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Abstract—Measurements of pressure swings in the esophagusrate estimates of respiratory mechanics into lung and
(Peg can be used to estimate variables of clinical importance, chest wall compartmentd to evaluate variables of clini-
e.g., intrinsic positive end-expiratory pressure (PREPnfor- cal importance such as dynamic intrinsic PEEP
tunately, cardiogenic oscillations frequently corrupts and (PEEE’,dyn) and inspiratory work of breathing

complicate further analysis. Due to significant band overlap M3 16 . o
with the respiratory component &f,s, cardiogenic oscillations (Winsp)' andéltcl)z estimate the patient's muscular

cannot be suppressed adequately using standard filtering techﬁnd/_or neural driv _ _
niques. In this article, we present an adaptive filter that em-  Since the esophageal balloon is placed in close prox-

ploys the electrocardiogram to identify and suppress the car- jmity to the heart,P, recordings often contain cardio-
diogenic oscillations. This filter was tested using S'mwateddgenic oscillations. These are componentsPgf that are

data, where the variance accounted for relative to the simulate t directl lated t irati but originate f
respiratory pressure swings increased from as low as 55% for NOL directly related fo respiration, but originate from

the unfilteredP, signal to over 95% when the adaptive filter Pressure changes within the pericardium and the aorta
was used. In patient data, the adaptive filter reduced the appar-that are communicated to the esophageal balloon. Car-
ent cardiogenic oscillations without noticeably distorting the diogenic oscillations can be large enough to significantly
sharp deflections iP.s due to respiration. Furthermore, the complicate processing of the, signal. For example, we

filter suppressed peaks in the Fourier transfornk gfat integer have recently demonstrated in a computer simulation that

multiples of the heart rate, while the remaining frequencies . . I . .
remained largely unchanged. During stable breathing, the stan-card'ogenlc oscillations oRes may introduce substantial

. 14 . .
dard deviation of PEEPwas reduced by between 44% and €rTors to estimates of PEER, and Wins,.™" Similarly,
71% in these four patients when the filter was used. We con- cardiogenic oscillations reduce the goodness of model

clude that our filter removes a significant fraction of the car- fits when the mechanical properties of the lungs and
diogenic oscillations that corrupt records®fs. © 1998 Bio- chest wall are identified using.s. Unfortunately, car-
medical Engineering Societ}S0090-696¢8)00102-7 diogenic oscillations cannot be removed fréty signals
by simple low pass filtering because their frequency con-
tent overlaps that of the respiratory signal.
We have recently presented an adaptive filter that
reduces the effects of cardiogenic oscillations on esoph-
INTRODUCTION e}geal pressuﬂi In .this article, we furt.her develt_)p this
filter and validate its performance using both simulated
Respiratory pressure swings in the esophag@s) ( data and records obtained from four patients in a respi-
can be measured using an esophageal balloon, i.e.ratory intensive care uniiCU). Finally, we demonstrate
a small elastic balloon attached to the end of a small the effects of the adaptive filter on estimates of PEEP
plastic catheter placed in the mid-thoracic section of the in these patients.
esophagus. Provided that the esophageal balloon is

Keywords—Pulmonary monitoring, Intrinsic PEEP, Work of
breathing.

adequately placed and inflated, swings g reflect METHODS
swings in pleural pressureP(;) during spontaneous
breathing'>>®Measurements dP.can be used to sepa- The Adaptive Filter

] - In order to develop the adaptive filter presented in this
Address correspondence to Dr. Jason H. T. Bates, Meakins-Christie

Laboratories, McGill University, 3626 Rue Street, Urbain, Moalre StUdy’ Yve _mOdePes as the sum of pressure _SWIng_S due
Quebec H2X 2P2, Canada. Electronic mail: jason@meakins.lan. tC? re_splratlon Presp and the_ Undes"'eq Ca:rd|099n|c 0s-
mcgill.ca cillation pressure R-go), as illustrated in Fig. (). The
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in X but average out rapid fluctuations and measurement

resp

+ » noise.
. d Our adaptive filter is an adaptive noise cancéfler
h,(v) Foco with the structure shown in Fig.(). In order to com-
pute an estimate oPcgo (Pcgo), we first generated a
G hy(T) EKG sequence of impulses representing the carttagaves

from a lead Il EKG by thresholding the negative deflec-
tions of the EKG. The threshold value for tliewave
detection was set to 1.7 times the rms value of the EKG
signal, which was smoothed recursively as described
above with a forgetting factor of 0.97. Provided that
h,(7) is stationary, this sequence of impulses represents
an estimate ofCp, i.e.,

