Application of the spirometer in respiratory gated radiotherapy
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The signal from a spirometer is directly correlated with respiratory motion and is ideal for target
respiratory motion tracking. However, its susceptibility to signal drift deters its application in
radiotherapy. In this work, a few approaches are investigated to control spirometer signal drift for
a Bernoulli-type spirometer. A method is presented for rapid daily calibration of the spirometer to
obtain a flow sensitivity function. Daily calibration assures accurate airflow measurement and also
reduces signal drift. Dynamic baseline adjustment further controls the signal drift. The accuracy of
these techniques was studied and it was found that the spirometer is able to provide a long-term
drift-free breathing signal. The tracking error is comprised of two components: calibration error and
stochastic signal baseline variation error. The calibration error is very gl of 3 1) and
therefore negligible. The stochastic baseline variation error can be as large as 20% of the normal
breathing amplitude. In view of these uncertainties, the applications of spirometers in treatment
techniques that rely on breathing monitoring are discussed. Spirometer-based monitoring is noted
most suitable for deep inspiration breath-hold but less important for free breathing gating
technigues. ©2003 American Association of Physicists in Medicif®OIl: 10.1118/1.1625439

[. INTRODUCTION reproduce the same setup from day to day. Daily setup varia-
tions may result in errors in the prediction of target position.
Various respiratory motion control treatment techniques in-Spirometers do not suffer from these setup problems.
cluding gating'~3 breath holdin§ or active breathing control A spirometer was originally designed for measuring a pa-
(ABC)>® are used in radiotherapy to reduce the target margitient's pulmonary function. This measurement extends usu-
due to respiratory motion. A reliable breathing monitoringally over a relatively short period of time sufficient to cover
system is needed for such techniques. The most commonly few breathing cycles. However, for breathing monitoring,
used systems can be classified into three categories: stable operation of the spirometer over an extended time pe-
(1) Measurement of the surface of the abdomen by tracking']i:)c:% Isnre?fl:gesd.'rc?;it;or Ss.e\:;al Sre;:fogﬁ’ﬂ:(;sc:b?r%r:]n'ttshe
a reflective marker on the chest with a fixed cariér&’ Lowing, the spirometer sighal usually arits away !
: . , . original baseline significantly. This impairs the ability to use
or by measuring the distance from a fixed point to the : ) o :
X . a spirometer for breathing monitoring. In this study, tech-
surface of the abdomen using a laser-based distance . .
sensot nigues have been developed to reduce signal drift.
(2) Tracking internal markers using x-rdy*° or internal
sensors using magnetic fieltfs.
(3) Measurement of the change in lung volume using a

H 6
spirometef. Il. MATERIALS AND METHODS

In this work, we will focus on the last category. A. Spirometer
A spirometer measures airflow. The change in air volume In this study, a CPX SpirometéMedgraphics, St. Paul,

is then mferrgd frpm the integrated airflow signal over tlme.MN) system is used. A preVent™ Pneumotach was attached
Compared with displacement measurement-based systems, a

. ter h dvant including the followi to’a mouthpiecéFig. 2). The pneumotach is a bi-directional
spirometer has many advantages, inciuding the 1o1owing. - e antial pressure sensor that converts the flow into a pres-
Better signal/target position correlationThe spirometer

) SN sure signal. This signal is then converted to a voltage, digi-

signal reflects lung volume changes, which is directly COMeYised to a reading valuR, and transferred to a control com-

lated with tumor position. Abdomen surface displacementj)uter' For laminar flow, Bernoulli’s law holds:

do not always correlate with tumor position. Phase shift o

delay '’ and pseudomotiofFig. 1) have been observed. 1,f24+ AP=const., 1)
Less setup variatianDisplacement measurements based

on the first category depend on the viewing angle of thewvheref is the flow, p the air density, and P the induced

camera/laser as well as the marker position. It is not easy tdifferential pressure.
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2.0 noulli’s principle, flow is expected to be proportionalR3/2.
Breath Hold Breath Hold In other words, such spirometers are much less sensitive to
s low flows than to high flows.

