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Abstract Swallowing is an important physiological

response that protects the airway.Although aspiration during

sleep may cause aspiration pneumonia, the mechanisms

responsible have not yet been elucidated. We evaluated the

coordination between respiration and swallowing by infus-

ing water into the pharynx of healthy young adults during

each sleep stage. Seven normal subjects participated in the

study. During polysomnography recordings, to elicit a

swallow we injected distilled water into the pharynx during

the awake state and each sleep stage through a nasal catheter.

We assessed swallow latency, swallow apnea time, the res-

piratory phase during a swallow, the number of swallows,

and coughing. A total number of 79 swallowswere recorded.

The median swallow latency was significantly higher in

stage 2 (10.05 s) and stage 3 (44.17 s) when compared to

awake state (4.99 s). The swallow latency in stage 3 showed

a very wide interquartile range. In two subjects, the result

was predominantly prolonged compared to the other sub-

jects. There was no significant difference in the swallow

apnea time between sleep stages. The presence of inspiration

after swallowing, repetitive swallowing, and coughing after

swallowing was more frequent during sleep than when

awake. This study suggests that the coordination between

respiration and swallowing as a defense mechanism against

aspiration was impaired during sleep. Our results supported

physiologically the fact that healthy adult individuals aspi-

rate pharyngeal secretions during sleep.
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Abbreviations

EEG Electroencephalography

EMG Electromyography

EOG Electrooculography

PSG Polysomnography

REM Rapid eye movement

Introduction

Swallowing is an important physiological response that

protects the airway by removing matter which could be

aspirated, thereby preventing aspiration pneumonia. Thus,

there must be some form of precise coordination between

respiration and swallowing.

For some dysphagia patients, the coordination between

respiration and swallowing leads to aspiration. It is rec-

ognized that aspirating food, liquid, or oropharyngeal

secretions colonized by bacteria causes aspiration pneu-

monia [1–3]. Similarly, aspiration during sleep has also

been shown to cause aspiration pneumonia [4]: Some

elderly patients develop acute episodes of pneumonia due

to increased aspiration during sleep [5] and even healthy

adults aspirate small amounts of oropharyngeal secretions

while asleep without major consequence [6]. The
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mechanisms responsible for this increase in aspiration

during sleep have not yet been elucidated. Thus, under-

standing how the coordination between respiration and

swallowing occurs during sleep when voluntary swallow-

ing is absent is extraordinarily important [7].

No study, to our knowledge, has explored the coordi-

nation between respiration and swallowing during sleep.

To better understand swallowing during sleep, we tested

the hypothesis that the coordination between swallowing

and respiration may be different in each sleep stage. We

evaluated the coordination of respiration and swallowing

elicited by infusing water into the pharynx of healthy

young adults in each sleep stage. Then, we assessed

swallow latency, swallow apnea time, the respiratory phase

in swallow, the number of swallows, and coughing.

Materials and Methods

Subjects

Seven normal subjects (two males and five females) ranging

in age from 25 to 30 years old participated in the study. All

volunteers were in good health and free of neuromuscular

and respiratory disorders. Current or ex-smokers were

excluded from this study since pharyngeal reflexes may be

affected by smoking. All participants gave their written

informed consent. These experiments were performed under

the approval of the Osaka University Ethics Committee

(Osaka University Dental Hospital, No. H23-E19).

Study Procedures

Experimental Setup

Figure 1 shows a diagram of the experiment.

Polysomnography (PSG) was performed to assess sleep

stages according to standard criteria [8, 9]. Standard mea-

surements included electroencephalography (EEG), elec-

trooculography (EOG), submental electromyography

(EMG), and chest and abdominal respiratory impedance

plethysmography. Nasal airflow was recorded by using

nasal cannula connected to a pressure transducer and oral

thermistor. In order to assess a swallow event, thyrohyoid

EMG and a laryngeal microphone were added to the

montage.

During full PSG recordings, we injected a small amount

of distilled water into each subject’s pharynx during the

awake state and each sleep stage through a nasal catheter

(1.7 mm in diameter). The catheter was inserted through

the nostrils and into the pharynx in order to elicit swal-

lowing as reported previously [10–12].

