
INTRODUCTION

Pressure waveforms via a catheter-ma-
nometer system may vigorously oscillate or 
be dulled and flattened. These are attributed 
to the cause that the frequency characteristics 
of the system involves a resonant peak or 
acts as a low-pass filter. In addition, these 
responses vary seriously depending on prim-
ing conditions of fluid. Clinically, it is of 
prime importance, therefore, to examine to 
what extent the pressure waveform is faith-
ful and to explore how the fidelity may be 
improved.

As reported already, pressure waveforms 
mentioned above are evaluated by the high-
est frequency (fh), i.e., the system can propa-
gate the pressure waveform while keeping 
the distortion errors within a reasonable 

range, for example ＋/－5 % [1]. fh is deter-
mined solely by the natural frequency (fnmined solely by the natural frequency (fnmined solely by the natural frequency (f ) 
and damping coefficient (ζ ) of the system. 
This process involves a somewhat compli-
cated process.

In this paper, we introduced a method 
whereby fh is directly read off graphically 
from the resonant peak or the corner point 
in the frequency characteristics of the system. 
In clinical use, this method would be an ef-
fective guide for improving the frequency 
characteristics.

THEORY

The general form of the second-order 
transfer function (G) is 

G = 1/{1－(ω/ωn)2 ＋ j {2ζ(ω/ωn)}
 (1)
where ω is angular frequency, ωn represents 

We have already reported that the highest frequency (fh) could serve as an index for evaluat-
ing the fidelity of pressure waveform derived via a catheter manometer system and be read 
off by the fnoff by the fnoff by the f - ζ chart. Fζ chart. Fζ h is determined by the natural frequency (fh is determined by the natural frequency (fh n is determined by the natural frequency (fn is determined by the natural frequency (f ) and damping coefficient 
(ζ) in the frequency characteristics of the system. Inversely, fh determines two pairs of fh determines two pairs of fh n

and ζ in the fζ in the fζ n in the fn in the f - ζ chart, one in the case of ζ chart, one in the case of ζ ζ ＜ 0.7 and the another ζ ＜ 0.7 and the another ζ ζ ＞ 0.7. Then, each pair of ζ ＞ 0.7. Then, each pair of ζ
fnfnf  and n and n ζ determines respectively the resonant frequency (fζ determines respectively the resonant frequency (fζ r determines respectively the resonant frequency (fr determines respectively the resonant frequency (f ) and its amplitude (Ar) ( ζ ＜ 0.7), ζ ＜ 0.7), ζ
or the corner frequency (fcor the corner frequency (fcor the corner frequency (f ) and its amplitude (Ac) ( ζ ＞ 0.7) in the frequency characteristics. ζ ＞ 0.7) in the frequency characteristics. ζ
Thus, the point (fr, Ar) or (fc) or (fc) or (f , Ac) represents the position of fh projected in the frequency h projected in the frequency h

characteristics. Repeating the same operation for other fncharacteristics. Repeating the same operation for other fncharacteristics. Repeating the same operation for other f  and n and n ζ corresponding to the same ζ corresponding to the same ζ
fh, yields the curve of fh in the frequency characteristics. Calculations for other fh in the frequency characteristics. Calculations for other fh h’s provide 
a group of curves. Frequency characteristics of pulmonary artery catheters were measured 
and overwritten thereupon, resulting in fh’s to be from 1.2 to 3.2 Hz. These results were in 
agreement with that calculated by the conventional method.
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natural angular frequency, j is imaginary 
number and ζ is damping coefficient [1, 2]. 
If the natural frequency is expressed as fnIf the natural frequency is expressed as fnIf the natural frequency is expressed as f , 
ω n = 2 πfnfnf  [2-4]. The amplitude frequency 
characteristics may be given as the absolute 
(A) of Eq.(1):

