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ABSTRACT

We present a dynamical model for the avian respiratory system and report the measurement of its variables in normal breathing canaries
(Serinus canaria). Fitting the parameters of the model, we are able to show that the birds in our study breathe at an aerodynamic resonance
of their respiratory system. For different respiratory regimes, such as singing, where rapid respiratory gestures are used, the nonlinearities of
the model lead to a shift in its resonances toward higher frequency values.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069696

At what rate do birds breathe? At what rate do they produce
their syllables during singing? Behavior emerges from the inter-
action of a nervous system, a biomechanical periphery, and the
environment. Birds have high metabolic rates and require a con-
tinuous supply of oxygen. For that reason, it is not surprising that
they developed a highly efficient respiratory system. In this work,
we derive a model for the avian respiratory system and discuss
how its nonlinearities constrain the emergent behavior. We fit
the parameters of the model and show that normal respiration
operates at its resonance. For other respiratory regimes, the non-
linearities of the system shift the frequencies at which it operates
optimally. More generally, this result is consistent with an emerg-
ing picture where several life supporting devices are strikingly
fine-tuned to the sources of energy that powers them.

I. INTRODUCTION

The avian respiratory system facilitates high rates of gas
exchange and plays an important role in thermoregulation. Birds
have relatively small and rigid lungs, which are ventilated by
the attached set of nine air sacs framed by a thoraco-abdominal
complex.' Posterior and anterior air sacs are compressed and
expanded simultaneously, and aerodynamic valves contribute to
establishing a unidirectional flow of air through the lung.”’ The lung
is, therefore, perfused with oxygenated air during both respiratory
phases.

Airflow during inspiration and expiration is driven by muscle
action,’ which moves a significant mass’ (the sternum, rib cage, and
overlying muscles) and, therefore, either compresses or expands the
air sacs. In contrast to mammals, expiration is not driven passively
because birds do not utilize a diaphragm muscle to power inspira-
tion. Ventilation is determined by respiratory rate and depth, and
the two parameters are controlled by the nervous system. Because
respiration constitutes a significant energy expenditure (about 4%
of the total metabolism),’ it is natural to expect that this continu-
ously operated biomechanical device is efficiently operated. It is the
purpose of this work to explore to what degree the respiratory rate
is attuned to the biomechanics of the avian respiratory system.

The dynamics behind the efficiency of this complex device
has been experimentally investigated in the past.”* In those exper-
imental paradigms, anesthetized subjects were artificially ventilated,
while aerodynamical variables were measured. In these experiments,
the respiratory system displayed resonances at frequency values
compatible with panting, a shallow respiratory gesture involved in
thermoregulation. However, mechanical interventions were neces-
sary to prevent the syrinx from acting as a flutter valve, raising
the question whether the results also apply to an unmanipulated,
naturally breathing bird.

In this work, we use data driven techniques in order to estimate
the parameters of a dynamical system describing the dynamics of the
respiratory system during normal breathing. In particular, we mea-
sure the air sac pressure and thoracic wall displacement in awake and
normally breathing birds. We develop a simplified biomechanical
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model capturing the basic mechanisms of the system’s dynamics and
fitits parameters with the recorded data. Exploring the resonances of
this dynamical system for different subjects, we find that they match
the birds’ normal respiratory rates. This result is consistent with an
emerging pattern where several life supporting devices and mecha-
nisms are strikingly fine-tuned to the sources of energy that powers

them.”!?

Il. RESULTS
A. A simple model for a forced open cavity

The compression and expansion of the sacs is achieved when
the thoraco-abdominal complex changes its configuration, driven by
inspiratory and expiratory muscles [see Fig. 1(a)].'>'* During inspi-
ration, all the air sacs expand. The posterior air sacs incorporate air
from the exterior and the anterior sacs from the lungs. During expi-
ration, aerodynamic valves prevent the air in the posterior sacs to be
expelled back to the atmosphere.'* Alternatively, it is directed to the
lungs. Similarly, during the expiration, aerodynamic valves prevent
the air in the anterior sacs to return to the lungs; instead, the flow is
directed to the atmosphere. Since both compression and expansion
of the sacs occur while one of their valves is open, the relationship

