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Rapid eye movement (REM)-induced hypotonia of the major upper airway dilating muscle (genioglossus) potentially contributes
to the worsening of obstructive sleep apnea that occurs during this stage. No prior human single motor unit (SMU) study of genioglossus has
examined this possibility to our knowledge. We hypothesized that genioglossus SMUs would reduce their activity during stable breathing in
both tonic and phasic REM compared to stage N2 sleep. Further, we hypothesized that hypopneas occurring in REM would be associated with
coincident reductions in genioglossus SMU activity.
The activity of genioglossus SMUs was studied in (1) neighboring epochs of stage N2, and tonic and phasic REM; and (2) during
hypopneas occurring in REM.
Sleep laboratory.
29 subjects (38 ± 13 y) (17 male).
Natural sleep, including REM sleep and REM hypopneas.
expiratory tonic (ET) SMUs were characterized. Fewer units were active during phasic REM (23) compared to tonic REM (30) and stage N2 (33).
During phasic REM sleep, genioglossus IP and IT SMUs discharged at slower rates and for shorter durations than during stage N2. For example,
the SMU peak frequency during phasic REM 5.7 ± 6.6 Hz (mean ± standard deviation) was less than both tonic REM 12.3 ± 9.7 Hz and stage N2
(11.8 ± 10.9 Hz versus 5.7 ± 9.4 Hz; P = 0.001)
decreases abruptly at the onset of REM hypopneas.
Obstructive sleep apnea, rapid eye movement sleep, upper airway hypotonia, genioglossus, single motor unit
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INTRODUCTION
Obstructive sleep apnea syndrome (OSAS) is common1

activity in stable breathing compared to periods of cyclical
11
suggesting that

cardiovascular disease;2-5 yet, its pathophysiology remains
incompletely understood. Due to poor adherence or variable

the genioglossus,11,12 it is reasonable to predict that diminished

OSAS.6,7
during REM.13 The physiological mechanisms for this genioduring stage N2 sleep.8 Moreover, cardiac ischemia and pulmonary hypertension can occur in susceptible individuals during
REM.9,10 Understanding the physiological mechanisms under-

studies to date have compared genioglossus single motor unit
(SMU) activity in REM compared to stage N2 in humans or

During nonrapid eye movement (NREM) sleep, the major

N2 to tonic REM to phasic REM.14
mechanisms underlying this reduced genioglossus activity
NREM sleep.15
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the effects of REM sleep on the motor output of the genio561
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Table 1—Demographics and polysomnography details for the subjects who yielded single motor unit data and those who did not

Number of subjects
Age, y
Sex
Body mass index, kgm-2
Depth to geniohyoid, mm
Depth to genioglossus, mm
Depth of wire insertion, mm
Number of single motor units per subject
Total sleep time (TST), min
Stage N2, %TST
REM, %TST
Apnea-hypopnea index,AHI)
Stage N2 AHI
REM AHI

15
36 ± 13
8 m, 7 f
28.4 ± 4.9
12.4 ± 2.3
20.7 ± 2.6
25.7 ± 3.5
2.98 ± 1.78
327 ± 91
47.6 ± 8.9
13.8 ± 8.0
14.1 ± 12.0
13.0 ± 13.1
22.1 ± 18.0

14
42 ± 12
9 m, 5 f
26.5 ± 7.0
11.0 ± 2.3
19.7 ± 38.9
25.3 ± 4.2
0a
275 ± 99
42.3 ± 17.2
9.1 ± 6.4
29.4 ± 23.7b
24.0 ± 24.3c
27.6 ± 26.0c

Data presented as mean ± standard deviation. a
not. P < 0.05. bData unavailable for one subject. cData unavailable for two subjects. REM, rapid eye movement; SMU, single motor unit.

stable breathing and during episodes of hypopneas or obstructive apneas in REM sleep. We hypothesized that SMU activity

in the genioglossus (12L high-frequency linear array transducer,
16

compared to similar periods in stage N2 sleep, thus providing

METHODS
CO2 (ETCO2

) measured

2

respiratory disease, diabetes mellitus or other endocrine disorders, myopathy, pregnancy, neurological illness, or medications
that could alter neuromuscular function (e.g., selective sero-

placed on the chest (midsternum) and abdomen (umbilicus).