A = 1/ [{1 － (ω/ωnA = 1/ [{1 － (ω/ωnA = 1/ [{1 － (ω/ω )2}2 ＋ {2ζ (ω/ωn ＋ {2ζ (ω/ωn ＋ {2ζ (ω/ω )}2] 1/2
 (2)
As obvious from Eq. (2), when ζ ＜ 2－ 1/2, 
resonance (peak) exists in the amplitude fre-
quency characteristics. If the frequency and 
amplitude at the resonance point are given 
as fras fras f  and Ar, respectively, the equations:

fnfnf  = fr = fr = f /(1 － 2ζ2/(1 － 2ζ2/(1 － 2ζ) 1/2 (3)
ζ2ζ2ζ = [1 － (1 － 1/Ar

2) 1/2] (4)
hold between fnhold between fnhold between f  and ζ [4, 5]. When ζ ＞ 2－1/2, 
resonance does not exist in the amplitude 
frequency characteristics. In this instance, if 
the corner frequency (i.e., the point at which 
the log linear damping plot on the high 
frequency side intersects A = 1) is given as 
fcfcf  and the amplitude at this point as Ac, the 
equations:

fnfnf  = fc = fc = f  (5)
ζ = 1/(2Acζ = 1/(2Acζ = 1/(2A ) (6)

hold between fnhold between fnhold between f  and ζ [6, 7]. Figure 1 depicts 
the definition of frthe definition of frthe definition of f , Ar and fc and fc and f , Ac, Ac, A . 

The fnThe fnThe f -ζ chart is presented in Figure 2. 
The area surrounded by 2 curves convex on 
left side and open on right side represents 
the combination range of fnthe combination range of fnthe combination range of f  and ζ to obtain 
fh (1). The pair of fn (1). The pair of fn (1). The pair of f  and ζ calculated from 
Eqs. 3 and 4 or from Eqs. 5 and 6 corre-
sponds to the point (fnsponds to the point (fnsponds to the point (f , ζ ) on the chart and 
gives the highest frequency (fh). As can be 
seen from the chart, fn have two fh’s cor-
responding to the domain of ζ ＜ 2－1/2 (i.e., ζ 
＜ 0.7 approx.) in the case of Eqs. 3 and 4, or 
to the domain of ζ ＞ 2－1/2 in the case of Eqs. 
5 and 6, respectively.

For each domain in the fnFor each domain in the fnFor each domain in the f -ζ chart, the 
pair of fnpair of fnpair of f  and ζ on the curve of fh is read 
off. Then, in the case of ζ ＜ 0.7, froff. Then, in the case of ζ ＜ 0.7, froff. Then, in the case of ζ ＜ 0.7, f  and Ar

are inversely calculated by substituting the 
pair of fn and ζ into Eqs. 3 and 4, that is, 
these equations are rewritten as follows;

Fig. 1 Definition of fr Definition of fr Definition of f , Ar, and fc, and fc, and f , Ac. The ordinate represents the output/input 
amplitudes ratio. The abscissa means the frequency. When ζ ＜ 2－1/2, 
resonant peak exists in the frequency characteristics, and the frequency 
and amplitude at that point are referred as frand amplitude at that point are referred as frand amplitude at that point are referred as f  and Ar. They determine fn. They determine fn. They determine f
and ζ by Eqs. 3 and 4. When ζ ＞ 2－1/2, resonance does not exist. In this 
case, the frequency and amplitude at that point the log linear damping 
line (approximately -12dB/oct.) intersects Amplitude = 1 are referred as 
fcfcf  and Ac. They determine fn. They determine fn. They determine f  and ζ by Eqs. 5 and 6.
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frfrf  = fn = fn = f (1 － 2ζ2) 1/2 (7)
Ar
2 = 1/[1 － (1 － ζ2) 2] (8)

Similarly, in the case of ζ ＞ 0.7, fcSimilarly, in the case of ζ ＞ 0.7, fcSimilarly, in the case of ζ ＞ 0.7, f  and Ac and Ac and A  are 
calculated by substituting the pair of fncalculated by substituting the pair of fncalculated by substituting the pair of f  and 
ζ into Eqs. 5 and 6, that is, these equations 
are also rewritten as follows: 

fcfcf  = fn = fn = f  (9)
AcAcA  = 1/(2ζ) (10)

The points (frThe points (frThe points (f , Ar) and/or (fc) and/or (fc) and/or (f , Ac) give the 
position of fh projected in the amplitude 
frequency characteristics. Repeating the 

same operation for other pair of fnsame operation for other pair of fnsame operation for other pair of f  and ζ on 
the same curve of fh yields a set of curves 
corresponding to fh. Figure 3 shows results 
for all fh values. The area surrounded 2 
curves convex on left side with the blank 
area of 0.7 ＜ ζ ＜ 1 represents the range of 
fh in the frequency characteristics. When 
the frequency characteristics of a catheter-
manometer system are plotted on this chart, 
the position of the resonant peak (in the case 
of ζ ＜ 0.7) or corner point (in the case of 

