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ABSTRACT

Background: Intact pharyngeal function and coordination of breathing and swallowing are essential for airway protection
and to avoid respiratory complications. Postoperative pulmonary complications caused by residual effects of neuromuscular-
blocking agents occur more frequently in the elderly. Moreover, elderly have altered pharyngeal function which is associated
with increased risk of aspiration. The purpose of this study was to evaluate effects of partial neuromuscular block on pharyn-
geal function, coordination of breathing and swallowing, and airway protection in individuals older than 65 yr.

Methods: Pharyngeal function and coordination of breathing and swallowing were assessed by manometry and videoradiog-
raphy in 17 volunteers, mean age 73.5 yr. After control recordings, rocuronium was administered to obtain steady-state train-
of-four ratios of 0.70 and 0.80 followed by spontaneous recovery to greater than 0.90.

Results: Pharyngeal dysfunction increased significantly at train-of-four ratios 0.70 and 0.80 to 67 and 71%, respectively, com-
pared with 37% at control recordings, and swallowing showed a more severe degree of dysfunction during partial neuromuscular
block. After recovery to train-of-four ratio of greater than 0.90, pharyngeal dysfunction was not significantly different from the
control state. Resting pressure in the upper esophageal sphincter was lower at all levels of partial neuromuscular block compared
with control recordings. The authors were unable to demonstrate impaired coordination of breathing and swallowing.
Conclusion: Partial neuromuscular block in healthy elderly individuals causes an increased incidence of pharyngeal dysfunc-
tion from 37 to 71%, with impaired ability to protect the airway; however, the authors were unable to detect an effect of
partial neuromuscular block on coordination of breathing and swallowing. (ANesTHESIOLOGY 2014; 120:312-25)

ESIDUAL neuromuscular block is frequently seen
in the postoperative period,"? and it affects outcome
during the first 24 h after surgery.® Patients with incomplete
reversal of neuromuscular block have an increased risk of
hypoxic events in the postanesthesia care unit* with a subse-
quently increased risk of serious adverse events in the post-

What We Already Know about This Topic

e Elderly individuals have impaired pharyngeal function. Partial
neuromuscular block causes pharyngeal dysfunction even in
young volunteers. Little is known about the effects of partial
paralysis on pharyngeal function in elderly people.

What This Article Tells Us That Is New

¢ Incidence of swallowing dysfunction increased more than
double during partial neuromuscular block in healthy elderly
individuals without impairment of coordination between swal-
lowing and breathing. Reduced upper esophageal sphincter
tone did not recover even at the train-of-four ratio of 0.9.

operative period.>>¢ In particular, postoperative pulmonary
complications are significantly more common in patients
with residual effects of neuromuscular-blocking agents
(NMBAs), and the risk of postoperative pulmonary com-
plications is markedly increased among elderly patients, that
is, patients older than 60 yr,> a steadily growing part of the

surgical population worldwide.

Itiswell known thatelderly individuals exhibitan impaired
pharyngeal function,” seen as an increased frequency of mis-
directed swallowing and tracheal aspiration.!! Moreover,

aging has previously been shown to affect coordination of
breathing and swallowing, primarily seen as an increased
number of swallows occurring during inspiration,'? lon-
ger periods of apnea during swallowing, and differences in
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timing of apnea in relation to pharyngeal swallowing,'"!3-15

resulting in increased risk of aspiration.!!"'41¢17 Thus, elderly
can be considered as at-risk patients for impaired airway
integrity and aspiration in the surgical setting.

In general, residual effects of NMBAs impair pharyngeal
function causing reduced pharyngeal dimensions with air-
way collapsibility during forced ventilation,'® pharyngeal
muscle weakness, and impaired swallowing that may result
in aspiration.'”! Pharyngeal dysfunction with misdirected
or incomplete swallowing gradually increases at mechanical
adductor pollicis train-of-four (TOF) ratios of 0.9-0.6.1%!
As expected, residual effects of NMBAs are associated with
an increased risk of postoperative respiratory complica-
tions.> 'The current knowledge regarding the effects of
partial neuromuscular block on the upper airway and the
pharynx is primarily gained from series of studies on young
adults."®2! Although there are well-known changes in pha-
ryngeal function and coordination of breathing by aging
per se,/ ' we lack detailed information on the effects of
residual neuromuscular block on pharyngeal function and
coordination of breathing and swallowing in the elderly
population.

In this study, we hypothesize that partial neuromuscular
block in elderly individuals (1) increases the incidence of pha-
ryngeal dysfunction compared with the control state, with
subsequent misdirected swallowing and aspiration and (2)
that this is associated with an altered coordination between
breathing and swallowing compared with the control state.

A novel high-resolution technique with simultaneous
recordings of breathing patterns and pharyngeal swallowing
events has recently been developed.??2* By using this setting,
we investigated elderly volunteers to gain further knowledge
about the impact of residual neuromuscular block on pha-
ryngeal function and breathing patterns.

Materials and Methods
Ethical Approval and Study Population

The study conforms to the standards of the Declaration of
Helsinki and was approved by the Regional Ethics Com-
mittee on Human Research at the Karolinska Institutet,
Stockholm, Sweden. We included 17 elderly volunteers,
older than 65 yr of age and without history of diabetes mel-
litus, dysphagia, gastroesophageal reflux disease, or surgery
to the pharynx, esophagus, or larynx, after written informed
consent. None used medication interfering with neuromus-
cular function or breathing. Demographical characteristics
are presented in table 1. In addition, a control group of six
elderly volunteers (mean age, 71.3 yr [70-73], three women
and three men) were included to investigate the stability of
recordings over time.

Respiration

A face mask with perforations for catheters and transduc-
ers was fixed over the nose and mouth and connected to a
breathing circuit (dead space, 90 ml) with a fresh gas flow
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rate of 12 I/min. Oral and nasal airflow was recorded as pre-
viously described? with an airflow discriminator (ASF1430,
CMOSens’; Sensirion AG, Staefa, Switzerland) that deter-
mined beginning and end of inspiratory and expiratory air-
flow and apnea. Durations (ms) of inspiration, expiration,
and apnea were measured and related in time to pharyngeal
swallowing events. In addition, a traditional nasal pressure
transducer (RespSponse; SynMed, Stockholm, Sweden) was
inserted into one nostril and used for visual comparisons of
respiratory phases. As previously described,?* we simultane-
ously recorded respiration and swallowing to analyze respi-
ratory-phase patterns, that is, to determine during which
phase of respiration the swallowing maneuver occurred.
Four respiratory-phase patterns have been described,!!?2-24
that is, the most common pattern E-E (inspiration-expira-
tion-swallow apnea-expiration), I-E (inspiration-swallow
apnea-expiration), E-I  (inspiration-expiration-swallow
apnea-inspiration), and finally the very rare I-I (inspiration-
swallow apnea-inspiration; fig. 1).