B. Sources of air signal drift
1.0+
Drifts in the measured air volume originate from flow

measurement errors. An uncertailty caused by an uncer-
054 tainty AR in the reading leads to an uncertainty in the mea-
sured volumelV,

Displacement (cm)

0.0 4

V+Av=f (f+Af)xdt, 3)

-05 whereV and f are the actual air volume and flow, respec-

— tively, AV and Af are the uncertainties, ardt is the time

0 10 0 0 40 %0 € 0 interval between two measurements or the sampling interval.
Time (seconds) In general Af can be written as the sum of a systematic and

Fic. 1. Abdomen surface displacement measurement using laser-based dfd.zero-mean rand_om component. Any systematic compqnent

placement sensor during breath hold treatment. Pseudomotion happens d@f Af causes an increase or decrease of the volume signal.

ing breath-hold due to relaxation of the abdominal muscles. For a periodic breathing patterAV= [Af X dt is approxi-

mately constant for every cycle, thereby increasing the drift

. . . linearly with time.

Under the assumption of the validity of Bernoulli's law The main components of the signal drift are flow sensi-

the spirometer reading, which is proportional tAP, is tivity calibration error and an imperfect manual zero-flow

proportional to the square of the flow, such that it can beadjustment. The first component is due to a nonlinear pres-

written as sure sensor response and nonideal laminar flow, such that the
) R spirometer response does not satisfy g exactly(see Sec.
R=k-f or f= T (20 11C). The second component causes a signal drift during

long term operation that can be accounted for with appropri-
wherek is a constant. For an ideal laminar flow situation andate flow baseline adjustmentsee Secs. IID-IIF
linear pressure response sensor, spirometers based on Ber-Other components of signal drift are due to air turbulence,
air leakage, internal pressure sensor variations, etc. Air tur-
bulence is strongly dependent on how the airflow is chan-
neled between mouth and spirometer. It was noted that a
| mouthpiece such as the one shown in Fig. 2 caused much

spirometer | /1L less drift than a face mask. To further reduce air turbulence,

| Nose Clip. 7 additional filters may be added to both ends of the pneumo-

J tach. Air leakage can be prevented by carefully examining
Preumotach el idedf (iBEscs the patient connection. In a controlled environm@unstant

temperature, etgit can be assumed that the pressure sensor
X variations are random in nature and are therefore canceled
Mouth Piece ;T y U out in the integral.

C. Flow sensitivity calibration

To calibrate the spirometer a B calibration syringe
(Medgraphics Corp, St. Paul, MNvas used. The mouth-
piece with pneumotach was attached to the syringe. To take
account of nonideal situations and also make this method
valid for other types of spirometer, we assume &).is not
operative. Flow sensitivity calibration includes two steps:
flow sensitivity function estimation and daily parameters up-
date. Flow sensitivity function estimation finds the form of
the flow sensitivity function and only needs to be done once,
while daily parameters update is to obtain accurate param-
eters in flow sensitivity empirical function and in principle
needs to be done before every operation.

Fic. 2. The spirometer-based respiratory motion monitoring system. Video ~F1OW SenSIt.IVIW function eStImatIOIA\II’ﬂOW_ can be writ-
glasses are used to display the computer screen to the patient. ten as a function of the measurement reading as
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f=C(R)XR. (4)  negative flow readings. The quality of the calibration proce-
ure was tested for several simulated breathing patterns with