Fig. 2 fn fn f -ζ chart. The ordinate represents ζ and the abscissa fn-ζ chart. The ordinate represents ζ and the abscissa fn-ζ chart. The ordinate represents ζ and the abscissa f . The area surrounded by 
2 curves convex on left side and open on right side represents the combination 
range of fnrange of fnrange of f  and ζ to obtain fh. The curves named td mean the propagation delay 
time through a catheter. By plotting measured fntime through a catheter. By plotting measured fntime through a catheter. By plotting measured f  and ζ on the chart, the highest 
frequency (fh) and the propagation delay time (td) can be determined.

Fig. 3 Fh chart. The area surrounded 2 curves 
convex on left side with the blank area 
of 0.7 ＜ ζ ＜ 1 represents the position 
of (frof (frof (f , Ar) and/or (fc) and/or (fc) and/or (f , Ac) corresponding 
to fh. By plotting the resonance point 
or corner point thereof provides fh of 
the system. Theoretically, no resonance 
point or corner point is positioned in the 
blank area.
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ζ ＞ 0.7) thereof provides fh of that system. 
The area defined by 0.7＜ ζ ＜1 in the chart 
is blank. Theoretically, no resonant peak or 
corner point is positioned in this area. Figure 
3 is referred to as the Fh chart. The relation-
ship between the Fh chart and the fn chart and the fn chart and the f -ζ chart 
is demonstrated graphically in the appendix.

METHODS

To verify the above-suggested theory and 
corroborate the Fh chart, frequency charac-
teristics of pulmonary artery catheters were 
measured. Details of the method to measure 
frequency characteristics are described 
elsewhere [1, 2, 8] . A pulmonary artery 
catheter (407, B. Braun, USA) filled with 
lactated Ringer solution served as a subj ect. 
The measurement was carried out on three 
priming conditions of lactated Ringer solu-
tion, i.e., (1) degassed with a vacuum pump 
at room temperature, (2) simply maintained 
at room temperature, and (3) heated to 37 °C 
after priming at room temperature.

Where resonance was observed in the 
frequency characteristics, fr and Ar were 

determined, followed by calculation of fndetermined, followed by calculation of fndetermined, followed by calculation of f
and ζ using Eqs. 3 and 4 . If resonance 
wasn’t observed, fnt observed, fnt observed, f  and ζ were calculated 
directly from the Nyquist diagram in order 
to avoid inaccuracy in determining fcto avoid inaccuracy in determining fcto avoid inaccuracy in determining f  and Ac and Ac and A . 
Of course, in this case, the phase frequency 
characteristics were measured simultaneously 
[2, 6, 7]. Values obtained thereby for fn[2, 6, 7]. Values obtained thereby for fn[2, 6, 7]. Values obtained thereby for f  and 
ζ were plotted on the fnζ were plotted on the fnζ were plotted on the f -ζ chart, to read off 
fh values.

The obtained three frequency character-
istics were overwritten on Figure 3, so that 
fh values were read out from the position of 
resonance point or corner point and com-
pared with the values obtained from the fnpared with the values obtained from the fnpared with the values obtained from the f -ζ 
chart mentioned above.

RESULTS

Frequency characteristics were illustrated 
in Figure 4. They were obtained on three 
different priming conditions of lactated 
Ringer solution as mentioned above, that is, 
(1) degassed with a vacuum pump at room 
temperature, (2) simply maintained at room 
temperature, and (3) heated to 37 °C after 