Swallowing and Pharyngeal Function—Videoradiography
and Pharyngeal Manometry

A manometry catheter with four solid-state pressure trans-
ducers 2cm apart was introduced through one nostril and
advanced so that the most distal transducer was placed in the
upper esophageal sphincter (UES).!*2!-24 Correct positioning
of catheter was repeatedly confirmed by using intermittent
fluoroscopy. Pharyngeal manometry and videoradiography
(fluoroscopy) were recorded simultaneously and superim-
posed during swallowing of contrast medium, as previously
described.?? Three contrast-medium swallows were used to
assess signs of pharyngeal dysfunction defined as three cat-
egories (1) premature bolus leakage from the mouth to the
pharynx and/or (2) penetration of contrast medium into the
laryngeal vestibule or the trachea and/or (3) retention of con-
trast medium in the pharynx after completion of swallowing.
In addition, each swallow was analyzed in-depth and scored
for pharyngeal dysfunction by using three different methods:
(1) degree of pharyngeal dysfunction, adding the number of
signs (0-3) of pharyngeal dysfunction category A to C (see
above) found in each of the three swallows. The individual
sum (0-9) was thereafter divided by the maximal outcome
(i.e., 9), yielding the term degree of pharyngeal dysfunction
(%); (2) risk of aspiration by using the penetration aspiration
scale (PAS)?; and (3) efficiency of bolus clearance by using

Table 1. Demographics of the 17 Elderly Volunteers

Age, yr 73.5+4.6 68-85
Weight, kg 72+9 55-91
Height, cm 172+8 155-180
BMI 24.6+2.7 19.0-28.4
Men, n 10

Women, n 7

Data presented as mean + SD and range.
BMI = body mass index; n = numbers.
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Fig. 1. (A-C) Original recordings of simultaneous pharyngeal manometry, nasal pressure, and oral and nasal airflow during spon-
taneous saliva swallows with the respiratory-phase patterns inspiration-expiration-swallow apnea-expiration (E-E) (A), inspiration-
expiration-swallow apnea-inspiration (E-I) (B), and inspiration-swallow apnea-expiration (I-E) (C). Respiratory-phase patterns E-E
and E-I were recorded during control conditions, whereas I-E was recorded at train-of-four (TOF) ratio 0.70. Manometry record-
ings made at tongue base (TB), upper or lower pharyngeal transducer (Ph Up, Ph Low), and upper esophageal sphincter (UES)
levels. Swallow indicates duration of pharyngeal swallowing. Start of pressure increase at the TB-start, upper and lower pharyn-
geal transducer level (Ph Up-start, Ph Low-start), UES (UES-start), and start of relaxation of the UES (UES relaxation-start) is indi-
cated. Swallow apnea was detected as an oscillating signal (zero airflow) from the gas flow discriminator (Oral and nasal airflow).
(D) UES pressure variations with respiration recorded during control conditions. Start of inspiration (I) and start of expiration (E) are
marked with arrows (7). In pharyngeal manometry, the dotted baseline represents pressure = 0 mmHg.
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the valleculae residue scale (VRS)® and the pyriform sinus
residue scale (PRS),? all three being validated scales. The start
of pharyngeal swallowing was defined as the beginning of
pressure increase at the tongue base (TB-start), whereas the
end was defined as the beginning of UES contraction (UES-
start)?>2* (fig. 1A). All events regarding timing of swallow
apnea and pharyngeal manometry were referenced in time to
TB-start (TB-start = 0 ms). Manometry recordings were made
at the TB, at two levels of the pharyngeal constrictor mus-
cles (at an upper level [Ph Up] and a lower level [Ph Low])
and in the UES. Maximum contraction pressure (amplitude,
mmHg) was analyzed at three levels (TB, Ph Low, and UES).
Contraction rate (slope, mmHg/s) and duration of contrac-
tion (ms) were analyzed at two levels (TB and Ph Low). Coor-
dination between pharyngeal muscles (coordination) was
measured as the time between the start of pressure increase

Anesthesiology 2014; 120:312-25

in the lower part of the pharyngeal constrictor (Ph Low) and
the start of UES relaxation (UES relaxation-start). In addi-
tion, the mean UES pressure during 10 s without swallowing
as well as the UES pressure variation during inspiration and
expiration at rest was measured (mmHg).?> By using videora-
diography, the time point when the head of the bolus passed
the anterior faucial arches was determined and compared with
(1) the start of the hyoid bone forward movement (initiation
of the pharyngeal phase of swallowing [ms]) and (2) when
the tail of the bolus reached below the UES (bolus transit
time [ms]).?! Videoradiographic images were interpreted by
an experienced radiologist. To minimize the radiation dose
to subjects, spontaneous swallows of saliva were recorded by
pharyngeal manometry without videoradiography. All swal-
lowing maneuvers of contrast medium and three spontaneous
saliva swallows (for selection criteria, see Statistical Analysis),
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with the respiratory-phase pattern E-E were analyzed regard-
ing timing of pharyngeal swallowing events and swallow
apnea (all measured in relation to TB-start [ms]), durations
of inspirations and expirations before and after swallow apnea
(ms), swallow apnea duration (SAD) (ms), UES maximum
contraction pressure (mmHg), and coordination (ms). Pre-
swallow apnea was defined as the time from onset of swallow
apnea to onset of pharyngeal swallowing (TB-start) (ms) and
postswallow apnea as the time from the end of pharyngeal
swallowing (UES-start) to the end of swallow apnea (ms).

