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Abstract 

The pupil shows a fast dynamical adaptation to external light changes, in order to potentiate visual perception. It contracts in high 
luminosity environments, so as to limit the quantity of photons that reach the retina (miosis) and dilates in environments with 
little luminosity, thus increasing the number of photons in the retina (mydriasis). Hence, the pupil acts as a normalizer of the 
quantity of light that enters the optical system. These pupillary movements are controlled by the action of smooth muscles, which 
are associated with the sympathetic (SNS) and parasympathetic autonomous nervous systems (PsNS). Therefore, the study of the 
pupillary dynamics can lead to inferences on the functioning of those two antagonist systems and their involvement in pupillary 
control. In addition, our study may prove clinically helpful in determining a patient’s level of consciousness, as well as 
identifying certain diseases, such as sleep disorders, photophobia, schizophrenia, Adie syndrome, Alzheimer’s and Parkinson’s 
disease. With a clear goal in its clinical applications, we focus our research in the identification of the frequency intervals 
pertaining to the action of the autonomous nervous system, as well as their individual sympathetic and parasympathetic roles.  
We analyze high-resolution, non-invasive pupillometric signals, both in a basal condition and as a response to visual flashes or to 
the application of a cold stimulus. We use Singular Spectrum Analysis (SSA) to identify the frequencies of interest related to the 
actions of the SNS and PsNS. In addition, and as a complementary means of frequency analysis, we also use the more classical 
wavelets analysis. We find out that SSA is an ideal tool for the identification of the desired frequencies in stake.  The agreement 
between the outcomes of both analyses supports our conclusions regarding the autonomous nervous system. 
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Nomenclature 

SSA Singular Spectrum Analysis         
PSD  Power Spectral Density 
LF/HF Low and High Frequency 
ECG Electrocardiogram 
PCD Pupil Contour Detection 
SNS Sympathetic Nervous System 
PsNS Parasympathetic Nervous System 
PCA Principal Component Analysis 

1. Introduction 

The autonomic nervous system has the function of regulating a large portion of the visceral functions of the body, 
in response to external changes, through its association with smooth muscles, cardiac muscle and glands. In this 
respect, one of the functions of the autonomic nervous system is also to control the dynamics of the pupil[1].  

The main function of the pupil is to control the amount of light incident on the retina[2],[3]. It has the ability to 
adapt to changing external luminosity conditions: it contracts in high luminosity environments, and dilates in 
environments with little luminosity[4]. The pupillary contraction occurs through the action of parasympathetic nerves, 
resulting in the contraction of circular fibers of the iris sphincter. Similarly, pupillary dilation occurs through 
stimulation of peripheral sympathetic nerves, which results in the contraction of the radial fibers of the dilator 
muscle of the iris[4]. Therefore, the eye is innervated by nerve fibers from the autonomic nervous system, whose 
activation and deactivation allows for an efficient control of the pupil diameter. Thus, the study of the dynamics of 
the pupil allows for the inference of operating characteristics of the sympathetic and parasympathetic nervous 
systems (SNS and PsNS, respectively). 

Several studies in heart rate variability[5],[6] quantify the balance between the SNS and the PsNS’ action, through a 
relation between their respective power spectral densities (PSD). A major limitation in those studies is the implicit 
assumption of direct proportionality between those two terms. It has been shown that the true dynamics of the 
autonomic nervous system follows instead a rather non-linear behavior, c.f.[5]. Therefore, the aforementioned studies 
characterized the relationship between the SNS and the PsNS, through the ratio between low frequencies (LF) and 
high frequencies (HF). They established that the range LF (0.04-0.15Hz) is associated to a mixture of sympathetic 
and parasympathetic activity, whereas the range HF (0.15-0.4Hz) is mostly associated to the parasympathetic 
activity[5],[7]. To mitigate the limitations of the original PSD method, a weighted ratio has been proposed instead[6]: 

       = . ×parasympathetic activity+0.25×sympathetic activity. ×parasympathetic activity+0.1×sympathetic activity  .  (1) 

Various stimuli types are often used, when studying pupil dynamics. Since they affect differently the autonomic 
nervous system, a concomitant variability in pupillary response is often observed. As an example, in response to 
flash stimuli, there is an increased parasympathetic nervous activity, followed by the activation of the SNS[4]. At 
pupillary level, this corresponds to a contraction, followed by a dilation[4],[8]. If one uses a cold stimulus, e.g., by 
immersing the subject’s hand in icy water, studies indicate an increase in muscle sympathetic nerve activity[9],[10]. In 
this way, it is therefore possible to isolate behaviors originating from SNS and PsNS. 