(@)

L high-pass Pew -
filter recursive
—| identification \

EKG QRS . G “
detection hy(D) Cp” Cp(t — 7-2), (3)
flow \
() where 7, is the delay between the initiation of a heart
beat in the SA node and its manifestation in the EKG.
FIGURE 1. (a) Model of the origin of cardiogenic oscillations The HR was computed from the inver&-R intervals
employed to develop the adaptive filter. (b) Structure of the . . .
adaptive filter, and smoothed recursively using a forgetting factor of 0.9.

Next, we high-pass filtered®,s using a two-sided
256th-order finite impulse respongEIR) filter with a
constant group delay. The cutoff frequendy) of this
linear dynamic system described by the impulse responsefijter was adjusted to 0.6 times the identified HR. Thus,
function hy(7) relates Pcgo to the series of impulses  the high-pass filtered,, signal (Pes g still contained

generated by the cardiac pacemaker in the sinoagia) the complete and undistorte@l-co, but suppressed the
node Cp). Pcgo contains very little power at frequen-  jow frequency components e, that might complicate
cies below the heart rateHR), while P, is likely to the following processing steps. The two sided high-pass

contain significant power below the HR because the res-fiiter introduced a delay of 128 data points from the
piratory rate(RR) is generally less than the HR. There- moment that data were sampled to the point when fil-
fore, Pes can be considered to be entirely determined by tered values were available. Since all data were sampled

Prespin the frequency band from 0 Hz to slightly below at 100 Hz, the time delay amounted to 1.28 s.
the HR, but to contain significant cardiogenic oscillations  Assuming linearity, we have that

at and above the HR. A second impulse respohsér),
translatesCp into voltage swings on the body surface
that can be measured as an electrocardiogiak).

In our adaptive filter, a number of quantities are

smoothed by recursively calculating an exponentially Where* denotes convolution. In order to calculdeco,
weighted running mean according to we recursively estimated a third impulse response,

hs(7), according to

Pcco=hi(7—75)*Cp, 4)

X=X 1+ (1= a)x, D
h§Y(r)=ah{ (1) +(a—1)P¥ 441), (5)
where x, is the estimate of the mean obtained up to
samplek. « is often referred to as a forgetting factor, where « again is the forgetting factor, an(? oppis the
and must range between 0 and 1.xlfis sampled uni-  segment ofP p that falls into thekth R— R interval.
formly, this estimator becomes equivalent to a single- Assuming that there is no phase-locking between the
pole low-pass filter, and is related to the time constant heart rate and the breathing cycle, and provided dhist

of the finite memory,r, by the equation sufficiently large, components dfi;(7) that originate
from P, are averaged out so thdy(7) effectively
At @ provides an estimate of,(7—7,). Using hs(7), we

T= — 7

computedP.co and subtracted it fromP.g in order to
obtain the final estimate dP e, i.€.,

In(a)

where At is the sampling interval. lfo is adequately R R R
chosen, this recursive estimator will track slow changes Presg= Pes Pcco=Pes— h3(7)*Cp. (6)
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The choice of the forgetting factar in Eq. (5) is a
crucial determinant of the algorithm’s performance alf
is too small thenhs(7) becomes sensitive to measure-
ment noise, and contributions tB¢ e that originate
from P g, are not efficiently averaged out. On the other
hand, large values of limit the filter's ability to adapt
to changes irh,(7) over time. Part of this problem can

SCHUESSLEREt al.

to the RR, the exponential term in E@) is small. This

in turn causes\, to remain small, so that, in Eq. (7)

is close to unity, biasing the algorithm towards long
memory. The effects of band overlap can thus be aver-
aged out. Conversely, as the HR becomes much greater
than the RR, the exponential term in E®) increases.
This allows A to be large and the memory to be short

be overcome by using the adaptive scheme of Wellsteadwhen P p consistently differs significantly fronhs.