Neuromuscular Block and Monitoring

Neuromuscular transmission was assessed conforming to
international guidelines for neuromuscular research?® by iso-
metric mechanomyography of the adductor pollicis with the
use of a Biometer Myograph 2000 neuromuscular transmis-
sion analyzer (Organon Teknika, Boxtel, The Netherlands).
Before start of experiments, a preload of 0.20-0.35kg was
applied to the thumb, and supramaximal ulnar nerve stimu-
lation at the wrist was delivered by using surface electrodes
connected to a Myotest nerve stimulator (Biometer, Odense
Denmark). The electrical stimulus applied for supramaximal
ulnar nerve stimulation was set at 15-20% above what was
necessary for a maximal response.?® The evoked mechani-
cal adductor pollicis twitch response was allowed to stabilize
during continuous ulnar nerve stimulation (1 Hz for 15—
20 min). After a stable twitch response had been obtained,
ulnar nerve TOF stimulation (0.3 ms? impulses at 2 Hz for
1.5 s every 12 s) was initiated and calibrated. During the
experimental period, the peripheral hand temperature was
monitored (Datex-Ohmeda Cardiocap®/5; GE Healthcare,
Madison, WI) and kept above 32.0°C by intermittently using
a warming blanket. Room temperature was kept at 23°C
(range, 22°-24°C). An intravenous rocuronium infusion was
started at 35-45 mg/h, thereafter adjusted to 0.28 +0.10 mg
kg h™' and 0.19+0.09 mg kg™' h™!, yielding TOF ratios of
0.70+0.01 and 0.80+0.01, respectively. To ensure steady
state, TOF ratios had to be stable for a minimum of 5 min
before recordings began. The mean time to reach TOF ratio
0.70 and TOF ratio 0.80 was 21 +4 min (range, 16-30 min)
and 6+4min (range, 1-13 min), respectively. The average
(mean) total amount of rocuronium given to volunteers was
0.3+0.1 mg/kg (range, 0.1-0.5 mg/kg) during a time period
of 54+ 11 min (range, 40~79 min). After termination of the

Recordings

rocuronium administration (i.e., at steady-state TOF ratio
0.80), the mean time to reach TOF ratio greater than 0.90
(0.96+0.03) was 5+2min (range, 1-7 min).

Study Protocol

Volunteers were allowed solid food until 6h and liquids until
2h before entering the study. An intravenous cannula was
placed in a cubital vein, and a continuous infusion of normal
saline was administered at a rate of 50ml/h. Volunteers were
then examined in the left lateral position with an 8 degree head
up tile. After initial control recordings, rocuronium (Esmeron';
Merck & Co. Inc., Whitehouse Station, NJ) (50 mg dissolved
in 100 ml normal saline, Ze., 0.5 mg/ml) was administered as
a continuous intravenous infusion by using a motor syringe
(Terumo, Tokyo, Japan) that was adjusted to obtain steady-
state TOF ratios (T4/T1) of 0.70 and 0.80 followed by spon-
taneous recovery to greater than 0.90 (fig. 2). At each of these
four study conditions, breathing and spontaneous swallows
of saliva were recorded during a 10-min period while volun-
teers were resting (fig. 2). This was followed by recordings of
three bolus swallows of 10 ml water-soluble contrast medium
(Omnipaque 240 mg/ml; Nycomed Imaging, Oslo, Norway)
(fig. 2) with a temperature of 22°-24°C. Subjects were also
asked to estimate their level of sedation on a visual analogue
scale (VAS, VAS-sedation), where 0 was maximal sedation, just
falling asleep, and 10 was no sedation. Coughing associated
with swallowing of contrast medium was recorded. Respira-
tory rate (breaths/min) and spontaneous swallowing frequency
(swallows/min) were calculated. Vital parameters (heart rate,
noninvasive blood pressure, end-tidal carbon dioxide, and
peripheral oxygen saturation) were monitored continuously
(Datex-Ohmeda Cardiocap/5; GE Healthcare, Madison,
WI). Recordings at each of the four study conditions lasted
for approximately 15 min. The total time the volunteers were
examined was 97 + 12 min (range, 70-118 min).

Control Group

In the control group (n = 6), the stability of recording was
assessed to rule out an effect of elapsed time on pharyngeal
dysfunction and UES pressure at rest. Assessments were
made at four occasions with the use of pharyngeal manom-
etry and videoradiography as described above (see Materials
and Methods, Respiration, and Swallowing and Pharyn-
geal Function), that is, at 0 (baseline), 25, 50, and 75 min.

of swallowing | [T T1] | [ ]

and breathing

[ Rocuronium infusion |

Study

occasion

Control TOF 0.70

TOF 0.80 TOF >0.90

1 Spontaneous swallows of saliva
[T 3 swallowing manuevers of contrast medium

Fig. 2. Schematic presentation of study protocol. Recordings at control (control) and during three levels of partial neuromuscular

block (train-of-four [TOF] ratios 0.70, 0.80, and >0.90).
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Corresponding percentage of swallows with pharyngeal dys-
function was 44, 27, 50, and 39% (P = 0.42), whereas UES
mean pressure at rest (mmHg) was 64+13, 68+27,79+37,
and 84 +32 at 0, 25, 50, and 75 min (2 = 0.51), confirming
the stability of the method over time.

Statistical Analysis

Mean UES pressure at rest was measured before and after the
swallowing maneuvers of contrast medium, and a mean value
was calculated for each volunteer at each of the four levels of
partial neuromuscular block (control, TOF ratios 0.70, 0.80,
and >0.90). For all other parameters derived from manom-
etry, videoradiography, and airflow (durations [ms], intervals
[ms], and timing of events from TB-start = 0 [ms], pressures
[mmHg], contraction rates [mmHg/s], PAS, VRS, and PRS),
a mean value based on three measurements from three separate
swallows or breaths was calculated for each volunteer and at
each of the four levels of partial neuromuscular block (control,
TOF ratios 0.70, 0.80, and >0.90). For in-depth analysis of
coordination of breathing and swallowing, swallows with the
respiratory-phase pattern E-E were chosen, because the number
of recorded non-E-E swallows was too small to allow statistical
analysis. When studying spontaneous swallows or breaths at
rest, measurements were made in the first E-E swallow occur-
ring closest to the start, mid, and end period of the recording,
to avoid selection bias. For all statistical analysis, Statistica 10
(Statsoft” Inc., Tulsa, OK) was used when not otherwise stated.
For data suitable for parametric analysis, ANOVA repeated
measures (one or two within factors) was used. Planned com-
parisons comparing control to measurements at TOF ratios
0.70, 0.80, and greater than 0.90 and between spontaneous
swallows of saliva and swallows of contrast medium were
made, respectively. Results are presented as mean + SD of the
mean (SD) or the 95% CI. For data included in degree of
pharyngeal dysfunction, PAS, VRS, PRS, and VAS-sedation,
planned comparisons were made using Wilcoxon test. Per-
centage of swallows with pharyngeal dysfunction was analyzed
using ANOVA after rank transformation. Results are pre-
sented as median values with upper and lower quartile and
range. Respiratory-phase patterns were analyzed for all swal-
lows, that is, spontaneous swallows of saliva and swallows of
contrast medium, using generalized linear models (PROC
GENMOD, logistic regression, repeated measures with binary
data) using SAS" 9.2, maintenance 2, (SAS Institute Inc.,
Cary, NC) because this procedure can handle complex data
structures and allows for variations in the total number of swal-
lows at each of the four levels of partial neuromuscular block
(control, TOF ratios 0.70, 0.80, and >0.90) (spontancous
swallows of saliva occurred with varying frequency). Analysis
of effects of sex was, for data suitable for parametric analy-
sis, made using ANOVA repeated measures with a categorical
predictor and for data analyzed with nonparametric methods
using Mann—Whitney U test. To investigate factors that could
be associated with pharyngeal dysfunction, degree of pharyn-
geal dysfunction at TOF ratio 0.70 was analyzed for effects

