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Abstract - It is generally known that the pupil is under the
control of the autonomic nervous system. Recently, those
rhythms characterizing the autonomic fluctuations of
heart period and arterial blood pressure have been
detected in spontaneous Pupil Diameter (PD) fluctuations.
The physiological mechanisms underlying such variability
have not been widdly investigated. Aim of this study was
to investigate the origin of the pupil fluctuations in
humans, using a non-invasve modulation of carotid
baroreceptors by Neck Suction (NS). To this purpose, we
simultaneously recorded ECG, respiration activity, NS
pressure and PD fluctuations from 10 normal subjects.
The equipment for the PD measurement and the NS
gimulation was developed in our laboratory. The
response of the pupil to the NS was studied at stimulation
frequencies of 0.10 and 0.20 Hz, by using parametric
spectral and cross-spectral estimation. In all subjects, the
NS rhythms were clearly detectable in heart rate
variability series in both stimulation feguencies and also
in the PD spectra with significant coherences (>0.5).
These findings suggest that blood pressure fluctuations
propagate to the pupil via carotid baroreceptor afferent
pathways. However a central contribution can not be
excluded.
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I. INTRODUCTION

The pupil of the human eye continuoudy fluctuates even in
absence of visud accommodetion andlor light stimulation.
The sympathetic and parasympathetic innervations of the iris
muscle are supposed to be responsble for these physologic
fluctuations of the human pupil (hippus). It has been
demongrated, first in animds [1] and then in humans [2][3],
that the respiratory rhythm is one of the source of these
fluctuations. In generd the inspiration is accompanied by
pupil dilatation, the expiration by pupil constriction.

The respiratory rhythm, detectable in severd sympathetic
and parasympathetic nervous fibers and in the Heat Rate
Vaiability (HRV) dgnd [4], is refered to as the High
Frequency (HF) component (0.15-04 Hz), and is consdered
a marker of the parasympathetic control to the sinus node. It
is wdl asessed tha in HRV dgnd a reaively dower
component is adso detectable, in the so-caled Low Frequency
(LF) band (0.04-0.15 Hz). This component cheracterizes the
peripherd  sympathetic nerves too, and is conddered
expresson of both sympathetic and parasympathetic control.
Recently, te identification of a spectrd component in the LF
band in spontaneous Pupil Diameter (PD) fluctuations has
been reported by our group [5] and by others [6]. Animd
studies suggested that two sources for pupil oscillations could
be involved: central respiratory activity and respiratory blood

pressure fluctuations that modulate pupil width via sinoaortic
baroreceptors [1]. It might be hypothesized that in humans
carotid and snoaortic baroreceptors may contribute to, if not
cause, the genesis of pupillary LF and HF rhythms. A non-
invasve investigation of the human baroreceptor function can
be peformed by the Neck Suction (NS) technique [7][8].
This technique dlows a periodic modulation of the carotid
snus baroreceptors, and gimulates the braingem nudei
through the afferent parasympathetic pathways.

Aim of this study is to investigate the origin of spontaneous
pupil  fluctuations in  humans, usng a noninvasve
modulation of carotid baroreceptors by NS. In addition, to
diginguish between the sympathetic and parasympathetic
efferent activity we sudied the response of the pupil to the
NS at different frequencies of gimulaion. The equipment for
the PD messurement and for the NS gimulation were fully
developed in our laboratory.

Il. METHODOLOGY
A. Experimental protocol and data acquisition

5 hedthy young subjects (24-28 years) were sudied.
During the expeiments the lighting condition and the
temperature of the laboratory were hdd condant. NS was
caried out and monitored in the supine postion during
controlled breathing a 15 bresthg/min.

The neck suction was applied to two cuffs posed on both
sides of the neck (at the positions corresponding to the carotid
baroreceptors). The cuffs have been connected to a vacuum
source, whose power was modulated by a software-controlled
feed-back snusoidd control (figure 1). The use of the cuffs
ingead of a molded collar (previoudy employed [9]) is more
comfortable for the patient, dthough providing the same
gimulation.

A pressure transducer was used to measure the ar
pressure indde the cuffs. The pressure sgnd was used as the
feed-back sgna for the control loop. The input signd of the
control circuit was provided by the same PC used for the
acquisition.

