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Spectra of normal breath sounds
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Figure 3 An example of a normal chest wall spectral curve. The average spectrum is
from 10 inspiratory breathing sounds, showing the typical log-log pattern of the spectrum.
Note the low and the high frequency regression lines and the indices used to characterise
the spectrum. See text for explanation of parameter names. The vertical broken line at
75Hz represents the cutoff frequency of the high pass filter. The horizontal broken line
shows the resolution threshold of the system determined by the separation power of the (12

bit) analog-to-digital converter.

regression in the low frequency range from
75Hz to 160-2Hz (spectral point no. 82). This
point was selected based on a preliminary ana-
lysis of a smaller sample of the population. The
second line was fitted to the high frequency
data from 162-1Hz (spectral point no. 83) up
to the maximal frequency (Fmax) in which the
sound intensity is greater than the amplitude
resolution of the experimental system de-
termined by the resolution of the A/D con-
verter. Fmax was detected by the program using
an iterative running regression algorithm that
searched for the end of the high frequency
linear slope. The amplitude resolution of the
A/D - that is, the voltage increment between
two successive digital values equal to 4-88mV
in our system — was chosen as an objective
baseline level that is independent of the signal’s
amplitude and can be easily transported from
one experimental system to another. However,
changing the dynamic range of the system or
the resolution of the A/D (for example, from
12 to 16 bit) may change (extend) Fmax by
revealing faint sounds that cannot be detected
by the present technology.

The minimum set of parameters needed to
characterise the spectral curves of normal chest
wall breath sounds consists of the slopes of the
low and the high frequency regression lines
(Alow and Ahigh, respectively), and the fre-
quency and amplitude coordinates at the inter-
section of the two regression lines (Fint and
Pint, respectively). In addition, we derived sec-
ondary parameters from the four primary ones
including Fmax and the areas under the curve

Table 1 Mean (SD) basic parameters of normal test subjects

Age Height Weight Pack
n (years) (cm) (kg years
Men
Smokers 150 46(11) 172(7) 80(14) 25(17)
Non-smokers 122 43(11) 173(7) 80(12) -
All 272 44(11) 173(7) 80(13) -
Women
Smokers 17 46(10) 163(6) 67(14) 21(15)
Non-smokers 64 39(11) 161(6) 62( 9) -
All 81 40(11) 162(6) 63(10) -
Total 353 44(11) 170(8) 75(15) 25(17)
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from 75 Hz to Fint, and from Fint to Fmax,
which are measures of the total sound power
(Ptot).

QUALITY ASSURANCE AND SELECTION OF
SPECTRA

Since the goal of this study was to characterise
the spectral pattern of normal breath sounds,
it was important to assure that (a) all the sounds
used for this study came from normal subjects,
(b) that all the sounds were considered normal
by auscultation, and (c) that all the sounds
were free of artefacts and non-breath sound
noises. To obtain this degree of selectivity using
objective and quantitative criteria additional
parameters were calculated and used, based
on our previous experience.! Normal breath
sounds free of artefacts always tightly con-
formed to the spectral pattern shown in fig 3,
whereas sounds that were abnormal or ac-
companied by non-breath sound noises did
not fit this pattern. Parameters were therefore
designed to determine the validity and quality
of fit of the regression lines including the re-
gression coefficient of the best fit line (R) and
the ratio coefficient (Rat). The latter was cal-
culated using equation 1 from the high fre-
quency portion of Ptot (see fig 3) measured as
the area S, under the logarithmic spectral curve
from Fint to Fmax, and the power under the
corresponding best fit regression line which
is the area S, of the triangle under the high
frequency regression line. Rat is defined as:

Rat=1-|1— S8, | )

Rat can have the value of one at the most,
when S, and S, are identical. The combination
of R and Rat was previously found to provide
adequate quality assurance of the linearity of
the spectral curve.! We designated as normal
each spectrum of chest wall breath sound that
had values of both R and Rat of more than
0-75 and a combined value (R+ Rat) of more
than 1-7. Curves that failed to meet these
criteria usually displayed slope irregularities or
had peaks of power. Using these criteria and
logic we have included the data from 353 sub-
jects whom we considered normal and, of the
2118 inspiratory and expiratory spectra ob-
tained from these normal subjects, only 918
(43%) satisfied the quality of fitness criteria
outlined above and are included in the reported
database.