Anesthesiology 2014; 120:312-25
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of sex and respiratory-phase patterns (i.e., presence of non—
E-E phase patterns) using Mann—Whitney U test. Family-wise
Bonferroni corrections for multiple comparisons were made.
Exact unadjusted P values are reported. P values less than 0.05
were considered significant.

Results

Swallowing and Pharyngeal Dysfunction

A total of 669 swallowing maneuvers were analyzed, 203
swallows of contrast medium and 466 spontaneous swallows
of saliva. Pharyngeal dysfunction was analyzed by using vid-
eoradiography in the contrast-medium swallows. In control
recordings, 37% of swallows showed at least one of the cri-
teria for pharyngeal dysfunction. This increased to 67 and
71% during partial neuromuscular block with TOF ratios
0.70 and 0.80, respectively (table 2). After recovery to a
TOF ratio of greater than 90%, there was no difference from
the control state (table 2). Because pharyngeal dysfunction
was frequently found in the control state, and swallows with
more than one of the signs of dysfunction were common
during partial neuromuscular block, we further explored
the severity of pharyngeal dysfunction (for definition see
Materials and Methods). Degree of pharyngeal dysfunction
(fig. 3) increased from a median of 11% (0-77%), during
control conditions, to 33% (0—77%; P = 0.005) and 33%
(11-77%; P = 0.013) at TOF ratios 0.70 and 0.80, respec-
tively (fig. 3A). Again, after recovery to TOF ratio of greater
than 0.90, the degree of pharyngeal dysfunction was not
significantly different from the control state (0-56%; P =
0.31) (fig. 3A). Videoradiographical analysis revealed that
penetration of contrast medium occurred to, or to a level
immediately above the vocal cords (laryngeal penetration).
However, contrast medium was not detected below the vocal
cords (aspiration) in any of the swallowing maneuvers. Risk
of aspiration assessed using PAS and efficiency of bolus clear-
ance using VRS and PRS revealed an increased VRS score at
TOF ratio 0.70 compared with the control state (table 2).
However, at TOF ratios 0.80 and greater than 0.90, scores
were not different compared with control (table 2). Compar-
ing men and women, there were no detectable differences in
the incidence of pharyngeal dysfunction or degree of pha-
ryngeal dysfunction during partial neuromuscular block.

Coordination of Breathing and Swallowing

Respiratory-phase patterns were not affected by partial
neuromuscular block (2 = 0.34) (fig. 3B). The majority of
swallows occurred during expiration with expiratory airflow
present both before and after swallow apnea (E-E) (fig. 1A).
Two other patterns were detected, I-E, where swallowing
occurs immediately after inspiration and is followed by
expiratory airflow, and E-I, where swallowing is followed
by inspiratory airflow (fig. 1, B-C). None of the swallow-
ing maneuvers occurred during the inspiratory phase (I-I).
Notably, I-E and E-I swallows were not associated with a
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Table 2. Pharyngeal Dysfunction, Penetration-Aspiration and Bolus Clearance during Partial Neuromuscular Block

Control TOF 0.70 TOF 0.80 TOF >0.90
Percentage of swallows with pharyngeal dysfunction % 37 67" 71* 45
P 0.014 0.009 0.44
Swallows with premature leakage of bolus n 12 18 23 14
Swallows with penetration of bolus to laryngeal inlet n 10 16 15 7
Swallows with retention of bolus after swallow n 4 18 16 10
Penetration aspiration scalet (1-8) Median 1.0 1.3 1.3 1.0
P 0.033 0.09 0.72
Q11to Q3 1-1.3 1-2.0 1-2.0 1-1.0
Range 1-4.3 1-4.7 1-4.7 1-3.3
Valleculae residue scalet (1-3) Median 1.0 1.3* 1.0 1.0
P 0.012 0.028 0.18
Q1to Q3 1-1.0 1-1.7 1-1.7 1-1.3
Range 1-1.7 1-2.0 1-2.0 1-1.7
Pyriform sinus residue scalef (1-3) Median 1.0 1.0 1.0 1.0
P 0.043 0.59 0.71
Q1to Q3 1-1.0 1-1.7 1-1.0 1-1.0
Range 1-1.7 1-2.0 1-2.0 1-1.7
Total swallowing maneuvers of contrast medium n 51 51 51 51

* P < 0.05 after Bonferroni correction. T Penetration aspiration scale (1-8); risk of aspiration rated such as: No risk, 1 = no airway invasion; 2 = bolus enters
into airway with clearing; Risk of Aspiration, 3 = bolus enters into airway without clearing; 4 = bolus contacts vocal cords with airway clearing; 5 = bolus
contacts vocal cords without airway clearing; Positive Aspiration, 6 = bolus enters trachea and is cleared into larynx or out of airway; 7 = bolus enters
trachea and is not cleared despite attempts; 8 = bolus enters trachea and no attempt is made to clear. § Valleculae and Pyriform sinus residue scale (1-3);
Bolus clearance rated, 1 = no residual to mild bolus retention; 2 = moderate residual with up to half the recess filled with material postswallow; 3 = severe

residual with more than half the recess filled with material postswallow.

n = numbers; P = exact P value vs. control; Q1 to Q3 = lower and upper quartile; TOF = train-of-four ratio.

higher degree of pharyngeal dysfunction compared with
E-E swallows. There were no differences in respiratory-phase
patterns or coordination of breathing and swallowing when
comparing men and women.