and Sanoff® to updatea at each iteration. Briefly, this
scheme recursively tracks the residuals with a finite

The filter can then adapt rapidly to changesHggo.
The constants in Eq8) were set toy=0.8, xk;=0.5, and

memory. When the residuals are persistently large, a x,=—5. Small changes in these parameters hardly af-

change in the underlying dynamics is assumed and
decreased. Conversely, is increased to reduce the sen-

fected the overall outcome, indicating that this scheme is
robust towards slight misadjustments @f x,, and «,.

sitivity to measurement noise in the case of consistently The RR was computed from the intervals between the
small residuals. This scheme has been applied successenset of inspiratory flow and smoothed recursively with

fully to fit models of respiratory mechanics to pressure
and flow date?

While the scheme of Wellstead and Sanoff alters
appropriately in the case of changing underlying dynam-
ics, it fails in the presence of increased band overlap,
i.e., when the frequency content &f-co increasingly
overlaps that ofP s, Band overlap also increases the
variability betweenPcgo and Pegyp, but requires an
increase in rather than a reduction af in order to
properly average out the contributionsBfg,in Eq. (5).

We are thus faced with conflicting possibilities when
Pceo and Pgg yp do not match well: it may be that the
underlying dynamics are varying in which cageshould

be decreased, or it may be due to band overlap in which

case « should be increased. However, soraepriori
information to estimate the prominence of band overlap
can be obtained from the relative values of the HR and

a forgetting factor of 0.6.

Computer Simulations

To test our adaptive filter, we simulatd®,g signals
contaminated with cardiogenic oscillations using a non-
linear, viscoelastic model of a spontaneously breathing
patient. This model has previously been used to evaluate
the effect of cardiogenic oscillations on PEEP In or-
der to introduce a physiologically reasonable variability
in Pcgo over time, we extended this model by making
the magnitude oP .o depend on volume according to

FRC— V(1)

FRC ©

Pceo=ka exr{ Ko ) Pcco-

Here, FRC is the functional residual capach(t) is the

the RR. We developed a modified scheme to adaptively absolute lung volume at any point in time, aRggo is

updatea at each intervak that encapsulates thaspriori
information. We start with an expression similar to the
scheme by Wellstead and Sanoff, i.e.,

Ay

[ @)

ak=1—

However,A in this case is a function of the residuals, the

the preliminary, volume independent cardiogenic oscilla-
tion wave form. The constants andk, were chosen to
be 10 cm HO and 5, respectively. This functional form
of the volume dependence was chosen arbitrarily to re-
produce physiologically reasonable magnitude®ggo.

We simulated eight patients with the RRs and HRs
shown in Table 1. These values were chosen to produce
degrees of band overlap spanning the range likely to be
observed in real patients. The inspiratory drive was ad-

heart rate, and the respiratory rate that is recursiVelyjusted to produce normal minute ventilations between 5.5

updated according to

|Pechs h5l
[h5]

X exp( k] *HR/RR+ k3),

Ay=7yA 1+ (1=7y)

8

where vy is another forgetting factor, anfl| denotes a
guadratic norm. The exponential term in E@) was
chosen empirically on the basis of preliminary computer
simulations and effectively determines the range over
which the scheme can modify. When the HR is close

and 7.2 L/min, and expiratory muscle activity was absent
in all eight simulated patients. All other model param-
eters were chosen equal to the population means listed in
Table 1 of Ref. 14. Patients 1-4 had very rapid shallow
breathing patterns with a RR of 40 breaths/min. The
simulations were designed such that band overlap was
most pronounced in patient 1, where the HR with 54.7
bpm was only 37% higher than the RR. In contrast,
patients 5—8 breathed deeply with a RR of 10 breaths/
min. In these patients, band overlap was less prominent,
but the effects of the volume dependenceRygo be-
came more important due to the larger tidal volume.
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TABLE 1. Variance accounted for using the filtered and unfiltered P.s in eight simulated
patients.

