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The heart activity is one of the most important factors influencing the ocular pulsation.
It is known that the high correlation between axial corneal displacements and cardiova-
scular system activity exists. However, phase relationships between those factors are still
unknown. The main goal of the research was to measure noninvasively longitudinal corneal
apex displacement (LCAD) of the left eye, applying an ultrasonic sensor. Synchronically,
the electrical heart activity (ECG) was recorded in Einthoven’s triangle. To find phase
dependencies between these signals the coherence function was used. It is observed that
coherence value, computed between the first five harmonics of both signals, is different for
shifted signals along each other. Therefore, the time delay between the ECG and LCAD
signals, for which particular harmonic achieves the maximum of coherence function, was
examined. It can be noticed that for increasing number of the signals’ harmonic, the time
delay between considered signals decreases. This tendency is clear for both of examined
subjects. To receive more information about this phenomenon more subjects should be
measured and the statistical test should be introduced to calculate the time delay values.
The presented noninvasive method might be helpful in the future for measuring the IOP
pulse and estimating hemodynamic status of the eye.

Keywords: longitudinal corneal apex displacement, ECG signal, coherence analysis,
time shifts calculation

1. Introduction

With every heartbeat the blood is pumped into the eye globe causing changes of its
volume [1] and IOP pressure. Pulsatile IOP variations are linked to radial displace-
ments of the corneal surface [2]. This phenomenon is known as ocular pulse, which

* Correspondence to: Monika Danielewska, Institute of Physics, Wroctaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370, Poland, e-mail: monika.danielewska@pwr.wroc.pl
Received 27 April 2010, accepted 08 September 2010



18 M. Danielewska, M. Kowalska, H. Kasprzak

is influenced by many factors, such as ocular blood flow [3], heart rate [4, 5], IOP
propagation [6] or biomechanical properties of cornea.

So far many invasive [5, 7, 8] and noninvasive methods of ocular pulse meas-
urements [1, 2, 9-11] were used. Application of high speed videokeratoscopy [12]
showed that slow changes in corneal shape exist and some individual features of
signals registered for different subjects can appear.

More accurate results of axial corneal displacements were received using ultra-
sonic technique [13, 14]. Average amplitude of longitudinal corneal displacements
obtained in this way was around 20 um. Additionally, numerical analysis using co-
herence function showed a close relationship between longitudinal corneal displace-
ments and heart activity at particular frequency components [12, 14, 15]. Spectral
analysis of the ocular pulse was examined by Evans using tonometry method [16].
He noticed that power of analyzed harmonics, related to the heart beat, is lower for
glaucoma patients, compared with normal subjects.

Up to now some spectral and coherence analyses concerning the radial cor-
neal displacement and the cardiovascular system activity have been carried out,
but without any information about the phase relationships between these signals.
The coherence function was used previously to investigate ocular mechanism [17],
relationship between the pulse and miniature eye movements [ 18], accommodation
[19] as well as thermoregulation [20]. It was also applied in researches concerning
cardiac rhythms [21, 22] and cardiac arrhythmias [23].

Phase investigations are very interesting, because they can help to explain a
process of IOP propagation, as well as blood propagation on the way from the heart
to the eye globe. The accurate values of phase shifts between the ocular surface
normal displacements and the blood pulsation are still unknown. Therefore, it was
our inspiration to further studies.

The aim of this work was examination a phase relationship between the nonin-
vasively, synchronically recorded longitudinal corneal apex displacements (LCAD)
and the electrical heart activity (ECG) using the coherence function. The obtained
information about the eye-heart phase relationships might be useful in the future to
diagnose hemodynamic status of the eye globe and can help to predict ocular vascular
diseases.