When further analyzing E-E swallows, partial neuromus-
cular block had no effect on duration of inspiration before
swallowing, expiration before swallowing, preswallow apnea
(fig. 4), pharyngeal swallowing (fig. 4), postswallow apnea, or
expiration after swallowing. Moreover, partial neuromuscular
block had no effect on SAD being 1,280+789, 1,128 267,
1,571+ 893, and 1,379 + 513 ms at control, TOF ratios 0.70,
0.80, and greater than 0.90, respectively (P = 0.08). Hence,
we could not detect an effect by partial neuromuscular block
on coordination of breathing and swallowing.

Mechanical Properties and Timing of Pharyngeal
Swallowing and Swallow Apnea

In swallowing maneuvers of both contrast medium and saliva
occurring within the respiratory-phase pattern E-E, partial
neuromuscular block had no effect on the time course of the
pharyngeal muscle contraction wave (fig. 4). Neither were
there any effects of partial neuromuscular block on the start
or end of swallow apnea in relation to pharyngeal swallowing
(fig. 4). The duration of the pharyngeal phase of swallow-
ing (TB-start to UES-start) was shorter in men compared
with women (P = 0.013, ANOVA), previously explained as
anatomical differences®; however, this was not affected by
partial neuromuscular block. There were no other differ-
ences regarding the time course of the pharyngeal muscle

Anesthesiology 2014; 120:312-25

contraction wave or swallow apnea in relation to pharyngeal
swallowing when comparing men and women.

When further analyzing pharyngeal manometric pres-
sures in swallowing maneuvers of contrast medium, partial
neuromuscular block had no significant effect on maximum
contraction pressure, contraction rate, or contraction dura-
tion, either at the level of the base of the tongue (TB) or at
the lower pharyngeal constrictor muscle (Ph Low) (table 3).
There was no effect of partial neuromuscular block on the
coordination between UES relaxation and pharyngeal con-
strictor muscle activity, neither in contrast-medium swallows
nor in spontaneous swallows of saliva (table 3).

Partial neuromuscular block had no significant effect on
initiation of the pharyngeal phase of swallowing, bolus tran-
sit time, or the time interval between when the bolus was
first seen in the mouth and onset of pharyngeal swallowing
(TB-start) (table 3). In five volunteers and 8 of 51 swallows
during control recordings, we recorded a bolus present in
the mouth without initiation of pharyngeal swallowing, yet
pharyngeal contractions occurred without contrast medium
being propelled. This was later followed by subsequent con-
tractions, that is, the actual swallowing maneuver, where
the bolus was transported into the esophagus. In this sub-
set of volunteers, this pattern was not changed by partial
neuromuscular block. Finally, there were no differences in
maximum contraction pressures, contraction rate, contrac-
tion duration, coordination, initiation, bolus transit time,
or bolus in mouth without initiating pharyngeal swallowing
when comparing men to women.
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Fig. 3. (A) Degree of pharyngeal dysfunction at control (control) and during three levels of partial neuromuscular block (train-of-
four [TOF] ratios 0.70, 0.80, and >0.90). Severity of pharyngeal dysfunction increased significantly during partial neuromuscular
block in the elderly and an increased number of swallows showed multiple abnormalities. *P < 0.05 versus control. (B) Frequency
(%) of respiratory-phase patterns (inspiration-expiration-swallow apnea-expiration [E-E]; inspiration-expiration-swallow apnea-
inspiration [E-I]; inspiration-swallow apnea-expiration [I-E]) during swallowing at control (control) and during partial neuromus-
cular block (TOF ratios 0.70, 0.80, and >0.90). The coordination of breathing and swallowing was not affected by partial neuro-
muscular block. (C) Mean upper esophageal sphincter (UES) pressure at control and during partial neuromuscular block (TOF
ratios 0.70, 0.80, and >0.90). The UES pressure (mmHg) was measured at rest for 10 s without swallowing and decreased during
partial neuromuscular block. Vertical bars denote 95% CI. *P < 0.05 versus control. (D) Variation in UES pressure (mmHg) with
respiration, at control and during partial neuromuscular block (TOF ratios 0.70, 0.80, and >0.90). Partial neuromuscular block
lowered UES pressures both during inspiration and expiration, but the difference in pressure during inspiration and expiration
was preserved. Vertical bars denote 95% CI. *P < 0.05 versus control. TP < 0.05 inspiration versus expiration. (E) Self-estimated
sedation score at control (control) and during partial neuromuscular block (TOF ratios 0.70, 0.80, and >0.90). On a visual ana-
logue scale (VAS) where 0 equals maximal sedation (i.e., just falling asleep) and 10 equals no sedation, the volunteers scored
themselves lower (less vigilant) during partial neuromuscular block. *P < 0.05 versus control.
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Fig. 4. Pharyngeal swallowing and swallow apnea in spontaneous swallows of saliva (S) and swallowing maneuvers of contrast
medium (C), with the respiratory-phase pattern inspiration-expiration-swallow apnea-expiration (E-E), at control (control) and
during three levels of partial neuromuscular block (train of four [TOF] ratios 0.70, 0.80, and >0.90). The start of pharyngeal swal-
lowing was defined as the onset of pressure increase at the tongue base (TB-start) and all pharyngeal manometry events as
well as start and end of swallow apnea were referenced in time (ms) to TB-start = 0. Start of relaxation of the upper esophageal
sphincter (UES) (UES relaxation-start). Onset of pressure increase in the upper and lower pharyngeal manometry transducer (Ph
Up-start and Ph Low-start) and the UES (UES-start). Start of swallow apnea (Apnea-start) and end of swallow apnea (Apnea-

end). Mean (ms) + 95% CI. *P < 0.05 versus swallowing maneuvers of contrast medium.