Fig. 4 Frequency characteristics of a pulmonary artery catheter. The curves 
correspond to three different priming conditions, i.e., lactated Ringer 
solution was (1) degassed with a vacuum pump at room temperature, 
(2) simply maintained at room temperature, and (3) heated to 37 °C 
after filling at room temperature. In the cases of (1) and (2), fnafter filling at room temperature. In the cases of (1) and (2), fnafter filling at room temperature. In the cases of (1) and (2), f  and ζ
were calculated using Eqs. 3 and 4 as there was an obvious resonance, 
resulting in fnresulting in fnresulting in f  = 45.3 Hz, ζ = 0.17 and fn = 45.3 Hz, ζ = 0.17 and fn = 45.3 Hz, ζ = 0.17 and f  = 15.8 Hz, ζ = 0.23 respective-
ly, while, in the case of (3), fnly, while, in the case of (3), fnly, while, in the case of (3), f  and ζ were calculated from the Nyquist 
diagram since the frequency characteristics did not have resonance. 
The Nyquist diagram obtained was omitted here. Results were fnThe Nyquist diagram obtained was omitted here. Results were fnThe Nyquist diagram obtained was omitted here. Results were f  = 5.0 
Hz, ζ = 0.76.
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priming at room temperature. In the cases of 
(1) and (2), fn(1) and (2), fn(1) and (2), f  and ζ were calculated using 
Eqs. 3 and 4 as there was an obvious reso-
nance, resulting in fnnance, resulting in fnnance, resulting in f  = 45.3 Hz, ζ = 0.17 and 
fnfnf  = 15.8 Hz, ζ = 0.23 respectively, while, in 
the case of (3), fnthe case of (3), fnthe case of (3), f  and ζ were calculated from 
the Nyquist diagram since the frequency 
characteristics did not have resonance. The 
Nyquist diagram obtained was omitted here. 
Results were fnResults were fnResults were f  = 5.0 Hz, ζ = 0.76. By plotting 
these values on the fnthese values on the fnthese values on the f -ζ chart, Figure 5 was 

obtained, showing fh’s ranging from 2 .1 
Hz to 10.3 Hz. In addition to the latter case, 
as depicted in the figure, the measurement 
was carried out up to amplitude damping to 
nearly 1/10 in order to determine the linear 
decay plot on the higher frequency side, 
resulting in fcresulting in fcresulting in f  = 4.8 Hz, Ac = 4.8 Hz, Ac = 4.8 Hz, A  = 0.67.

The three frequency characteristics shown 
in Figure 5 were overwritten on the Fh chart, 
and presented in Figure 6. The fh values at 
the resonance points for the case of (1) and 

Fig. 5 Determination of fh’s in the fns in the fns in the f -ζ chart. The points on the chart represent the 
combinations of fncombinations of fncombinations of f  and ζ corresponding to three priming conditions shown in 
Fig. 4. The fh values at the resonance points for the case of (1) and (2) and at the 
corner point for the case of (3) were 10.2, 3.5 and 2.1 Hz 

Fig. 6 Determination of fh ’s in the Fh chart. 
The fh ’s at the resonance peaks ob-
served in the characteristics (1) and (2) 
were 10.2 Hz and 3.5 Hz, respectively, 
and at the corner point observed in the 
characteristics (3), fh was read off as 2.1 
Hz.
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(2) and at the corner point for the case of (3) 
were 10.2, 3.5 and 2.1 Hz, respectively. These 
data were in agreement with the fh values 
calculated from the frequency characteristics 
mentioned above.

DISCUSSION

Waveform distortions obtained via a cath-
eter-manometer system are composed of two 
elements, namely the difference in ampli-
tude and phase lag [1-3]. We have proposed 
to define these distortions quantitatively by 
solving a second order kinetic equation and 
to plot them on a chart composed of three 
parameters, fnparameters, fnparameters, f  ζ, and fh. It has become fea-
sible with the chart to quantitatively evaluate 
the degree of waveform distortion derived 
via a catheter-manometer system. This chart 
was referred to as the fnwas referred to as the fnwas referred to as the f -ζ chart.

On evaluating waveforms in the fn-ζ 
chart, it is required to measure fn and ζ 
of the catheter-manometer system. From 
the clinical viewpoint, fn and ζ can be 
calculated from the transient phenomenon 
that occurs on flushing or forced tapping 
the catheter-manometer system [5, 9, 10] . 
These techniques are quite useful as they 
permit measurement of fn and ζ during 
clinically monitoring status. Yet, they have 
a drawback of being somewhat deficient in 
reproducibility due to instability of transient 
phenomenon [8, 11] . From the practical 
viewpoint, calculation of fnviewpoint, calculation of fnviewpoint, calculation of f  and ζ from Eqs. 
3 and 4 after measurement of the frequency 
characteristics is the most accurate procedure 
in designing a catheter-manometer system as 
well as in assessing the construction scheme 
for the system.

