
INTRODUCTION

Intraocular pressure (IOP), one of the factors by which
the eye maintains its shape, is continuously deter-
mined by the relation between the amount of aque-
ous humor produced in the ciliary process and its rate
of drainage to the venous circulation via the
Schlemm’s canal and trabecular meshwork. Physio-
logic values for IOP range from 10 to 21 mmHg with
fluctuations of 1 mmHg correlating with pulsations in

venous blood pressure (BP) (1). In the human subject,
the production and drainage of aqueous humor
shows a diurnal variation, the lower level in the morn-
ing and the higher in the afternoon (1), and is exag-
gerated in patients with glaucoma (2). The inflow and
the outflow of aqueous humor is in close relation with
the vascular system, itself under influence of the au-
tonomic nervous system, but clear evidence of auto-
nomic control of IOP has not been achieved (1, 3).
Studies in rabbits have shown a similar circadian vari-
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ation of IOP, which was affected by cervical sympa-
thectomy that evoked a decrease in the overall lev-
els of IOP (4). Also, stimulation of superior cervical
ganglion of the rabbit decreased IOP (5) while stim-
ulation of oculomotor parasympathetic provoked 
the opposite effect (5, 6), which is not mimicked 
by the application of parasympathetic agonists like
physostigmine that evoke a decrease in IOP and in-
crease the humor drainage (7). These observations
give support for a role of the autonomic nervous sys-
tem in the regulation of IOP.

Other physiologic variables are also under the in-
fluence of the autonomic nervous system, and, in par-
ticular, this influence on cardiovascular variables such
as heart rate (HR) and arterial BP has been exten-
sively studied using both invasive and noninvasive
methods. A current noninvasive method is a mathe-
matical tool, the fast Fourier transform (FFT). Its ap-
plication to these cardiovascular variables allows the
decomposition of the recorded signal in several har-
monics from which a power spectrum is built. The FFT
power spectrum of both HR and arterial BP of a hu-
man subject, at rest, shows three main bands, which
are well correlated with three ranges of frequencies
and classified as very low frequencies (VLF; 0-0.03
Hz), low frequencies (LF; 0.03-0.15 Hz), and high fre-
quencies (HF; 0.18-0.4 Hz) (8). The physiologic in-
terpretation of these bands is highly debated but al-
though the meaning of VLF is questionable, evidence
exists relating HF to the respiratory rhythm and to the
influence of the parasympathetic nervous system (8,
9) while LF band is under the influence of both sym-
pathetic and parasympathetic divisions. Also, the re-
lation LF/HF could reflect the relative influence of the
sympathetic/parasympathetic branches of the auto-
nomic nervous system on the recorded variable (10). 

Recently, in a study of patients with glaucoma, the
application of FFT to a short time recording of IOP of
these patients showed the presence of at least four
harmonics, where the second, third, and fourth har-
monics successfully differentiated between the glau-
coma and the normal groups of patients (11).

In the present study, we applied the FFT algorithm
to a recording of IOP, in the anesthetized rat, and in-
vestigated the possibility of building a power spec-
trum of this variable to be compared with those of HR
and BP obtained from the same animal. A preliminary
report of this study has been communicated (12).

METHODS

Surgical and experimental protocol

Experiments were performed in six Wistar rats aged
more than 10 weeks (300-350 g) anesthetized with al-
pha-chloralose (100 mg/Kg, IP) supplemented IV, with
the same solution, as necessary. The femoral artery
and vein were cannulated for monitoring arterial BP
and the administration of drugs and saline, respec-
tively. The trachea was cannulated below the larynx.
An adequate level of anesthesia was maintained by
ensuring the absence of a withdrawal reflex before the
neuromuscular blockade. Rectal temperature was
kept at 36.5-38°C by a servo controlled heating blan-
ket (Harvard Apparatus Ltd, UK). The electrocardio-
gram (ECG) was recorded (Neurolog, Digitimer Ltd) from
needle-electrodes inserted into the limbs. HR was de-
rived from ECG (Lectromed, UK). The animal head was
then placed in a Kopf sterotaxic frame. In this condi-
tion of spontaneous breathing, a period of 5 minutes
recording of arterial BP, ECG, and HR was performed.
Following the administration of a muscle blocker (pan-
curonium [4 mg/kg/h]), the animal was artificially ven-
tilated with O2-enriched air applied using a positive
pressure ventilator (Harvard Apparatus Ltd). Artificial
ventilation was regulated to maintain end-tidal CO2

between 4.5 and 5% (ADC Gas Analyser, UK) and its
frequency was adjusted to values identical to previ-
ous spontaneous ventilation. During this blockade, anes-
thetic levels were monitored by recordings of BP and
HR. An infusion cannula connected to a catheter was
introduced in the vitreous body, via pars plana, and
IOP recorded connecting the catheter to a pressure
transducer (Lectromed, UK). All data were displayed
on-line and recorded in videotape with a speed of ac-
quisition of 2 KHz. After stabilization of the prepara-
tion, a 5-minute recording of all the variables – arter-
ial BP, ECG, and IOP – was performed.