Pupillary reactivity is measured by pupilometers, which have been used, for example, to evaluate the cholinergic 
deficiency in Alzheimer's and Parkinson's diseases[11],[12]. Through measures of pupil size and mobility, pupillometry 
was shown to be a rather sensitive tool to investigate cholinergic deficits, associated with cognitive disorders. 

In this study we used a computerized pupilometer, developed in house[13], capable of high spatial and temporal 
resolutions. We have also developed measuring and analysis methods for such data. As suggested in[4], our setup 
records and analyzes various features from the pupil, using CCD cameras (charge-coupled device) as detectors. 

Here, our main proposal is the use of singular spectrum analysis (SSA) for the identification of frequencies of 
interest from pupillometric data. This technique is rooted on the principal component analysis (PCA) of embedded 
copies of the signals, and is capable of revealing intrinsic dynamical factors in the data[14]. It can be used to model 
and analyze nonlinear time series[15]. Inherited from its PCA derivation, the components found are uncorrelated; 
from the embedded nature of the analysis comes the dynamical structures in the components. 
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Unlike Fourier analysis, which assumes sinusoidal bases, or Wavelet analysis, for which we need to determine a 
priori a suitable set of bases, SSA estimates these directly from the data’s dynamics. This renders SSA a good 
candidate for data exploration, when little information exists on the sought dynamics. The outcome of SSA can as 
well be used to optimize the choice of wavelet bases. Another advantage of SSA is that only two parameters need to 
be determined beforehand: in the decomposition stage, the window length; in the reconstruction, the grouping 
strategy for the estimated components[14]. 

2. Materials and methods 

2.1. Data set 

In this study, we used two different groups of volunteers, labeled G1 and G2. In the first, with 15 subjects (6 
females, and a mean age of 25 ± 2 years), underwent flash visual stimulation, whereas G2, with 12 subjects (7 
females, and a mean age of 28 ± 11 years) was used to assess basal conditions and responses to cold stimuli (icy 
water). Both groups were composed of healthy subjects, without any eye disease or the influence of any drugs that 
compromise pupillary action. Some exclusion criteria were established for group G2. Acquisitions of individuals 
with blue eyes and very long eyelashes were excluded, because pupillary contours were harder to detect. Subjects 
that blink too often were also excluded since that action changes significantly the shape of the pupil. Our model of 
pupil dynamics assumed a fixed shape throughout the experiment, since only aperture was to be analyzed. 

2.2. Instrumentation 

We used the computerized pupilometer developed by Gonçalo Leal[13], which is illustrated in Figure 1. It is a 
non-invasive monocular pupilometer, with high acquisition rate, 30 Hz, and capable of measuring the variation of 
pupillary area in high and low luminosity environments. This device consists of an infrared CCD camera (JAI CM- 
140GE), comprising a high-resolution solid state sensor. A manually adjustable zoom lens allows for a suitable 
fitting of the equipment to the subject’s eye. The complete setup comprises also an infrared light to illuminate the 
anterior segment of the eye. Two polarizing filters, one ring-shaped, placed in front of the infrared light, and another 
circular shaped, placed in front of the lens, prevent reflection effects on the eye. Associated with this measurement 
system, a stroboscopic light was used for the required flash stimulation. A mechanical support adjusts the subject’s 
head position in relation to the measurement device[13]. 