Simulated patient 1 2 3 4 5 6 7 8

Heart rate 54.7 74.7 139.3 199.3 54.7 74.7 139.3 199.3 min~*

Respiratory rate 40 40 40 40 10 10 10 10 min~!

VAF? unfiltered 57.9 54.5 64.5 76.2 90.2 89.4 91.7 94.4 %

VAF filtered 954  97.7 97.8 979 985 987 98.9 99.4 %

8Variance accounted for.

Three min of data were simulated for each patient, and of the 2048-point Fourier transfornFT) of both the
the first 2 min of data were discarded in order to ensure unfiltered and the filtere®. using a Hamming window
that the steady state of the simulation had been reachedwith 50% overlap. Using the same segments, REEP
and to allow the filter to adapt. From the last minute of was estimated automatically for each breath as the de-
data, we evaluated the VAF by bofP.s and P, with flection in P from its end-expiratory plateau value
respect to the tru@ ., in order to quantify the reduction  (Pespiateal t0 the onset of inspiratory flow. PEER,
of the cardiogenic oscillation achieved by our adaptive was corrected for the trigger threshold of the ventilator
filter. by subtracting the deflection in airway opening pressure
that occurred simultaneously with the deflectionRgs.
Patient Data Pes plateadvas detected as the point closest to the onset of
) ) _ ) inspiratory flow at which the five-point derivative &
We also applied our adaptive filter to recordings of \yas within 0.1% of its minimum value over the preced-
Pes, flow and EKG that had been obtained from four g expiration. The onset of inspiratory flow was identi-
patients receiving ventilatory support in the ICU of the fiqq by extrapolating backwards to zero flow from the

Montreal Chest Hospital. Each (_jata collegtion protoc_ol points at which inspiratory flow amounted to 50 and 100
was approved by the local ethics committee, and in- | /s This procedure was carried out using both the

formed consent was obtained from all subjects. All sig- nfiitered and the filteredP,,, and the mean and stan-

nals were amplified and anti-aliasing filtered at 30 Hz garqg deviation of PEER,, were computed in each case.
using '6th order Bessel low-pass filters and Q|gltlzed ata Al simulations and data analysis were carried out
sampling rate of 100 Hz. The correct position of the \ging theMATLAB 4.2/SIMULINK 1.3 mathematical soft-

esophageal balloon was verified prior to data collection \y5.e packagéThe Mathworks, Nattick, MA
by a standard occlusion tesfTable 2 summarizes the

characteristics of each patient.

From each patient record, we chose a data segment RESULTS
for further analysis thafi) started a minimum of 60 s
after the beginning of data collection to permit time for
the filter to adapt(ii) showed a relatively stable breath- Figure 2 shows samples of the simulaféds,and P
ing pattern over a period of at least 10 breaths, @ing and the resultingP s, traces for simulated patients 1
did not contain any esophageal spasms or EKG artifacts.(top) and 8(bottom. In both patients, the unfiltereB
For each analysis segment, we computed the magnitude(center panelsdiffers significantly from the simulated

Simulated Data

TABLE 2. Patient characteristics.

Respiratory

Patient Sex Age Diagnosis Ventilator mode Heart rate rate

A male 6 COPD/Pneumonia CPAP® 5 cm H,0 126 min~? 22 min~t
B female 57 copp? PAVC+PEEP® 3cmH,0 104min~! 15 min~!
c male 64 CoPD? PAVY+PEEP® 4cmH,0  87min!  32min?
D female 69 COPD? PSV? 12 cm H,0 106 min~! 4.7 min~t

+PEEP® 5 cm H,0

&Chronic obstructive pulmonary disease.
PConstant positive airway pressure.
“Proportional assist ventilation.

dPressure support ventilation.

