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ABSTRACT

Daily calibration of spirometry devices plays an important role in promoting the accuracy
of pulmonary diagnostic results. It is needed to have more precise and adequate instru-
ments for calibrating spirometry during the clinical use. In this work, a device was de-
signed and developed based on a calibrated-volume syringe and an electrical circuit was
also built to measure the air flux. Some colored tapes with specific size and order covered
the syringe piston. When the piston moved in front of the color sensor, the input air flow
was calculated according to the width of the strips and transferred to the computer. A Ra-
dial Basis Function (RBF) neural network estimator used new data to modify the previous
estimation function for increasing the accuracy and the reliability. The simulation showed
that the root mean square of the error improved from 13.7+0.37% to 4.24+0.22%, i.e. the
calibration curve has improved about 70%.
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Introduction

pirometry is considered as a primary diagnostic measure to evaluate

respiratory diseases, and it has been also known as an excellent ob-

jective marker of respiratory morbidity. It has been emphasized that
spirometers are used on a daily basis and at home, especially for Chronic
Obstructive Pulmonary Disease (COPD) patients [1]. In this method, the
spirometer is used to measure pulmonary volumes and capacities such as
tidal volume, vital capacity. The measured volumes are usually displayed
graphically in terms of time (volume-time) or flow (volume-flow). A fail-
ure in the lung function is detected based on comparing the spirometer data
with measured values in a normal healthy person. Therefore, the accuracy
of the output data of the spirometer plays an important role in the disease
diagnosis. However, studies are conducted on a number of spirometer that
there is systematic difference between the results of measuring various
device models [2, 3]. For this reason, in a comprehensive study in France,
it has been emphasized that the existence of a qualitative control process
can be effective on the accuracy of the results and the absence of distortion
in collected data [4]. For this reason, in England, quality control guide-
lines for spirometer have been proposed [5]. According to the international
guidelines for spirometers, calibration testing of the device should be done
daily or before each use by the 1-L or 3-L syringe [6, 7]. The accuracy
and the linearity of the flow/volume of respiration can be examined. The
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content of the syringe is completely discharged
at least three times (at different speeds) into the
spirometer mouthpiece. If the measured vol-
umes are the same, but there are some deviation
compared to the calibration volume, the spirom-
eter device can be readjusted. However, if still
the flow measurement is nonlinear, the spirome-
ter must be transferred back to the manufacturer
for recalibration. This may create few problems,
particularly when the spirometers are used in re-
mote areas. A study in Nepal showed that the
lack of easy access to calibrating centers could
lead to excessive errors in the spirometry mea-
surement results [8]. In this study, we designed
and developed a device to perform spirometer
calibration on-site during clinical activity, elim-
inating the need to send the device back to the
manufacturer.

Technical Presentation

Design Requirements

It should be noted that most new spirometry
devices are based on flowmeters. Therefore,
more accurate measurements of instantaneous
volumes were the basis of our design work.
With regard to the above, the device was de-
signed for measuring the total volume of air
entering the spirometers in addition to the air
flow, and the whole data was transferred to the
spirometer. The spirometer was set to calibrate
itself by comparing the received quantities with
the output of its sensing circuit.

Other considered important items for design-
ing a calibration device were the minimum and
maximum flow that the device expects to mea-
sure. The maximum flow that a person can ex-
hale is around 14 1/s [7]. Thus, designed device
should be able to create, measure and save this
flow.

Device Components

To reach a precise and accurate volume, a cali-
brated syringe was used. The syringe consists of
a 1 liter cylinder (with an accuracy better than
+0.5%) and a piston. By moving the cylinder
piston in both directions, the inhalation and
exhalation are simulated.

The time variation of volume was measured
while the piston marked with some colored
tapes was placed at specific locations. For this
purpose, the syringe piston was divided into 10
equal units, and each unit was covered with a
colored tape (Figure 1). The color sensor detects
the tapes while the operator pushes/pulls the pis-
ton. Therefore, by displacing each of the strips
from the front of the color sensing sensor, 0.1
liter was displaced to the spirometer. The dis-
placement time of each stripe was measured and
stored by using a microcontroller. Since each
tape width was attributed to a specific cylinder
volume, the instantaneous flow was calculated
using equation (1):

oV
Q Py (D

Where V is the related volume to a tape, t is
the passage time of the tape and Q is inlet air
flow into the spirometer. Some factors may lead
to the uncertainty in the volume and flow mea-
surements, as follows:

1- When the position of the syringe was not at
the appropriate starting point, and all flow mea-
surements may be unreliable. To overcome this
issue, we developed an approach where the start
and end tapes were identified by a unique color.
Now if we started the calibration process with
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Figure 1: Block diagram of the device
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strips except the first one, we would have ap-
propriate alarm.

