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ABSTRACT 
Kinematics of displacements of the eye’s elements was investigated by means of fast 
pupillometry and spectral optical coherence tomography. Time-frequency analysis of the 
fluctuations of the pupil diameter (hippus) as well as longitudinal movements of the cornea, the 
lens and retina was used to evaluate the temporal and spectral characteristics of the recorded 
measurements. A high correlation between the kinematics of eye’s elements and the cardio-
pulmonary activity was found. The average amplitude of hippus was in the range from 0.1 to 0.3 
mm while its observed frequencies reached up to the seventh harmonic of the pulse. The 
longitudinal pulsations of the cornea, the lens and retina along the visual axis showed similar 
effective amplitudes from around 25 to 35 µm with frequencies that could reach up to the eighth 
harmonic of the pulse. The study showed a clear link between the cardio-pulmonary system and 
movements of the eye’s elements. This link needs to be further investigated as it may play a 
significant role in the eye’s visual process. 
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RESUMEN 
En este trabajo se presentan las investigaciones sobre cinemática de los desplazamientos de los 
elementos del ojo mediante pupilometría rápida y tomografía óptica coherente espectral. Las 
características temporales y espectrales de las medidas registradas se evalúan mediante análisis 
tempo-frecuencial de las fluctuaciones del diámetro de la pupila (hippus), así como de los 
movimientos longitudinales de la cornea, el cristalino y la retina. Se ha encontrado una alta 
correlación entre la cinemática de los elementos del ojo y la actividad cardio-pulmonar. La 
amplitud promedio del hippus está en el rango entre 0,1 y 0,3 mm, mientras que sus frecuencias 
observadas alcanzan hasta el séptimo armónico del pulso. Las pulsaciones longitudinales de la 
córnea, el cristalino y la retina a lo largo del eje visual muestran similares amplitudes efectivas en 
el rango alrededor de 25 a 25 μm, con frecuencias que pueden alcanzar hasta el octavo armónico 
del pulso. Es estudio mostró una clara ligadura entre el sistema cardio-pulmonar y los 
movimientos de los elementos del ojo. Esta ligadura necesita una mayor investigación ya que 
puede jugar un papel significativo en el proceso visual del ojo. 
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1. Introduction 
The human eye is a very complex optical system. It 
is generally known that all refractive optical surfaces 
inside the eye are aspherical, the cornea has a 
significant optical as well as mechanical anisotropy 
due to its strongly anisotropic layered structure, the 
crystalline lens is composed of hundreds layers and 
has a 3D gradient index distribution. The cones and 
rods in the retina are light sensitive not in one 
specific place but along its outer segment, filled with 
stacks of membranes containing the visual pigment 
molecules [1]. Thus, the image on the retina is not 
received on a flat screen but inside a 3D structure. 
This indicates that formation and recording of 
images in the eye is much more complex than in 
case of classical optical recording systems. 

One of important additional difference between 
classical optical systems and the human eye is 
kinematics of the eye displacements and 
deformations. The eye performs continuous and 
rapid complex movement during the visual process. 
Different eye rotations such as saccades, tremor, and 
microsaccades have been intensively studied [2]. It 
has been shown that the frequency of very fast 
tremor can reach even 150 Hz [3]. 

However, the quasi periodical longitudinal 
deformations of the eye and its elements due to the 
heart beat have not been investigated as intensively 
as on the mentioned above eye rotations. It is worth 
noting, however, that all these complex dynamic 
phenomena inside the human eye may also have an 
important impact on the visual process but have not 
been fully explained as yet.  

In this paper we show the results of a pilot study 
in which we measured the kinematics of longitudinal 
eye movements and investigated its relation to the 
cardio-pulmonary rhythms. We used a high-speed 

spectral optical coherence tomography as well as 
fast pupillometry to measure the spectral 
characteristics of movement of the eye’s elements. 

2. Time-frequency analysis 
Since signals within the human body are 
nonstationary (signals with spectra that vary in time) 
we decided to use both frequency and time-
frequency analyses for recorded signals.  