Experimental Protocol

All studies were conducted during regular nocturnal hours

in an experimental bedroom. A nasal catheter was inserted

through the subject’s nostrils to the uvula level of the

pharynx. The subjects were asked to lay on their beds and

sleep in a supine position. After confirming the wake state

on the computer monitor from the PSG control room, we

injected 0.4 mL of distilled water without the subject’s

awareness. Three injections were performed on each sub-

ject while awake. Next, the lights were turned off and the

subject was allowed to fall asleep. Once a stable sleep stage

was achieved, we had planned to do three injections per

each sleep stage [stage 1, stage 2, stage 3, and rapid eye

movement (REM)] identified by a real-time PSG raw data,

including EEG, EOG, and EMG, and confirmed the swal-

lowing movement elicited from injections. We continued

this experimental protocol of injections during sleep until

the end of a first sleep cycle, or 120 min of sleep. At a later

time, a trained sleep technologist manually scored the sleep

stages for the full PSG study.

Data Analysis

Sleep stages were manually scored in 30-s epochs

(American Academy of Sleep Medicine scoring manual)

by an experienced and trained sleep technologist [8, 9]. As

previously described [12], swallowing was identified by

three simultaneous signals: an increase in thyrohyoid EMG

activity, a signal from the laryngeal microphone, and a

transient interruption of nasal airflow (swallowing apnea),

as shown in Fig. 2.

The swallow latency time was defined as the time from

the injection to the onset of swallowing [12]. Swallow

apnea time was defined as the length of the time for nasal

airflow signal to return to baseline (zero flow), thus indi-

cating airway closure associated with swallowing [13].
Fig. 1 Design of the experiment. EEG electroencephalogram, EOG

electrooculography, EMG electromyography
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Respiratory phases—inspiration or expiration—interrupted

by a swallow and the respiratory phase following a swal-

low were determined using the nasal airflow signal. These

respiratory phases were grouped into four patterns based on

previous studies [14–16]: (1) swallows immediately pre-

ceded by and followed by inspiration flow (I–I); (2)

swallows preceded by inspiration flow and followed by

expiration flow (I–E); (3) swallows immediately preceded

by and followed by expiration flow (E–E); and (4) swal-

lows preceded by expiration flow and followed by inspi-

ration flow (E–I). The number of swallows was assessed by

counting the number of swallows per injection; repetitive

Fig. 2 a Raw data during the awake state. The swallow movement

occurred 5.54 s after the injection of distilled water, which was

preceded by inspiration flow and followed by expiration flow without

coughing. b Raw data during stage 2. The swallow movement

occurred 28.82 s after the injection of distilled water, which was

preceded by inspiration flow and followed by inspiration flow. After a

swallow movement, there were repetitive swallows and some

coughing
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swallowing was defined as two or more swallows per

injection. Coughing was identified by disorderly airflow

signals after swallowing [14].

Statistical Analysis

All data were analyzed by SPSS statistical software (SPSS

Inc., Chicago, IL, USA). The swallow latency and swallow

apnea time are presented as median (interquartile range).

The Kruskal–Wallis analysis of variance assessed the dif-

ferences in swallow latency and swallow apnea time

between sleep stages. When the analysis of variance

showed a p value\0.05, comparisons between sleep stages

were performed using the Mann–Whitney test with Bon-

ferroni correction. Respiratory phase, repetitive swallow-

ing, and coughing were expressed as absolute and relative

frequencies. A p value of\0.05 was considered to indicate

statistical significance.

Results

All seven normal subjects completed the trial, and data

were obtained only in the first sleep cycle, or 120 min of

sleep. In each subject, it was possible to record swallowing

after injection during the awake state and stage 3. In six

subjects, we identified swallowing in stages 1 and 2. In four

subjects, we were able to successfully perform the proce-

dure during REM sleep. A total number of 79 swallows (20

swallows in awake state, 18 in stage 1, 25 in stage 2, 11 in

stage 3, and 5 in REM) were recorded.

Table 1 shows the swallow latency and swallow apnea

time during different sleep stages. A REM swallow was

recorded in only four out of seven subjects because three

subjects became completely awake prior to achieving REM.

