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a b s t r a c t

Knowledge of vitreous motion in response to saccades is a prerequisite for understanding vitreous
rheology. Purpose of present paper is to introduce Ultrasound Image Velocimetry of the human eye,
measure scleral and vitreous velocity fields and test the reproducibility of the proposed technique.
Twelve patients with varying diagnosis underwent Ocular Dynamic Ultrasound; scleral angular velocity
(VS) was measured by 2 different operators and reproducibility calculated. Squared velocity of the
vitreous (E), which is representative of kinetic energy per unit mass, was computed from velocity. The
time evolution of the energy of the vitreous was described by its spatial average (ES), whereas spatial
distribution was described by its time average (ET). Peak and average ES, the ratio Kp of the peak of the
spatially averaged kinetic energy per unit mass to the maximum squared scleral angular velocity,
vitreous motion onset time (TO) and vitreous motion decay time (TD) were also defined. Inter-operator
reproducibility coefficient was 0.043 and correlation between operators was significant. VS, peak and
average ES, Kp ratio and TD differed among patients but not among operators. VS correlated with ES and TD.
ES and TD but not VS, were significantly different in patients with Posterior Vitreous Detachment. Patients
with retinal detachment showed significantly higher VS and ES. Kp was inversely correlated to age and
refraction. Measures proved accurate and reproducible. E is related to VS, retinal traction and mechanical
stimulation. Identified variables varied with age, refraction pathologic conditions.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Human vitreous fluidics and the modifications secondary to
aging and disease remain poorly understood due to the difficulty of
in vivomeasures and the intrinsic gel fragility that largely condition
in vitro results (Lee et al., 1994a,b).

Many authors agree that vitreous dynamics plays a key role in
the pathogenesis of prevalent vitreo-retinal diseases such as
vitreous haemorrhage, peripheral retinal degeneration and tears,
retinal detachment (RD) (Foster et al., 2010; Foster, 2011), myopia,
diabetic retinopathy, macular edema (Schepens et al., 1984) and
age-related macular degeneration (Krebs et al., 2007).

Quantitative measurement of vitreous motion has been
attempted in the past: Walton et al. (2002) studied vitreous
mobility by grading speckle density in ultrasound images and
All rights reserved.
identified several kinematic parameters while Piccirelli et al. (2011)
used MRI to assess vitreous velocity fields. Mathematical models
have also been developed: David et al. (1998) studied the motion of
a viscoelastic fluid in sphere performing small-amplitude oscilla-
tions and Repetto et al. (2010) proposed a model of vitreous motion
in the presence of Posterior Vitreous Detachment (PVD), showing
that vitreous oscillations can conceivably induce retinal tears.

Ocular Dynamic Ultrasound (ODU) allows in vivo imaging of
vitreous motion, especially when syneresis, haeme or inflamma-
tion, enhance vitreous echogenity.

Robust Image Velocimetry (RIV) is an image analysis technique,
derived from Particle Image Velocimetry (PIV) (Niu et al., 2010),
which is widely used in fluid dynamics and provides statistical
computation of motion patterns, also in presence of high levels of
noise (Romano et al., 2010). Medical velocimetry based on ultra-
sound images has been recently developed (Kheradvar et al., 2010).

Purpose of present paper is to introduce Ultrasound Image
Velocimetry (UIV) of the human eye using the RIV algorithm, test its
repeatability and analyze the vitreous velocity fields generated by
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the saccade, in order to study vitreous motion in vivo and explore
the potential for research and clinical application.

2. Materials and methods

2.1. Human eye ultrasonography technique

Twenty eyes of 20 patients with increased vitreous echogenity
due to different conditions and followed by the Vitreoretinal
Surgery Unit of the Eye Hospital of Rome, Italy, underwent ODU
(Hi-Scan Digital Ultrasonograph e Optikon 2000 Inc., Rome, Italy).
A 20 MHz B-Scan probe acquired 20 s sequence with an acquisition
rate of 20 frames per second (fps). Temporal resolution was 0.05 s,
probe lateral spatial resolution was 0.15 mm and axial resolution
(antero-posterior) was 0.05 mm; US probe focal depth was 23 mm
and depth of field (�6 dB) equal 6 mm. Movies were encoded into
uncompressed avi format, to avoid loss of information.