The air volume pressed out or taken in for each push or pu he syringe

of the piston, respectively, wasl 3For each piston operation,
we obtained

N D. Dynamic volume baseline adjustment

Z CR)RiAt==31, ®) Many studies show that the exhale phase of normal

, breathing is the most reproducible pha$& |t is rational to
where the proportional consta@(R;) are the unknowns and .qse this phase as the signal baseline. When a patient per-
are a function of flow. Each piston operation gives one equag,mg normal breathing, the minima of the breathing curve
fuon. Theoretically, as many equations as the number of reada-re recorded. However, due to irregular breathing, the
ing samples are needed to solve B(R;). To reduce the 1,inima of the breathing curve may not always be in a fully
number of equations needed, the flow sensitivity function i |aved expiration. These irregular minima disturb the esti-
split into n different domains withC(R)=C, for Rn<R  4tion of the baseline. Using the RANSA(Random
<Rm.q (M=1,...n). Operating the pistoteither push or g5 mh1e  Consenspsalgorithm?® the irregular minimum

pull) then results in an equation for the unknown IV@}$:  qints of the volume curve are screened out. Assuming that

N n Km among n minimum points, there are at least (m<n)
> C(R)RAt= D, Cp>, RAt “good” points (fully relaxed expiratiop, the RANSAC algo-
! m=1 =1 rithm selects randomlyn out of n samples, calculates the
n o standard deviation of then samples, and only accepts these
~ 21 KnCmRmAt=%3 1, (6) if the standard deviation is smaller than a given threshold.
-

AB is then the mean of thega samples. In our software,
whereN is the number of reading samples during one syn=5 andm=3 were used. Dynamic volume baseline adjust-
ringe operation, ank,, is the number of readings in tmeth ~ ment corrects the volume signal by the magnitudeA&
domain. As the number of levels is usually much smaller after everyn breathing cycles.
than the number of readind$, the number of instancds,
of C,, is much larger than 1. This justifies the use of the
mean readindR,, in Eq. (6). If at leastn syringe operations
are performed the linear system of equations can be solved Even with careful manual adjustment, there is still a re-
for the unknownC,,. sidual reading left in the case of zero flow. This residual

The resulting set of value§,, provides an approximate reading also tends to change during the operation period. We
solution only and is not good enough to be used directlynoticed that this can be improved by subtracting a flow cor-
Nevertheless, this approach is useful in finding an empiricatection AR, directly from the reading. The dynamic flow
closed-form expression fo€(R) using the valuesC,, as baseline adjustment is performed after every dynamic vol-

E. Dynamic flow baseline adjustment

approximate initial values. ume baseline adjustment,
We found a simple empirical function of the form AR (k+1)= AR oK)+ cX AB(K), 9
C(R)=axR" (7)

whereAR s the residual needed to be subtracted from the

implemented for this “Bernoulli-type” spirometer. The two readingR, c is a constant that incorporates the change in

unknownsa andb now replace then unknownsC,, in Eq.  units from volume to flow, and B is the baseline adjustment

(6). A daily calibration procedure is able to determine thereturned by the RANSAC algorithm\ R, is updated after

parameters andb with only a few syringe operations. every volume baseline adjustment ands the update index
Daily update of the parameter§he a and b obtained number. ResidualAR,. converges to a fixed value after a

from flow sensitivity function estimation are not accuratefew iterations. The convergence rate is controlled by the

enough. Also because of measurement condition chamages,value ofc.

andb need to be updated frequently. Aftersyringe opera-

tions the unknowns andb for positive and negative flow

Nj
> aRM At

can be solved by minimizing the residuelefined by F. Zero-flow noise suppression
s For this specific spirometer, a manual flow baseline ad-
r=> ( —3) | (8)  justment at the beginning of the operation based on a poten-
I=rAf=t tiometer is intended to set the reading to zero when there is
The variabledN; are the number of readings during a singleno flow. However, due to electronic noise, the signal fluctu-
syringe operation. A Nelder-Mead unconstrained optimiza-ates around zero. From the empirical equationit is clear
tion method, implemented iMATLAB , was used. Minimizing that low flow signals require a large multiplicative gain,
the absolute difference to the total syringe volume guarantedberefore the electronic noise will be amplified after correc-
the minimization of random fluctuations during calibration. tion with the flow sensitivity function. We solved this prob-