Let us present as example a nonstationary 20 
second signal consisting of two components. The 
frequencies of both components of the signal vary 
linearly from 1.5 Hz to 4.5 Hz. Figure 1 shows the 
time-domain representation of the considered signal 
in the upper part, its Fourier spectrum on the left 
side and the time-frequency representation in the 
center shown here as a contour plot. It is obvious 
that the Fourier spectrum alone gives a 
representation of the signal that is not unique. On the 
other hand, the time-frequency representation with 
an appropriately selected moving window shows 
clearly how frequency distribution of the signal 
varies with time.  

 
Fig. 1. An example of time, frequency, and combined 
time-frequency representations for a signal consisting of 
two linear frequency modulated components. 
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3. Fluctuations of the pupil diameter 
(hippus) 

The pupil plays an important role in the process of 
vision. It is commonly known that the diameter of 
the pupil varies with the light intensity controlling 
the illumination of the retina. The form of response 
of the pupil size to the light stimuli called Pupil 
Light Reflex (PLR) [4] can be used for diagnosis of 
many pathologies of the eye and the central nervous 
system. However, the role of the pupil is more 
important than only in controlling the illumination of 
the retina. As it is shown in video-keratometric 
measurements, in many patients the center of the 
pupil is shifted from the visual axis of the eye. Most 
likely the area of the pupil is located in this part of 
the eye aperture which forms the best image on the 
retina.  

The pupil size (diameter) fluctuates even with the 
constant light level. This effect is called pupil unrest 
or hippus [5]. Time-frequency analysis of hippus 
shows its correlation with the cardiovascular rhythm 
and respiration. We acquired a range of hippus 
signals using a fast purposely build that was 
designed at Wroclaw Technical University. The 
sampling frequency of our pupillometer can be set in 
the range from 80 to 90 Hz. An example of a 
measured hippus signal and its time-frequency 
analysis result is shown in Figure 2. The signal has 
been taken from the eye of a 30 year old healthy 
subject. The measurement time was 12.6 seconds 
and the average amplitude of the hippus was about 
0.25 mm. Time-frequency representation reveals the 
frequency of respiration at about 0.4 Hz in the first 7 
seconds of the signal, the strong first three 
harmonics and much weaker sixth and seventh 
harmonics of the blood pulsation. We can also see 
how these harmonics vary with time. 

 
Fig. 2. An example of time, frequency, and time-frequency 
representations of fluctuations in the pupil diameter 
(hippus) for a healthy 30 year old subject.  

 

4. Longitudinal displacements of eye’s 
elements 

The kinematics of the longitudinal displacement of 
the corneal apex has been recently measured by 
means of fast videokeratometry [6], where 
measurements showed strong correlation of the 
corneal longitudinal movement frequencies with 
those of respiration and the heart beat. Moreover, the 
results showed slow variations of the corneal 
curvature with time. 

The spectral coherence optical tomographer 
developed at the University of Torun offers a new, 
and a very high quality way of imaging the internal 
structures of the eye. It also enables measurement of 
the longitudinal movements of the eye’s individual 
elements such as the cornea, lens and retina with 
high accuracy and reasonable high sampling 
frequency [7]. Figure 3 shows an example of time-
frequency representation of the longitudinal 
movement of the corneal apex for healthy 24 year 
old subject. The sampling frequency of this 
particular recording was 94 Hz and the accuracy of 
measurement was about 2 μm. The “effective” 
amplitude of the signal amounts to 33.7 µm and was 
calculated from the formula  

 ∑
=

⋅=
N

i

ief x
N

A
1

21 , (1) 

where xi, i=1, 2,…, N, is the i-th signal sample, and 
N is the number of samples in the measurement 
record. The spectral analysis shows a clear 
frequency component corresponding to respiration 
(0.3 – 0.5 Hz) and the first seven harmonics of the 
blood pulse. The first harmonic (pulse) is the 
highest, while the second and the third are over two 
times smaller.  

The spectral coherence optical tomography was 
also used for measurement of longitudinal pulsation 
of the anterior surface of the crystalline lens and the 
retina. Figures 4 and 5 show examples of the 
recorded signals and their time-frequency 
representations for the eye of the same 24 year old 
subject. The effective amplitude of the displacement 
signal for the anterior lens apex given in Figure 4 
was 26.5 µm. The time-frequency analysis indicated 
that the respiration corresponds to the strongest 
frequency components of the spectrum. The first 
harmonic of the pulse is about 20 percent higher 
than the second harmonic. The fourth harmonic is 
very weak while the fifth harmonic is quite strong. 
We can clearly observe that the amplitude and 
frequency of a particular harmonic changes in time. 
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Fig. 3: An example of time, frequency, and time-
frequency representations of the longitudinal movement of 
the corneal apex for a healthy 24 year old subject 
(Aef=33.7 µm). 