between their volume and pressure is dynamical in nature.
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FIG. 1. The avian respiratory system: schematics, physiological measurements,
and biomechanical model. The black dashed arrows represent thoracic wall dis-
placement, and the solid blue ones represent airflow. (a) Schematics of the avian
respiratory system during expiration, showing the sets of compressed posterior
air sacs (PS, blue) and anterior air sacs (AS, red), respiratory muscles, lung, and
trachea. (b) The sensors used to measure physiological variables proportional to
the mathematical variables of the model. (c) A diagram illustrating the variables
of the dynamical model. Red dashed arrows schematize the action of the aero-
dynamic valves. MB stands for “mesobronchus,” and the gray parallel lines inside
the lung represent the parabronchi.
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To capture the basic dynamics involved in the respiratory sys-
tem, we develop a dynamical model that can be represented as a
single piston of mass M pushing the air in a cylinder with three cav-
ities, as shown in Fig. 1(c). In this model, the piston represents the
sternum, the rib cage, and the overlying muscles. The movement of
the piston changes the volume of two of the three cavities, represent-
ing the anterior and posterior air sacs, while the volume of the cavity
representing the lung is not changed. We assume that the pressure
in the anterior and posterior sacs is the same, an approximation con-
sistent with Refs. 14 and 15, where it is reported that differential
pressures between the sacs during quiet breathing are very small. If
x(t) denotes the piston’s departure from its equilibrium position, its
dynamics can be described using Newton’s second law of motion,

dx(t) dx(t)
- —kx(t) - 57 —A(P(t) — Py) + F(t). (1)

On the right side of the equation, the first term accounts for an
elastic restitution (k is the restitution constant), the second term for
the dissipative losses (B is the dissipative constant), and the third
term represents the force due to pressure imbalance between the
interior [where the gas in the sacs is at pressure P(f)] and exterior
(at constant pressure Py) of the cylinder. The last term accounts for
the external forces exerted by the expiratory and inspiratory mus-
cles. Following Ref. 11, during normal breathing, expiratory and
inspiratory gestures are approximated by square functions.

Using the equation of state for an ideal gas (P V = NkgT) and
writing the volume of the system as V(f) = V, — Ax(¢) (with Vj as
the equilibrium volume and A as the area of the piston surface), we
can relate the pressure variation (dP) with the piston’s displacement
(dx) and the change of mass in the cylinder (dN). In this way, assum-
ing that the temperature T is constant, we can write the pressure
variation as

N(ksT ksT
p— N0k SAdx+ ———dN, @)
(Vo — Ax(1)) Vo — Ax(2)
where
dN = —pUdt =~ —p, Udt, (3)

with p and p, being the density of air in the interior and exterior,
respectively, and U the volume flow. For a laminar flow (the esti-
mated Reynolds number is Re & 500), we can relate the volume
flow through an aperture with the pressure difference across it as
U = a AP, where AP(t) = P(t) — P,. This is consistent with Hartley
and Suthers’s'® records in canaries, where « is a parameter whose
inverse characterizes the resistance to the airflow.

To represent the existence of two different aerodynamic valves
that route the air during inspiration and expiration through different
apertures,'’ we can write the flow as

U = (aps — (aps — ctas) S(AP)) AP(D), 4

with S(AP) = 1/(1 + e '9*AP). The sigmoidal function allows us to
represent the aperture of different valves at different pressurization
states. For a positive pressurization, S — 1 leading to U — «,;AP.
For negative pressurization, S — 0, and U — a,; AP. This allows us
to write a piecewise linear equation to account for the dynamics of
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the pressure difference,

d(AP(t)) Py  dx(t) Py
T - VOA dt - 70 (aps - (aps - aus)S(AP))AP(t)~
()

It is interesting to notice that for normal breathing, it is possi-
ble to approximate ;s ~ ap; = «, giving rise to pressure patterns
approximately symmetric with respect to the atmospheric pressure.

