed to be grossly normal before inclusion. In addition,
all larynges were required to fit the construct (5 cm tracheal
attachment) without adaptation and therefore were likely
to have been derived from adult horses. As there was no
association of cricoid cartilage length with any of the mea-
sured variables we can rationalize that the laryngeal size
was appropriate to allow effective airtight instrumentation
without the interference of the soft tissues.

The results demonstrated that using an ex vivo unilat-
eral airflow model, unilateral LVC improves inspiratory
TLI in larynges with arytenoid cartilage positioning

equivalent of a Rakestraw grade B. Vocal cordectomy
appears to provide no additional benefit to airflow in
cases with Rakestraw grade A arytenoid positioning.
Based on these findings, clinicians may consider per-
forming a unilateral left vocal cordectomy in cases with
Rakestraw grade B arytenoid abduction, or after partial
loss of abduction following prosthetic laryngoplasty. Fur-
ther research at higher flow rates, in more severe ACC
grades (Rakestraw grade C or D) and in vivo are required
to determine the clinical effect of VC on airflow mechan-
ics in maximally exercising horses.
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