Thus, the data of swallow latency and swallow apnea time

during REM were not included in these statistics.

The swallow latency median was significantly higher in

stage 3 (44.17 s) when compared to awake (4.99 s) or stage

1 (5.07 s). The swallow latency median in stage 2 (10.05 s)

was also significantly higher compared to the awake state

(4.99 s) (Fig. 3). The swallow latency in stage 3 showed a

very wide interquartile range; therefore, we evaluated

intersubject variation. Figure 4 shows the swallow latency

of stage 3 in each subject. In two subjects (#6, #7), the

results were predominantly prolonged compared to the

other subjects. There was no significant difference in the

swallow apnea time between sleep stages (Fig. 5).

Table 2 and Fig. 6 show the distribution of the timing of

swallows in reference to the phase of the respiratory cycle

for each sleep stage. During the awake state, 45 % of the

swallow patterns were I–E, whereas during sleep, the

swallow patterns more frequently were E–I independent of

sleep stage.

The respiratory phase after swallowing requires a sep-

arate analysis because an increase in the frequency of the

swallows followed by inspiration has been observed in

individuals with a higher risk of aspiration [13, 17].

Table 3 and Fig. 7 show the percentage of the respiratory

phase after swallowing, number of swallows, and coughs

after swallowing in all sleep stages. During the awake state,

70 % of swallows were followed by expiration. During

sleep, the prevalence of inspiration following a swallow

was 88.9 % for swallowing in stage 1, 88.0 % in stage 2,

63.6 % in stage 3, and 100 % in REM. Repetitive swal-

lowing was seen in 20.0 % of the swallows in the awake

state, 55.6 % in stage 1, 40.0 % in stage 2, 72.6 % in stage

3, and 80.0 % in REM. Coughing after swallowing was not

seen while awake or during stage 1, but swallows were

followed by coughing in 16.0 % of stage 2 swallows,

45.5 % of those in stage 3, and 20.0 % in REM.

Discussion

In this study, we evaluated the coordination of respiration

and swallowing as a reflexive swallow movement during

sleep. We found that the swallow latency was significantly

Table 1 Swallow latency and swallow apnea time during sleep stages

Sleep stage

Awake (n = 7) Stage 1 (n = 6) Stage 2 (n = 6) Stage 3 (n = 7) p§ REM (n = 4)

Swallow latency (s) 4.99 (4.55–5.41) 5.07 (4.70–5.87) 10.05 (8.90–14.65)* 44.17 (25.58–108.13)*,� \0.1 6.84 (5.10–10.43)

Swallow apnea time (s) 2.04 (1.33–2.84) 2.98 (2.60–4.49) 3.01 (2.67–3.33) 3.57 (2.96–3.99) 0.414 4.71 (4.62–6.40)

Values are presented as median (Interquartile range)

REM rapid eye movement

* p\ 0.01 versus awake
� p\ 0.05 versus stage 1 by Mann–Whitney with Bonferroni correction
§ p value obtained by Kruskal–Wallis test
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higher in stages 2 and 3 when compared to the awake state.

Also, the presence of inspiration after swallowing, repeti-

tive swallowing, and coughing after swallowing was more

frequent during sleep than when awake.

On a clinical basis, a swallow was reported to be clas-

sified as one of the two types: a voluntary swallow or a

reflexive swallow [7]. Voluntary swallows occur with a

desire to eat or drink (e.g., during meal time) while awake.

Reflexive swallows are the unconscious movement to

swallow saliva (e.g., during sleep). It is a protective reflex

action to ensure food particles or saliva is not aspirated.

In this study, the swallow latency median was signifi-

cantly higher in stage 2 (10.05 s) and stage 3 (44.17 s)

when compared to the awake state (4.99 s). According to

previous research, swallow latency while awake was

1.2 ± 0.1 s in healthy control subjects, 5.2 ± 0.6 s in older

people without a history of pneumonia, and 12.5 ± 3.0 s in

older people with aspiration pneumonia [18]. Subjects

whose swallow latency was longer than 5 s were reported

to be at high risk of developing pneumonia [19]. Another

study classified swallowing into three groups depending on

swallow latency: low-risk group (\3.0 s), intermediate-risk

group (3.0–6.0 s), and high-risk group ([6.0 s) [10]. Based

on these studies, the swallow latencies in stage 2 (10.5 s)

and in stage 3 (44.17 s) were classified as a high-aspiration

risk group. This result may suggest that even in healthy

subjects, the swallowing reflex while asleep may be

depressed to the same level as dysphagia patients who are

awake. Furthermore, this result physiologically supports

the fact that half of all healthy adults aspirate small

amounts of oropharyngeal secretions while asleep [6].