STATISTICAL ANALYSIS

The data were analysed by two way analysis of
variance (ANOVA) using a commercial stat-
istical package (StatView SE+, Abacus Con-
cept Inc, Berkeley, California, USA). Four
independent parameters were used: sex, smok-
ing (defining smokers as those subjects with
more than five pack years cumulative cigarette
smoking), sensor location (CR, BR, and BL),
and respiratory phase (inspiration or ex-
piration). A confidence level of 95% was con-
sidered statistically significant. All data are
given as mean (SD).
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Figure 4 Example of a cumulative phonopneumograph data sheet of one subject from (A) the right anterior chest, (B)
the right posterior base, and (C) the left posterior base. Note the variability of the low frequency regression lines and the

stability of the high frequency lines.

Results

Lung sounds from 272 normal men of mean
(SD) age 44 (11) years, height 173 (7) cm,
weight 80 (13) kg and 81 normal women of
mean (SD) age 40 (11) years, height 162
(6) cm, weight 63 (10) kg were recorded and
analysed. One hundred and fifty (55%) of the
men and 17 (21%) of the women were
smokers (25 (17) and 21 (15) pack years,
respectively (table 1)). The averaged spectra
(see test procedure) were analysed offline
and a typical panel of the final results from
one subject is shown in fig 4. It is shown in
a log amplitude versus log frequency format,
enabling visual inspection of the parameters
and properties listed below. The mean (SD)
values of the parameters used to characterise
the spectra are presented in tables 2 (men)

and 3 (women) for all pick-up points during
inspiration and expiration. A description
of some prominent features of these data
and their statistical significance (ANOVA)
follows.

Ahigh — The overall range of mean slope values
of the high frequency regression lines from Fint
to Fmax was between — 12-7 dB/octand —20-6
dB/oct. The expiratory slopes at all pick-up
locations were larger (steeper) than the in-
spiratory slopes (—17-6 (4-8) versus —14-1
(2-3) dB/oct, respectively, p <0-0001, F=
224-5), with greater differences in BR and BL
than in CR. The slopes at BR and BL were
not different, but were significantly steeper than
those at CR (—16-1 (4-4), —16-3 (3-8), and
—13-8 (2-3) dB/oct, respectively, p <0-001,
F=47-6). The differences between men and

Table 2 Mean (SD) phonopneumographic indices in healthy men

Ahigh Alow Fint Pint Fmax
(dBloct) (dBloct) (Hz) (Hz)
CR inspiration
Smokers —13:6 (1:8) —8-3 (58) 153 (38) 55 (26) 805 (209)
Non-smokers —13:6 (1'9) —4-6 (6:4) 166 (49) 52 (30) 845 (287)
All —13:6 (1:8) —6-3 (6:4) 160 (45) 53 (28) 822 (247)
CR expiration
Smokers —15-2 (2'9) —13-5(17-4) 187 (43) 26 (25) 593 (124)
Non-smokers —14'5 (2-3) —-79(1-4) 181 (35) 24 (14) 621 (119)
All —149 (2:7) —11-4 (14-0) 184 (41) 25 (22) 604 (123)
BR inspiration
Smokers —14-1(1-8) —1-0 (16-5) 150 (41) 70 (55) 764 (238)
Non-smokers —14-1 (2-0) —1-2 (11-6) 162 (35) 65 (68) 754 (212)
—14-1 (1-9) —0-0 (14-6) 155 (39) 68 (61) 760 (227)
BR expiration
Smokers —19-2 (3'9) —9-9 (3-8) 149 (18) 44 (56) 429 (114)
Non-smokers —20-4 (6°3) —1-7 (7-8) 150 (13) 16 (6) 405 (107)
All —-19:7 (5'1) —65 (71) 150 (16) 32 (45) 419 (112)
BL inspiration
Smokers —15-0 (2:6) —55 (7-2) 156 (18) 58 (48) 758 (210)
Non-smokers —15-4 (2'7) —45 (6:7) 165 (14) 47 (27) 710 (187)
All —-15-2 (2:6) —5-0 (7-0) 160 (17) 53 (41) 736 (201)
BL expiration
Smokers —18:6 (4'5) —6'5 (54) 158 (34) 28 (19) 435 (100)
Non-smokers —19-1 (4-2) —7-2(7:0) 150 (20) 14 (3) 413 (12)
—18-8 (4-4) —6'7 (5-9) 155 (30) 23 (17) 426 (87)