2- When the direction of the piston changed
during movement, the flow calculation would
be erroneous. The order of the colors was se-
lected in a way to determine the motion direc-
tion of the flow. If the color of the certain strip
was not observed during the piston movement,
the direction of the piston was changed.

Each color tape was identified by using
TCS230 (TAOS company) color sensor [9]. The
TCS230 sensor, a light-to-frequency color con-
verter, consists of 16 photodiodes for blue filter,
16 photodiode for green filter, 16 photodiodes
for red filter and 16 photodiodes without filter
(Figure 2). All 16 photodiodes with the same
color are connected in parallel and selected by
two pins of the sensor (S, and S,). The output
of the sensor is a square pulse with 50% duty
cycle and the frequency is proportional to the
intensity of received light. The maximum out-
put frequency is determined by two pins of the
sensor (S, S)).

When a specific color tape was placed in front
of the sensor, the reflection was received by the
light sensors. The color of the tape can be deter-
mined according to the ratio of these three main
colors.

We selected four colors, including white,
black, green, and red for tapes. After implement-
ing the system and marking the piston based on
selected colored tapes, the output frequency
of the sensors was measured for various color
strips and ambient light at different daily times.
Finally, to identify the color of each strip, the
intervals were considered in accordance with
Table 1. As shown in Table 1, the frequency in-
tervals for the red and green stripes overlapped
with each other and for preventing misinterpre-
tation of these two colors, authors added anoth-
er criterion:

If (frequency for green photodiode > Fre-
quency for red photodiode) — green tape

If (frequency for green photodiode < Fre-
quency for red photodiode) — red tape

Finally, in order to increase the accuracy of
color tape detection with an assumption of the
constant ambient light, the measurement is per-
formed with the Light Emitting Diode (LED)
off and on. Then two frequencies are subtracted
to reduce ambient light effect.

Data logger (Figure 1) contained an Atmel’s
ATmega32 microcontroller to control sensor
modes, calculate sensor output pulse frequency
and send data to the spirometer. The sensor’s
output was connected to the microcontroller

Photodiode Array
* (52.83)

Light

current to frequency
converter

* (So. S1)

Output

Figure 2: Block diagram of color sensor

timer pin and the microcontroller counted the
incoming signal edges. As mentioned before,
the syringe volume was 1-L and the maximum
flow rate was 14 1/s. Therefore, maximum re-
quired time for processing should be 71 milli-
seconds (ms). Since the piston was marked with
10 strips and it was required to set the sensor
photodiodes in red, green and blue, the data log-
ger must be logged each 2.36 ms. To have an

Table 1: Frequency range for selected color
tape detection (in kHz).

Senso:-ape Black Red Green White
Red 2937 4355 3745 5075
Green 2936 3037 3845 5075
Blue 2936 30-38  30-38 5075
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improvement of accuracy, the activation time
was tuned at 1 ms for changing the sensor mode
and reading the sensor output.

Neural Network Estimator

In the previous study [10], we used A Radial
Basis Function (RBF) neural network to es-
timate the calibration curve of a hot-wire spi-
rometer. Based on RBF neural network, one of
the features of the estimator is the capability to
retrain and change its internal weights, i.e. after
the initial formation of the weight vector based
on the existing data, it is possible to remove a
number of primary data over time or add new
data to the network and easily reset the weight
matrix [11]. We assume the initial weight vec-
tor is obtained from equation (2) to estimate the
mapping function between inputs and outputs:

w= A;Hp v, )
Where w,, =[w,,w,,..,w ] is the weight
vector, ;p =V Vyreres yp] is the desired output

vector of the network (here, air flow/velocity)
and A, and H, are given in (3) and (4):

Ay (%)) A, (X))
H,=| i . 3)
h(x,) h,(x,)
_ T
A,=H,H, 4)

Where %, =[%:%-%, ] is the input vector (here,

the voltage level of the electronic circuit of the
hot-wire sensor) and h(x) is obtained from
equation (5):

(0 = exp(E=E0) 5)

i

Which ¢, and r, are two tuning parameters of
the network.
Now, is the data (x__, y ) were added to this
. . . ptl pt+l K
matrix, in equation (2), the following param-
eters are replaced:

| | ©)

p+1
Ap+1 = Ap + hp+1h;+] (7)

Where h__ is obtained from equation (8):
p

b, =[h,(x,, ).y ), b ()] (8)
For deletion of a number of old training data,

there are similar relationships. Therefore, when
an estimator of RBF neural network is designed
based on calibration data, it will be possible to
insert new data into this network (and/or delete
old data) for the improvement of the estimator,
and estimation of new data in addition to the old
data.