2. Materials and Methods

An ultrasonic distance sensor working at a frequency of 0.8 MHz was applied to
measure noninvasively longitudinal corneal apex displacement (LCAD) of the left
eye with accuracy below 2 um. The same method was used in the study of binocu-
lar corneal pulsations [14]. Distance between the transducer’s head and the corneal
surface was around 15 mm. The diameter of the ultrasonic beam focused on the
cornea was around 1 mm.
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Anterio-posterior head movements can strongly affect measurement of LCAD
[24]. To reduce the amplitude of the head movements, a headrest with a belt and
a rigid bite bar were applied (Fig. 1). The subjects were breathing naturally during
measurements. More technical details of presented setup can be found in previous
papers [13, 14].
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Fig. 1. The scheme of setup for ultrasonic measurement of longitudinal corneal apex displacements
(LCAD)

Synchronically, electrocardiogram (ECG) was recorded in a three-lead system
(Einthoven’s Triangle) [25]. The electrodes were placed on the subject’s wrists and left
ankle, respectively. All of the recorded signals were sampled at frequency of 100 Hz.
During 20 second measurements of LCAD the subject was fixating on a stationary
far target and was asked to abstain from blinking. The measurement time for ECG
signal was 25 seconds. The experiments conformed to a protocol approved by the
Human Research Ethics Committee of the Queensland University of Technology in
Brisbane.

For each subject the measurements of LCAD and ECG signals were carried out
several times. Then, the obtained data were analyzed using Matlab (MathWorks, Inc.
Natic, MA). First step in the signal processing was linear detrend of the considered
signals. Then, a band-pass filter (in the range from 0.3 to 20 Hz) was applied to
remove frequencies related to the breathing and noise, but not associated with the
pulse.

The frequency and time-frequency characteristics of the analyzed signals were
calculated using Fourier and Short Time Fourier Transform. Time-frequency repre-
sentations allowed to observe how the signals’ spectra vary in time, which proves
their nonstationarity.

In this study the coherence function between axial corneal displacements of the
left eye and the ECG was calculated as follows:

P 2
e ()= 1Pl

- 1
P.(NP,(f) @



20 M. Danielewska, M. Kowalska, H. Kasprzak

where P, defines cross-spectral density of signals x and y, P, and P,, — auto spectral
densities of signals x and y. In the presented measurements signal x describes longi-
tudinal corneal apex displacement (LCAD) and y describes ECG signal. Values of
coherence function C,(f) are bounded between 0 and 1, where value of 1 indicates
the phase stability between the same frequency components of the considered signals.
When the coherence function is 0 two signals are totally independent. The coherence
function value is independent on the amplitude of frequency components contained
in considered signals.

Recording of the LCAD and ECG signals was triggered simultaneously. It was
checked how the coherence value between these two signals is changing during the
ECG shifting along the signal of LCAD in one and opposite direction. The coherence
function can have a maximum value for the selected harmonics and for the shifted
(no synchronized) LCAD and ECG signals in the range of t shift from -0.2 to 0.7s.
Therefore, the time shift was found individually for the first five harmonics of the
heart rate, for which the coherence function computed between both signals is the
highest.

Based on the ECG spectrum frequencies associated with the heart rate and
its successive harmonics, corresponding to the maximum amplitude, were found.
First, the coherence function was calculated between the no shifted LCAD and ECG
signals (using formula 1) and the coherence values for the assigned frequencies were
marked. Next, the ECG signal was being shifted from t=-0.2 s to t= 0.7 s along
the LCAD signal with step 0.01 s, as is shown in Fig. 2. For each shift the coherence
function was calculated again, the appropriate coherence values were marked and
the coherence coefficient was calculated as follows:

LCAD of the left eye
20 - T T T T

Displacement [um]
o
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———

ECG

Time [s]

Fig. 2. Example of the ECG shifting procedure along the LCAD signal for fragments of time represen-
tations for both signals
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where i describes number of harmonics (for i = from 1 to 5), C' — the coherence
value for i-th harmonics of nonshifted signals; SC' — the coherence value for i-th
harmonics of shifted signals. CW coefficient provides information about value of
the coherence function for particular harmonics of no shifted signals in relation to
the coherence value of shifted signals.