 
 
 
 
 
 
 
 
 
 

2.3. Experimental setup 

Four protocols were used: one, with no external stimulation, produced basal information; another included the 
immersion of the subject’s hand in icy water; in another, visual flashes were used; and in the final protocol, ECG 
recordings were acquired, together with the pupillometric information. In this last protocol, cold stimulus was 
employed. All protocols included a pre-acquisition phase, to control the relative position of the subject to the 

Figure 1 – (a) Mechanical infrastructure of pupilometer: 1 – opaque cloth; 2 - mechanical support of chin; 3 - mechanical support for forehead; 4 
– mirror; 5 - lateral screw for horizontal adjustment; 6 - lateral screw for vertical adjustment. (b) Optic system of the pupilometer: 7 - chamber;   

8 - zoom lens; 9 - lens polarizer; 10 - illuminator polarizer; 11 - illuminator; 12 - stroboscope. 
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pupilometer. During pupillometry acquisition, subjects were instructed to avoid moving their heads or making 
intermittent eye movements. Also, it was important to keep the eye as open as possible, during the maximum period 
of time. After image acquisition, pupillary delineation was performed through PCD software[16], and pupillary 
variations recorded. In addition, median filtering and curve fitting were applied to the pupil contours, to remove 
outliers in the data. 

2.4. Singular Spectrum Analysis 

Singular Spectrum Analysis is a signal processing technique capable of capturing the intrinsic oscillation modes 
of a signal. It is based on a PCA projection of embedded data, and decomposes a given signal on three types of 
components: trends, periodic components and noise. The trend components give information about slow variations 
of the signal amplitude throughout time. Each periodic component is related to a given oscillation mode within the 
signal. The noise is assumed to be associated with the lesser energetic components[15].  

SSA has four main steps: embedding, decomposition, grouping and reconstruction. During the embedding stage, 
L delayed copies are constructed from the N elements of the signal [x1, x2,…, xN], to construct a L x M matrix, 
defined as: Xlag=[x1, x2,…, xM; x2, x3,…, xM+1;…; xL, xL+1,,…, xN], where the window length L is a parameter, defined 
by the user, and M = N – L + 1. In the decomposition step, principal directions are found through diagonalization of 
the covariance matrix of Xlag. This decomposition results in a set of eigentriples (ji, Ui, Vi,). ji is the square root of the 
ith eigenvalue of the covariance matrix, and Ui its corresponding eigenvector. Vi is defined through: jiVi = XlagXlag

TUi 
[15],[18]. In the grouping step, the eigentriples are combined, in order to establish the desired trend, periodic 
components and noise. Such grouping requires the use of a similarity measure, to be applied to the all eigentriples. A 
common such measure, used also in this study, is the weighted correlation (w-correlation) matrix[15]. The first group 
often displays trend information, and is followed by a set of oscillatory components. The last entries in the w-
correlation matrix usually correspond to noise. In the final step, reconstructed time series are produced by 
backprojecting each one of the grouped eigentriples.  

In this work, we performed SSA decomposition of temporal evolutions of pupillary areas with the CaterpillarSSA 
3.40 software[17]. The goal, as stated earlier, was to isolate the activities of the SNS and the PsNS from the original 
signal, through varying experimental conditions. 

Figures 2 (a) and (b) show pupillometry variations with cold and flash stimuli, respectively. It is known that cold 
stimulation activates the SNS, whereas flash stimulation results in an increase in parasympathetic nervous activity, 
followed by sympathetic activation. So, to identify components related to the action of SNS, we analyzed the 
dilatations resulting from the application of ice stimuli (represented in green on Figure 2 (a)) and flash stimuli 
(represented in blue on Figure 2 (b)). To identify components related to the action of the PsNS, we analyzed the 
contractions resulting from the application of flash stimuli (illustrated in orange on Figure 2 (b)). To study the 
contribution of the SNS and the PsNS, in basal conditions, we analyzed also pupillometric data without external 
stimulation (Figure 2 (c)). 

In line with the suggested in the literature[15],[18], the window length, L, was chosen as an integer fulfilling the 
conditions: 1 < 𝐿 < 𝑁  and  𝐿 ≤ 𝑁/2. Since we are looking for very low frequencies, less than 1Hz, we used the largest 
allowed window length. Taking the signal represented in Figure 2 (a) as an example, with a length of 929 samples, 
we considered a window length of 464 (929/2). Therefore, we found 464 components, each of which characterized 
by its eigentriple. The w-correlation matrix of the first twenty eigentriples is shown in Figure 3. The remaining ones 
were considered noise. At least 90% of the total variance in the data was explained by the retained components. 