A third period of 5 minutes recording was taken af-
ter two drops of atropine 1%, a vagolytic drug, was
instilled in the lower conjunctival fornix.

At the end of the experiment, the animal was killed
with an overdose of sodium pentobarbitone (60
mg/kg). All the experimental procedures conformed
to the national and EU laws on animal experimenta-
tion. The experimental protocol was approved by the
Ethical Committee of the Lisbon Faculty of Medicine.
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Data analysis 

Based on the ECG recording, RR intervals of 5 min-
utes were measured and depicted in a time series.
From the recording of arterial BP, the envelope of sys-
tolic BP (SBP) provided the background for the analy-
sis of SBP variability. IOP variability was analyzed from
the direct recording of signal provided. In all analyzed
variables, DC component was eliminated by subtracting
from each value the mean value of each variable. Spec-
tral analysis was performed on stationary records and
calculated through the FFT algorithm for a N point
succession:

N-1
Hk = ∑ hn e -i 2π k n/N

0

considering the signals as discrete temporal series
and satisfying the Nyquist theorem:

|f|> fNyq = 1/2 ∆t

where ∆t is the sampling time, to suppress aliasing
phenomena. A Hamming window in the time domain 

w (i) = 0.54 + 0.46 cos (2πi/N)

was used to attenuate the leakage effect.

As result of the mathematical analysis, a power spec-
trum density (PSD) was built in which three bands were
identified. The limits indicated for these three bands
are based on the present observations: a VLF band
from 0 to 0.1 Hz and a LF band from 0.1 to 0.6 Hz.
Also, a HF band was defined in the range of RF±0.1
Hz, with RF being the basal respiratory frequency (12).
The power was calculated as the integral of LF and
HF. The normalized power of LF and HF was obtained
dividing the integral of each curve by the sum of the
integrals of LF and HF (after exclusion of VLF). 

The relative potency of sympathetic/parasympathetic
was expressed as the relation LF/HF in normalized
values. Differences in LF/HF relation for the IOP, RR
interval, and SBP before and after atropine were eval-
uated with the Wilcoxon test and differences were con-
sidered significant when p<0.05.

RESULTS

In these experiments, recordings were taken under
spontaneous and artificial ventilation. In this last case,
the rate of artificial ventilation was similar to the basal
respiratory frequency before neuromuscular blockade.
As described in Methods, HR was analyzed using the
RR interval of the ECG and SBP was considered as
the superior envelope of the arterial BP recording. 

Spontaneous breathing

In spontaneous breathing situation, only the car-
diovascular variables – HR (through RR intervals) and
SBP – were analyzed. The PSD for both of them showed
three bands with the same range of frequencies: VLF
0-0.1 Hz, LF 0.1-0.6 Hz, and HF RF±0.1 Hz (Fig. 1).
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Fig. 1 - In the upper panel, the power density spectrum of systolic
blood pressure under spontaneous ventilation shows three major
bands: very low frequency (0-0.1 Hz), low frequency (LF) (0.1-0.6 Hz),
and high frequency (HF) (respiratory frequency±0.1 Hz). After remov-
ing the DC constant component (lower panel) a clear spectrum is
obtained. In this case, LF and HF are not significantly changed.



Fig. 3 - The spectra of the systolic blood pressure and intraocular
pressure of the same animal under artificial ventilation. Please note
the correlation of bands between the two spectra.

Fig. 2 - Power density spectrum of systolic blood pressure of an ani-
mal breathing spontaneously (top panel) and under artificial ventila-
tion after its treatment with a muscle blocker (lower panel). An
increase in high frequency (HF) peak value and a decrease of very
low frequency (VLF) and low frequency (LF) bands are observed dur-
ing artificial ventilation performed at the same rate as the previous
spontaneous breathing rate. Please note that the ranges of VLF, LF,
and HF are maintained under artificial ventilation.
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The removal of the DC component allowed obtaining
a clear spectrum only by decreasing the VLF com-
ponent, leaving LF and HF unchanged (Fig. 1).