ODU during ocular saccade was recorded after instructing
patients to look all the way to their right and left upon request,
while resting supine. A few seconds were allowed between
consecutive saccades in order for the vitreous velocity to decay.
Each patient underwent a training session of about 1 min before
recording images. All scans were taken along the axial transverse
plane to minimize vitreous motion away from the scan plane and
patients underwent two sessions in randomized order by 2 expe-
rienced ophthalmologists.

Patients’ exclusion criteria included the impossibility to fix and
follow with the fellow eye and ocular muscle and/or neurologic
deficiencies of any origin. Low quality images due to technical
problems, vitreous insufficient echogenity, patients’ compliance
and overly motion artefacts were also discarded and patients
removed from the study. Twelve eyes of 12 patients (Table 1) ful-
filled inclusion criteria and were included.

2.2. Robust Image Velocimetry (RIV) from B-mode imaging

RIV extracts motion from B-mode movies by comparing corre-
sponding regions of successive frames. The underlying assumption
is that echogenic objects in the investigation regions translate,
conserving their brightness during the time lapse between frames.
As a consequence, the displacement minimizing the dissimilarity
between the corresponding interrogation windows of two succes-
sive frames is assumed to be representative of the motion of the
Table 1
Demographics and vitreous status of included patients. NA (¼not applicable) refers
to patients who had a previous pars plana vitrectomy and silicone oil tamponade
removed. Vitreous chamber of such patients is therefore filled with aqueous and
microscopic silicone oil droplets. RD ¼ Retinal Detachment; VH ¼ Vitreous
Hemorrhage; PPV ¼ Pars Plana Vitrectomy; PDMS ¼ Poly-dimetylsiloxane;
PDR ¼ Proliferative Diabetic Retinopathy; TRD ¼ Traction Retinal Detachment.

Patient Sex Age Lens
status

Refraction Diagnosis PVD

1, AI M 67 Phakic �15.50 Partial RD þ VH No
2, AP M 56 Phakic �22.00 Mild VH, highly myopic eye Yes
3, BM F 45 Phakic þ1.25 VH þ choroidal detachment No
4, CC F 52 IOL �4.25 Haeme in aqueous post PPV

þ partial RD (vitreous “skirt”)
NA

5, DC F 61 Phakic Plano VH Yes
6, EC M 44 Phakic þ0.50 VH Yes
7, EMC F 59 Phakic �1.00 VH þ partial RD Yes
8, ED M 62 Phakic þ0.50 VH þ total RD No
9, EM F 74 Phakic �8.00 Vitreitis No
10, FB F 57 IOL �6.25 Total RD þ PDMS emulsion

post PDMS removal (s/p PPV)
NA

11, GA F 55 Phakic �11.00 VH þ PDR þ localized TRD No
12, GS M 48 Phakic Plano VH þ partial RD No
vitreous in that region. Compared to the classical PIV algorithm
(Adrian, 2005), RIV uses a measure of dissimilarity which is
statistically robust to outliers, thus resulting less affected by the
presence of noise or artefacts in the images or by velocity differ-
ences within the interrogation windows (Falchi et al., 2006).

2.3. Velocity measures

The scleraechoroideretina complex was manually traced for
each patient, as the highly echogenic layer outlining the vitreous
chamber and a reference point on the vitreo-retinal interface arbi-
trarily placed. Scleral angular velocity (VS) was therefore defined as
the ratio of the tangential velocity of this point to the radius of the
vitreous chamber and expressed in rad/s. The geometric centre of
the vitreous chamber was assumed as the rotation centre.

The vitreous chamber contourwas recognized and velocity fields
calculated for each couple of successive frames. The spatial average
of the velocity on the plane of measure was then subtracted from
the measured velocity. In this way it was possible to filter out the
(small) solid body translation component of the velocity possibly
arising from relative translational displacements between the
ultrasound probe and position of the centre of rotation. We denote
with V the vitreous velocity obtained this way and computed the
squared velocity magnitude, E ¼ V2, which is, similarly to the
velocity, a function of time and space and can be regarded as
ameasure of the kinetic energy per unitmass of the vitreous (except
for a non relevant multiplicative constant). This yields information
about the intensity of motion regardless of vector orientation. In
order to analyze the time evolution of the overall energy of the
vitreous, we indicated with ES the spatial average of E, computed by
the averaging all the velocities measured within the vitreous at the
same time. As a consequence, ES is only function of time. We also
introduced the ratio between the peak value of ES and the squared
maximum scleral angular velocity during the same saccade, and
indicated by Kp the average of that ratio over the saccades of each
patient. Thus, Kp formalizes the relationship between scleral drive
and vitreous response. Eight saccades per eyewere considered: four
on each side, alternated, starting and ending with zero scleral
velocity (VS ¼ 0) in order to compensate for variations due to
different or odd number of saccades.