The protocol conssted in two sStages lasting 5 minutes
eech. The NS dimulation frequency was set to 0.2 Hz in the
firs stage and to 0.1 Hz in the second one. Control breathing
condition & rates of 15 bresthgminute (0.25 Hz) was used to
have a cear discrimination between LF, HF and NS rhythms
The subjects were ingtructed initiate a breath with each tone
of a saies of auditory cues and to look at a target pand 1
meter in front of them. Light intensity of the pand ...

ECG, Respiration Activity (RA), Neck Suction Pressure
(NSP) and Pupil Diameter (PD) were smultaneoudy
recorded (figure 1). RA was monitored by a pletismographic
thoracic bet. ECG, RA and NSP were continuoudy recorded
and red-time sampled (sampling frequency: 500 Hz,
resolution: 12 bit) via an A/D converter board (DAQCard
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1200, Nationd Ingruments), plugged into a laptop. We
continuousy messured the PD fluctuations by a porteble
infrared TV-pupillometer. The images of pupil have been
cgptured by a micro infrared CCD camera mounted on a light
helmet and connected to a video capture board (PCl 1408,
National Instruments) for the red-time digitisng of the image
sequences. The camera was equipped with an infrared filter to
diminae reflexes from the naturd light source in the room.
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Fig. 1. Experimental setup for data acquisition and neck suction procedure

The proper illumination was provided by a near infrared
diode (780nm). A frame rate of 12,5 frames's and a resolution
of 768x576, 256 grey levels were chosen as a trade off among
data storage, computing time, spatial resolution and pupillary
dynamic bandwidth congtrains. The synchronisation of the 2
acquisition sysems was obtaned by a triggering sgnd, the
frame synchronistion dgnd, which provides a maximum
dday of 40 ms. Figure 2 shows two images of the equipment
for the PD measurements and the cuffs used for the NS
gimulation.

Fig. 2. Equipment for the PD measurements and cuffs used for the NS
stimulation.

B. Edtimation of pupil diameter

Measurements of the pupil diameter have been performed
by a two steps procedure: firgt, the points laying on the pupil
boundary have been detected by using a curvature dgorithm
[10]; these points have been then interpolated according to
the method of Chauduri and Kundu [11], based on an
optimum weighted least square circular fitting.

For each acquistion, cdibration has been peformed by
acquiring images of known diameter circumferences located
on the subject eydid (figure 3). The cdibration procedure has
been performed at the end of each acquisition.

158 pixel

5mm

Fig. 3. Calibration procedure: known diameter circumferencelocated on the
subject eyelid (left) and relative subject pupil image (right).

C. Correction of blinking artifacts

The dgorithm used for the edtimation of pupil diameter
(curvature agorithm and circular fitting) adso detects when
the pupil is patialy or totdly covered by the eydid (blinking
atifacts). In these cases, the pupil diameter is set to O mm.
Correction of blinking artifacts has been peformed by
recondructing these missing data through a cubic spline
interpolation.

D. Congruction of variability series

Two approaches ae generdly used to obtan proper
representetion for cardiovascular variability datar the beat-to-
beast approach [12] and the low pass filtering approach [13].
In this study we extract the variability series according to the
later goproach, in order to avoid any digtortions in PD
fluctuations from NS modul ation of the heart period.

The low-pass filtered event series (ES) was used to
extract the heart rate vaiability (HRV) sgnd dnce it is a
rdigble time domain representation with high tempord
resolution. In ES each beat is replaced by a d function; the
sgnd can be described as:

N-1

x(t)= & dit- t,)
k=0

where d is the Dirac delta function, { is the occurrence time
of the K" beat and N is the totdl number of bests To obtain
the heart rate variability series, the ES was low-pass filtered
a 05 Hz and resampled a 1.25 Hz [13]. Correspondingly,
RA, NSP and PD variahility series were obtained by a smilar
low-pass filtering procedure (FIR, 10 order, cut-off frequency
0.5 Hz) and a ressampling a 1.25 Hz of the RA, NSP and PD
series, respectively. According to this procedure, HRV and
RA sxies were expressed in arbitrary units (au.), NSP in
mmHg and PD in mm. This agpproach paticularly guarantees
the time synchronization between HRV, RA, NSP and PD.