Figure 3 shows the air flow when the calibra-
tion syringe piston was moved from start to end
at different speeds. Previous experience shows
that the highest measurement errors occur in a
low fluid velocity range of less than 3 m/s [10].
According to the mouthpiece size (diameter of
about 1.5 cm), the measured flows in Figure 3
are within the same speed range.

Each measurement in Figure 3 represents an

ypﬂ il'l yp+1 = [ylayza'-'aypaypﬂ]‘ These data
were sent to the spirometer and then the original
weight vector was updated based on the hot-
wire sensor output, i.e., X (in according to
equations 6 and 7).

Discussion

According to the importance of the lung dis-
eases, mobile phone-linked spirometry technol-
ogy has been designed specifically to evaluate
the lung function at primary care level, and
some of them have been accepted in the world
for the screening of the patients with chron-
ic respiratory diseases [12, 13]. On the other
hand, American Thoracic Society (ATS) and
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Figure 3: Measured flow by the calibration device
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European Respiratory Society (ERS) recom-
mended that the calibration of spirometers must
be verified daily with a calibrated syringe. There-
fore, proper calibration is important for ensur-
ing accuracy and can be also performed with a
precision syringe. This procedure, however, be-
comes complex for nonlinear flow sensors (such
as hot-wire sensor), commonly used. Biselli et
al. developed an algorithm for the calibration
of nonlinear flow sensors using an accurate sy-
ringe [14]. Some researchers showed that use of
different types of spirometers may result in the
significant systematic difference in lung func-
tion values. Epidemiological researches must
consider these potential systematic differences
and correct them in analysis using methods such
as regression calibration [15]. In a study, a self-
adjusting structure radial basis function neural
network (SAS-RBFNN) was developed to pre-
dict the outlet ferrous ion concentration on-line
and the results demonstrated that this network
can provide a more accurate prediction than the
mathematical model [16].

In the present project, a device for the online
calibration of spirometers was designed and
developed. The calibration curve of a hot-wire
spirometer is nonlinear and cannot be easily ex-
trapolated to the low and high speed zones. A
novel approach, based on the RBF neural net-
work method, has been used for adjustment pur-
pose.

The output of the present device is the in-
stantaneous volume and flow that can be used
as reference voltages to adjust calibration co-
efficients of spirometers using the RBF neural
network. As stated in the previous sections, due
to the trainability of neural network estimator,
it is possible to re-train and update the neural
network with new data (collected during the
spirometer use) without the need for re-esti-
mation of the entire calibration curve. On the
other hand, for other estimating methods such
as polynomial and power law, it is not possible
to use this important characteristic. Therefore,
it is needed to measure and use all data over the
complete range of velocity for the re-estimation
of the calibration curve.

The fluid speed range was divided into three
zones, including low (0.7 to 3 m/s), medium
(3 to 15 m/s) and high (15 to 30 m/s) veloc-
ity zone. Table 2 shows the standard deviation
(or equally accuracy) for before and after ap-
plying the adjustment method, in three simu-
lations conducted in the entire velocity range
(0.7-30 m/s). Equation (9) has been used for the
determination of standard deviation:
RG]
U,®

Where U, and U, are the calculated and real
velocities, respectively.

As a consequence, the error in the low veloc-
ity region has decreased significantly (improve-
ment percent is about 70%) using the mentioned
method.

Finally, it is worth mentioning that the effect
of ambient light on sensor performance is an-
other significant issue, which must be consid-
ered. The light reflected from the surface of the
strips and detected by light sensor is unidentifi-
able once was combined with environment light,
and the measured values are thus unreliable. To
avoid the environmental light, the sensor is sur-
rounded by small dark circle. The sensor does
not receive any light when the light source is
off, and the sensor output is approximately zero

)

1
eNzﬁ

i=1

Table 2: Accuracy before and after applying
present approach (%).

Velocit Before After

TestNo- range (m)/,s) Present approach
0.7-3 13.43 354
1 3-15 0.17 0.22
15-30 0.63 0.68
0.7-3 1454 45
2 3-15 0.13 0.19
15-30 0.73 0.75
0.7-3 13.13 4.55
3 3-15 0.25 0.2
15-30 0.74 0.9
0.7-3 13.7 4.2
Average 3-15 0.18 0.2
15-30 0.72 0.78
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in the enclosure.

Conclusion

Spirometry plays an important role in the di-
agnosis and management of obstructive and re-
strictive lung disease. Therefore, the accuracy
of the output data of the spirometer plays an im-
portant role in the diagnosis of diseases. In this
study, a device was designed and developed,
leading to perform the spirometer calibration at
site while the clinical activity is occurring, and
there is no need to send back the device to the
manufacturer.
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