In an attempt to characterize vitreous dynamics, the following
measures were evaluated: vitreous motion onset time (TO), calcu-
lated as the time interval between the peak scleral angular velocity
and the following ES peak and vitreous motion decay time (TD),
calculated as the time interval between the peak ES and its decay to
1/10 of the original peak value (Fig. 1). Both TO and TD were aver-
aged over 8 saccades of each eye.

In order to represent the spatial distribution of kinetic energy
within the vitreous chamber, colour-coded maps of ET, i.e. E aver-
aged in time over 8 saccades, were also computed.

2.4. Statistical analysis

Scattergrams and Bland Altman diagrams (Bland and Altman,
1986, 1999) were plotted to test the repeatability and visualize
the dispersion of VS measures obtained by different operators. As
suggested by Bland and Altman and following recommendations of
the British Standards Institution, the coefficient of inter-operator
reproducibility was defined as the standard deviation of differ-
ences between pairs of measurements obtained by the two oper-
ators divided by the average of the means of each pair. The lower
values represented better repeatability. The limits of agreement
were defined as 1.96 times the standard deviation of the differences
among the measurements taken by the 2 operators, corresponding
to the 97.5 percentile of the normal distribution.



Fig. 1. Scleral velocity (continuous black line) versus vitreous kinetic energy (dash-dot
line black line) plot spanning one single saccade. Arrows point peak scleral velocity
(white), peak vitreous kinetic energy (grey) and 1/10 of peak vitreous kinetic energy
(black). Vitreous motion onset time (TO) is the time difference between grey and white
arrow while vitreous motion decay time (TD) is the time difference between the black
and grey arrows time values.
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Statistical analysis was based on univariate ANOVA, t-test and
Pearson’s rho correlation coefficient for continuous variables (VS, ES,
Kp, TO, TD). Since TO and TD were calculated on video frames
acquired at 20 fps, time was by definition estimated at discrete
intervals of 0.05 s (1/20th of a second) and may be questioned as
a continuous variable. For this reason TO and TD significance was
also calculated by means of KruskalleWallis non-parametric test.
Significance has been set at the 0.05 level in all cases.

3. Results

Results have been divided into 3 sections according to the
rationale and progression of our study.
Fig. 2. Instantaneous velocity fields of patient #6 who developed a retinal detachment 1 mon
plots scleral velocity versus time. The three arrows in plot d) represent the exact time frame
3.1. Measure consistency

Twelve eyes of 12 patients whose baseline data and demo-
graphics are reported in Table 1 met inclusion criteria. As an
example of vector representation, vitreous velocity fields obtained
at different times for patient #6 are shown in Fig. 2 and a real time
velocity vector movie is enclosed (movie 1).

Supplementary video related to this article can be found at doi:
10.1016/j.exer.2012.03.014.

Scleralvelocitymeasuresobtainedby the2operators, bothpeakand
average, did not differ statistically (t¼ 1.032; p¼ 0.303) and correlation
between the operators was significant (P¼ 0.592; p< 0.0001) (Fig. 3).
PeakVS proved highly reproducible (Fig. 4), with only 5.8% falling out of
the limits of agreement; inter-operator reproducibility coefficient was
0.043 and the agreement between the 2 operators, calculated as
1.96 � standard deviation of the mean difference was 0.63 rad/s.
The mean VS as measured by the 2 examiners combined, was
1.09 � 0.32 rad/s and the mean difference was 0.048� 0.32 rad/s.

Vitreous velocity measures (reported as peak and average ES)
also did not differ significantly between operators and therefore
none of the other variables reported in Table 2 did, since they all
derive from VS and ES. Patients with varying clinical conditions,
instead, returned different vitreous and scleral velocity values
suggesting clinical condition more than operators influenced
measures.
3.2. Vitreous velocity and fluidic parameters assessment

Table 3 reports the correlations between variables. Peak VS
positively correlated to vitreous peak kinetic energy (ES) and
vitreous velocity decay time. As a result, ES was statistically corre-
lated to vitreous velocity decay time also TD.
th later (see Table 1). The three frames (a, b, c) are taken during the same saccade and d)
for a), b), and c) respectively. Note the complexity of flow within the vitreous chamber.

http://dx.doi.org/10.1016/j.exer.2012.03.014
http://dx.doi.org/10.1016/j.exer.2012.03.014


Fig. 3. Scattergam plot of VS values for Operators 1 and 2. The solid thicker line
indicates the quadrant bisector line (y ¼ x), while the solid thinner line is the linear
regression of observed values (y ¼ 0.639x þ 0.355).