CR =right anterior chest; BR=base of right lung; BL=base of left lung; Ahigh =slope of high frequency regression line;
Alow =slope of low frequency regression line; Fint=frequency at intersection of low and high frequency regression lines;
Pint =power at intersection of low and high frequency regression lines; Fmax = maximal frequency of sounds; dB/oct=decibel
per octave, slope in log-log presentation designates number of decibel changes in amplitude when frequency is doubled.
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Table 3 Mean (SD) phonopneumograph indices in healthy women

Ahigh Alow Fint Pint Fmax
(dBloct) (dBloct) (Hz) (Hz)

CR inspiration

Smokers —144 (1-7) - - - 898 (342)

Non-smokers —12-7 (1-7) —5-8 (56) 182 (52) 45 (21) 1015 (247)

All —12-9 (1-7) —5-8(5'6) 182 (52) 45 (21) 999 (265)
CR expiration

Smokers —12:9 (3'5) - - - -

Non-smokers —-13-4 (1'7) —4-7(7'7) 178 (52) 28 (14) 796 (145)

All —13-4 (19 —47 (7'7) 173 (52) 28 (14) 794 (142)
BR inspiration

Smokers —14-2 (2'5) —6-1 (0:7) 175 (14) 50 (8) 799 (304)

Non-smokers —13-7 (1-8) —5-0 (6-4) 149 (5) 82 (35) 855 (209)

All —13-8 (2:0) —54(52) 157 (15) 71 (32) 843 (133)
BR expirations

Smokers —19:6 (2-3) —8-8(0'5) 140 (23) 33 (9) 438 (51)

Non-smokers —20:6 (4:7) —3-0 (8-4) 153 (18) 28 (16) 413 (61)

All —20-3 (4-2) -53(71) 147 (21) 30 (14) 420 (60)
BL inspiration

Smokers —14-5 (3-2) -58 174 24 800 (253)

Non-smokers —14-7 (2-4) -7-0(1-4) 154 (15) 82 (23) 902 (242)

All —14-7 (2°6) —6-8 (1-4) 157 (16) 74 (29) 885 (247)
BL expiration

Smokers —187 (3'7) - - - 445 (59)

Non-smokers —174 (3:7) —80(1-0) 140 (18) 24 (9) 443 (63)

All —177 (3-8) —80(1:0) 140 (18) 24 (9) 444 (62)

For definition of abbreviations see footnote to table 2.

women and between smokers and non-smokers
were not statistically significant.

The overall range of mean regression co-
efficient (R) values for the high frequency line
was 0-89-0-95. The inspiratory lines had some-
what higher values of R in BR and BL (p<0-05).
The other quality parameter (Rat) was between
0-88 and 0-98, with no significant differences
between respiratory phase, sex, or smoking
history. These values indicate a reasonably
good fit between the actual data and the cal-
culated regression line.

Alow — The mean slope of the line fitted to the
lower frequencies between 75Hz and Fint was
approximately —5 dB/oct but varied sub-
stantially and inconsistently among pick-up
points, subjects, and breathing phases. The
mean low frequency regression coefficient was
0-81, significantly lower than that of the high
frequency line, and was only seldom higher
than 0-84.

