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ABSTRACT: The static charge sensitive bed (SCSB) is a simple and noninvasive
device used for the detection of sleep apnoea. In addition to episodes of apnoea or
hypopnoea, heavy snorers commonly present with episodes of high frequency spik-
ing on the SCSB. These spiking episodes have been claimed to represent partial
upper airway obstruction during sleep, but the mechanism of their appearance is
not known. We studied the SCSB spiking phenomenon in awake subjects during
experimental respiratory challenge.

One female and five male volunteers were studied whilst breathing freely, dur-
ing hypoxia, hypercapnia and inspiratory and expiratory loading. Oxygen satura-
tion, end-tidal carbon dioxide tension, minute ventilation, oesophageal pressure,
electrocardiographic activity (ECG), blood pressure and the SCSB signals were moni-
tored.

During free breathing, the SCSB high frequency signal consisted of low ampli-
tude complexes with close time relationship to the cardiac cycle. During respiratory
challenge, spiking occurred. These spikes showed no time relationship to the car-
diac cycle, but were time-linked to the onset of inspiration or expiration. Spike
amplitude correlated with breathing frequency (r2=0.59; p<0.005) and variation in
oesophageal pressure (r2=0.57; p<0.005).

We conclude that during quiet, unobstructed breathing the static charge sensi-
tive bed high frequency signal represents cardiac activity (ballistocardiogram), where-
as during high-drive breathing high frequency spikes are produced. These spikes
are respiratory in origin and are likely to represent fast components of respiratory
movements. Our results support the use of static charge sensitive bed spiking as a
noninvasive measure of breathing stimulation.
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The static charge sensitive bed (SCSB) is a sensitive
movement sensor that is designed for long-term monito-
ring of gross body, respiratory and heart-related move-
ments [1]. The images of these three different movements
are contained within the composite signal generated by the
SCSB, and are separated through analogue frequency fil-
tering. The low frequency band (LFB) represents respira-
tory movements, whereas the high frequency band (HFB)
reflects cardiac activity (the ballistocardiogram). In Fin-
land and Sweden, the SCSB has been widely used since
1985 for the assessment of sleep-related breathing disor-
ders [2, 3].

Prolonged episodes of SCSB spiking (high amplitude,
high frequency deflections) are common in patients with
sleep-disordered breathing [4, 5], and appear during hea-
vy nonapnoeic or nonhypopnoeic snoring. In a previous
study, we evaluated the prevalence of SCSB spiking in
119 consecutive patients who were referred to the Mont-
pellier Sleep and Wake Disorders Unit because of snor-
ing, excessive sleepiness or clinically suspected obstructive
sleep apnoea (OSA) [5]. Prolonged episodes of SCSB
spiking were observed in 44 (53%) out of 83 patients

with OSA and 18 (50%) out of 36 nonapnoeic snorers. In
another study, despite a decrease in the apnoea/hypopnoea
index, the frequency of spiking episodes increased after
uvulo-palatopharyngoplasty (UPPP) in 10 out of 11 pati-
ents with OSA [6]. Conversely, in subjects without noc-
turnal breathing disorders, SCSB spiking has not been
observed [7–11].

Nonapnoeic snorers who present with SCSB spiking
have narrower hypopharyngeal airways than controls [12].
Also, the degree of SCSB spiking correlates with intra-
thoracic pressure variation (r2=0.46) during obstructed
breathing [13]. Therefore, episodes of spiking have been
claimed to represent partial upper airway obstruction and
have been referred to as the increased respiratory resis-
tance (IRR) pattern [4–6]. However, since the conventional
polysomnogram does not differentiate between epochs
with and without SCSB spiking [5], this phenomenon is
insufficiently described in the literature.

The mechanisms responsible for SCSB spiking are not
known. It has been proposed that the appearance of these
spikes is a manifestation of increased respiratory variation
of the ballistocardiogram [13]. For better characterization



of the SCSB spiking phenomenon and its pathophysiolog-
ical significance, we studied the appearance of SCSB spik-
ing during experimental respiratory challenge.