 

 
Figure 4: An example of time, frequency, and time-
frequency representations of the longitudinal movement of 
the anterior lens apex for a healthy 24 year old subject 
(Aef=26.5 µm). 
 

 

An example of a signal of the longitudinal 
movement of the retina is shown in Figure 5. We 
noted that the retinal movement signal is the most 
regular from all the other previously recorded 
signals. Its effective amplitude is 25.5 μm 
(approximately the same as that of the lens). The 
frequencies shown in the time-frequency domain are 
also more stable in time than in previous cases. We 
can observe an interesting rule in the signal. The 
higher “mountain” follows always the smaller one. 
The strongest frequency component corresponds to 
the second harmonic of the blood pulse. This 
harmonic is insignificantly greater than the first one. 
The fourth and the fifth harmonics are almost 
imperceptible, while the sixth and the seventh 
harmonic are quite clear.  

 
Fig. 5. Time-frequency analysis of the longitudinal 

movement of the retina. 
 

Let us compare the results from Figures 3, 4 and 
5. Since each of the measurements was performed in 
different time (not simultaneously) for this patient, 
the pulse and following harmonics correspond to 
different frequencies. The fifth quite strong 
harmonic in Figure 3 has frequency of about 7.2 Hz. 
Also strong is the fifth harmonic in Figure 5 which 
has frequency of about 6.6 Hz. However, the fifth 
harmonic in Figure 5 is not visible and the sixth 
strong harmonic has frequency of about 7.4 Hz. This 
result suggests that there may exist a “forbidden” 
region of frequencies for this specific eye in the 
range of about 5 to 6 Hz independently on the 
number of harmonics in this range. The frequency of 
about 7 Hz looks somehow “privileged” in all three 
recorded cases.  

Another interesting feature of all three signals and 
their spectra is that the second harmonics of the 
pulse from the corneal pulsation through the lens to 
the retina becomes stronger and stronger in 
comparison to the first harmonics. We have 
measured 6 eyes of 6 different subjects and in all 
cases the first harmonics was the strongest in case of 
the longitudinal pulsation of the cornea, while the 
second harmonic was always the strongest in case of 
longitudinal pulsation of the retina.  

 

5. Conclusions 
In this paper we have focused our interest on the 
fluctuation of the pupil size (hippus) and 
longitudinal displacements of the eye’s individual 
elements. These different types of eye movements 
have an important and still not fully understood role 
in process of vision. Measurement and analysis of 
these movements could provide some light into their 
role in the visual process as well as their features 
and relations to some eye’s pathologies. A better 
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understanding of these movements could also result 
in new diagnostic methods for the human eye and in 
particular in methods assessing its hemodynamics 
and pathologies concerning the biomechanical 
properties or characteristics related to the intraocular 
pressure.  

We hypothesize that these movements could also 
influence the process of vision. Longitudinal 
pulsation of the eye element contrary to the eye 
rotations moves the retinal image along the light 
sensitive parts of rods and cones. Longitudinal 
pulsation of the lens very likely induces the 
pulsating lens accommodation. It would be of great 
interest to simultaneously measure the pulsating 
variations in the intraocular pressure with the 
longitudinal movements of the eye elements. 

 

  
Fig. 6: Possible deformations of the eye globe. 

 

Since we were not able to measure the mutual 
phase between movements of eye elements we 
cannot be sure whether the eye globe generally 
deforms during movements like it is shown in Figure 
6a or Figure 6b or in a more complex combined 
way. However, it worth noting that the RMS 
variation in the corneal apex movements was found 
to be about 10 microns larger than the RMS 
variations in the lens and retinal longitudinal 
movements providing further evidence that the 
corneal surface may undergo temporal variations 
and that the recorded longitudinal movements of the 
eye’s individual elements do not simply reflect the 
movement of the whole eye globe.    

The presented results are the first study of this 
type concerning measurement of longitudinal 
movements of the eye’s individual elements with a 
high accuracy and sufficiently high sampling 
frequency. We believe that the presented technique 
will pave the way to future eye diagnostic methods. 
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