Fint, Pint — The mean frequency at intersection
between the high and low frequency regression
lines was 160Hz (range among pick-up loc-
ations: 140-184Hz). The variance was rel-
atively small (tables 2 and 3) with no consistent
or significant differences between respiratory
phase, sex, or smoking status. Pick-up location
was found to affect Fint, with statistically sig-
nificant higher values at CR than at BR and
BL (p<0-01). The amplitude at the point of
intersection, Pint, was 215% higher in the in-
spiratory than in the expiratory spectra
(p<0-001, F=79-9). The expiratory amplitude
values in male smokers at BR and BL locations
were higher than in the non-smokers (see
below). Differences among the other subgroups
were not significant.

Fmax — The maximal frequency was always
higher in inspiration than in expiration
(inspiratory Fmax=3803 (243) Hz, expiratory
Fmax=496 (157)Hz, p<0-0001, F=439).

These differences were somewhat greater at
BR and BL than at CR (p<0-05) in both sexes.
The inspiratory Fmax values in women were
12-19% higher than in men at all the points
(767 (246) versus 667 (246) Hz, p<0-001, F=
25-3). The expiratory Fmax values at CR were
32% higher in women, but were similar among
the sexes at both BR and BL. The values of
Fmax were highest at CR and less so at BR
and BL which were similar to each other (789
(251) versus 649 (261)Hz and 639 (245)Hz,
respectively, p<0-0001, F=33-4).

One hundred and twenty two (45%) men
and 64 (79%) women were non-smokers. The
results in the smokers were similar to the results
in the non-smokers in nearly all parameters.
Smoking habits affected the expiratory Pint at
BL and BR in men where acoustic amplitude
was 2-3 times higher in the smokers (table 2)
(p<0-05 by paired Student’s ¢ test).

Discussion
The present study is an elaboration and ex-
tension of an earlier study' using a similar
approach and techniques but with improved
electronics and computers. A much larger
population has been tested, leading to a more
detailed description of the normal chest wall
breath sound and to a better statistical sig-
nificance. This database is intended to provide
a set of parameters for use as reference values
for normal chest wall breath sounds.
Terminology in this field is confusing. Nor-
mal chest wall breath sounds have been called
"vesicular lung sounds” in physical examination
texts!® even though most investigators agree
that these sounds do not originate from air flow
in the alveoli (vesicles). We propose the term
"normal chest wall breath sounds" as a de-
scriptive, non-mechanistic term for sounds
picked up over the chest wall of normal sub-
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Figure 5 Reconstruction of spectral patterns of inspiratory (heavy line) and expiratory
(dashed line) chest wall breath sounds. See text and equation (2) for explanation.

jects. Likewise, we propose the term “normal
tracheal breath sounds” for sounds picked up
over the anterior neck of normal subjects.

Strict criteria were applied to assure that only
normal breath sounds were included in this
database so only spectra from the 353 subjects
who were normal based on their spirometric
data, respiratory health questionnaire, and aus-
cultation were included. Of the 2118 in-
spiratory and expiratory spectra from these
normal subjects, 56-7% were rejected on the
basis of objective criteria for the goodness of
fit of the spectral pattern to the two regression
lines. We have previously observed' that spectra
that fulfil these criteria were always associated
with normal breath sounds. This was further
verified in the present study by recording and
then listening to all sounds by experienced
observers. All 918 spectra that were included
were deemed to sound normal. While the cri-
teria for rejection were absolute and common
for all spectra, there were several underlying
causes. These included environmental and
body noises, poor sensor contact, acoustic or
electrical artefacts, and low signal-to-noise
(background noise) ratio.”” It is possible that
some normal spectra were rejected due to the
high values of R and RAT used. However,
relaxing these criteria did not result in any
significant changes in the values of the para-
meters presented in tables 2 and 3.

