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Abstract—The aim of this work was to develop a low-cost circuit for T o5l
real-time analog computation of the respiratory mechanical impedance in e
sleep studies. The practical performance of the circuit was tested in six 10 . ) ,
patients with obstructive sleep apnea. The impedance signal provided : 4 g 19
by the analog circuit was compared with the impedance calculated 16 -
simultaneously with a conventional computerized system. We concluded =
that the low-cost analog circuit developed could be a useful tool for RV
facilitating the real-time assessment of airway obstruction in routine sleep o
studies. T gt
>
Index Terms—Airway resistance, forced oscillation, monitoring, sleep &
L 4+
apnea. T
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I. INTRODUCTION 0 4 8 12
The forced oscillation technique (FOT) allows us to explore the TIME (s)

mechanical properties of the respiratory system with a proced %. 1. Example of the pressure and flow signals recorded at the nasal mask

which is not invasive and does not require patient cooperation [}}hen applying FOT to a patient with OSA subjected to CPAP.
This technique is based on superimposing a high-frequency small-

amplitude pressure oscillation at the entrance of the airway and on Il. DESCRIPTION OF THECIRCUIT
computing the mechanical impedance of the respiratory sys#em An example of the pressut@n) and flow(V'n) signals recorded

from the flow—pressure relationship. The FOT has been widely useddﬁ?ring application of FOT in a patient with OSA treated with a contin-

measureZ in a variety of clinical fields such as bronchoconstrlctlorllJOUS positive airway pressure (CPAP) of 12 hPa (1£P&00 N/n?),

[2] and brochodilation [3] tests, anesthesia [4], and intensive C&hich is the conventional therapy for these patients, is shown in

[5]. As has been shown recently [6], [7], [8], FOT is also usef ig. 1. The 5-Hz oscillation components Bi» andV’'n are superim-

in assessing inspiratory and expiratory airway obstruction in t $sed to the CPAP and to the low-frequency (perioe:8fs) breath-

recurrent upper-airway collapses found in patients with obstructive . . S .

| a/h OSA ing flow respectively. Overall airway obstruction is assessed in FOT
Sleep apnearnypopnea ( ): _— . by the amplitude of respiratory mechanical impedafZg), which is

Sleep studies require the acquisition and storage of a variety of sﬁ- . . A i

. . . tRe quotient between the amplitudes of the forced oscillation compo

nals characterizing the sleep status of the patient (thermistors, strain

. nents of pressure and flow. The analog circuit implemented for real-
gauges, inductance plethysmography, esophageal pressure, ox

en . o - . . ,
. ; A ~1ne computation of Z| is shown in Fig. 2. First, signalBn andV'n
saturation, etc.) [9], [10]. The signal recording is commonly Carrleé\ﬁlnre independently preprocessed to obtain the amplitude of their forced

O.Ut in special purpose massive-data acql_Jls_ltlon and_storage SySt.%rsncslllation components. To this end, each signal is highpass filtered
given that a considerable amount of data is involved in sleep studi

The conventional polysomnographic systems usually do not allc*Ie Hz, 3 dB) to eliminate the low-frequency components due to pa-

signal processing other than amplification and filtering and, therefore nt's breathing and s.ubse.quentl.y the S|gn§I amplitude is anquater
. : . . .~ “Intreased. Then, the signal is fed into an active full-wave rectifier. The
an analogZ signal is required for real-time assessment of airw.

ay ... ; . ) .
obstruction by FOT in sleep studies. At present, an andlagnal Pectified signal is lowpass filtered (5 Hz, 3 dB) to eliminate the har-

; ) ? nic components with frequencies multiple of 10 Hz induced by the
may be obtained by means of a special purpose computerized FOT. . . .

. . - . . rectifier and to obtain the dc component. Second, the amplitudes of the
system allowing real-time computation Bfand incorporating a D/A

. ; forced oscillation components of pressure and flow are divided to ob-
board to generate the analdgsignal. In order to obviate the need for, _. A i
X S tain|Z|. Before division, the amplitudes of the preprocessed pressure
such a computerized FOT system, which is complex and expensive ) o : - .
. . .=~ and flow signals are modified to fulfill the input requirements of a gen-
our aim was to design and evaluate a low-cost analog circuit for

. ; . ) . A - eral purpose low-cost analog divider (MPY100, Burr-Brown). Finally,
real-time computation of respiratory impedance in monitoring airway R : .
S . . e output of the divider is lowpass filtered (1.5 Hz, 3 dB) to obtain a
obstruction in routine sleep studies. - . : e .
smooth analog impedance sigiigf|.) while maintaining the phasic
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Fig. 2. Diagram of the analog circuit for real-time computation of respiratory mechanical impedBncenasal pressure}’n: nasal flow,|Z|,:
amplitude of mechanical impedance. All the filters were Butterworth-type, eight-poles. The cutoff frequency was 5 Hz (3 dB), except in the final filter
where it was 1.5 Hz (3 dB).