Artificial ventilation

After neuromuscular blockade with pancuronium bro-
mide and under artificial ventilation at the same fre-
quency as spontaneous breathing, the major changes
on RR and SBP spectra profile were observed at HF
range of frequencies. In fact, HF band became nar-
rower with an increase in its peak value (from the range
of 2.0x10-2 to the range of 4.0x10-2 mmHg2/Hz) when
compared with its shape under spontaneous breath-
ing (Fig. 2). In this condition, IOP spectrum showed
the presence of three bands in the same range of fre-
quencies of those observed in the RR and SBP spec-
tra. The limits of these three bands are similar in the
three spectra with coincidence of the peak of HF as
seen in Figure 3. 

From normalized values, the relation of LF/HF for
RR, SBP, and IOP were, respectively, 0.1±0.03,
0.8±0.40, and 1.3±0.64 (n=6), showing a larger value
for IOP than for HR (p<0.05) (Fig. 4). 

Atropine applied to the conjunctival sac produced
a decrease in HF peak value and an increase in the
LF/HF relation for IOP (from 1.3±0.64 to 4.4±2.62) and
for RR (from 0.1±0.03 to 0.9±0.32) that are signifi-
cantly higher than those observed before atropine ap-
plication (p<0.05) (Figs. 5 and 6). However, atropine
failed to evoke significant changes on SBP-LF/HF re-
lation, which value changed from 0.8±0.40 to
1.0±0.53 (p=0.043).

DISCUSSION

The primary result of our study shows, for the first
time, that applying FFT to a recording of IOP, a pow-
er spectrum can be built. This spectrum shows three
bands that are similar to those which can be observed
in the HR and BP spectra obtained using the same
mathematical tool. These data give support to the ex-
istence of an influence of the autonomic nervous sys-
tem on IOP.

Studies in human subjects (8-10) have shown that
LF and HF bands obtained from HR and BP record-
ings reflect the autonomic influence on the cardio-
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vascular system. Analyzing the IOP spectrum in the
rat, three major bands are seen and we defined its
range of frequencies as VLF (0 to 0.1 Hz) and LF (0.1
to 0.6 Hz). HF depends on ventilation and its limits
were defined as frequency of ventilation ± 0.1 Hz. These
bands are in the same range of frequencies as those
observed in the HR and SBP spectra that we defined
previously (12), LF being an indicator of sympathet-
ic influence (without excluding a minor parasympa-
thetic interference), HF showing the parasympathet-
ic influence mediated by respiration, and VLF of yet
unknown origin. The relation LF/HF reflects the bal-
ance between the sympathetic and the parasympa-
thetic outflows (12). The similitude of the three spec-
tra profile (IOP, HR, SBP) strongly suggests that IOP
is also affected by the autonomic nervous system.
Accounting for this assumption is the fact that the re-
lation LF/HF is higher for IOP when compared with
LF/HF relation for HR and, particularly, for SBP re-
vealing a stronger influence of the sympathetic ner-
vous system on this variable. Results also show that
atropine application to the eye evoked a dramatic de-
crease in the peak value of HF band on the IOP spec-
trum, which supports the parasympathetic origin of
this band. The noncomplete abolition of this band could
be related either to the fact that the parasympathet-
ic influence in the eye is mediated not only by at-
ropine but also by the vaso-intestinal peptide (VIP)
(13) or, alternatively, the observed band could be due
to a mechanical influence evoked by the artificial ven-
tilation. Interestingly, atropine, although locally ad-

Fig. 5 - After the instillation of atropine, a vagolytic drug, in the con-
junctival sac the decrease in the amplitude of high frequency (HF)
band is clearly observed in the intraocular pressure spectrum (upper
panel). On the lower panel are shown the HF bands for systolic blood
pressure, RR, and intraocular pressure before the administration of
atropine in the eye. Note that frequency values for HF are coincident.

Fig. 6 - The changes on low frequency/high frequency (LF/HF) rela-
tion after atropine application are shown in these graph bars for the
three studied variables and compared with LF/HF values obtained
before the drug administration (control). Data are expressed as
mean±SEM, ** statistically significant.

Fig. 4 - Graph bars showing the low frequency/high frequency rela-
tion for each of the three recorded variables under artificial ventila-
tion: RR interval, systolic blood pressure, and intraocular pressure.
Data are expressed as mean±SEM, ** statistically significant.
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ministered, seemed to enter in circulation in a con-
centration sufficient to influence the heart, which is
shown in the modification of LF/HF relation of the RR
spectrum.

These novel observations could have important clin-
ical applications as soon as a noninvasive stable record-
ing of IOP is achieved. In fact, the application of this
methodology could be used for diagnosis and/or fol-
low-up of patients and/or for the analysis of thera-
peutic efficacy. 

In conclusion, it will allow a simple and lower cost
methodology of evaluation of any pathology that af-
fects primary or, as a consequence, the autonomic
control of IOP. 
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