UES

Resting UES pressures were significantly decreased at all lev-
els of partial neuromuscular block (TOF 0.70, P < 0.001;
0.80, < 0.001; and >0.90, P = 0.007) compared with con-
trol recordings (fig. 3C). Inspiratory UES pressures were
significantly higher than expiratory UES pressures (figs. 1D
and 3D). The timing of UES pressure changes in relation
to onsets of inspiration and expiration, where an increase
in UES pressure occurs before start of inspiration and a
decrease in UES pressure is seen after expiration, are shown
in figure 1D. This coordination between UES pressure
changes and breathing was not affected by partial neuromus-
cular block; however, both the inspiratory and expiratory
UES pressures were lower at all levels of partial neuromus-
cular block compared with control recordings (P < 0.001;
fig. 3D). Partial neuromuscular block had no further effect
on the maximum contraction pressure in the UES after swal-
lowing (table 3). Finally, we were unable to detect any differ-
ences in UES pressures or coordination with breathing when
comparing men and women.

Cough

During control recordings, three volunteers coughed when
swallowing one of the three boluses of contrast medium. At
TOF ratios 0.70 and 0.80, one volunteer coughed and at TOF
ratio greater than 0.90, two volunteers coughed when swal-
lowing one of the three boluses of contrast medium. The total
number of coughs was too small to allow statistical analysis.
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Sedation Scoring by VAS and Subjective Symptoms of
Neuromuscular Block

Visual analogue scale scoring decreased during partial neuro-
muscular block, that is, most volunteers scored themselves more
sedated at TOF ratio 0.70 as compared with the control state
(TOF ratios 0.70, P < 0.001; 0.80, P = 0.041; and >0.90, P =
0.13; fig. 3E). Moreover, there was a significant difference in
VAS-sedation between men and women at TOF ratio 0.70.
Men felt more affected and scored themselves lower (median,
6.3; range, 3.0-8.5) than women (median, 8.0; range, 5.0—
10.0; P = 0.033).

At TOF ratio 0.70, volunteers spontaneously described
symptoms such as blurred vision, diplopia, dysarthria, sub-
jective difficulty to swallow, relaxed facial muscles, and calm-
ness. None reported distress or discomfort and none had
trouble breathing. All volunteers completed the study at all
levels of partial neuromuscular block and mechanomyogra-
phy was well tolerated. Vital parameters including respiratory
rate and spontaneous swallow frequency (0.8 £0.5, 0.7 £0.3,
0.6£0.4, and 0.6£0.3 swallows per minute at control,
TOF ratios 0.70, 0.80, and greater than 0.90, respectively
[P = 0.12]) were unchanged throughout the study.

Bolus Type

When comparing swallowing maneuvers of contrast
medium to spontaneous swallows of saliva, coordination was
longer for swallows of contrast medium at TOF ratio 0.70
(table 3). The maximum contraction pressure in the UES
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Table 3. Mechanical Properties and Timing of Pharyngeal Swallowing during Partial Neuromuscular Block

P Value,
Bolus Control TOF 0.70 TOF 0.80 TOF >0.90 NMBA
Pharyngeal Manometry
TB max. contr. mmHg C 247 211 207101 316333 313+331 0.11
TB contr. Rate mmHg/s C 944 +648 907 £791 1,240+1,196 1,207 +1,029 0.12
TB contr. dur. ms C 676163 650144 695+121 678+116 0.51
Ph Low max. contr. mmHg C 315+103 333+135 303+126 301+136 0.38
Ph Low contr. Rate mmHg/s C 1,448 538 1,522 670 1,338+£595 1,426+£716 0.47
Ph Low contr. dur. ms C 553125 550116 537121 522 +97 0.57
Coordination ms C -398+64 -403+83 -390+121 -371+75 0.63
Coordination ms S -381+£98 -341+£92* -340+£98 -331x75 0.14
P, Bolus Svs.C 0.38 0.007 0.17 0.016
UES max. contr. mmHg C 371+126 330+99 344+123 370137 0.15
UES max. contr. mmHg S 274+109* 268+140 281+134* 285+114* 0.90
P, Bolus Svs.C 0.004 0.017 0.010 <0.001
Videoradiography
Initiation ms C 137+124 177277 159+167 146+120 0.89
Bolus transit time ms C 914 +166 976+334 984 +206 941+197 0.77
Bolus in mouth s C 5.6+4.5 3.9+2.6 4.4+4.2 52+7.4 0.18

N = 17 elderly volunteers. Data presented as mean + SD; P value, NMBA, P value (ANOVA); P, Bolus, exact P value vs. swallowing maneuvers of contrast
medium (ANOVA, planned comparisons). Measurements of pharyngeal manometry are illustrated in figure 6.

* P < 0.05 after Bonferroni correction.

Bolus = bolus type; Bolus in mouth, without initiating pharyngeal swallowing = the interval between the times at which the bolus of contrast medium was first
seen in the mouth and onset of pharyngeal swallowing, i.e., start of pressure increase at the level of the TB (TB-start); Bolus transit time (pharyngeal) = the
interval between the times at which the bolus head passed the anterior faucial arches and the tail of the bolus passed the UES; C = swallowing maneuvers
of contrast medium; contr. dur. = contraction duration; contr. rate = contraction rate; coordination = measured as the time between the start of pressure
increase at the lower part of the pharyngeal constrictor (Ph low-start) and the start of UES relaxation (UES relaxation-start); Initiation of the pharyngeal
phase of swallowing = the interval between the times at which the head of the bolus passed the anterior faucial arches and the hyoid bone started to move
forward; max. contr. = maximum contraction pressure; NMBA = neuromuscular-blocking agent; Ph Low = lower pharyngeal manometry transducer; TB =

tongue base; TOF = train-of-four ratio; S = spontaneous swallows of saliva; UES = upper esophageal sphincter.

after swallowing was significantly higher in contrast-medium
swallows compared with spontaneous saliva swallows, yet
this difference was unaffected by partial neuromuscular
block (table 3). Moreover, duration of preswallow apnea was
longer in swallows of contrast medium at control recordings
(P =0.008) and at TOF ratio 0.70 (P = 0.011; fig. 4). Also,
the time differences from TB-start to Ph Up-start at TOF
ratio 0.70 (P < 0.001) and TOF ratio 0.80 (2 = 0.006) were

longer in swallowing maneuvers of contrast medium (fig. 4).