Subjects and methods

Five males and one female volunteered for the study.
Their mean age was 33 years (SD 10, range 23–48 yrs)
and mean body mass index (BMI) was 25.2 kg·m-2 (SD

1.4, range 23.7–27.4 kg·m-2).
The experiments were performed during the day between

11:00 and 16:00 h, whilst the subjects were awake and
without any sleep-deprivation. The subjects were lying su-
pine on a SCSB and were instructed to relax and to avoid
body movements. The recording set-up (fig. 1) consisted
of continuous monitoring of the SCSB signals, electro-
cardiogram (ECG), blood pressure, airflow, oesophageal
pressure, arterial oxygen saturation (Sa,O2) and end-tidal
carbon dioxide pressure (PET,CO2). The original signals
were digitized, stored and analysed with 12-bit ampli-
tude resolution, 250 samples·s-1 (UniPlot®, Unesta, Turku,
Finland).

The study protocol was approved by the Ethics Review
Committee of the Royal Prince Alfred Hospital, Sydney,
Australia. Each subject was studied during seven 5 min
periods in the following sequence: 1) a control period was
followed by three periods of ventilatory chemostimula-
tion; with 2) hypercapnia; 3) eucapnic hypoxia; and 4)
hypercapnic hypoxia. Recordings were also performed
during: 5) inspiratory resistive loading; 6) expiratory res-
istive loading; and 7) combined inspiratory and expira-
tory loading. Each test period was separated by a 10 min
recovery period. During the control period, the subjects
were breathing room air without added resistance for
breathing. Hypercapnia was gradually induced until a
moderate ventilatory response was achieved, i.e. venti-
lation above 20 L·min-1. During the hypercapnic tests,
PET,CO2 ranged 5–10 mmHg above the level observed
during the control period. Hypoxia was also gradually

induced until Sa,O2 reached 80% (eucapnic hypoxia) or
85% (hypercapnic hypoxia). The inspiratory and expira-
tory loads were increased to a level where the subjects
were still able to maintain steady-state breathing over the
5 min period. During respiratory loading, the subjects
were advised to keep the inspiratory and expiratory dura-
tion similar in order to avoid compensation of resistance
by increasing the length of the breathing cycle.

Subjects breathed continuously via a mouthpiece attach-
ed to a computer-controlled biased-flow rebreathing cir-
cuit. This system was used to produce sustained normoxic
hypercapnia, eucapnic hypoxia or hypercapnic hypoxia,
and to control Sa,O2 and PET,CO2, and measure ventila-
tion. The principle of the circuit has been described in
detail previously [14]. In brief, the breathing circuit includ-
ed a fixed speed blower motor (50 L·min-1), a bypassable
soda-lime absorber, and a 6 L flow-through bag connec-
ted to a Fleisch No. 3 pneumotachograph with a differ-
ential pressure transducer (Validyne® DP-45; Validyne
Corp., Northridge, CA, USA). PET,CO2 was measured at
the mouthpiece by means of an infrared carbon dioxide
analyser (Capnometer® 47210a; Hewlett-Packard, Wal-
tham, MA, USA) and Sa,O2 via an ear probe pulse oxime-
ter (Pulse Oximeter®; Ohmeda Biox 3700e). A computer
monitored the PET,CO2, and adjusted the degree of CO2
rebreathing accordingly, by controlling the electronic
valves that partitioned the air through and past the soda-
lime absorber. A resistive obstructer connected between
the mouthpiece and the biased-flow circuit was used to
produce airflow limitation (fig. 1). The obstructer con-
sisted of a valve system with resistances which were sep-
arately adjustable for inspiration and expiration.

The static charge sensitive bed (SCSB, Biomatt®);
Biorec, Turku, Finland) consists of a 2 cm thick move-
ment sensor, which is placed under a normal foam plas-
tic mattress (fig. 1). In the present study, the signal
generated by the SCSB was filtered into LFB and HFB,
with frequencies ranging 0.25–0.9 Hz (the peak value ±3
dB) and 6–16 Hz, respectively. This filtering is stand-
ard for the SCSB method [5]. The response delays of the
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Fig. 1.  –  The recording set-up with the static charge sensitive bed (SCSB).



two channels were tested by using ±1 V square-shaped
input signal, which corresponds to the mean input volt-
age for filters. The latencies of maximal signal ampli-
tudes were 38 ms for the HFB and 539 ms for the LFB.