signals recorded in patients [6]. The study was carried out durifg8 hPa s/l) with periodic fluctuations according to the phase of
CPAP titration with full polysomnography on six male patientshe breathing cycle (Fig. 3). In this representative example the real-
with OSA. Forced oscillation (5 Hz) was applied during sleep faime impedance computed by means of the designed analog circuit
CPAP = 4 hPa and for the optimal CPAP in each patient (10-1&olid lines) was almost indistinguishable from impedance computed
hPa) determined by absence of arousals, normal sleep architectdigitally (dashed lines). The only differences between analog and
and awake tidal breathing esophageal pressiite.and V'n were digital impedances appeared during the transient unstable breathing
recorded at the nasal mask by a piezoresistive pressure transdeoeresponding to the patient’s arousal following an apnea [at time
(176 PC, Honeywell) and a Fleisch-type pneumotachograph with=d5 s in Fig. 3(a)]. The results obtained when compatifig. and
differential pressure transducet? hPa, LCVR, Celesco] [7]. These |Z]; in all the patients and CPAP’s both during inspiration and
Pn and V'n signals were fed to the analog circuit designed texpiration are shown in Fig. 4. Confirming the results in the example
compute|Z|. (Fig. 2) and were simultaneously sampled at 100 Hin Fig. 3, we found an extremely good correspondence between
by a computerized system to calculate impedance by digital signlaé analogically and the digitally computed impedances. The linear
processing | Z|4) according to the procedures usually employed inegression equation of these data Wék, = 1.02 - |Z|4 — 0.14 and

the field of FOT and described in detail in [7]. Briefly, a movingthe coefficient of correlation was’ = 0.998.

average filter with a window length of one FOT period (0.2 s) was

used to obtain the oscillatory components of pressure and flow from V. DiscussioN

the sampledP» and V'n [7]. |Z|; was calculated point-by-point To design the analog circuit for real-time computation of respi-
from the fast Fourier transform (FFT) of the filtered pressure amdtory mechanical impedance we implemented a signal processing
flow signals computed on a cycle-per-cycle basis (0.2 s) [7], [L§]milar to the one carried out in the digital procedures used in the
and smoothed by a moving-average filter with a window length dield of FOT [7], [11], [12]. The first stage in the system (Fig. 2)
0.4 s. As we used phaseless moving-average digital filt&is,was was devoted to separate the forced oscillation from the breathing
undelayed as regards the recorded andV'n signals. Respiratory components. Given that the forced oscillation frequency (5 Hz) was
impedance computed with the designed analog cir¢ldf.) and very close to the frequency band associated with the breathing signals,
impedance computed digitally|Z|.), according to conventional especially in the transient events related to airway occlusions in sleep
procedures were compared. To this end, for each patient and CRighea, we implemented a filter (eight-poles, Butterworth) optimizing
we computed the mean impedancigs|{ and|Z|.) at midinspiration flatness of passband and rolloff rate. With such a filter, we were

and midexpiration from three consecutive breathing cycles. able to obtain the forced oscillation component with an efficiency
similar to the one achieved with a digital moving average filter with a
IV. ResuLts window length matching the oscillatory period. To analogically mimic

Fig. 3 shows representative examples of the results obtained wilea conventional digital FFT computation to obtain the amplitude of
comparing|Z|., and|Z|, in one of the patients for CPAP of 4 hPaoscillation with a simple and low-cost stage we implemented an active
[Fig. 3(a)] and 12 hPa [Fig. 3(b)]. In this figure the small timdull-wave rectifier. This stage avoided the diode drops of passive
delay between both signals due to the filtering involved in thesctifiers. For a sinusoidal input of 5 Hz, the rectifier provided an
analog and digital procedures to compute impedance was correctaatput signal with a dc component proportional to the amplitude of
At CPAP = 4 hPa the patient developed sleep apneas, as cleahyg sinusoidal input and with harmonic components with frequencies
indicated by the breathing flow signal shown in the lower panelmultiple of 10 Hz. These high-frequency components were eliminated
an obstructive apnea lasted for the firstlO s, then an arousal with a lowpass filter with a cutoff frequency (5 Hz) which did not
occurred and the patient breathed normally during two cycles (@fect the time variation of the dc component associated with the
time =10-20 s), and finally hypopnea (at tirre20—30 s) and apnea changes of impedance within the breathing cycle. The low-cost analog
developed before the following arousal (at tirs87 s). Consistently, divider we employed proved to be sufficiently reliable to compute
respiratory impedance amplitude was high (38 hé? during the quotients within the ranges potentially found in practical applications
apneas, markedly decreased down to 8 -t#faduring the normal (Fig. 4). Finally, the analog impedance signal was smoothed by a
breathing and rapidly changed from the maximum to the minimutawpass filter which played the role of the final digital moving average
values during the hypopnea. The right panel in this figure shoviker used in the computerized FOT system.
the impedance amplitude and the breathing flow in the same patienThe low-cost circuit designed was tested under very demanding
when submitted to his optimal CPAR 12 hPa. The breathing flow conditions from the viewpoint of the filtering requirements in order
exhibited a normal pattern and impedance remained at low valuesimprove the signal-to-noise ratio [13], [14]. Indeed, we used a
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Fig. 3. Representative example of respiratory impedance in a patient with OSA at (a) €PARPa and (b) at CPAR= 12 hPa. Top: Impedances
computed by the analog circuit (solid lines) and with the computerized system (dashed lines). Solid and dashed lines are almost indistinduéshable, w
indicates that analog and digital computations of impedance provide practically the same result. Bottom: The breathing flow was digitally filtered to
eliminate the forced oscillation component.