¢(Applied) Positive end-expiratory pressure.
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FIGURE 2. Simulated data for simulated patients 1  (top) and E 10
8 (bottom ). The filtered Pgg traces (right panels ) reproduce al ol
the simulated P, traces (left panels ) with much greater

accuracy than the unfiltered  Pgg traces (center panels ). -10=0 L L I ) I
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180
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Presp (lft panels. In patient 1 where band overlap was FIGURE 3. Sample traces from the four patients studied.
most pronounced, the effects of the cardiogenic oscilla- Dashed lines: Unfiltered P, signals. (Solid lines ) Adaptively
tions were suppressed to a large extent, but not entirelyfiltered Pes signal (shifted downward by ScmH ;0 to sepa-
in the filteredP... signal (tO right anel In the filtered rate the curves ). (Patient A) COPD/pneumonia patient on
In the T es g p right p ' continuous positive airway pressure (CPAP) of 5cmH,0.
P.s trace of patient 8 where volume dependence was (Patient B) COPD patient on proportional assist ventilation

: ; ot respiratory rate of 32 breaths/min. At  t=290s, this patient
dIOQemC oscillations were SUpRressed' was switched to pressure support ventilation (PSV), causing

The VAFs for bothP.s and P, are shown in the  the respiratory rate to instantaneously drop to 8 breaths/min.
bottom two rows of Table 1. When the RR was 10 (Patier;t D) gOPEr)] ?atient ?1” PSV with aver;&low rets)piratorly
. rate of 4.7 breaths/min. This patient showed an abnormal
breaths/min,Ps accounted for around 89% to 94% of  ecrjitment of the expiratory muscles.
the variance ofP s, This number dropped as low as
55% when the RR was raised to 40 breaths/min and band
overlap became more prominem,g, produced a sub- o i , )
stantially greater VAF in all eight cases, with a minimum Suré support ventilation. At this point, the RR of patient

of 98.5% at a RR of 10 and a minimum of 95.4% at a C dropped from 32 breaths/min to 8.3 breaths/min. Fig-
RR of 40. ure 3 shows this transition to illustrate the performance

of our adaptive filter over a change in ventilatory condi-
tions. Patient D had a large tidal volume at a very low
RR of 4.7 and showed abnormal positive deflections in
Figure 3 shows samples of the unfilterédashed P.s. Analysis of concurrently recorded airway pressure
lines) and filtered(solid lineg P for each of the four and flow traces suggested that these were bursts of ex-
ICU patients studied. In all four graphs, the filterBd; piratory muscle recruitment.
trace was shifted downward by 5 cm®l to separate the In Fig. 4, the magnitudes of the FT of the unfiltered
graphs. Except for patient C, the data shown in Fig. 3 lie (dashed linesand filtered(solid lineg P signals of all
completely within the segments used to compute the four patients are plotted against the frequency normal-
power spectrum and to estimate PEEFor patient C, ized to the heart rate. Thus, on the abscissa of each plot,
the analysis segment endedtat290 s, when the patient the heart rate occurs at a value of one and its harmonics
was switched from proportional assist ventilation to pres- occur at integer values greater than one. In all cases, the

Patient Data
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FIGURE 4. Magnitude of the Fourier transform of both the unfiltered (dashed lines ) and filtered (solid lines ) esophageal

pressure traces for all four patients, plotted against the frequency normalized to the heart rate. The Fourier transform was
computed using a moving 2048-point Hamming window with 50% overlap. The filter removed transients in the Fourier transform
at the heart rate and its harmonics  (at integer values on the abscissa ).

FT of the unfilteredP signal showed spikes at the heart heart and respiratory rates. In all eight cases,, repro-
r_ate and its harmonlcs that did not occur in the FT of the dyced theP s, With substantially greater accuracy than
filtered Pes signal. o the unfilteredP .. The VAF of P, With respect toP,qg
The mean and standard deviation of PEEP for U L rooP P
- was lowest in simulated patient 1 where band overlap

e_ach patient are shown in Table 3'_ The standard dev'a'was most pronounced, but exceeded 95% in all simulated
tion of PEER 4, was less for the filtered than for the patients

unfiltered P signal in all patients. The mean PEER, L. . .
dropped in three patients and increased in one patient .V\./e also test(_ed the a(_]laptlve filter in _four patients re-
ceiving mechanical ventilatory support in the ICU. The

when the filteredP signal was used. ) - ) o~
performance of the adaptive filter is more difficult to

evaluate in patients becauBg.g,is unknown and cannot

be used as a reference. However, our adaptive filter al-
In the present study, we have described in detail an Ways reduced the apparent cardiogenic oscillations with-

adaptive filter to suppress the cardiogenic oscillations out noticeably distorting the sharp deflections due to

that complicate the processing Bf signals. We tested respiration (Fig. 3). In the Fourier domain, the filter

this filter in eight simulated patients with a wide range of suppressed transients at integer multiples of the heart rate

DISCUSSION

TABLE 3. Intrinsic PEEP obtained from the unfiltered and the filtered esophageal pressure
signal (mean *standard deviation ).