Table 2
Calculated differences for measured variable among patients and operators.
Significant values (p < 0.05) have been shaded in grey. (*KruskalleWallis non-
parametric test for independents samples results are also reported for time vari-
ables, under the assumption that time measured in video frames is a non-
continuous variable.). VS ¼ Velocity of the Sclera; ES ¼ Space averaged kinetic
energy of the vitreous per unit mass; Kp ¼ ratio of the peak value of ES to peak value
of the squared scleral angular velocity during the same saccade; TO ¼ vitreous
motion onset time; TD ¼ vitreous motion decay time.

Among patients Among operators

Peak VS F ¼ 7.153; p < 0.0001 t ¼ 1.032; p ¼ 0.303
Average VS F ¼ 18.486; p < 0.0001 t ¼ 0.714; p ¼ 0.398
Peak ES F ¼ 15.132; p < 0.0001 F ¼ 0.111; p ¼ 0.740
Average ES F ¼ 44.811; p < 0.0001 t ¼ 0.109; p ¼ 0.741
Kp F ¼ 5.440; p < 0.0001 F ¼ 3.019; p ¼ 0.085
TO F ¼ 1.148; p ¼ 0.334 F ¼ 1.507; p ¼ 0.222

Chi2 ¼ 14,872; p ¼ 0.188* Chi2 ¼ 0.429; p ¼ 0.512*
TD F ¼ 28.142; p < 0.0001 F ¼ 1.893; p ¼ 0.172

Chi2 ¼ 76,219; p < 0.0001* Chi2 ¼ 0.000; p ¼ 0.986*
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Spatial colour maps of ET, the time averaged E throughout the
vitreous chamber of each patient, are reported in Fig. 5. Red and
yellow identify higher ET values.

3.3. Association of fluidics parameters to demographics and clinical
conditions

The ratio of squared vitreous to scleral velocity (Kp; Table 3)
inversely correlated to patients’ age, suggesting that aging reduces
energy transmission to the vitreous gel (Fig. 6). Also statistically
significant was the inverse correlation between Kp and refraction,
despite a limited sample. Highly myopic eyes, therefore, seem to
translate less efficiently scleral velocity into vitreous kinetic energy
(Fig. 7).

In a further effort to investigate whether a given clinical
condition is associated to fluidic behaviour, so far not being able to
infer diagnostic implications, we simply tabulated VS, peak and
average ES, Kp, TO and TD against vitreous status and retinal
detachment of our sample population (Table 4). The presence of
PVD resulted in higher ES, TD and Kp while RD patients showed
a significantly higher VS and ES.

4. Discussion

Although holding the promise of unravelling many of the
vitreouseretina interaction secrets, vitreous dynamics remains
largely speculative, due to the limited knowledge of its chemistry
(Lee et al., 1994a,b), microscopic anatomy (Lee et al., 1992) and
Fig. 4. Bland Altman graph. The mean of VS measurements has been plot against their
difference and limits of agreement set at �1.96 SD.
mechanical properties (Nickerson et al., 2008). Measuring ocular
velocity fields in vivo represents an opportunity to understand
vitreous motion, validate computational models (Buchsbaum et al.,
1984) and possibly open new diagnostic perspectives.

Ultrasound velocimetry has been utilized in cardiology (Hong
et al., 2008) but no ocular applications have been developed, to
the best of our knowledge; we therefore meant to validate
measurements consistency first.

VS measures obtained by the two operators almost overlapped
(Fig. 3) and over 94% of readings fell within the limits of agreement
(Fig. 4), indicating good accuracy and repeatability. Peak VS ranged
between 1.32 and 3.65 rad/s (75e206 deg/s): slightly lower than
reported in the literature (Robinson, 1964), probably due to the
relatively low sampling frequency. Interestingly, operators did not
bias either scleral or vitreous velocity that instead varied signifi-
cantly among patients (Table 2).