3. Results

Ten subjects, aged from 24 to 60, without any eye and cardiovascular pathology
were examined. Exemplary time and spectral representation of the LCAD and ECG
signals for Subject I (23 years old male, emmetrope) are presented in Fig. 3.
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Fig. 3. Time and spectral representations of the synchronically recorded signal: longitudinal corneal
apex velocity of the left eye and electrical heart activity (ECG) for Subject I

Based on the time representations of the analyzed signals it is hard to notice
any relationships between them. However, their spectra reveal high similarities. Fre-
quency component associated with the heart rate (around 1.2 Hz) and its successive
harmonics are clear in both spectra. Because of the fast decline for higher frequencies
of the LCAD spectrum the Fourier Transform of this signal was calculated for its
derivative. According to the Fourier Transform properties it is known that the spectral
composition of the signal and its derivative is the same, but in case of the signal’s
derivative the higher harmonics are pronounced. Figure 4 shows the coherence func-
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tion computed between longitudinal corneal apex displacement (LCAD) of the left
eye and ECG signal for Subject 1. Solid line describes the coherence value for the
no shifted analyzed signals, but dotted line — for the signals shifted by t = 0.3 s. We
can see that the coherence value for particular harmonics varies in case when both
signals are shifted each other. The dependence between the CW coherence coefficient
and the ECG shifts for each harmonic for Subject I and Subject II (45 years old male,
emmetrope) are presented in Fig. 5.

Coherence
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Fig. 4. The coherence function computed between the no shifted (solid line) and shifted (dotted line)
LCAD of left eye and the ECG signal for Subject |
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Fig. 5. Dependence of the CW coherence coefficient on the ECG shifting along the LCAD signal of the
left eye for Subject I and Subject I1

The characteristic point, where every curve converges (CW coefficient equals 1)
is for the no shifted LCAD and ECG signals (time shift equals to 0s). For the ECG
shifts to the right (positive values of time shift), the value of the CI¥ coefficient is at
first increasing to the maximum and then is decreasing. From the results obtained for
different harmonics some interesting relationship can be observed. With increasing
number of harmonic the time shift between the LCAD and ECG signals, when the
coherence is the highest, is decreasing. In Figure 6 the time shift values for the first
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five harmonics of the LCAD and ECG signals, obtaining for the highest CW coher-
ence coefficient, for Subject I and Subject II are shown.

We can notice that the range of the time delay received for Subject I is from
0.01 to 0.23 s and for Subject II — from 0.14 to 0.36 s.
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Fig. 6. The time shift values between LCAD of the left eye and the ECG signal for the first five harmo-
nics corresponding to the highest CI¥ coherence coefficient value for Subject I and Subject 11

4. Discussion and Conclusions

Longitudinal corneal apex displacement (LCAD) and ECG signal are strongly cor-
related. Therefore, it was interesting to examine using the coherence function how the
phase relationship between these two signals changes. The time delays for obtained
first five harmonics of two considered signals are different. For increasing number of
signal harmonic the time shift between LCAD and ECG signals, for which particular
harmonic achieves the maximum of coherence function — decreases. This tendency
is noticed for seven of examined subjects, but the range of received time shifts for
them differs. This discrepancy could have been related to many factors, such as: the
IOP variations, biomechanical properties of the cornea, ocular blood flow, variation
of the heart rate, vascular system state, concentration and comfort of the subject
during the measurement, as well as subject’s age.

After clinical tests carrying out for more subjects and introduction of statistical
tests the proposed noninvasive method might be helpful in the future for measur-
ing the IOP pulse and estimating hemodynamic status of the eye. Additionally, the
application of other calculation method such as correlation function can be interesting
way to assess and compare obtained data.

Acknowledgments

Part of this work was supported by the Grant of Polish Ministry of Science, number NN518423336,
Fellowship co-financed by European Union within European Social Fund and Australian Research Council
Project number LX0775988.



24

M. Danielewska, M. Kowalska, H. Kasprzak

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

References

Schmetterer L.F., Lexer F., Unfried C.J., Sattmann H., Fercher A.F.: Topical measurement of fundus
pulsations. Opt. Eng. 1995, 34, 711-716.

. Northrop R.B., Nilakhe S.S.: A non-touch ocular pulse measurement system for the diagnosis of

carotid occlusions. IEEE Trans. Biomed. Eng. 1977, BME-24, 139-148.
Langham M.E., Farell R.A., O’Brien V., Silver D.M., Schilder P.: Blood flow in the human eye. Acta
Ophthalmol. Suppl. 1989, 191, 9-13.

. Trew D.R., James C.B.: Thomas SH, Sutton R, Smith SE.: Factors influencing the ocular pulse — the

heart rate. Graefes Arch.Clin. Exp. Ophthalmol. 1991, 229, 553-556.