-

16

appropriate data (i.e., sortable motor units during one or both

A cross

of the mandible.16
electrodes into the genioglossus. Each of these guide needles
placed in situ

Subjects arrived at our Center for Clinical Investigation 3 h

capacity. Topical local anesthetic cream (lidocaine 2.5% / prilo-
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—The genioglossus EMG data chosen for analysis in this example was chosen as follows. As per our protocol, stage N2 data were analyzed from
second tonic REM epoch meant we could not simply chose the second tonic REM epoch to analyze. Therefore as per protocol, tonic REM data was analyzed
from > 10 seconds after this arousal (A). A full 30 sec (i.e., one epoch) of consecutive tonic REM was analyzed (see second shaded area). Finally, the phasic
REM used for analysis required three separate periods of data so as to make up a 30-sec epoch. The phasic REM segements chosen had sustained rapid

channels. After the formal scoring of the sleep study, one author
(DMcS) chose the areas of data for analysis based on a priori
chosen from (1) stage N2 -REM (or vice versa) transitions and
2

measured
-

instructed to sleep supine. When a subject turned on their side
they occurred during or less than 10 sec after an apnea, hypopnea
for an hypopnea18
of REM so as to avoid potentially analyzing stage N2 because
ETCO2

2

at 25 Hz.
second epoch or if an arousal, apnea, or hypopnea occurred, the

Sleep Staging and Identification of SMUs

apneas, or hypopneas or usually not enough consecutive phasic
17,18

by

place of nasal pressure/thermistor. All sleep staging and scoring
SLEEP, Vol. 37, No. 3, 2014
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extracted from the raw genioglossus EMG signals. The overlaid detailed morphologies for each SMU are seen in the inset. The baseline tonic frequency is
measured as the tonic expiratory discharge frequency averaged over 500 ms. The onset time of inspiratory tonic units refers to the time that the units start
baseline/tonic expiratory discharge frequency.

The middle three breaths of the analyzed data segments in stage
pattern of discharge during the respiratory cycle; determined
from the volume signal.19,20

measuring detailed respiratory and SMU characteristics. If the

cycle could not be calculated. The validity of the SMU frequency
(2) The SMU activity before, during, and after hypopneas and

r 2)] and the
Sorting and Classification of SMUs

r 2 before
the end of inspiration (negative
r2
(positive
on the basis of the size and detailed morphology of the motor
Measurement of Respiratory Variables and Discharge Properties of
SMUs

-

The respiratory variables analyzed [inspiratory time (TI, s),
tidal volume (liter), and ETCO2

discharge of the unit.
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Table 2—Apnea-hypopnea indices in the various sleep stages in the 10 subjects with obstructive sleep apnea syndrome
AHI
8.7
28.6
22.9
8.6
25.8
29.0
36.0
20.7
12.7
10.7

249
312
391
425
295
316
212
436
141
218

2.6
42.0
24.1
11.0
27.4
19.0
31.0
14.8
11.7
6.0

58.6
42.1
55.1
37.2
49.7
59.0
37.0
50.2
31.7
58.9

REM AHI
49.8
22.8
20.9
3.5
26.0
61.0
30.0
28.1
25.3
37.6

10.3
22.2
10.4
23.2
7.6
5.5
9.9
26.4
3.1
9.0

AHI, apnea-hypopnea index; OSAS, obstructive sleep apnea syndrome; REM, rapid eye movement; TST, total sleep time.

the three breaths each of stage N2, tonic REM, and phasic
stages yielding three data points. The instantaneous discharge

t

the discharge behavior (including discharge frequency and
discharge duration). All motor unit characteristics reported
tronic Design) and a custom-developed script (courtesy of
RESULTS
-

either REM or stage N2 or both stages. The demographic and
polysomnographic details of these 15 subjects and the other

ratory time (%TI). Mean motor unit discharge characteristics
in stage N2, tonic REM, and phasic REM, yielding three data

-

-

Statistical Analysis

compared to stage N2 but not compared to tonic REM. These
data are presented in Table 3. Eight inspiratory units that
duration of discharge during phasic REM compared to both
SLEEP, Vol. 37, No. 3, 2014
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Table 3—Effect of sleep stages on single motor unit activity
SMU type
a

Onset discharge frequency (Hz)
Peak discharge frequency (Hz)
End discharge frequency (Hz)
Mean discharge frequency (Hz)
Tonic expiratory discharge frequency (Hz)
I)
)I
I)
I)
Tidal volume (L)
End tidal CO2 (mmHg)
Inspiratory time (s)
Volume Correlation (r 2)
Volume lag (s)