The next step consisted in the assessment of vitreous motion
through acquired data. The correlations we calculated appeared
both physically meaningful and clinically suggestive (Table 3),
indicating that higher scleral angular velocity (VS) generates higher
vitreous energy (ES) and a longer decay time (TD). Onset time (TO),
on the contrary, did not change significantly, nor did it correlate to
any other variable (Table 3), as if vitreous response latency
expressed invariant vitreous features. On the contrary, decay time
(TD) was significantly correlated to both VS and ES: reasonably
enough, faster saccades generate higher ES which, in turn, takes
longer to damp.

When the ocular extrinsic muscles initiate the saccade, there-
fore, the vitreous lags a fraction of second behind the sclera and
keeps moving after the sclera stops, pulling on the retina. In this
scenario, energy transmission from the eyewall to the vitreous
follows two basic mechanisms: where the vitreous is separated,
viscosity determines a shear flow parallel to the retina. Conversely,
where vitreo-retinal adhesions persist, a more complexmechanism
mediated by extension of the adherence, vitreous viscoelasticity,
mass and gel/sol ratio predominates.

The ratio Kp expresses the efficiency of kinetic energy transfer
from the sclera to the vitreous, regardless to scleral velocity. Kp

inversely correlated to age and refraction (Table 3), accounting for
less efficientenergy transmission inolderandhighlymyopicpatients
(Figs. 6 and 7, respectively). Gel liquefaction and progressive sepa-
ration of the posterior hyaloid from the retinal surface are clinically
known to occur with age and increasewithmyopic refraction (Mitry
et al., 2011). Although caution is warranted, given the uneven
distribution of echogenity, the complex gel/sol mixture and the
unpredictability of vitreo-retinal adhesion, we believe Kp ratiomight
help assess vitreous mechanical properties on an individual base.



Table 3
Pearsons’ Correlation coefficient (Rho¼ R) and significance (p) of measured variables among patients. Correlations with p< 0.05 have been shaded in grey. VS ¼ velocity of the
Sclera; ES ¼ space averaged kinetic energy of the vitreous per unit mass; Kp ¼ ratio of the peak value of ES (in time) to peak value of the squared scleral angular velocity during
the same saccade; TO ¼ vitreous motion onset time; TD ¼ vitreous motion decay time.

Age Refraction Peak VS Peak KEV Kp VMOT VMDT

Age e R ¼ �0.418 R ¼ 0.706 R ¼ 0.294 R ¼ �0.646 R ¼ 0.081 R ¼ 0.07
p ¼ 0.177 p ¼ 0.10 p ¼ 0.354 p ¼ 0.023 p ¼ 0.803 p ¼ 0.983

Refraction R ¼ �0.418 e R ¼ �0.526 R ¼ 0.196 R ¼ 0.799 R ¼ 0.387 R ¼ 0.088
p ¼ 0.177 p ¼ 0.079 p ¼ 0.540 P ¼ 0.002 p ¼ 0.214 p ¼ 0.786

Peak VS R ¼ 0.706 R ¼ �0.526 e R ¼ 0.435 R ¼ �0.558; R ¼ �0.083 R ¼ 0.210
p ¼ 0.10 p ¼ 0.079 p < 0.0001 p ¼ �0.059 p ¼ 0.387 p ¼ 0.028

Peak ES R ¼ 0.294 R ¼ 0.196 R ¼ 0.435 e R ¼ 0.435 R ¼ �0.012 R ¼ 0.422
p ¼ 0.354 p ¼ 0.540 p < 0.0001 p ¼ 0.084 p ¼ 0.902 p < 0.0001

Kp R ¼ �0.646 R ¼ 0.799 R ¼ �0.558 R ¼ 0.435 e R ¼ 0.388 R ¼ �0.051
p ¼ 0.023 P ¼ 0.002 p ¼ �0.059 p ¼ 0.084 p ¼ 0.212 p ¼ 0.876

TO R ¼ 0.081 R ¼ 0.387 R ¼ �0.083 R ¼ �0.012 R ¼ 0.388 e R ¼ �0.111
p ¼ 0.803 p ¼ 0.214 p ¼ 0.387 p ¼ 0.902 p ¼ 0.212 p ¼ 0.247