Bosley T.M., Cohen M.S., Gee W., Reed III J.: Amplitude of the Ocular Pneumoplethysmography
waveform is correlated with cardiac output. Stroke 1993, 24, 6-9.

Langham M.E., To’Mey K_.F.: A clinical procedure for the measurements of the ocular pulse-pressure
relationship and the ophthalmic arterial pressure. Exp. Eye Res. 1978, 27(1), 17-25.

. AstakhovY.S., Irkaev S.M., Rzhanov B.1.: Gamma Resonance Velocimetry of the Eye. Vestn. Oftalmol.

1989, 105(3), 59-62.
LaCourse J.R., Sekel D.A.: A Contact Method of Ocular Pulse Detection for Studies of Carotid
Occlusions. IEEE Trans. Biomed. Eng. 1977, 24, 139-148.

. Zuckermann J.L., Grossman H.J. et al.: Method of measuring ocular pulse. US Patent 3948248,

1976.

Zuckerman J.L., Taylor K.D., Grossman H.J.: Noncontact detection of ocular pulse—correlation with
carotid stenosis. Invest. Ophthalmol. Vis. Sci. 1977, 16(11), 1018-1024.

Campagna D.P., Drake A.D.: Interferometric measurement of the ocular pulse. Proc. 14th Ann.
Northeast Bioengineering Conference, Durham, USA, 1988, 118-121.

Iskander D., Kasprzak H.: Dynamics in longitudinal eye movements and corneal shape. Ophthalmic
Physiol. Opt. 2006, 26, 572-579.

Kowalska M.A., Kasprzak H., Iskander D.R.: Comparison of high-speed videokeratoscopy and ul-
trasound distance sensing for measuring the longitudinal corneal apex movements. Ophthal. Physiol.
Opt. 2009, 29, 227-236.

Kowalska M., Kasprzak H., Iskander D.R.: Ultrasonic measurement of binocular longitudinal apex
movements and their correlation to cardiopulmonary system. Biocybernetics and Biomedical Engi-
neering, 2008, 28(3), 35-43.

Kasprzak H., Iskander D.R.: Spectral characteristics of longitudinal corneal apex velocities and their
relation to the cardiopulmonary system. Eye 2007, 21, 1212-1219.

Evans D.W., Hosking S.L., Embleton S.J., Morgan A.J., Barlett J.D.: Spectral content of the intraocular
pressure pulse wave: glaucoma patients versus normal subjects. Graefes Arch. Clin. Exp. Ophthalmol.
2002, 240(6), 475-480.

Eadie A.S., Pugh J.R., Winn B.: The use of coherence functions in the study of ocular mechanisms.
Ophthalmic Physiol. Opt. 1995, 15(4), 311-317.

Eadie A.S., Winn B., Pugh J.R.: The influence of arterial pulse on miniature eye movements. Invest.
Ophthalmol. Vis. Sci. 1994, 35(S4), 2037.

Collins M., Davis B., Wood J.: Microfluctuations of steady-state accommodation and the cardiopul-
monary system. Vision Res. 1995, 35(17), 2491-2502.

Kobayashi M., Musha T.: 1/f fluctuation of heartbeat period. IEEE Trans. Biomed. Eng. 1982,
BME-29, 456-457.

Sahakian A.V., Ropella K.M., Baerman J.M., Swiryn S.: Measuring the organization of cardiac
rhythms using the magnitude-squared coherence function. IEEE Eng. Med. Biol. Mag. 1990, 9(1),
25-28.

Ropella K.M., Sahakian A.V., Baerman J.M., Swiryn S.: The coherence spectrum. A quantitative
discriminator of fibrillatory and nonfibrillatory cardiac rhythms. Circulation 1989, 80(1), 112—-119.



Application of Coherence Function for Calculating... 25

23. Sahakian A.V., Ropella K.M., Baerman J.M., Swiryn S.: Coherence measures of cardiac arrhythmias
from intracardiac and epicardial leads. Proc IEEE Computers in Cardiology Conf. 1988, 329-332.

24. Kasprzak H.T., Iskander D.R: Ultrasonic measurement of fine head movements in a standard
ophthalmic headrest. IEEE Trans. Instr. Meas., 2010, 59, 164-170.

25. Conover M.B.: Electrocardiography. Mosby’s Pocket Guide Series, Mosby Inc: St. Louis 2004.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