The spectral pattern of normal chest wall
breath sounds in the log-log plane is simple: a
relatively flat segment extending to ap-
proximately 160 Hz followed by a linear decline
of log amplitude with increasing log frequency
extending to meet the frequency axis at a point
defined as the maximal frequency (Fmax). The
latter part of the spectrum was identified in
1981' but the low frequency portion of the
spectrum was overlooked at that time. Fitting
two least square linear regression lines to the
spectra provides a complete and reliable de-
scription of the signal. Only four parameters
are needed to characterise each spectrum: the
slopes of the two lines (Alow and Ahigh) and
the frequency and amplitude coordinates of the
intersection between the lines (Fint and Pint,
respectively). These four parameters can serve
as the basis for automatic identification of nor-
mal and abnormal chest wall breath sounds
and for efficient signal compression. It is also

Gavriely, Nissan, Rubin, Cugell

possible to reconstruct an “idealised” spectrum
and to generate artificial breath sounds by use
of a modulated inverse Fourier transform tech-
nique. It should be noted that, since the de-
flection of the spectral curve is insidious, its
identification is based on extending (extra-
polating) the two regression lines to their point
of intersect. Thus, the accuracy of the de-
flection coordinates (Fint; Pint) is directly re-
lated to the goodness of fit of the two linear
regression lines. The cumulative data from
tables 2 and 3 were used to reconstruct spectra
of normal inspiratory and expiratory chest wall
sounds (fig 5). To do so we used the following
two equations, one for the low frequency and
one for the high frequency range:

Pint
logP = Alow logF + log o
20 log2 i Alow
Fint 50 1og2
for 75 Hz<F <Fint (2a)
i Pint
logP = Ahigh -logF + log——m—
20 log2 . [ Ahigh
Fint 20 log2
for Fint<F <Fmax (2b)

These equations are of the form Y=aX+b,
where Y and X correspond to log P and log F
respectively, and a and b are the coefficients.
(The term “20 log2” is from the db/oct units
of the slope).

The reconstructed spectra of fig 5 are based
on the overall means and variances of the values
found in the present study, and demonstrate
several features of normal breath sounds. The
general pattern of the inspiratory and expiratory
curves is the same, but the total energy in the
expiratory sounds is less than in the inspiratory
sounds and the high frequency slope is steeper.
Consequently, the expiratory Fmax is sub-
stantially lower than the inspiratory value. This
shift to lower frequencies, where human aud-
itory sensitivity is reduced, contributes to the
perceived reduced sound intensity of expiratory
sounds during stethoscopic auscultation. The
mechanisms that determine sound intensity in
inspiration versus expiration with essentially
the same flow rate are as yet unknown. Our
studies, as well as those of others, indicate that
the distribution of sound generation within the
airways may be different for the two respiratory
phases and is related to the distribution of
bronchial turbulence and flow instabilities.
However, the site of generation of normal
breath sounds and their modulating factors are
yet to be formulated in modern engineering
terms. The significantly greater steepness of
the expiratory high frequency slope (Ahigh) is
a new observation that must be considered
whenever construction of an acoustic model of
the respiratory system is attempted.

The variance of spectral curves is also shown
in fig 5 with a greater value in expiration. In a
large population, and with lumping data from
several pick-up locations, an overlap between
the ranges of normal inspiratory and expiratory
spectral curves is seen. A better separation
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Figure 6 Example of the use of spectral indices to separate inspiratory and expiratory
spectra. Data are inspiratory and expiratory average spectra of breath sounds from the
right posterior base of normal men. The slope of the high frequency regression line (Ahigh)
and the maximal frequency (Fmax) provide the best separation power.

between inspiratory and expiratory spectral
parameters can be achieved using simplified
cluster analysis with independent parameters.
After trial and error we found that the best two
parameters that were mutually independent
and provide the best discrimination between
spectral patterns were Ahigh and Fmax. An
example is shown in fig 6 where the values of the
two parameters for inspiratory and expiratory
spectra from BR in the men are plotted in an
orthogonal coordinate system. The diagonal
line separates the two clusters so that a point
that is above and to the left of the line is likely
to be expiratory and a point under and to the
right of the line is inspiratory.