TD R ¼ 0.07 R ¼ 0.088 R ¼ 0.210 R ¼ 0.422 R ¼ �0.051 R ¼ �0.111 e

p ¼ 0.983 p ¼ 0.786 p ¼ 0.028 p < 0.0001 p ¼ 0.876 p ¼ 0.247
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Walton et al. (2002) studied vitreous mobility by grading ultra-
soundspeckledensityandconcludedthatangularvelocityandvitreous
motion overshoot correlated with age. They also reported higher
speckle density and lower homogeneity in elderly patients. Piccirelli
et al. (2011) used MRI to disclose correlation between saccadic phase
angle and vitreous deformation that would in some cases point at
a polyphasic vitreous structure. Indeed, the velocity fields we
measured (Fig. 2), often showed ET uneven distribution (Fig. 5) that
suggests the presence of different phases (Mitry et al., 2010).

Mathematical models of vitreous motion induced by saccadic
rotations have been developed: David et al. (1998) studied the
motion of a viscoelastic fluid within an oscillating sphere and
Meskauskas et al. (2011) extended the analysis finding that
Fig. 5. Spatial maps of ET as imaged by transverse axial B-Scan ultrasound. The ultrasound pr
Colour scale is the same for all maps. See Table 1 for vitreous status details. (* ¼ no pr
“ ¼ Aqueous filling the vitreous chamber post Pars Plana Vitrectomy and Silicone Oil Tampo
reader is referred to the web version of this article.)
vitreous presents natural oscillation frequencies that saccades can
possibly excite. Repetto et al. (2010) proposed a model of vitreous
motion in the presence of PVD and showed that vitreous oscilla-
tions may cause retinal tears in the presence of strong vitreo-
retinal adhesion.

The ET maps we devised (Fig. 5), highlight kinetic energy spatial
distribution, revealing unexpected details: high ET values tend to
localize either next to the equatorial retina (Fig. 5; patients AP, BM,
CC, EM, FB, GA and GS) or the detached posterior hyaloid (Fig. 5;
patients DC, EC and EMC). It seems that, provided posterior vitreo-
retinal adhesion is present, ET peaks closer to the retinal equatorial
or pre-equatorial surface, while PVD tends to concentrate energy in
the freely moving posterior hyaloid.
obe is located to the left of each map and therefore left-to-right is anterior to posterior.
evious Posterior Vitreous Detachment; ^ ¼ previous Posterior Vitreous Detachment;
nade removal). (For interpretation of the references to colour in this figure legend, the



Fig. 6. Kp Scattergram plot as a function of age. Note than kinetic energy to squared
scleral velocity ratio decreases as patients’ age increases. In other words, as patients
get older, less energy is transmitted from the sclera to the vitreous. The black line
shows a linear regression function of experimental data.

Fig. 7. Kp Scattergram plot as a function of refraction in spherical equivalent. To the left
of the scattergram, highly myopic refractions seem to plateau on low Kp levels while
the ration increases towards emmetropic refraction values becoming steeper for
moderately hyperopic refractions. Continuous black line represents the linear regres-
sion of experimental data.
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It is worth noting that in a perfect sphere filled with homoge-
neous viscous fluid, ET should peak at the vitreo-retinal
(fluidesolid) interface if shear stress is the main invoked mecha-
nism. This is obviously not the case for most patients in our study
(see Fig. 5) in which the highest ET values are often reached within
the core of the domain, implying the presence of significant
heterogeneity and vitreo-retinal adhesion. Since no vitreous
detachment ensues at the vitreous base, the angular velocity within
Table 4
Calculated differences for measured variable as a function of vitreous and retinal status.
PVD ¼ Posterior Vitreous Detachment; VS ¼ velocity of the sclera; ES ¼ kinetic energy o
squared scleral angular velocity during the same saccade; TO ¼ vitreous motion onset tim

PVD

No Yes Post PPV p

Peak VS [rad/s] 1.16 � 0.44 1.10 � 0.33 1.23 � 0.49 F ¼ 0.52
Average VS [rad/s] 0.17 � 0.28 0.16 � 0.25 0.17 � 0.25 F ¼ 1.01
Peak ES [m2/s2] 0.48 � 0.25 0.64 � 0.14 0.58 � 0.33 F ¼ 4.37
Average ES [m2/s2] 0.06 � 0.13 0.08 � 0.15 0.08 � 0.17 F ¼ 19.3
Kp [m2] 0.34 � 0.35 0.36 � 0.21 0.51 � 0.14 F ¼ 0.72
TO [s] 0.10 � 0.24 0.07 � 0.03 0.08 � 0.03 F ¼ 0.27
TD [s] 0.17 � 0.08 0.29 � 0.01 0.26 � 0.08 F ¼ 13.2
this region is comparable to that of the sclera and is transferred to
the posterior hyaloid with a sling mechanism instead of as shear
stress through the neighbouring sclera. The elastic properties of the
vitreous collagen fibrils probably amplify velocity and acceleration
further, explaining the higher velocity of the posterior hyaloid.