Discussion

This study is to our knowledge the first to document the
effects of partial neuromuscular block on airway protec-
tion and the coordination of breathing and swallowing in
healthy elderly individuals. It demonstrates a profound
negative impact on airway integrity, increasing the incidence
of pharyngeal dysfunction from 37% in the control state to
71% during partial neuromuscular block. However, we were
unable to detect an effect of partial neuromuscular block on
the coordination of breathing and swallowing.
Oropharyngeal dysphagia is an important etiologic fac-

tor for pneumonia in elderly individuals,?28

and age per se
is a risk factor for impaired pharyngeal function, abnormal
swallowing, and aspiration.®1273! Tt is thus not surpris-
ing that we found a high incidence of pharyngeal dysfunc-

tion in the control recordings. We know from studies in

Anesthesiology 2014; 120:312-25 320

young adults that partial neuromuscular block increases
the incidence of pharyngeal dysfunction. In the elderly, this
extended to a majority of swallows, despite limited depth
of block. This cannot be explained by age-dependent differ-
ences in rocuronium potency.** Rather, it is likely that age-
induced decline in pharyngeal function reduces the margins
of safety during swallowing and so accentuates the effects
of NMBAs. Hence, elderly are prone to adverse pharyngeal
effects of residual neuromuscular block. Not studied in this
investigation, these effects may remain longer because of the
decreased elimination rate of rocuronium in elderly,® fur-
ther increasing the risk for pulmonary complications.?

To in detail describe the severity of the pharyngeal dys-
function in this population with a markedly high incidence
of misdirected swallowing, we graded the degree of dysfunc-
tion by analyzing how many of the three signs of dysfunc-
tion were present in each swallow. Penetration of contrast
medium into the laryngeal vestibule may obviously lead to
aspiration. However, insufficient oral bolus control with
premature leakage into the pharynx without initiating pha-
ryngeal swallowing, or pharyngeal bolus residues after swal-
lowing, may also lead to aspiration. Acknowledging this,
we analyzed the degree of pharyngeal dysfunction taking
all three aspects equally into consideration. During partial
neuromuscular block, the degree of pharyngeal dysfunction
increased three-fold, and more swallows showed multiple
signs of dysfunction.
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Table 4. Pharyngeal Function and Coordination of Breathing and Swallowing at the Resting Control State

Elderly Young
Pharyngeal Function N=17 N=18
Swallows of contrast medium, n 51 88t
Incidence of pharyngeal dysfunction, % 37 6
Swallows with premature leakage of bolus, n 12 1
Swallows with penetration of bolus to laryngeal inlet, n 10 4
Swallows with retention of bolus after swallow, n 4 0
UES mean pressure at rest, mmHg 77+28 79+26
Coordination*, ms -398+64 -465+151
Coordination of Breathing and Swallowing N=17 N =32
Spontaneous swallows of saliva, n 139 515§
Respiratory-phase patterns, %
E-E 97.1 97.5
I-E 0.0 0.0
E-I 2.9 2.5
I-1 0.0 0.0
SAD, ms 1,280+789 1,099 +411
Duration of pre-swallow apnea, ms 615+691 360+351
Duration of post-swallow apnea, ms 118+115 13787
Swallows of contrast medium, n 51 93t
Respiratory-phase patterns, %
E-E 98.0 97.8
I-E 2.0 1.1
E-I 0.0 1.1
I-1 0.0 0.0
SAD, ms 1,932+1,040 2,237+1,283
Duration of pre-swallow apnea, ms 1,479+1,652 1,292 +992
Duration of post-swallow apnea, ms 208+177 399+536

Data from current study on elderly and previous studies on young volunteers. Data presented as mean + SD. Respiratory-phase patterns (frequency, %).

* Coordination, measured as the time between the start of pressure increase at the lower part of the pharyngeal constrictor (Ph Low-start) and the start of
UES relaxation (UES relaxation-start). T+ Sundman et al.?' + Boden et al.?> § Hardemark Cedborg et al.?®

E-E = inspiration-expiration-swallow apnea-expiration; E-I = inspiration-expiration-swallow apnea-inspiration; I-E = inspiration-swallow apnea-expiration; I-I =
inspiration-swallow apnea-inspiration; N = number of volunteers; n = number of swallows; SAD = swallow apnea duration; UES = upper esophageal sphincter.

In control recordings, in-depth analysis of risk of aspira-
tion using PAS, and efficiency of bolus clearance using VRS
and PRS, revealed scores in line with previous results in
healthy elderly.?> Partial neuromuscular block at TOF ratio
0.70 decreased efficiency of bolus clearance, leaving signifi-
cant bolus residues at the level of the valleculae. However, at
TOF ratio 0.80, there was no significant effect on efficiency
of bolus clearance, indicating a dose-related risk for impaired
airway protection.

Although the incidence of pharyngeal dysfunction
increased significantly during partial neuromuscular block,
we were unable to detect changes in the integration of
breathing and swallowing. Contrary to our hypothesis,
swallowing remained within the expiratory phase in more
than 90% of events regardless of neuromuscular block.
No swallows occurred during inspiration. The respira-
tory-phase patterns in control recordings were similar to
previous measurements in young adults,?>?* but differed
from studies showing that swallowing close to inspira-

11,12

tion increases with age. Inspiration immediately after

swallowing combined with decreased pharyngeal clearance

Anesthesiology 2014; 120:312-25

could increase the risk of aspiration. However, the inci-
dence of pharyngeal dysfunction was not increased in the
small subset of swallows that occurred in the transition
between respiratory phases.

The brief period of apnea after swallowing is likely an
important mechanism for protecting the airway from aspi-
ration. In young individuals, the duration of postswallow
apnea is short, supposedly representing a tight integration
of the final part of pharyngeal swallowing and the resump-
tion of breathing.??43 Our recordings of elderly in the
control state revealed similar length of pre- and postswal-
low apnea as well as SAD compared with previous mea-
surements in young adults.?*>* However, in the young,
SAD was shorter in spontaneous saliva swallows compared
with bolus swallows.?? This difference was less striking in
the elderly. Speculatively, this could be an effect of altered
sensory signaling with increasing age,>* contributing to the
prolonged SAD and postswallow apnea in elderly found by
others.! 11417

The temporal coordination of breathing and swallowing
is governed by central pattern generators, colocalized within
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the brainstem.>> Our findings indicate that partial neuro-
muscular block has limited impact on the central control
of breathing and swallowing. This is reasonable because
NMBASs poorly penetrate the blood-brain barrier.** How-
ever, we have previously in anesthetized patients found an
effect on level of hypnosis by neuromuscular block.?” In the
current study, the self-reported estimate of vigilance (VAS-
sedation) decreased during partial neuromuscular block. It
is unlikely that this is centrally initiated, but rather due to
reduced afferent signaling from muscles, described as the
“afferentation theory.”?® Our results suggest that NMBAs
cause pharyngeal dysfunction mainly by peripheral action
on the pharynx.