As an estimation of intrapleural pressure, oesophageal
pressure was measured using a water-filled, low-pressure,
continuous-flow system similar to that used by FLEMALE

et al. [15]. The system consisted of a stiff 100 cm long
catheter (Feeding tube FG 8; Indoplas PTY Ltd, Austra-
lia), with multiple extra side holes at the tip of the cathe-
ter, which was connected to a high pressure (300 mmHg)
infusion bag via a pressure transducer (Spectramed  P23XL;
Statham, USA) and a high resistance tube (Sorenson In-
traflo® II; Abbott Critical Care Systems, IL, USA). This
system gives a continuous flush flow of 3 mL·h-1. The
catheter was inserted through the nose and fixed to a
position where the tip of the catheter was at the distance
of 33.5–35 cm from the nares, approximately 10 cm above
the diaphragm [16]. The pressure transducer was fixed
to the level of the mid-axillary line. Calibrations and the
linearity of response were tested over the pressure range
of ±20 cmH2O using a water manometer. The system
was kept free of air bubbles and mucus by extra flush-
es with water between the test periods The signal qual-
ity during test periods was controlled by observing the
cardiac artifacts on the pressure signal.

The blood pressure was measured with a digital cuff
(Finapress®, Ohmeda 2300; The BOC Group Ins.,
Louisville, CO, USA) and the ECG was recorded con-
tinuously.

Data analysis

Analysis 1. For the time-lag and spike amplitude analy-
ses, 30 s of representative recordings, without gross body
movements were analysed during the control period and
during each test period (fig. 2). The average cardiac fre-
quency, blood pressure, airflow, minute ventilation, brea-
thing frequency, oesophageal pressure variation and the
maximal rate of change of the oesophageal pressure dur-
ing inspiration and expiration of each epoch were deter-
mined. Minute ventilation (V 'E) was calculated from the
calibrated airflow signal as mean ventilation of inspired
and expired air. For the time-lag analyses, the five high-
est HFB complexes during the control periods and stim-
ulated breathing were selected. The latencies of SCSB
spikes were measured from the R-wave of previous ECG
QRS-complex (A-latency) and from the previous zero
airflow value, which was the onset of either inspiration
(Binsp-latency) or expiration (Bexp-latency) The principle
of these measurements is presented in figure 3. For the
spike amplitude analyses, the reference amplitude for
each subject was determined according to the mean of
10 maximal HFB deflection (spike) amplitudes record-
ed during the control period.

Analysis 2. The SCSB spike amplitudes and the oeso-
phageal pressure variations were also studied during the
transition periods from the recovery period to chemo-
stimulated breathing. For this purpose, 10 min periods of
increasing respiratory effort were analysed and the max-
imal SCSB spike amplitude, the integral of HFB signal
and the minimum oesophageal pressure were determin-
ed every 10 s.

Analysis 3. In clinical sleep studies, the recognition of
SCSB spiking is based on visual analysis. Therefore, in
the present study the degree of spiking was visually clas-
sified into four categories in terms of spike amplitude
and frequency: 0=no spiking; 1=light spiking; 2=mod-
erate spiking; and 3= heavy spiking (fig. 2). On this scale,
the previously used concept of the "increased respira-
tory resistance" pattern would equal moderate or heavy
spiking. The degree of spiking was visually determined
from the entire recording, including the control period,
the periods of transition as well as the test periods, but
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excluding gross body movements and signal artifacts. Sco-
ring was performed in 30 s epochs by the same person
(TK) blinded to signals other than HFB. The average
number of epochs analysed was 78 (SD 5, range 74–87).
The degree of SCSB spiking was correlated with the av-
erage spike amplitude, breathing frequency and the aver-
age minimum oesophageal pressure.