When we looked at vitreous attachment status (Table 4), we
found that, despite similar VS, patients with no PVD had a lower ES
andmuch shorter TD, suggesting that UIV can catch peculiar clinical
features. This finding is consistent with what previously stated: the
more posterior (andmore diffuse) vitreous attachments remain (no
PVD), the faster kinetic energy damps. The opposite holds for
patients with complete PVD, inwhich similar VS generates higher ES
that decays in longer times (Table 4). When incomplete PVD exists,
the partially attached mass of gel retains kinetic energy for a longer
time, stressing (i.e. exerting traction) residual retinal adhesions. It
seems reasonable to assume that under these circumstances, one
patient may be at higher risk for retinal breaks. As a matter of fact,
one such patient (EC, Table 1) did later develop a retinal
detachment.

Retinal status also related to vitreous dynamics (Table 4): RD
eyes showed both a higher VS and ES, while vitreous motion onset
and decay time where comparable. We are unable to offer an
explanation since ours is only a feasibility study; however, results
suggest that greater VS may predispose to RD, generating higher ES.

Present study suffers from many pitfalls, some related to ultra-
sound image acquisition and UIV analysis itself. Vitreous echo-
genity, in fact, can vary according to numerous conditions: there
can be loss of signal due to speckles falling off the scan plane and
discriminate between a regionwith lack of echogenity and a region
where the vitreous does not move is impossible. Ultrasound probe
sensitivity and the ideal focal plane and depth of field should also
be optimized according to the specific task of getting signal from
the vitreous chamber. Future test will include determination of
ideal ultrasound frequency and focal plane that may differ from
those routinely used for diagnostic ultrasound.

We decided to test UIV on pathologic vitreous to take advantage
of the highest possible echogenity, improve signal to noise ratio and
obtain a thorough representation of vitreous motion. Once UIV
feasibility is ascertained, future extensive testing of physiologic
vitreous will be necessary to evaluate diagnostic and prognostic
capability; this will most likely require machines that are more
sensitive and a higher frame per second acquisition rate.

From the clinical point of view, it should be emphasized that no
conclusion can be drawn since the study merely aimed at deter-
mining feasibility and measure reproducibility. Saccade speed
variability could also be regarded as a bias source although Kp ratio
was introduced exactly to overcome this and adimensionally assess
vitreous motion per scleral velocity unit.

Despite the many difficulties of entering a new field, we believe
the application of UIV to ocular ultrasound is a promising research
Significant values (p < 0.05) have been shaded in grey. RD ¼ Retinal Detachment;
f the vitreous per unit mass; Kp ¼ ratio of the peak value of ES to peak value of the
e; TD ¼ vitreous motion decay time.

RD

No Yes P

6; p ¼ 0.592 1.08 � 0.31 1.24 � 0.50 F ¼ 4.051; p ¼ 0.047
9; p ¼ 0.361 0.15 � 0.25 0.18 � 0.29 F ¼ 23.797; p < 0.0001
5; p ¼ 0.015 0.45 � 0.41 0.64 � 0.25 F ¼ 17.03; p < 0.001
75; p < 0.001 0.06 � 0.12 0.08 � 0.16 F ¼ 43.956; p < 0.0001
8: p ¼ 0.050 0.39 � 0.23 0.41 � 0.14 F ¼ 0.027; p ¼ 0.874
1; p ¼ 0.763 0.07 � 0.06 0.11 � 0.27 F ¼ 1.331; p ¼ 0.251
95; p < 0.0001 0.21 � 0.13 0.23 � 0.09 F ¼ 0.743; p ¼ 0.391
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and possibly diagnostic tool. Technical refinement and standardi-
zation will allow the definition of vitreous dynamics normative
data and allow the detection of abnormalities that may predispose
to retinal traction, tears and RD and, hopefully, assist the ophthal-
mologist determining the individual risk for retinal accidents.
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