11.6 ± 7.5
16.1 ± 10.0
9.1 ± 5.5
16.8 ± 12.8
10.3 ± 15.6

Tonic REM
9.6 ± 7.4
12.3 ± 9.7b
7.5 ± 6.0
11.9 ± 6.2
3.3 ± 5.0b

4.3 ± 5.5bc
5.7 ± 6.6b,c
3.6 ± 4.2b,c
5.5 ± 0.0b,c
3.0 ± 7.3b,c

14.4 ± 4.8
19.0 ± 2.9
11.0 ± 2.8
15.4 ± 2.5
12.5 ± 5.6
-15.6 ± 37.6
31.2 ± 32.8
98.7 ± 37.0
114.3 ± 14.6
0.38 ± 0.01
39.3 ± 4.3
1.76 ± 0.34
0.76 ± 0.11
-0.33 ± 0.66

Tonic REM
11.5 ± 3.9
14.1 ± 3.3
8.3 ± 3.5
11.9 ± 2.8
6.1 ± 5.9
0.25 ± 31.9
34.8 ± 33.1
97.5 ± 35.2
97.2 ± 45.0
0.39 ± 0.16
39.1 ± 4.5
1.67 ± 0.24
0.74 ± 0.11
-0.39 ± 0.61

8.4 ± 6.5
10.6 ± 7.5
7.0 ± 4.4
8.6 ± 6.3
4.3 ± 7.4
1.4 ± 23.5
34.5 ± 14.9
64.4 ± 26.4
65.6 ± 44.3b,c
0.33 ± 0.9
38.6 ± 5.0
1.51 ± 0.33b
0.64 ± 0.16
-0.41 ± 0.73

All results expressed as mean ± standard deviation. aThese inspiratory units were recorded from individuals exclusively nose breathing at time of recording.
P < 0.05 versus stage N2. cP < 0.05 versus tonic REM. N/A, not applicable; REM, rapid eye movement; SMU, single motor unit.

b

I versus
%TI
I
in Table 3.
In order to determine the relationship of SMU behavior

standing the neurochemistry of these units through animal
and because REM sleep is a potentially hazardous time for
some people.21,22 Increased cardiac ischemia and pulmonary
hypertension9,10 can occur more commonly during REM than
-

SMUs had greatly reduced activity at the onset of REM-related
SMUs decreased from the last breath before a hypopnea to the
frequencies of inspiratory SMUs increased from the last breath

that genioglossus activity is reduced from stable NREM, to
tonic REM to phasic REM sleep.14 A potential limitation of
-

female. During both tonic and phasic REM, the SMUs behaved

mouth breathers because the pneumotachographs are attached
to their noses.

versus
DISCUSSION

neural output of the hypoglossal motor nucleus. No study had
compared genioglossus SMU activity in stage N2 to REM prior
SMUs being active, reduced discharge frequencies, and shorter
tion.23
SLEEP, Vol. 37, No. 3, 2014
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—A global outline of the 42 single motor units showing the stage(s) in which they were active. IP, inspiratory phasic; IT, inspiratory tonic;
ET, expiratory tonic.

the need for further research.
dilating muscles have a preference for recruitment/derecruitment rather than rate coding particularly in response to rising
ETCO2.24,25
active units, discharge frequencies and discharge durations all
are important physiological mechanisms of hypotonia in this
sleep stage. Therefore, behavioral state and respiratory stimuli
have qualitatively different effects.
REM-related sleep disordered breathing is common in

Moreover, changes in ETCO2

2

changes in inputs to genioglossus motoneurons,27 such as the
gamma-aminobutyric acidergic and glutaminergic neurons),
suppress hypoglossal motor nucleus output21
favored hypothesis.27

26

22

Neither the source

N2. Therefore, a factor other than diminished genioglossus
genioglossus activity during REM may help to sort this out.
SLEEP, Vol. 37, No. 3, 2014

567

Upper Airway Hypotonia during REM Sleep—McSharry et al

diminished in phasic rapid eye movement (REM). Also, during REM-related hypopneas genioglossus (GG), single motor unit (SMU) activity decreases and is
coincident with the onset of the hypopnea. In this example, REM heralds an immediate reduction in GG SMU activity and with it a hypopnea.
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