Statistical analyses

Levene's one-way analysis of variance (ANOVA) was
used to compare differences in the variation of A- and
B-latencies. To study the differences between chemosti-
mulated and obstructed breathing and between visual sco-
ring categories of SCSB spiking, the two-factor ANOVA
without replication was used. Linear regression analysis
by the least square method was used in calculations of
correlations between parameters, separately for each sub-
ject. The average correlations of subjects are presented.
The p-values for the regression were calculated by using
Student's t-test. Statistical significance was assumed at
p-values of less than 0.05.

Results

Appearance of the SCSB spikes in relation to heart and
respiratory cycles

Analysis 1. During the control period, breathing was
regular and the SCSB high frequency signal showed regu-
lar low amplitude complexes closely time-related to ECG
(fig. 4a). The mean A-latency (the time delay from the
previous ECG R-wave to the low amplitude complexes)
of these complexes was 476 ms (SD 100, range 363–612
ms) (table 1). The appearance of the complexes was un-
related to breathing but their amplitude was modulated
by respiration. During inspiration, the amplitude was
higher than during expiration (fig. 4a). No spikes were
observed during the control period.

Increased respiratory efforts produced by chemostimu-
lation or resistive loading induced typical SCSB spiking,
which was similar to that observed during sleep studies
in heavy snorers (fig. 2). The spikes appeared synchron-
ously with the onset of either inspiration or expiration,
without any time relationship to the ECG (fig. 4b). The
variability of A-latencies was higher during chemostimu-
lation or resistive loading than during the control period
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Table 1.  –  Descriptive average values of each recording period

Heart Respiration HFB

fC A-Lat A-Var fR B-Lat B-Var V 'E ∆Poes Spike ampl
Period beats·min-1 ms 10-3 breaths·min-1 ms 10-3 L·min-1 cmH2O %

Control 70 476 3 14 1197 1060 9 7 106
Hypercapnia 72 463 32 19 571 476 32 22 200
Hypoxia 81 439 25 20 704 498 27 18 194
Hypercapnic hypoxia 81 367 28 23 528 379 43 28 343
Inspiratory load 77 421 56 21 401 185 17 32 225
Expiratory load 72 343 46 21 126 15 17 27 216
Inspiratory and expiratory loads 78 363 46 25 202 19 18 43 281

fC: cardiac frequency; A-Lat: time latency of a SCSB spike from the previous ECG R-wave; A-Var: mean variance of A-latency;
B-Lat: time latency of a SCSB spike from the beginning of previous respiratory effort; B-Var: mean variance of B-latency; V 'E:
minute ventilation; ∆Poes: oesophageal pressure difference between inspiration and expiration; fR: breathing frequency; Spike ampl:
mean amplitude of SCSB spikes during the epoch; SCSB: static charge sensitive bed; ECG: electrocardiogram.

Fig. 4.  –  A typical recording during: a) control periods; and b) hypercapnic hypoxic periods. During the control period, low-amplitude complexes
seen on the HFB were closely time-linked to ECG R-wave. When breathing was stimulated, the SCSB spiking appeared. These spikes showed no
time relationship to ECG, but were related to breathing. Spikes are indicated by arrows in the figure.  For definitions see legends to figures 1 and 2.



(p<0.0001) (table 1). The lack of time relationship between
the SCSB spiking and the ECG R-wave during stimula-
ted breathing suggests that the SCSB spikes are not of
cardiac origin.

The B-latencies (the time delay from the onset of inspi-
ration or expiration to the SCSB spike) decreased as the
spike amplitude increased during chemostimulation or
resistive loading. The variability of B-latencies was smal-
ler both during chemostimulation periods (p=0.01) and
resistive loading (p<0.0001) than during the control peri-
od (table 1). This implies that SCSB spikes were more
dependent on respiration during the respiratory challenge
periods than the low amplitude complexes observed dur-
ing the control period.

SCSB spikes appeared both in inspiration and expira-
tion during all challenge periods, but their number was
greater during expiration, except during simultaneous
inspiratory and expiratory loading. The type of respira-
tory stimulation did not have significant influence on the
distribution of the SCSB spikes.