For quiet breathing and defining p = AP, our dynamical sys-
tem reads

dx
E =% (6)
dy
m:m+@+w+m& (7)
dp
i Fy + Gp, (8)

with

(B,C,D,E,F,G) = (—k,—é,—é,f—o,&A,—&oO, 9)
M M MMV, Vo

where f; is the amplitude of the external forcing. In this approxi-
mation, we are neglecting small pressure differences between the
air sacs.'>"”” The unidirectionality of the flow is guaranteed by the
introduction of the aerodynamic valves, whose apertures are state
dependent. Notice that the system can only be written as a forced
linear one as long as ar,s ~ @, i.., during quiet breathing. To repro-
duce other respiratory regimes, we have to explore the solutions of
the model outside the realm of this approximation. An analysis of
the model in this nonlinear regime is presented in Sec. I D.

B. The measurement of volume and pressure in the
sacs

We conducted experiments to measure the air sac pressure and
the thoracic wall displacement in three naturally breathing adult
male canaries (Serinus canaria). Air sac pressure is measured with
a flexible silicone cannula inserted into a posterior air sac, with its
free end attached to a piezoresistive pressure transducer positioned
in a backpack carried by the bird.'° The thoracic wall displacement
is measured with a Hall effect sensor attached to the ribs and a mag-
net placed under the skin at the abdomen, as shown in Fig. 1(b). As
the bird breathes, there is a relative motion between the abdomen
and the thorax, which translates into a time dependent magnetic flux
density. When the bird inhales, the volume of the air sacs increases,
and the thoracic wall supporting the Hall sensor departs from the
abdomen. When the bird exhales, the volume decreases and so does
the distance between the wall and the abdomen. The presence of
the Hall transducer and the magnet was found to not significantly
alter the respiratory rate. An extended description of materials and
methods is described in the Appendix.

We denote X, and P, recorded thoracic wall displacement and
air sac pressure. In Fig. 2(a), we show approximately 5 s of simulta-
neous recordings of both variables. For each one of the three birds
in our study, we took several sets of five simultaneous oscillations
of X, and P, (61 sets from the first bird, 63 from the second one,

ARTICLE scitation.org/journal/cha

and 46 from the third bird). We averaged them to obtain a repre-
sentative oscillation for each set. We denote the representative data
X, and P,. An example is displayed in Fig. 2(b). For each represen-
tative oscillation, we fitted the coefficients of the dynamical system
describing our model so that the squared difference between the
data and the solutions was minimized'® (see the Appendix for a
detailed description of data analysis). Then, we integrated the model
with those parameters and initial conditions from the representative
data. A result is displayed with the continuous curves in each panel
of Fig. 2(b). The right panel of Fig. 2(b) displays (X,, P,) and the
solutions of the fitted model (x, p).

C. The fitted dynamical systems present resonances

During quiet breathing, we assume a,; & o, and the piecewise
linear respiratory model becomes linear. We analyzed the response
of the fitted equations to different harmonic components, which
can pave the way to explore its solutions when driven by differ-
ent gestures. For each set of coefficients of the dynamical system
obtained from fitting 170 recorded representative oscillations, we
explored the solution in the stationary state and plotted the peak-
to-peak amplitude of p as a function of the forcing frequency. In
Fig. 3, we show the result for each individual. In all the cases, we
found curves with a single maximum. The frequency value for which
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FIG. 2. A simple biomechanical model fits the recorded data. (a) An example
of the variables measured in this work: the thoracic wall displacement, whose
fluctuations are a proxy for air sac volume changes, and the air sac pressure.
Both variables were normalized to the [—1,1] range. (b) Averaging over five con-
secutive cycles, we obtain a representative oscillation, displayed with dots. The
continuous lines show the solutions of our model with parameters minimizing the
squared difference between the simulations and the data. The right panel shows
the projection of the dynamics in (X;, P;) and the integrated variables (x, p).
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N1 N2 frequencies and the distribution of respiratory rates, together with
the syllabic rates used during song production.”” The respiratory
rates ., were found to be 1., = (1.95 & 0.04)Hz, while the res-
onant frequencies wes = (1.97 = 0.05)Hz (mean = standard error).
The Wilcoxon rank sum test provides a p-value py = 0.8, suggest-
ing that they come from distributions with the same mean values.
Notice that the similarity is remarkable considering the wide range

of respiratory gestures that a bird is capable of doing, for example,

Pressure amplitude
(arb. units)