Separate optimizations have to be performed for positive antém by forcing the readingR; equal to zero when they are
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R(arbitrary units) Fic. 5. Simulated breathing motion with the calibration syringe. Several

i . o . ~“check points” show that the drift is very small after flow sensitivity cali-
Fic. 3. Flow sensitivity function estimation for the spirometer. The five p ation.

values ofC,, in Eq. (6) for positive and negative flow are plotted as stars
and triangles, respectively.

and after the calibration procedure. Before calibration, the

smaller than a specified threshold, usually 2 to 5 digital unitsteading is converted to a volume signal using the last stored

In practice, this correction is only important during breathvalues ofa andb from a previous calibration. It is clearly
hold. seen that this old parameter set is not valid anymore for the

current calibration. After optimization, a new setafandb
parameters are obtained. Figure 4 also shows the measured
[ll. RESULTS : ; . X .

volume for eight test operations with the syringe using the

To establish the form of the empirical closed-form equa-new parametera andb from the calibration. For all chosen
tion, a sufficient number of initial valueS,, of the function  flow rates, the final volumes were all close tol 3vith a
C(R) were generated. Ten syringe operations were pefyariation within 1%. The mean values af and b for re-
formed. Consequently, the range of readifysvas binned peated calibration procedures were 0.084 ar@493, re-
into ten domains, five for positive flow and five for negative spectively.
flow. C, was obtained by solving the linear equatidfs The fact thatb is very close to—0.5 indicates that the

The parameters and b were then determined by least spirometer behaves almost ideally according to Bernoulli’s
square fitting of theC, (Fig. 3. From the figure, it can be |aw. This means that the air turbulence caused by the syringe
seen that theC,, can be fitted well by Eq(7). Usings=4  and the attached mouthpiece is small. Daily calibration can
syringe operations for both negative and positive flow, Fig. 4be done in under 1 min.
shows the volume readings for the syringe operations before The quality of the calibrated parameter set was again
tested by simulating free breathing patterns with the pneu-
motach attached to the syringe. This way, the volume signal
can be forced through well-defined control points like
=0 for a fully pushed in piston o¥=31 for fully retracted
piston. Figure 5 shows such a simulated free breathing curve.
Dynamic volume baseline and flow baseline adjustments
were disabled in this test. After 1 min, a control point\6f
=0 was chosen for which the signal reading wa8.011.

: ) : ) : ' Consequently, flow sensitivity calibration alone is able to
8 effectively reduce the signal drift.

Figure 6 shows the performance of the dynamic baseline
adjustment for a spirometer measurement of a free-breathing
pattern of a patient. Witk=5 in Eq. (9) andm=3, andn
=5 in the RANSAC algorithm the dynamic flow baseline
and volume baseline adjustments became stable after about
50 s. Mostly due to the patient’s random breathing varia-

o _ o _ o tion, the air volume baseline fluctuated within a range of
Fic. 4. Flow sensitivity function parameters calibration usinigcalibration
: - ) ) about 0.1
syringe. Before calibration, the spirometer signal was not able to re&h T . . . .
for different flow rate. The test syringe operation after calibration shows the In our institution, the Spirometer Is used for deep nspira-

spirometer is able to measure air volume accurately. tion breath-hold lung cancer treatments. So far, all patients

v/ /igii”"/ ffffffff before calibration
/o after calibration

4 6
Time (second)

Air Volume (liter)
o

-2 -

-3
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spirometer. Other spirometer types may use different types of
sensors to measure airflow, and therefore require a different
empirical functionC(R). Hence, Eq(7) may not hold for
spirometers which measure airflow not based on Bernoulli's
principle. However, a very general method to calibrate flow
sensitivity has been described in this work. The steps de-
scribed in Sec. 11 C do not depend on the particular form of
the fitting function for which Eq(7) is just an example for a
Bernoulli-type spirometer.