There was a wide range in swallow latency in stage 3.

Also, two subjects showed a defined prolonged swallow

latency compared to the other subjects. Thus, this type of

analysis may reflect a marker of arousability. In our data,

all swallows were associated with an arousal, which sug-

gests that the swallowing reflex may be related with

arousability. It was reported that a subset of subjects with

Fig. 3 Swallow latency during sleep stages. The median of swallow

latency was significantly higher in stage 3 when compared to awake

(p\ 0.01) and stage 1 (p\ 0.05). The median of swallow latency in

stage 2 was also significantly higher compared to awake (p\ 0.05).

Box plot Median values are represented by horizontal lines within the

box; the interquartile range by box edges. T-bars represent minimum

and maximum value within the range. An open circle represents

outliner cases (values between one-and-a-half to three box lengths

above box edges) and an asterisk represents an extreme case (values

more than three box lengths above box edges)

Fig. 4 Swallow latency during stage 3 in each subject. In two

subjects (#6, #7), the result was predominantly prolonged compared

to the other subjects

Fig. 5 Swallow apnea time during sleep stages. There was no

significant difference in the swallow apnea time between sleep stages.

Box plot Median values are represented by horizontal lines within the

box; the interquartile range by box edges. T-bars represent minimum

and maximum value within the range. Open circles represent outliner

cases (values between one-and-a-half to three box lengths above box

edges) and an asterisk represents an extreme case (values more than

three box lengths above box edges)
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or without OSA seem to have greater vulnerability in

arousability [20, 21]. In OSA patients, it has been shown

that frequent arousal may contribute to the development of

OSA.

Swallowing apnea has been considered beneficial for the

coordination between respiration and swallowing, where

breathing is resumed when the bolus has passed the phar-

ynx and the laryngeal inlet [22]. In the current study, the

swallow apnea time did not differ between the sleep stages.

In awake and upright positions, swallow apnea time is most

often cited to range from approximately 0.5–1.5 s [23–26].

In our study, the swallow apnea time ranged from 2.04 to

3.57 s, which is longer than the results of previous studies

on awake subjects. In terms of a relationship between the

number of swallows and the swallow apnea time, the

swallow apnea time was significantly prolonged in the

repetitive swallow group (3.61 s) when compared to the

single swallow group (1.87 s). This result suggests that a

long swallow apnea time may be a sign of an accidental

swallow, which would require a repetitive swallow reflex.

During deglutition, a strongly preferred exhalation after

swallow has been identified in healthy adults [24, 27, 28].

A disruption of the normal breathing–swallowing pattern,

such as inhaling after swallowing, could put patients at an

increased risk of aspiration since the negative pressure of

inhalation has the potential to draw food and liquid residue

toward the lungs [24, 28]. Several studies [17, 29, 30] have

reported on the respiratory pattern after swallowing in

awake dysphagia patients. Terzi and colleagues reported

that the percentage of swallows followed by inspiration

was about 50 % in neuromuscular patients compared with

nearly 0 % in the control subjects [29]. Other studies

reported that swallowing in patients with brain, spinal cord,

and peripheral neurological diseases was followed by

inspiration more frequently than expected (91 % of

patients compared to 9 % of normal subjects, p\ 0.001)

[17]. There was one study where 70.6 ± 17.8 % of swal-

lows were followed by inspiration and 28.8 ± 18.3 % of

swallows were followed by expiration during sleep in

patients with obstructive sleep apnea [30]. In our study,

inspiration following a swallow was shown to occur with

66.7 % of swallows, and this confirms that in normal

subjects, swallowing followed by inspiration is common

during sleep; hence, further studies are necessary to assess

this process in neuromuscular disease and sleep distur-

bances. The frequency of repetitive swallowing and

coughing, which are described as the index for aspiration

risk, was seen more often in the sleep state when compared

to the awake state in our study.