0 NN during birdsong production [see Fig. 4(c)].
Frequency (Hz) Frequency (Hz) Frequency (Hz) . . . . . .
Birds also operate their respiratory system in different regimes.
Mean resonant frequency Mean respiratory rate For example, during panting, they reduce the airflow resistance by
further opening the syringeal valves within the respiratory system.
FIG. 3. Frequency response of the fitted dynamical systems (variable p) to har- We explored our model for values of the parameter accounting for
monic forcing. In gray, we display the responses using the parameters obtained flow resistance in order to emulate that change and found that the
from fitting 170 representative oscillations measured from three different birds resonant frequencies increase [see Fig. 5(a)]. This is consistent with
(N1, N2, and N3). Black curves represent the average pressure amplitude of the the characteristic faster respiratory pace of panting.

model's solutions for each forcing frequency. Red vertical lines show the mean res-
onant frequencies and the blue dashed ones the mean respiratory rates. Shaded
areas are the intervals around the mean with a two standard deviation width. D. Analysis of the model during birdsong production

Resonant frequencies and respiratory rates present overlapping distributions. . . L.
In our analysis of quiet respiration, we assumed that o, ~

ays = a. This allows the model to display symmetric solutions for
the pressure when driven by symmetric forces. If this condition is

the curve displays a maximum is called the resonance frequency. In not satisfied, the model becomes piecewise linear and reads

Fig. 4(a), we show the frequency response using the coefficients that

fitted the representative oscillation displayed in Fig. 2(b). We com- dx )
puted 170 resonant frequencies, and their distribution is shown (in a7 (10)
red) in Fig. 4(b). In blue, we show the distribution of the average
respiratory rates, computed for each of the 170 segments selected dy
for our analysis. In Fig. 4(c), we display the distribution of resonant i Bx + Cy + Dp + Ef(0), (11)
(@) (b)
~ 1.6 -
% : Y | Respiratory rate
> | Resonant frequency
£ i
~ 1
2 I 2
2 I =
= I
g I Measured 8
@ | — ==~ respiratory
® : rate
§ : Resonant
62_ 1 frequency -
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FIG. 4. The fitted dynamical model presents aerodynamic resonances at normal respiratory rates. (a) Frequency response of the dynamical system (variable p) to harmonic
forcing, with its parameters adjusted so that its solutions fit the recordings in Fig. 2(b). The frequency at which the response is maximum is the resonant frequency (red solid
line). The blue dashed line shows the average respiratory rate computed from the five consecutive oscillations used in this example. (b) The procedure is repeated for 170
sets of five cycles each, measured from three different birds. The distribution of the resonant frequencies in red and the respiratory rates in blue. (c) The histograms are
shown together with the syllabic rates computed from singing respiratory gestures of the three birds in our study.
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FIG. 5. The model gives rise to a shift of the resonance when parameters are
varied to emulate some features present in other respiratory regimes. The y
axis shows the pressure peak-to-peak amplitude in the stationary state. The fre-
quency response of the normal breathing fitted dynamical system is showed in
black lines, and the coefficients of the model simulation displayed in Fig. 2(b)
are used. (a) A joint decrease in flow resistance for expiration and inspiration,
as expected to occur during panting, leads to an increase in the resonant fre-
quency. In gray line, we show the frequency response when G = 9G,, where
Gy is the coefficient of Fig. 2(b). The inset displays the resonant frequency as
a function of the relative increment in the coefficient G. (b) The inset shows the
non-linear elastic force per unit mass, in a black line, and the linear approxima-
tion, in a gray dashed line. Both variables are in arbitrary units. During song, an
increase (decrease) in flow resistance during expiration (inspiration) and a larger
forcing is expected. This produces a shift in the resonance of the model (gray
line). Song like frequency response is divided by 20 for clarity in the comparison.
To emulate song, G.s and Gy are chosen so that pressure expiratory gestures
represent 80% of peak to peak amplitude when driven by a harmonic function of
10 Hz. For that forcing, the coefficient E is chosen so that pressure and displace-
ment amplitude increase 10 and 3 fold normal breathing amplitude, respectively.
The coefficients used are (B, C, D, E, F, Gps, Gas, €) = (—254, — 41.6,
— 152,14 300, 1.96, — 51.1, — 4.26,0.170).