The UES tone was markedly reduced at all levels of
partial neuromuscular block, that is, even after recovery
to an adductor pollicis TOF ratio greater than 0.90. The
tonic contraction of the UES serves to prevent acrophagia
and regurgitation and protects the airway against aspira-
tion.”” In addition, UES pressure oscillates with respira-
tion,”>* adding further protection against regurgitation as
the sphincter tone increases during inspiration when intra-
thoracic pressure decreases. The magnitude of respiratory
UES variations was not affected by partial neuromuscular
block, but occurred at a markedly lower mean UES pres-
sure. This may impair airway protection at rest and dur-
ing respiratory load. Moreover, aging is associated with
increased airway collapsibility,’® and partial neuromuscu-
lar block causes upper airway obstruction during forced
inspiration.'® The combination of low UES resting tone, a
partially obstructed upper airway and increased inspiratory
efforts, could undermine the margin of safety provided by
the UES, thus increasing the risk of acrophagia, regurgita-
tion, and aspiration.

The strikingly high incidence of pharyngeal dysfunction
in control recordings of the elderly contrasts to previous data
obtained in young adults using the same methodology. For

Young Elderly Young

Neuromuscular Block and Airway Protection in Elderly

illustration purposes, and based on reviewers' recommenda-
tions, key control data for young adults and elderly are sum-
marized in table 4 and fig. 5. The historic nature of data
obtained in the young mandates cautious interpretation.
Although there were no major differences regarding the UES
resting tone or in key components in respiratory-phase pat-
terns of coordination of breathing and swallowing, the coor-
dination of pharyngeal contraction and UES relaxation was
faster in young adults. Hence, we speculate that the failed
airway protection at control conditions in elderly is associ-
ated with a dysfunction in pharyngeal coordination.

Partial neuromuscular block affects the same key factors
for pharyngeal function and airway protection in young
and elderly (fig. 5); however, the severity of this impact was
more pronounced in the elderly illustrating the accentuated
vulnerability of elderly during recovery from neuromuscu-
lar block.

Interestingly, the incidence of coughing did not increase
with the neuromuscular block-induced decline in pharyngeal
function, not even in swallows with laryngeal penetration.
This is in line with previous observations.!*?4* Conse-
quences of impaired pharyngeal function and airway protec-
tion caused by NMBAs may be aggravated if the protective
effects of coughing are hampered simultaneously. This also
implies that cough may be an unreliable sign of pharyngeal
dysfunction and aspiration in studies and in clinical practice.

Some limitations should be considered. Bolus administra-
tion through a syringe differs from normal drinking and could
affect the preparatory stage of swallowing and possibly the
incidence of pharyngeal dysfunction. However, as volunteers
adapt, the incidence would decrease or remain stable as in the
control group. As the incidence instead increased during partial
neuromuscular block, our findings are not likely to be overesti-
mated. Moreover, the study was neither placebo controlled nor
was the order of targeted TOF ratios randomized. However,
pharyngeal swallowing, once triggered, is considered reflexive

NMBA
Elderly

Control

oral coordination * [ J X 3
coordination of pharyngeal contraction wave * o
pharyngeal clearance * o ‘
upper esophageal sphincter (UES) * o o ‘ ‘
laryngeal protection * o ’ ‘
coordination of breathing and swallowing ** o o [ o
normal @ affected imparied 0 not available @

Fig. 5. Schematic presentation of key factors for normal pharyngeal function and airway protection and the impact of age and
partial neuromuscular block. Oral coordination (prevents penetration of contents to the laryngeal inlet or aspiration); coordina-
tion of the pharyngeal contraction wave (the propagation of contractions in the pharyngeal constrictor muscles into the upper
esophageal sphincter [UES]); pharyngeal clearance (prevents retention of pharyngeal residue after completion of the pharyngeal
contraction wave); UES (resting pressure in the UES contributes to airway protection by preventing aerophagia and regurgitation);
laryngeal protection (prevents penetration of contents to the laryngeal inlet or aspiration); coordination of breathing and swal-
lowing (swallowing during expiration and normal duration and timing of apnea in relation to the pharyngeal phase of swallowing
prevents aspiration); *Sundman et al.?'; **Bodén et al.??; tHardemark Cedborg et al.?> NMBA = neuromuscular-blocking agent.
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100 mmHg

UES
600 ms

Fig. 6. lllustration of measurements of pharyngeal manometry
reported in table 3. Amp = amplitude, maximum contraction
pressure (mmHg); coord = coordination measured as the time
between the start of pressure increase at Ph Low (Ph Low-
start) and the start of UES relaxation (UES relaxation-start);
Dur = contraction duration (ms); Ph Low = lower pharyngeal
manometry transducer; Ph Up = upper pharyngeal manom-
etry transducer; TB = tongue base; slope = contraction rate
(mmHg/s); UES = upper esophageal sphincter.

and without voluntary control,? that is, placebo effects should
be minimal. The order of TOF ratios was set to reflect clinical
recovery although kept at steady state during measurements.
After recovery to a TOF ratio of greater than 0.90, UES pres-
sure was still reduced, in line with previous observations.?!4142
In young adults, atracurium caused residual pharyngeal mus-
cle weakness that settled 15 min after recovery to TOF ratio
greater than 0.90.! Hence, minor residual muscle weakness is
expected at TOF ratios greater than 0.90. The study was not
primarily designed to detect sex differences, and the lack of
such differences should be interpreted with caution due to low-
power analyzing subgroups. Although in the elderly, there was
a tendency to a shorter time between pressure increase in the
inferior pharyngeal constrictor muscle and UES relaxation at
TOF ratio 0.70 compared with the resting control state, we
could not confirm previous results in young adults during
deeper partial neuromuscular block.!??!

Conclusion

Partial neuromuscular block in healthy elderly individuals
cause an increased incidence of pharyngeal dysfunction,
from 37 to 71%, with impaired ability to protect the air-
way. However, we were unable to detect an effect of par-
tial neuromuscular block on the coordination of breathing
and swallowing. Appropriate management of neuromuscu-
lar function including avoidance of residual neuromuscular
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block in the postoperative period is of utmost importance in
the elderly.
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