Determinants of the SCSB spike amplitude

Analysis 1.  The correlations between spike amplitude
and the parameters measured are presented in table 2.
The best correlations were observed with breathing fre-
quency (r2=0.59; p<0.005) and with the average oesopha-
geal pressure difference during the epoch (r2=0.57; p<
0.005). The correlations of spike amplitude to airflow and
minute ventilation (and thus to the thoracic movement)
were only weak, especially during resistive loading.

Analysis 2.  The correlations (r2) between SCSB spike
amplitude and oesophageal pressure within the periods of
transition from recovery to chemostimulation were: 0.48
(SD 0.27, range 0.22–0.91; p< 0.01) during hypercapnia;
0.45 (SD 0.31, range 0.15–0.92; p<0.02) during eucapnic
hypoxia; and 0.65 (SD 0.11, range 0.46–0.77; p<0.001)
during hypercapnic hypoxia. The higher the level of brea-
thing stimulation (indicated by a more negative inspira-
tory oesophageal pressure) the better was the correlation
(r2=0.51; p<0.0001). The integral of HFB signal correla-
ted more strongly with oesophageal pressure than the
SCSB spike amplitude (p<0.0001), and the respective r2

values were: 0.59 (SD 0.23, range 0.33–0.91; p<0.002)
during hypercapnia; 0.54 (SD 0.29, range 0.14–0.88; p<
0.01) during eucapnic hypoxia; and 0.76 (SD 0.12, range
0.55–0.92; p<0.001) during hypercapnic hypoxia.

Visual analysis of the SCSB spiking

Analysis 3.  The average correlation (r2) between visu-
ally scored degree of SCSB spiking and breathing fre-
quency was 0.87 (SD 0.11, range 0.66–0.95; p<0.0001)
and 0.83 (SD 0.19, range 0.46–0.97; p<0.001) between spi-
king and average minimum oesophageal pressure. The
breathing frequencies (p<0.0001) and the minimum oeso-
phageal pressures (p<0.0001) were significantly differ-
ent in the four categories of spiking, and high levels of
oesophageal pressure variations were needed to produce
moderate or heavy spiking (table 3).

Discussion

In heavy snorers, the static charge sensitive bed (SCSB)
records episodes of breathing abnormalities, that cannot
be defined by existing concepts of apnoea or hypopnoea.
These episodes are characterized by increasing appear-
ance of high amplitude high frequency movements (SCSB
spikes) [5]. In the present study, the mechanisms of appea-
rance of these spikes and the determinants of their ampli-
tude were evaluated. The SCSB spikes were found to be
of respiratory origin, and induced during strong respira-
tory efforts, irrespective of the type of respiratory stimu-
lus. The degree of spiking correlated consistently with the
degree of respiratory effort measured by the oesophageal
pressure variation.

During control breathing, no SCSB spikes were ob-
served. This is consistent with the findings of the SCSB
sleep recordings in controls [7–11]. High frequency move-
ments, detected by the SCSB as low amplitude complexes
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Table 2.  –  Correlation of SCSB spike amplitude with
the recorded respiratory and cardiovascular parameters
during control and test periods

Correlation with spike amplitude
r2

mean±SD range p-value

Breathing frequency 0.59±0.27 0.20–0.84 <0.005
∆Poes 0.57±0.25 0.19–0.93 <0.005
Expiratory slope of Poes 0.55±0.20 0.32–0.79 <0.005
Inspiratory slope of Poes 0.54±0.17 0.24–0.71 <0.001
Minute ventilation 0.37±0.31 0.00–0.70 <0.05
∆Blood pressure 0.15±0.11 0.01–0.32 <0.05
Airflow at the spike 0.10±0.13 0.00–0.29 NS

∆Blood pressure: difference between pre- and post-spike sys-
tolic blood pressure; NS: nonsignificant. For further definitions
see legend to table 1.