d
L =B+ G G- GusaPp, (12)
where G, = —%aas and Gy, = —%aps. The integration of our

model for G, # Gy leads to non-symmetric solutions, which is
convenient to reproduce other respiratory regimes.

When a bird sings, the syringeal labia are actively pushed
together, which increases the resistance to airflow during expira-
tion. This is translated into our model by assuming that |G| < |Gl
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FIG. 6. An increase of flow resistance during expiration leads to a regime where
pressure expiratory gestures are larger than inspiratory ones, as observed during
birdsong production. The y axis is the ratio of pressure maximum and minimum
absolute values. The x axis is the ratio of the expiratory and inspiratory G value.
The parameters and forcing function used for this plot were the ones fitted to
the recordings in Fig. 2(b), where Gps was fixed to its original value and only
G,s was varied. The right panels show experimental recordings of displacement
and pressure during normal respiration (lower) and song (upper). Note that the
phase difference between simulated pressure and displacement decreases when
expiratory resistance is increased, as observed in measurements during song.

since the inverse of | G| is proportional to the flow resistance. A mea-
sure of the asymmetry of the pressure solutions when Gg,/Gy; is
varied between (0, 1) is displayed in Fig. 6. The simulations are con-
sistent with the data, which show that, typically, pressure expiratory
gestures are larger than inspiratory ones during singing. More-
over, an increase in the expiratory resistance leads to a decrease in
the phase difference between pressure and displacement, which is
also observed in the data (see Fig. 6). Besides these considerations,
respiration during song involves a larger forcing.'"'* It has been
reported that, for larger values of volume change, the magnitude of
the elastic force increases significatively, departing from the linear

approximation.'’

To reproduce this experimental result, we introduce a cubic

elastic force per unit mass,

fa(x) = B (1 + &x?) x.

(13)

We estimate that the elastic restitution, defined as the slope
of the elastic force, duplicates when the displacement increases
by a factor of two of normal breathing amplitude.'” This implies

& = 0.17 (arb. units).

We explored the resonances of the model when this nonlinear
effect is included and found that resonant frequencies increase [see

Fig. 5(b)].
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I1l. DISCUSSION

It is natural to expect breathing, a behavior active at every
moment of an animal’s life, to be fine-tuned to its source of energy.
In this work, we presented a simple physical model with the main
dynamical elements found in an avian respiratory system and fitted
its parameters so that its solutions match recorded air sac pressure
and a variable describing air sac volume during quiet breathing.
We found that this model displays resonances for the pressure at
precisely the respiratory rates. This guarantees maximum airflow
circulation through the lungs for a given forcing amplitude. The
search for optimal respiratory regimes given biomechanical con-
straints has a rich history, which can be tracked to the study of
how the motion of abdominal contents in running mammals could
facilitate breathing.”"”'

Previous studies in birds consisted of direct experimental
explorations of preparations that included the use of anesthesia as
well as mechanical devices, such as stainless-steel sleeves, for main-
taining a certain degree of aperture of the respiratory system. These
studies found resonances of the thoraco-abdominal system at pant-
ing frequency values. It is likely that the muscle tonicity of the anes-
thetized animal as well as the non-natural aperture of the respiratory
system used in the preparation might alter the resonances of the res-
piratory system. In this work, we revisited the problem by fitting the
parameters of a biomechanical model with simultaneously recorded
variables describing the state of the biomechanical device controlling
respiration in spontaneously breathing birds with unmanipulated
respiratory tracts. For the group data from the three birds analyzed,
the resonant frequencies and the respiratory rates displayed simi-
lar distributions. We could successfully fit a model assuming similar
parameters for the expiratory and inspiratory cycles. During singing,
this approximation will not hold. Vocalization requires different
input and output flow resistances as well as the use of stronger forc-
ing. This leads to a regime where the system is stiffer, shifting the
resonances toward higher values. Suggestively, for the species ana-
lyzed in this work, the syllabic rate during birdsong production is
higher than the quiet respiratory rate.