Our data demonstrate a gender difference in
the inspiratory Fmax values at all the pick-up
locations, but in the expiratory Fmax at CR
only. The women had Fmax values that were
12-19% higher than in the men. These differ-
ences were statistically significant (p<0-01).
They are partially due to slightly shallower
slopes of the high frequency regression line and
partially due to a higher Pint. Neither of these
two differences were statistically significant,
but their combined effect on Fmax reached
significance. This observation indicates that,
on average, breath sounds in normal women
contain higher frequency components than in
men. We found no reference to this observation
in physical examination texts, but it does cor-
relate with our own personal clinical aus-
cultatory impression. The mechanism of this
finding is not clear. It may reflect differences
in sound generation within the bronchi, differ-
ences in sound transmission and attenuation in
the lung parenchyma, differences in impedance
matching between the lung and the chest wall,
or altered chest wall mass and physical prop-
erties. Investigation of the mechanisms of this
and other details of normal breath sounds is
important if these signals are used for screening
and diagnosis of lung abnormalities.

Expiratory breath sounds at the posterior
lung bases had a higher intensity in smokers
than in non-smokers. This difference was un-
expected, particularly since a cutoff point of
five pack years represents minimal cigarette
use. Changing the cutoff to 20 pack years
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did not affect the results. In a 1974 letter to
the editor Laird et al" described phono-
pneumographic changes due to cigarette smok-
ing in hamsters and in three women, but the
nature of the changes is unclear. The mech-
anism underlying this observation in smokers
who have no clinical evidence of lung ab-
normalities is not known. Narrowing and/or
irregularities in the airways is likely to affect
the distribution and extent of turbulence and
flow separation within the bronchi. The clinical
and epidemiological significance of our findings
should be further validated and evaluated.

Deviations from the normal pattern are easily
detected and documented when average spec-
tra are examined. These deviations include
peaks of amplitude superimposed on the nor-
mal pattern, extension of spectral amplitude
beyond the range of normal Fmax values, de-
formation of the high frequency linear segment
of the spectrum, usually into a “staircase” pat-
tern, or appearance of a “tracheal” pattern
(broad band noise pattern). Examples of some
of these abnormalities have been published
elsewhere.? The detailed data in tables 2 and
3 define strict boundaries of normal values
and may be used as reference databases for
comparison of measurements done in clinical
settings as well as during screening for lung
diseases.

The representation of the spectra, using a
set of only four parameters, is advantageous
for automated computerised analysis of the
signals. Other methods that have been used
to characterise the spectra of normal breath
sounds include the use of quartiles'? which
divide the spectrum into equal area sections
and the calculation of spectra from parameters
of an autoregressive analysis of the signal.!*!*
The present study was not designed as a com-
parative evaluation of the advantages and
disadvantages of the various methods for char-
acterisation of breath sound spectra. Spectral
analysis of breath sounds differentiates normal
subjects from patients with pulmonary ab-
normalities. While the use of appropriate
methodology for objective and quantitative
recording of these non-invasive signals is
essential, the availability of a reference database
is also needed to facilitate the use of respiratory
sounds for screening in epidemiological and
occupational settings.

Appendix: algorithm for calculation of
spirometric score

This algorithm is designed to distinguish be-
tween subjects with normal spirometric values
and those with abnormal volumes, independent
of the underlying disease or severity (“diagnosis
of the healthy”).? The subject’s initial score is
0 (zero) and a value indicated below is added
to his/her score whenever a value under the
specified thresholds is found in the results of
pulmonary function tests. The thresholds are
given as percentage predicted values based on
the European standards. We considered sub-
jects with a scores of 0—2 as having normal
spirometric values.
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FEV,, <85% of predicted= +1
FEV,, <80% of predicted= +4

FVC <85% of predicted= +1

FVC <80% of predicted= +4
FEV,./FVC <90% of predicted = + 3*
FEF,5_;5s4, <65% of predicted= +1
FEF,;_;55, <50% of predicted= +4

FEV,,=forced expiratory volume in one sec-
ond; FVC =forced vital capacity; FEF,s_;5,, =
forced expiratory flow in the 25-75% portion
of the exhaled vital capacity.

*If FVC is greater than 105% of predicted
then add three points only if FEV,.(/FVC <85%
of predicted.

This study was supported by the Committee for Research and
Prevention in Occupational Safety and Health, Ministry of
Labor and Social Affairs, Israel.
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