Reverting to the Bernoulli-type spirometer described in
this study and its fitting functiof?7) it is clear that at least
two piston operations are needed to determine the two un-
— known parameters. Theoretically, a larger number of piston

0 50 100 150 200 250 300 operations reduce the calibration error. However, ([gmay

Time (second) not be adequate to cover the entire range of flow readings. If

Fic. 6. Flow and volume baseline adjustments with5 in Eq. (9). Base- this is the case, then, du“ng Ca“b_ratlon’ it must be assur(_—:‘d
line adjustments become stable within 1 min. The air volume baseline variathat the flow values cover the entire range evenly. For this
tion is within 0.11, which is about 20% of normal breathing signal ampli- particular spirometer, the readin@sare in the range of 60
tude. to +60 digital units during free breathing of a normal
healthy person. By our experience, operating the pneumotach
E{i:ith the syringe tends to yield higher signal valugsrger
t

were able to tolerate the mouth piece. To guide the patient t L . L
hold breath at the same level, video glas€@lympus FMD- an 100 digital unitsbecause it is not easy to pull or push
’ the syringe slowly. However, because we found that this par-

250W) were used to display the breathing curve and the tarE_ | . ; b Il ch terized b this i
get level to the patient. As an example, Fig. 7 shows a pa—ICu ar spirometer can be well characterize y &0, this is
ot a serious drawback.

tient's breathing curve before, during, and after a breatH’ . : o . .
Spirometer signal drift is well controlled with our calibra-

hold. Figure 7 shows that the baseline adjustments work well d stabilization techni A stable sianal b d
during the free-breathing period. The patient is usually askeaon and stabriization techniques. A stable signal can be use

to breath out forcefully before the breath hold. RANSAC is or gating during free breathing or breath-hold treatment.
immune against the one dip before breath-hold. There are two major components of errors using a spirometer

as a target motion tracking system—calibration error and sto-
chastic baseline variation error. The first is due to inaccura-
IV. DISCUSSION cies of the fit of the flow sensitivity function whereas the

In this work, several approaches were investigated to resecond is due to the imperfect estimation of the true baseline.
duce the drift inherent in commercial spirometers. It wasAfter baseline adjustment the calibration error increases with
found that flow sensitivity calibration plays the most impor- signal amplitude but is generally very smékss than 1%
tant role. It assures that the spirometer produces accurate dihe stochastic baseline variation error is mostly due to pa-
volume measurements and that it also reduces signal driftient's breathing variation. This error can be quite large
Dynamic volume and flow baseline adjustments further con{0.1 | corresponds to about 20% of the normal breathing
trol the drift. This study was performed on a Bernoulli-type amplitude for an average patientAveraging over more

breathing cycles may reduce this error. However, the base-

line adjustments must be done in a short period of time to

074 Breath Hold control the drift. In our case, baseline adjustments were per-

formed every five breathing cycles, corresponding to a time
of about 15—-20s.

The minima in patient’s irregular breathing may not al-
ways represent fully relaxed expirati¢e.g., the one breath-
ing phase just before the breath-hold in Fig. To exclude
the abnormal minima from baseline determination, a
RANSAC algorithm is used since it is more efficient in se-

lecting good samples than an exhaustive computation of all
017 /\ urwanted minimum points the possible combinations.
00 , . : : , SN In order to discuss the applicability of a spirometer to the
® V" 40 o & different gating techniques and its comparison to surface dis-
1] Time (seconds) placement measurement methods we should differentiate be-
tween free-breathing gating techniques and breath-hold gat-

Fic. 7. Patient’s bre_athlng_ curve during DIBH treatment. Dyna_mlc air vol- ing techniques. The former should also be divided into
ume and flow baseline adjustment further control the signal drift. Abnormal

minima due to patient’s irregular breathing are screened out by RANSACamp"tuqe'gated and phaSE-gaFed free-breathing t.echniques.
algorithm. Amplitude-gated free breathinghe results of this work

1.0

0.5 1 | ‘e, 0.5

0.0 N i e oo 0.0

|
0.5 \ | --0.5

1.0+ e ‘e‘ —u—volume
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