From metabolic cycles to self-replication, fine tuning of the
system’s performance to the source of energy appears as a generic
physical feature of life. Our results, which indicate that maximal air
flow is guaranteed to occur at normal breathing rates, are an example
of this principle at the macroscopic scale.
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APPENDIX: MATERIALS AND METHODS

The air sac pressure P, was measured inserting a flexible
silicone cannula (AM-systems Silicone Tubing 0.0307/ x 0.065//
% 0.0175/7 Catalog No. 807000) right below the last rib, 5mm into
the posterior air sac. The free end is attached to a piezoresistive
pressure transducer (FHM-07 PGR from Fujikura), positioned in a
backpack carried by the bird. The variable x is proportional to the
magnetic flux density detected by a Hall effect sensor (Hall Effect
Sensor ICs A1325 Allegro Microsystems, Inc.) attached to the ribs
and the sternum, which is generated by a magnet placed under the
skin at the abdomen. To test if the presence of the Hall transducer
altered the respiratory dynamics, we compared the respiratory rate
of the three individuals reported in this study, with the distribu-
tion of respiratory rates obtained from 316 respiratory cycles of six
other individuals. The mean respiratory rate of the individuals in
our study, in which air sac pressure and thoracic wall displacement
were measured, was (1.95 =+ 0.04) Hz. The mean respiratory rate of
six other individuals in which only air sac pressure was measured
was found to be (1.94 =+ 0.02) Hz.

For the three birds in our study, we took several sets of five
oscillations and for each set computed a representative oscillation
as follows. For each set i, we computed the number of points
between the five consecutive minima and maxima of the recorded
thoracic wall displacement X, (k;’;,, j=1,...,5) and the num-
ber of points between the five consecutive maxima and minima of

X, (k¥

down?

of points (kflp> and (k!

down

j=1,...,5). Then, we computed the average number
) and resampled the data using linear inter-
polations so that every segment of time trace between consecutive
minima and maxima of the ith set has <k;p> points, and every seg-

ment of time trace between consecutive maxima and minima of the
ith set has <kfjown> points. For each set i, we averaged the five seg-
ments between consecutive minima and maxima, as well as the five
segments between consecutive maxima and minima. In this way, we
computed a representative oscillation for the ith set. The time series
of the variable P, was resampled using the same time steps followed
to process the X, time series.

The parameters B,C,D,E,F, and G in the dynamical sys-
tem, Eqgs. (6)-(8), were fitted after assuming f(f) to be a square
function of time, equal to the sign function of the slope of
X,. This assumption is consistent with the measurements dis-
played in Ref. 11 and allows reproducing the sharp changes in
the slope observed in the time traces of the pressure. For each
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representative oscillation (obtained as the average over five con-
secutive cycles), we performed 25 random choices of initial coef-
ficients within the following ranges: B,C,D,G € (—5000,0), E, F
€ (0,5000). For each choice, we carried out a Nelder-Mead fit to
minimize the squared difference between the data and the integrated
model (x?). The library Imfit implemented for Python was used.'®
The optimal parameters were the ones that minimized x? within
the 25 fits. For the case illustrated in Fig. 2(b), (B,C,D,E, F,G)
= (—254,—41.6, —152,476,1.96, —17.0), leading to a reduced chi-
squared: x2 = x?/N— v = 0.013. This procedure was repeated
for 170 segments of data, obtaining (irespiration> Orespiration)
= (1.95Hz,0.49 Hz) and (U esonance> Oresonance) = (1.97 Hz, 0.69 Hz).
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