1. RESULTS

To detect the effect of the Snusoida stimulation over the
PD and HRV szries, we used a parametric spectrd and cross
oectra  edtimation by autoregressve (AR) moddling over
250 consecutive samples.

We andyzed the HRV series to assess the efficacy of the
NS stimulation in diciting abaroreflex response.

With the NS series as a reference, the spectrd  coherences
were used to assess whether NS induced  synchronous
fluctuationsin PD.

Figure 4 shows the results obtained for the 02 Hz
dimulation, in one subject: time series and monovariate AR
spectra are shown. HRV spectrum demongtrates that the NS
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Fig. 4. From top to bottom: respiration activity, neck sufion pressure, heart rate variaﬁllﬁty and pupil diameter series (leftf together with the
corresponding spectra (right), for one subject.

gimulation dlicits the phydologica baroreflex response (i.e.
dowing of heat rate when carotid are dtretched). Controlled
repiraion provides a respiratory component (025 H2)
cdealy didinguishable from NS. The PD spectrum reveds
three main harmonic components a 0.07 Hz, 020 Hz and
0.25 Hz. The 0.20 and 0.25 Hz components correspond to the
NS stimulation and the controlled breathing, respectively.

Figure 5, upper pand, reports the spectral coherence
between HRV szies and PD duing the 020 Hz NS
gimulation, for the same subject as figure 4. Note the
significant values reached at 0.20 and 0.25 Hz.

Smilar results were obtained for the NS dimulation a 0.1
Hz, as shown in figure 5, lower pand. Baoreflex simulation
by NS was observed in PD spectra in the other 4 subjects, but
the relative and absol ute amplitude differed.

IV. DISCUSSION

To our knowledge the contribution of baroreflex control
to the spontaneous PD fluctuations was only investigated by
invasive study in animals[1].

Borgdorff investigated the origin of the pupil fluctuations
in cas, usng an invedve goproach which included atificia
vettilation, baroreceptor denervation and direct  dectricd
stimulation of pulmonary vaga afferent fibers.

Borgdorff concluded that a least two sources contribute
to the respiratory rhythm in cat PD: the rhythmic activity of
the rexpiratory centre and the respiratory blood pressure
fluctuations that modulate pupil width via snoaortic
baroreceptors.

Ohtsuka et al. reported respiratory fluctuations in pupil in
6 norma subjects at different respiration frequencies and tiddl
volumes [2]. They found that the anplitude of the respiratory
fluctuations of the pupil area were closdly proportiona to the
tidd volumes. Ther experimenta sgtup did not dlow to
investigate the mechanisms by which the respiratory rhythm
propagates to the pupil.

Our sudy peformed a nonrinvasive invedtigation not
only of the respiratory pupillary fluctuations in humans, but
dso of the LF rhythm, which was recently reported by our
group and others [5][€].

Our findings showed that a baroreceptor stimulation,
miming blood pressure changes in LF and HF bands caused
PD fluctugtions a the same frequency. Because the influence
of blood pressure on PD can neither be mediated by an
increased filling of the iris vessd nor by fluctuations in
intraocular pressure [1], a neuro-mediated mechanism can be
hypothesised [14]. We can speculate that signads from the
cacotid snus reach not only the cardiovascular centre, but
amogt the entire reticular formation. Here, rhythmic impulses
induce fluctuations that ae conveyed to various organs,



induding the pupils Whether and to which extent a centra
activity stemming from the respiratory centre or from the
hypothdamus contributes to PD fluctuations, was not
addressed by our study.

V. CONCLUSION

Our am was to investigate whether the spontaneous LF
and HF rhythms in pupil fluctuations may result from the LF
and HF fluctuations of blood pressure, mediated by the
caotid snus baroreceptors. We found that the carotid
baroreceptor stimulation induces pupil fluctuations locked to
the dimulation frequency. Thus it can be speculated that
blood pressure fluctuations in LF and HF bands contribute to
the spontaneous fluctuations of human pupil, via afferent
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Fig. 5. Spectral coherences between HRV series and PD
during the 0.20 Hz (top) and 0.1 Hz (bottom) NS stimulation,

for the same subject as figure 4.

carotid baroreceptor pathways, even if a centra contribution
cannot be exduded.
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