In Figure 3, white corresponds to a correlation of 0, and black to 1. The block structure in the figure clearly 
highlights the uncorrelated structure of the various groups. Therefore, one can conclude that the first eigentriple 
clearly separates one component, resulting corresponding to the trend. The eigentriples (2,3), (4,5), (6-9), (10,11), 
(12,13), (14,15), (16,17) and (18,19) for other discriminated groups. The first six reconstructed components are 
presented in Figure 4. The frequency content of each reconstructed component is displayed in Table 1.  
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Figure 2 – Analyzed pupillometry signals.  (a) Integral signal of the variation of pupillary area with cold stimuli. The instants represented by S1 
and S2 correspond to consecutive stimuli applications. The dilation caused by the first stimulus is represented in green. (b) Integral signal of the 

variation of pupillary area with flash stimuli. The pupillary contraction caused by the first stimulus is represented in orange; and the pupillary 
dilatation caused by the second stimulus is represented in blue. (c) Variation of pupillary area on basal conditions. 
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Figure 3 – W-correlation matrix of the first twenty eigentriples found from pupillometric data collected with cold stimulation. 

Table 1 – Frequencies of the five reconstructed oscillatory components, in ascending order. 
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Figure 4– Representation of first 6 reconstructed periodic components. 
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Reconstructed 
Components 

2 3 4 6 5 

Eigentriples 2-3 4-5 6-9 12-13 10-11 

Number of cycles 3 4 8.2 11.5 13.6 

Frequency (Hz) 0.01 0.13 0.27 0.37 0.44 

 

2.5. Wavelets Analysis 

The pupillometric signals were also analyzed with wavelets, using the MATLAB signal processing toolbox. 
Wavelet analysis was used as a complementary method to SSA, and produced a time-frequency decomposition of 
each signal, based on their frequency contents. This decomposition gave information about which predominant 
frequencies were present at a given time. In our study, and due to its temporally smooth and symmetric 
characteristics, we chose the Daubechies wavelet family of order 10. To produce an efficient denoising of the data, 
we reconstructed our signals using an 8 level approximation. Finally, a color plot, which allowed to localizing 
temporally the characteristic frequencies of each reconstructed component was drawn. 

3. Results and discussion 

3.1. Singular Spectrum Analysis 

Through SSA, we identified characteristic frequencies for SNS and PsNS, from both types of stimuli, i.e., cold 
and flash. These, together with dilation and contraction times, are displayed in Table 2. Dilation and contractions are 
measured via the rise and fall of the pupillary area, respectively. 

 
. 
 

Type of 
stimuli Stimulus effect Average ± standard deviation of 

the frequencies (Hz) 
Average ± standard deviation of 
the times (s) 

Cold Rising 0,46 ± 0,09 1,35 ± 0,35 

Flash 
Rising 0,47 ± 0,10 1,29 ± 0,31 

Descent 0,73 ± 0,09 0,60 ± 0,14 

 
From the table above, it is clear to see that both the rising times and rising frequencies are independent from the 

type of stimulus applied. So, one could assume that, in both situations the pupillary dilation is controlled by the 
activation of the SNS alone. 

 As for the signal’s descent, corresponding to pupillary contraction due to the application of the flash stimulus, 
we argue that it is mainly related to an increasing in PsNS activity. 

Since the ratio LF/HF (equation 1) is known from other physiological studies, namely from heart rate 
variability[5],[7], it is possible to compare the frequencies found in this study, for the sympathetic and 
parasympathetic activities, with those found in such earlier studies. A typical value for the LF/HF ratio, calculated 
from literature dealing with cardiac data, is 0.62±0.02. If we compute a similar measure using our pupillary signals 
with flash stimuli, we obtain the value 0.67±0.03. Both intervals intersect, suggesting an agreement between both 
ways to assess the sympathetic and parasympathetic activities.  

Interestingly, and although it is not designed for that purpose, pupillometric information could also estimate other 
frequencies of interest. In fact, in the basal experimental setup, we found that respiration had a frequency in the 
range 0.2-0.3 Hz[19], and the heart rate between 1 and 1.5 Hz[20]. The latter results were validated via simultaneous 
electrocardiographic recordings. There was a clear agreement between the electrophysiological measurements 
(1.47±0.22 Hz ) and the SSA processed pupillometric signals (1.40±0.19 Hz). 