In this paper, we described the method for 
determining fh directly from the measured 
frequency characteristics. This method is 
non-cumbersome and is even visually com-
prehensive as the position of the resonance 
point corresponds to the highest frequency 
per se. Furthermore, a burden for software 
may be substantially reduced in case of de-
signing a waveform evaluation device using 
this method. In the instance where resonance 
is not involved, the method may also be ap-
plied in the same manner insofar as the posi-
tion of the corner frequency is determined. 
Determination of the linear damping plot on 
the high frequency side is prone to lead to 
an error in this instance, but the evaluation 
of the system itself has no much meaning. 

It would be well enough to take it as an ef-
fective guide for improving the frequency 
characteristics.

The chart named “Gabarith window” has 
been introduced as a method for determin-
ing the quality of frequency characteristics 
[11], wherein the degree of fidelity of de-
rived waveforms is assessed with 2, 5 and 10 
% limits of error displayed on the amplitude 
frequency characteristics. The chart seems 
to be constructed on the following rationale. 
Based on the mean value and its variation 
in the power-spectral distributions of directly 
derived pressure waveforms from patients, 
and with multiplying them the prescribed er-
ror rates, the distribution limits of frequency 
characteristics were constructed. But, this still 
is nothing more than an inference because 
the process of constructing the chart has 
not been disclosed. Whatever the process, 
the chart doesn’t pay any attention to the 
resonant peak, so that it cannot discriminate 
the direction for improving the frequency 
characteristics. However, the demarcations of 
areas in the chart are similar partially to our 
Fh chart. In other words, it may be said that 
our chart has proven the “Gabarith window”
theoretically. 

Taking into consideration the discussion 
up to now, we would like then to mention 
about a method to improve the frequency 
characteristics. Suppression of a resonance 
peak using a damping device may be under-
taken on the rationale that the flattened fre-
quency characteristics permits the waveform 
to be faithful [12, 13]. This approach entails 
the decrease in fnthe decrease in fnthe decrease in f  and the increase in ζ to be 
adjusted near to 0.7. With decreasing fnadjusted near to 0.7. With decreasing fnadjusted near to 0.7. With decreasing f , fh

decreases as shown in the Fh chart, and also 
with increasing ζ, the delay time of derived 
pressure waveform increases as illustrated in 
the fnthe fnthe f -ζ chart, so that timing with other vital 
signs such as ECG may fail. It is thus by no 
means a recommendable method. Such prob-
lem will not arise if frequency characteristics 
are rendered flat within the frequency band-
width of pressure waveform, by shifting the 
resonance point to the outside of the higher 
frequency side. Clinically, reconstructing of 
the system including the priming procedure 
can cope with this problem.

APPENDIX

The graphical procedures allow the deri-
vation of the Fh chart to be grasped easily. In 
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the case of ζ ＜ 0.7, Figure 7 (a) shows the re-
lationship between Figure 2 (i.e., fnlationship between Figure 2 (i.e., fnlationship between Figure 2 (i.e., f -ζchart) 
and Eqs. 7 and 8. In the figure, the upper 
portion shows the pair of fnportion shows the pair of fnportion shows the pair of f  and ζ corre-
sponding to fh, and the lower portion shows 
the pair of frthe pair of frthe pair of f  and Ar calculated from Eqs. 
7 and 8. As a result, fh is proj ected on the 
point (frpoint (frpoint (f , Ar) which is on the same coordinate 
system as that of the frequency characteris-
tics. Repeating the same operations for other 
pairs of fnpairs of fnpairs of f  and ζ make a curve of fh in the 
frequency characteristics. In the case of ζ ＞ 
0.7, similar process is shown in Figure 7(b). 
In the figure, the lower portion shows the 
pair of fcpair of fcpair of f  and Ac and Ac and A  calculated from Eqs. 9 and 
10. In this case, fh10. In this case, fh10. In this case, f  is projected on the point (fc is projected on the point (fc is projected on the point (f , 
AcAcA ).
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