Table 3.  –  Average SCSB spike amplitude, respiratory frequency and minimum oesophageal pressure dur-
ing epochs of different degree of SCSB spiking

Subject SCSB spike amplitude  % fR breaths·min-1 Minimum Poes cmH2O
No. 0 1 2 3 0 1 2 3 0 1 2 3

1 118 179 356 541 14 17 22 24 -16 -20 -23 -26
2 122 167 249 476 15 19 24 27 -15 -23 -32 -44
3 114 149 214 392 16 14 15 23 -14 -20 -25 -48
4 92 122 213 314 12 15 18 17 -9 -15 -23 -28
5 138 204 343 693 10 13 16 24 -12 -20 -30 -43
6 108 137 184 263 14 16 18 18 -9 -13 -22 -30

Mean 115 160 260 447 13 15 19 22 -12 -19 -26 -36

Categories of SCSB spiking: 0=none; 1=light; 2=moderate; 3=heavy. SCSB: static charge sensitive bed; fR: respiratory
frequency; Poes: oesophageal pressure.



during control breathing, were closely time-linked to the
ECG R-wave and are, therefore, probably of cardiac ori-
gin. These movements arise from heart contraction and
displacement of blood in the great vessels [17, 18].

The appearance of the SCSB spiking during respira-
tory challenge was dependent on the degree of respira-
tory response rather than the type of respiratory stimulus.
In contrast to the low amplitude complexes observed dur-
ing control breathing, these spikes were not time-related
to the ECG R-wave, but emerged with a short latency
after onset of inspiration or expiration (fig. 4). Thus, the
spikes represent fast components of respiratory move-
ments, which seem to be produced only when there is
high respiratory drive. The present study did not indi-
cate which specific movements of the rib cage, abdomen
or diaphragm would be responsible for the fast compo-
nents observed. With high breathing frequencies, it is
understandable that the thoracic movements are fast
enough to produce spiking. However, since respiration-
related spikes were also produced during low frequency
high effort breathing, changes in the onset pattern of in-
spiration or expiration are also likely to be involved.

Once the SCSB spikes appeared, their amplitude show-
ed marked dynamics, which were highly correlated with
breathing frequency and variation in oesophageal pres-
sure. The gradual increase of the spike amplitude was
evident during the transition periods, where there was
also a gradually increasing ventilatory response to hyper-
capnia or hypoxia (fig. 2). This implies that the SCSB
spike amplitude could be used as an estimate of the
degree of breathing stimulation. The visual scoring sys-
tem used in the clinical sleep studies was evaluated by
determining the average levels of oesophageal pressure
variation and breathing frequencies that corresponded to
the four categories of spiking (table 3). The visual score
of the SCSB spiking and the integral of the high fre-
quency signal were better than the calculated spike amp-
litudes to estimate the oesophageal pressure variation.
These pressure levels were obtained in awake, normal
volunteers lying supine and are, therefore, not directly
applicable to obese snorers during sleep. However, the
present findings suggest that the previously defined IRR
pattern used in clinical sleep studies to describe moder-
ate or heavy SCSB spiking [4–6, 12] is associated with a
marked degree of respiratory stimulation. Although the
IRR pattern is similarly observed when lying supine or
on the side [5], the effect of body position on the sensi-
tivity of the spiking as an indicator of respiratory stimu-
lation remains to be confirmed.

In the present study, we have shown that SCSB spik-
ing correlates well with the most direct measure of res-
piratory effort, which is the variation in oesophageal
pressure [19]. There are few alternatives to the mea-
surement of oesophageal pressure, which is often con-
sidered too invasive for routine sleep studies. Surface
electromyograms (EMG) of the diaphragm or intercostal
muscles produce high quality information about the res-
piratory effort at their best but problems are encountered,
particularly in obese subjects [19]. The static charge sen-
sitive bed is a noninvasive method and provides a robust
signal for long-term monitoring of respiration. In additi-
on to disclosing episodes of apnoea or hypopnoea during
sleep, the present study suggests that the high frequency
band of the static charge sensitive bed contains pertinent

information that can be employed to assess the degree of
respiratory drive.
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