The current study had several limitations. Because of the

complexity of the study, the sample size was small, espe-

cially for the swallows during REM. Some subjects became

completely awake after swallows were elicited by infusion

Table 2 Respiratory phase of swallowing during sleep stages

Awake Stage 1 Stage 2 Stage 3 REM

Total swallows (n) 20 18 25 11 5

Respiratory phase

I–I [n (%)] 1 (5.0) 4 (22.2) 8 (32.0) 0 (0.0) 1 (20.0)

I–E [n (%)] 9 (45.0) 1 (5.6) 2 (8.0) 1 (9.1) 0 (0.0)

E–E [n (%)] 5 (25.0) 1 (5.6) 1 (4.0) 3 (27.3) 0 (0.0)

E–I [n (%)] 5 (25.0) 12 (66.7) 14 (56.0) 7 (63.6) 4 (80.0)

Values are presented as absolute (relative frequencies)

I–I inspiration–swallow–inspiration, I–E inspiration–swallow–expiration, E–E expiration–swallow–expiration, E–I expiration–swallow–inspira-

tion, REM rapid eye movement

Fig. 6 Percentage of respiratory phase with swallowing during sleep

stages and the awake state. During the awake state, 45 % of

swallowing patterns wereI–E, whereas during sleep, the most frequent

swallowing pattern was E–I, independent of sleep stage. I–I inspira-

tion–swallow–inspiration, I–E inspiration–swallow–expiration, E–

E expiration–swallow–expiration, E–I expiration–swallow–inspira-

tion, REM rapid eye movement
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of water and did not go back to sleep. Specifically, in stage

3, we observed that the frequency of coughing after swal-

lowing was high (50 %). Furthermore, the stimulation of

coughing led to the awake state, which made it difficult to

achieve REM stage sleep.

Another limitation is the possibility that some stimula-

tion other than the injection of water may elicit the arousal

and consequently the swallow. Noise has been associated

with sleep disruption and arousals [31, 32]. The level of

these noises ranged from 40 to 65 dB, which approxi-

mately corresponds to bird calls and restaurant conversa-

tions, respectively. In our study, all subjects slept in a

experimental bedroom, which had sound proof equipment.

Therefore, we consider that the influence of noise was

minimal.

Conclusion

This current study found that the swallow latency was

significantly higher in stages 2 and 3 when compared to the

awake state, and the pattern of an inspiration phase after

swallowing and repetitive swallowing and coughing after

swallowing occurred more often during sleep than while

awake. Our results suggest that the coordination between

respiration and swallowing as a defense mechanism for

aspiration is impaired during sleep. For healthy people, this

change has little influence on their health: Even if aspira-

tion occurs during sleep, it will likely not lead to aspiration

pneumonia. However, our results supported physiologi-

cally the fact that most of the healthy adult individuals

experience nightly aspiration of pharyngeal secretion dur-

ing sleep.
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Table 3 Respiratory phases after swallowing, number of swallows, and coughing after swallowing during sleep stages

Awake Stage 1 Stage 2 Stage 3 REM

Total swallows (n) 20 18 25 11 5

Inspiration after swallow [n (%)] 6 (30.0) 16 (88.9) 22 (88.0) 7 (63.6) 5 (100)

Expiration after swallow [n (%)] 14 (70.0) 2 (11.1) 3 (12.0) 4 (36.4) 0 (0.0)

Repetitive swallow [n (%)] 4 (20.0) 10 (55.6) 10 (40.0) 8 (72.7) 4 (80.0)

One swallow [n (%)] 16 (80.0) 8 (44.4) 15 (60.0) 3 (27.3) 1 (20.0)

Coughing [n (%)] 0 (0.0) 0 (0.0) 4 (16.0) 5 (45.5) 1 (20.0)

No coughing [n (%)] 20 (100) 18 (100) 21 (84.0) 6 (54.5) 4 (80.0)

Values are presented as absolute (relative frequencies)

REM rapid eye movement
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