60 . : could be potentially useful to spread the clinical application of FOT,
especially in situations, such as intensive care [12], requiring real-
time monitoring of respiratory impedance to assess the chan¢&$ of
within the breathing cycle. Indeed, its use may considerably simplify
40 7 the complexity and cost of application of FOT since the analog circuit
may substitute the computerized elements which perform digital
signal processing in a FOT system.

In conclusion, the practical performance of the designed circuit was

1Z1a (hPa.s/l)

201 1 assessed when applied in patients with OSA during CPAP titration.
The test covered the full range of possible impedance values (mini-
mum at normalized CPAP and maximum during obstructive apneas,

0 1 f respectively) and time-pattern of signals (smooth normal breathing,
0 20 40 60 hypopneas, and transient changes associated with sudden airway

opening and closure in apneas and arousals). The results obtained
(Figs. 3 and 4) showed that the analog circuit is a reliable device
Fig. 4. Respiratory impedance computed by the analog cif[Zit. ) and by  which given to its low cost and simplicity could be a useful tool for

a computerized syste(hZ|,) for the six patients with OSA during inspiration fagilitating the application of FOT to monitor airway obstruction with

Ea?;ni?gt?oremxgl)rig?q(hz)oggm%T/?:PPipél hPa and during inspiratiote) and conventional polysomnographic systems in routine sleep studies.

[Zid (hPa.sfl)
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Microelectrode Arrays for Electrophysiological Monitoring
of Hippocampal Organotypic Slice Cultures Il. MATERIALS AND METHODS

P. Thiebaud,* N. F. de Rooij, M. Koudelka-Hep, and L. Stoppini A. Microelectrode Array Fabrication
The devices were fabricated on 3 in, 386+thick silicon wafers.
. . ) . First the wafer was passivated with a 100-nm-thick thermally grown
Abstract—A three-dimensional platinum (Pt) microelectrode array SiO» d a 150-nm-thick | f 8N, d ited by low-
embedded on a micromachined silicon (Si) substrate (porosity of 13%, : _an a nm _'_C ayer or &N deposi e_ y low-pressure
via hole diameter of 40um) has been developed. Electrodes are 3gm  chemical vapor deposition (LPCVD). A 25-nm-thick layer of Ta, used
wide and 20x:m high, spaced 20Q:m apart and arranged in an elliptic as an adhesion layer was e-gun evaporated in a one pump-down
geometry. Integrated within a microperfusion chamber, the devices were process prior to the evaporation of 125 nm of Pt. The electrodes
used for stlmulatlon and recording experiments of hippocampal slice were patterned photolithographically using a lift-off process. The
cultures over a period of several days. . . . .
top passivation layer consisted of a 250-nm-thick LPCVRQNSI
Index Terms—Electrophysiology, microelectrode array, organotypic |ayer. The SjN. layer was etched in a $F, plasma to open the
cultures, perforated substrate. active electrode areas (én x 10 pm) and the bonding pads. The
etching of via holes (4@:m diameter) was performed in two steps.
|. INTRODUCTION IrLtheI ﬁt:St onek; the passivatilon Iayirs vk\]/erei\?tcheéj usiné; ; stadndard
. otolithogra in a SFO, plasma for the N4 and in a buffere
The development of microelectrode arrays embedded on a S(ﬂld graphy SHO P ) SN.
o . . ydrofluoric acid (BHF) solution for the SiOFor the second step, a
substrate for extracellular monitoring of electrophysiological ac- . . . - .
L . . . é) otolithography using a 7.pm-thick AZ 4562 photoresist (Shipley)
tivities of cell cultures is a very active research area motivated .. . - .
efining the via holes through the silicon substrate over an area
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