Table 2 - Summarizing table of the duration and frequency in pupillary area variations, as a function of the applied stimulus. 
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3.2. Wavelets Analysis 

The wavelets analysis corroborates what was found through SSA analysis. We observed that the fifth and sixth 
approximation levels of the wavelet decomposition had frequency contents in line with the ones reported in SSA, 
and associated with SNS and PsNS activities. The analysis is illustrated in Figure 5, where all 8 level 
approximations are depicted (upper frame), together with their temporal strengths (lower frame). 

 
 

 
 

 

 
 
 
 
 

 
 

 
As shown in the Figure 5, component d5 has increased amplitude (white) during pupillary contraction. The 

frequency of this component is 0.61 Hz, which is in line with the frequency determined for the PsNS activity 
through SSA. Such agreement increases our belief this is the component responsible for the pupillary contraction, 
and could therefore be related to the parasympathetic activity. 

On the other hand, component d6 shows higher amplitude during pupillary dilation. The frequency of this 
component is 0.31 Hz, which is comparable with the frequency determined for SNS by SSA. As before, this 
information strengthens our belief that such frequency is associated to pupillary dilatation, and thus, to sympathetic 
activity. 

4. Conclusions  

A good evaluation of the autonomic nervous system activity is essential for the diagnosis of several 
neurodegenerative diseases. Our study showed that such information can also be harvested through pupillometry 
analysis. In particular, frequencies found for sympathetic (0,47 ± 0,01 Hz), as well as parasympathetic activity (0,73 
± 0,09 Hz) are in line with the expected values in literature. 

By calculating the ratio between low and high frequency components in the data, we were also able to shed some 
light into the balance between the activities in the SNS and PsNS. In particular, we showed that pupillary LF/HF 
ratio estimation is rather close to that found for cardiac data, as reported in the literature. Such finding clearly 
validates our pupillometric estimating strategy as a viable alternative to study the autonomic nervous system. 

Methodologically, we have shown that SSA is a very efficient tool for the identification of the intrinsic 
oscillation modes in pupillary dilation and contraction, as a response to external stimulation. SSA has clearly an 
increased algorithmic complexity, when compared to more standard approaches such as wavelet analysis, since it 
comprises, in addition to a projection step, the estimation of its projectors/bases, which are given for the wavelets. 
Yet we note that, for the dimensions of the analyzed data, both processes are rather instantaneous, suggesting that 
the increase in complexity does not affect significantly the choice of methodologies to use. Furthermore, SSA and 
wavelet analysis give agreeing frequency estimation results, in spite of their different strengths and theoretical 
backgrounds. This suggests that a combined use of such techniques may lead to a robust assessing tool for the 
analysis of the action of the autonomous nervous system, as measured through pupillometric recordings.  

Finally, this study opens also new vistas for the diagnosis of diseases hindering the normal functioning of the 
autonomic nervous system. One may evaluate any deviation from normal values, both in the estimated frequencies 
for the SNS and PsNS’s activities, and in the balance between both systems. To establish this possible clinical use, 

Figure 5 - The top graph corresponds to the signal and the approximation of the eight levels of reconstruction. The lower graph depicts the 
temporal activation strength of each detail level. Two periods of levels of interest, d5 and d6, are highlighted in green and red, respectively. 
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further studies will be needed, including subjects suffering from various neurodegenerative pathologies. Patterns of 
normal and pathological behavior can then be proposed. With these patterns established, our analysis could be 
included in ophthalmic instrumentation, allowing for an immediate evaluation of the functioning of the autonomic 
nervous system, during regular screening sessions. 

Since the autonomic nervous activity alters with the state of consciousness of a subject, an interesting corollary of 
this study would be a smartphone-like application that could integrate the equipment of first-aid teams. This tool 
would allow, for example, for a rapid assessment of the state of consciousness of victims of an accident. 

Ocular movement proved to be one of the main sources of pupillometric evaluation errors. To avoid them, we 
propose the use of eyes drops, in order to get ocular relaxation and lubrication, hence mitigating the need for 
movement. 
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