Patient  Length of analyzed data segment  pEEP, 4 @ (unfiltered Pes) PEEP, 4,2 (filtered Pgg)

A 100 s (36 breaths) 0.54+1.06 cm H,0 0.18+0.31 cm H,0O
B 100 s (25 breaths) 1.54+1.59 cm H,O 1.11+0.57 cm H,0O
C 50 s (24 breaths) 2.06+1.11 cm H,O 1.06+0.56 cm H,0
D 120 s (10 breaths) 2.56+1.64 cm H,0O 3.76+0.92 cm H,0

aDynamic intrinsic positive end-expiratory pressure.
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that presumably represent the harmonicsPgfg. Oth-
erwise, the FT of the filteredP. signal closely re-
sembled the FT of the unfilterd®, signal. These results
indicate that our adaptive filter adequately reduces the
cardiogenic oscillations irPos without unduly distorting
the respiratory pressure swings.

Finally, we applied our adaptive filter to the comput-
erized estimation of PEER,, using our previously de-
scribed algorithmt* The mean PEER,, was reduced in

SCHUESSLEREt al.

response, obliterating the need for computationally ex-
pensive deconvolution.

In summary, we have described an adaptive filter that
reduces the cardiogenic oscillations on esophageal pres-
sure traces. We have validated its performance in a com-
puter simulation, and we have shown its effect in both
the time and the frequency domain on data obtained
from four ICU patients. Furthermore, we found the stan-
dard deviation of breath-by-breath estimates of

three patients and increased in one patient. However, thePEER,ayn, Obtained from periods with seemingly stable

standard deviation of PEER,, was reduced by 44% to
71% (mean 57% in all four patients when the filtered

breathing patterns, to be substantially reduced when the
adaptive filter was used.

P.s was used. This suggests, as one would expect, that

part of the variability of the PEER,, obtained from the

unfiltered P, was not due to variability in the patient’s

breathing pattern, but rather to the cardiogenic oscilla-

tions. As it is improbable that the patients were perfectly

stable over the analysis period, it seems likely that part

of the remaining variability must have been physiologic.
To develop our adaptive filter, we assuméq; to

represent the sum of two independent and uncorrelated

pressure signals, nameBy.s, and Pcgo. Clearly, this is
not a precise account of events. First, the coupling be-
tween the heart and the esophageal balloon is likely to be
volume dependent. This would cau$®go to be en-
trained with respiration in patients with large tidal vol-
umes. However, we found our filter to perform well in
our computer simulations even when the simulafed o
was markedly volume dependefsimulated patients 5—
8). The filter also performed well in patient D where the
amplitude of the cardiogenic oscillations appeared to in-
crease during expiration as lung volume decreased.
Second, since the beating heart is located within the

thoracic cavity, cardiac pressure swings are not only 2

communicated directly to the esophageal balloon, but
also contribute to the pleural pressure swings. Depending
on the application, this indirect contribution of the heart

to P.s may be considered part of the respiratory pressure

swings because it contributes to the transpulmonary pres-

sure and hence influences flow. Alternatively, it may be
considered artifactual because it does not originate from
the respiratory musculature. In any case, this indirect
contribution of the heart is likely to contribute much less
to the cardiogenic oscillations oR.s than the direct
coupling from the heart to the esophageal balloon.

The identification of the transfer functiofng(7)
would, in general, require the utilization of time-domain
system identification techniqus betweenP ., andCp .
However, the input signal th; is reduced to a single
impulse function when eacR-R interval is processed

independently. Provided that the delay between a cardiacq;

event and its manifestation iR is much shorter than
the duration of arR—R interval, the segment d? that
corresponds to th&—R interval constitutes the impulse
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